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Study of the chemical composition of dichloromethane extract Tamarix hispida

In this article, first time there was observed dichloromethane extract from the aerial part of the Tamarix
hispida (Tamaricaceae) harvested in the Almaty region of the Republic of Kazakhstan. The extraction of the
previously dried and crushed vegetable raw material was carried out with dichloromethane in a Soxhlet appa-
ratus. The extract was investigated by gas chromatography with mass spectrometry module under the follow-
ing conditions: SHP-5MS gas chromatography column (30 m x 250 mm x 0.25 mm) temperature at 40 °C for
5 minutes. As the carrier gas we used helium at a flow rate of 1 ml/min; with temperature programming up to
250 °C and a temperature change of 50 °C/min. Sample 0,2 pl was taken for assay. The compounds were
identified by mass spectra and retention times, using the NIST library and Wiley GC/MS. As a result 25
compounds were identified in the dichloromethane extract which the highest contents were: picheol; methyl
3-(acetoxy)-20-hydroxy-12-en-28-oate; 6,10,14-trimethyl-2-pentadecanone; 2-hydroxy-1,1,10-trimethyl-6,9-
epidioxydecalin, respectively. The presence of halogen-organic compounds: heptadecyl ester of
3-chloropropionic acid, 2-chlorophenylethyl ester of fumaric acid and 1,54-dibromo tetrapentacontane were
detected in the extract. Halogen-containing compounds were firstly detected in the genus Tamarix.

Keywords: dichloromethane extract, Tamaricaceae, Tamarix hispida, aerial mass, halogenorganic com-
pounds, dichloromethane, chromatography-mass spectrometry, Soxhlet method.

Tamarix are decorative bushes or trees, mostly evergreen, with pink or white flowers. They are relative-
ly long-lived plants that can tolerate a wide range of environmental conditions and withstand abiotic stresses,
such as high temperatures, salt and drought. Tamarix withstands saline soils, regulating the balance of salt
through the release of secret salts through the deciduous glands and consuming large amounts of water from
underground sources [1, 2].

Tamarix is widespread in Central Asia, India, Pakistan, and Southern Europe in the Caucasus, the Cri-
mea and even in some regions of North America. Plant Tamarix hispida Willd. belongs to the genus Tamarix
family Tamaricaceae. In folk medicine the plant is used for treating rheumatism, syphilis, infertility, and as
an astringent for gastrointestinal diseases and bleeding [3]. Tamarix hispida Willd. is characterized by the
diversity of the composition of natural metabolites, which have a wide range of biological effects. Currently
there are studies on biologically active substances of polyphenolic nature (tannins, flavonoids and their gly-
cosides, phenolic acids) [3-6]. In the aspect we investigated the data on the study of the lipophilic extract
having the most interest.

Continuing the study of the chemical composition we studied the dichloromethane extract obtained
from the aerial part of Tamarix hispida Willd. raw plant materials harvested in the Almaty region during the
flowering phase in 2016.

The extraction of the previously dried and crush vegetable raw material was carried out by dichloro-
methane in a Soxhlet apparatus. The extract was examined by gas chromatography using a gas chromato-
graph with an Agilent Technologies 7000 GS / MS mass-selective detector under the following conditions: a
SHP-5MS column (30 m x 250 mm X 0.25 mm) was used, the gas velocity of the helium carrier was
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1 ml/min. The gas chromatography column temperature at 40 °C for 5 minutes; with temperature program-
ming up to 250 °C with a temperature change rate of 5 °C/min. For assay 0,2 ul sample was taken.

The components were identified by mass spectra and retention times, using the NIST library and Wiley
GC / MS. The results are shown in Table.

Table
Component composition of the dichloromethane extract of the aerial mass Tamarix hispida Willd.
No. Compound Structure g/lz/lnl)l r}z}; W, %
1 2 3 4 5 6
1 |4-Hydroxy acetophenone (Piceol) 0 CHs 136 | 3.61 | 36.91
C8H802
OH
2 |Fumaric acid 2-chlorophenylethyl ester cl 0 254 | 2438 | 1.33
C,H,,CIO, O\H/\)}\O/\
o]
3 |3,7,11,15-Tetramethyl-2-hexadecen-1-ol )\/\/k/\/k/\)\/\ 296 | 26.74 | 2.30
C,,H,,0 \ oH
4 16,10,14-Trimethyl -2-pentadecanone WWO 268 | 33.56 | 7.82
C18H360
5 |1,2-Epoxyoctadecane 2 268 | 34.51 | 1.31
CsH; 0
6 |3-Chloropropionic acid, heptadecyl ether C'WO 346 | 35.35 | 2.75
C,,H,,ClO, °
7 |2-Hydroxy-1,1,10-trimethyl- 226 | 42.04 | 0.56
6,9-epidioxydecalin @@
C13Hp,0, HO™ !
HsC~  CHs
8 13,7,11,15-Tetramethyl-1-hexadecyn-3-ol A 294 | 42.41 | 0.46
Conzso /5:1:)/
OH
9 |(82) -14-Methyl-8-hexadecenal 252 | 42.52 | 0.59
o /\/\j}
o” ~
10 |Izopropyl 9-octadecenoate \m SN 324 | 43.19 | 1.30
C21H4002 °
11 |4,7,7-Trimethylbicyclo[4.1.0]hepta- t©>< 154 | 44.08 | 0.96
3-ol
CIOHIBO HO
12 |(2E)-5-hydroxy-3,4,4-trimethyl- HO 172 | 45.13 | 0.48
2-hexenoic acid \ OH
C9H1603
0
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Continuation of Table

1 2 3 4 5 6
13 |Ethyleneglycol monododecyl ether \/\/\/\/\/\/W 594 | 47.22 | 1.85
C40H8202 ANNANNANS
14 |Monoethylhexylphthalate 278 | 48.06 | 0.39
CH,0,
H
Oy 0
(o}
H\
(¢
15 |2-Hydroxy-1,1,10-trimethyl-6,9- 226 | 48.73 | 7.04
epidioxydecalin
C.H, O o
13772273 o on
16 |Decanedioic acid bis(2-ethylhexyl) ester o Q\/(/\/ 426 | 49.55 | 0.63
C26H5004 M
/\/j/\ (
17 |Methyl 3-(acetyloxy)-20-hydroxyurs- o o 528 | 51.38 | 22.26
12-en-28-oate /
C33H5,04 Q
>:o
OH
18 |15-Hydroxy-4-methylpicrasa- 344 | 5224 | 1.71
1,13-diene-3,16-dione ‘
G, H50, o
o o~ o
19 |1,54-Dibromo-tetrapentacontane 914 | 5291 | 1.16
Cs,H,5Br, Br
Br
10
20 |4,6-Cholestadien-3-ol 384 | 5496 | 1.25
C,,H,0
21 |Stigmastan-3,5-diene 396 | 55.20 | 0.96
CyoHyg
22 |1,30-Triacontanediol 454 55.53 | 0.89
C,H O
30776272 HO
OH
9
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Continuation of Table
1 2 4 5 6

3
23 |3-(5,5-dimethyl-hexyl)-3a,10,10,12b- 410 | 57.77 | 2.54
tetramethyl-1,2,3,32,4,6,8,9,10,10a,
11,12,12a,12b-tetradecahydro-
benzo[4,5]cyclohepta[ 1,2-E]indene
CioHsg
%L

24 |3,6,6-Trimethyl-2-cyclohexen-1-ol 140 | 60.32 | 2.60
C‘)Hléo

Note. W is the content of the components; RT is the retention time; M is molar mass.

In the dichloromethane extract, 25 compounds were identified, of which the most abundant were: piceol
(36.91 %); methyl 3-(acetyloxy)-20-hydroxyurs-12-en-28-oate (22.26 %); 6,10,14-trimethyl-2-pentadecan-
one (7.82 %); 2-hydroxy-1,1,10-trimethyl-6,9-epidioxydecalin (7.04 %), respectively.

In the extract halogen-organic compounds were detected in small amounts: 3-chloropropionic acid,
2.75 % heptadecyl ester, 2 fumaric acid 2-chlorophenylethylester (1.33 %) and 1,54-Dibromo tetrapenta-
contane (1.16 %). Halogen-organic compounds were first identified in the genus Tamarix.

From the literature data it is known that halogenated derivatives are rarely found in plants, but to date,
chlorine and bromine containing mono-, di-, tri-, sesquiterpenoids, iridoids, alkaloids, phenolic compounds,
fatty acids and other compounds isolated from plant material are known [6, 7].

It should be noted that previously we isolated some terpenoids, steroids and limiting alcohols from the
native species of Tamarix plants, and some terpenoids were identified and characterized by physicochemical
data [6-9]. The chemical composition of the dichloromethane extract from Tamarix hispida was firstly ana-
lyzed by gas chromatography.

References

1 Qaiser M. The genus Tamarix (Tamaricaceae) in Pakistan / M. Qaiser // Iran. Joum. Bot. — 1983. — Vol. 2, No. 1. —
P. 21-68.

2 Venturella G. The genus Tamarix (Tamaricaceae) in Sicily: first contribution / G. Venturella, B. Baum, G. Mandracchia // F1.
Medit. — 2007. — Vol. 17. — P. 25-46.

3 Coxonos JI.JI. Pactutensusie pecypcsl CCCP: LiBeTkoBble pacTeHUs, UX XUMHYECKHH COCTaB, HCHONb30BaHue; CeMeiicTBa
Paeoniaciae-Thymelaeaceae / J1.JI. Coxonos. — JI.: Hayka, 1986. — 102 c.

4 Sultanova N.A. Flavonoids of the aerial part of Tamarix hispida / N.A. Sultanova, Zh.A. Abilov, V.B. Omurkamzinova,
I.M. Chaudri // Chem. Nat. Compd. — 2002. — Vol. 1, No. 38. — P. 98, 99.

5 CynranoBa H.A. M3yueHne XUMUYECKOT0 COCTaBa Ka3aXCTAHCKUX BUIOB 3yrano¢utoB 1. hispida, T. ramosissima, T. laxa, T.
elongate pona Tamarix / H.A. CynranoBa, A.K. YMm6erosa, I'.I11. Bypamesa, XK. A. A6usos // U3ectus HTO «Kaxak». — 2007. —
Ne 17. — C. 225-227.

6 Sultanova N.A. Biologically Active Terpenoids from Tamarix Species / N.A. Sultanova, Zh.A. Abilov, A.K. Umbetova,
M.IL. Choudhary // Eurasian Chemico-Technological Journal. — 2013. — Vol. 15. — P. 219-226.

7 Kjeld C.E. Chlorine-containing natural compounds in higher plants/ C.E. Kjeld // Phytochemistry. — 1986. — Vol. 4. —
P. 781-791.

8 Gribble G.W. The natural production of organobromine compounds / G.W. Gribble // Environ. Sci. & Pollut. Res. — 2000.
— Vol. 7, No. 1. — P. 37-49.

9 Sultanova N.A. Biologically active compounds from Tamarix hispida 11 / N.A. Sultanova, Zh.A. Abilov, E.E. Shults,
V.B. Omurkamzinova // Chem. Nat. Compd. — 2004. — Vol. 2, No. 40. — P. 192, 193.

Cepusa «Xumuns». Ne 1(89)/2018 11



Y.S. Ikhsanov, Zh.A. Abilov et al.
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Tamarix hispida eciMAIriHiH TUXJTO0PMETAHIBIK IKCTPAKTHIHBIH
XUMUSUIBIK KYPaMbl

Maxkanana anram per KazakctaHHbIH AJIMaThl aiiMarbiHaH sxuHairan Tamarix hispida Willd. (Tamaricaceae)
©CIMAIriHIH ep ycTi OeiriHeH ajblHFaH AUXJIOPMETaH SKCTPAKTHIHBIH XUMHSUIBIK KYPaMbl KapaCThIPbIIFaH.
ANApIH ana KeNTipijlin, YHTaKTajdfaH OciMIOIK IIMKi3aThIHBIH OJKcTpakumsickl COKCleT —ammapaTblHaa
IUXJIOMETaH epITIHAICIMEH OKYpPri3inmi. AJIBIHFAH OJKCTPAaKT ra3asl Xpomarorpadus »KoHE Macc-
CIIEKTpOMETpHUs dficiMeH Keneci mapt Ooifbiaina 3eprrenni: 40 °C temmeparypaga 5 MUH apaibIFbIHIA
SHP-5MS (30 m x 250 Mm x 0.25 MM) razxpomaTorpadusiblK OaraHachIHAA YCTAJBIHABL, TAacyIIbl ra3 —
TeIWi aFbIHBIHBIH OKBUINAMIBIFBI 1 MI/MUH; Oarmapiamanay Ttemmeparypacsl 250 °C  nmeifin  sxoHe
temrieparypansiH e3repyi 5 °C/muH. ChrHama kenemi 0,2 mxi. NIST xone Wiley GC/MS kitanxaHachlH
KOJIIaHa OTBIPHIN, MAacCC-CIIEKTpi JKOHE YCTay YakbIThl OOHbIHINA colikecTeHAipinmi. Juxmopmeran
OKCTPAKTBICHIHIIA 25 KOCBUIBIC aHBIKTAIIBI, OHBIH IIIHJE COMKECiHIIe MHIEeOoT; MeTWI 3-(anerokcu)-20-
runpokcuypce-12-en-28-oar; 6,10,14-TpuMeTHI-2-1I€HTaIeKaHOH, 2-rugpokcu-1,1,10-tpumernn-6,9-
SMUANOKCHCKATINH Kol Menepe 6aifkaiabpl. 3epTTeNreH 3KCTPaKThIIa raloreHOPraHHKalbIK KOCHUIBICTap
a3 MeJlllepe Ke3ldeceidi: 3-XJIOPIPOMHOH KBIIKBUIBIHBIH TrenTafgenui 3¢upi, (ymap KbIIIKbUIBIHBIH
2-xnopheHund T 3GUpi )KOHE TeTpaneHTaKOHTaHHbIH 1,54-1ubpomsl. Asnraut pet Tamarix ociMIik TypiHae
rajJoreH TYBIHbUIAPH! TaOBLIIBL.

Kinm ce3dep: nuxiopmeraH 3KCTpakT, Tamaricaceae, Tamarix hispida, eciMAiriniy >xep ycTi Oeirinew,
raJoreHOPTraHUKAIBIK KOCBUIBICTAp, XpOMAaTO-Macc-cleKTpoMeTpus, COKcIeT aaici.

E.C. Uxcanos, X.A. Abunos, M.U. Yoynxapu, H.A. CynranoBa

HccnenoBanne XuMHYECKOT0 COCTaBA
AUXJIOPMETAHOBOIO0 3KcTpakTa Tamarix hispida

B crathe BHepBble pacCMOTPEH XHMHUYECKUH COCTaB IUXJIOPMETAHOBOTO 3KCTPAKTA, MOTyYEHHOTO M3 Ha-
3eMHOU Macchl pactenust Tamarix hispida Willd. (Tamaricaceae), 3aroTOBICHHOTO B AJIMATHHCKOM PETHOHE
Pecrry6mukn Kazaxcran. DKcTpakuuio IpeaBapUTEIbHO BBICYNIEHHOTO M HM3MENBYEHHOTO PACTHTEIHHOTO
CBIPBSI TPOBOIMIIH AUXJIOpMeTaHoM B anmapare Cokciera. IToirydeHHBII SKCTPaKT HCCIe0BaIM METOJOM Ta-
30BOH XpoMaTorpaduy ¢ Macc-CIIEKTPOMETPUEH IIPU CIISTYIOIUX YCIOBHAX: Fa30XpOMaTOrpapuIecKyro Ko-
oKy SHP-5MS (30 m % 250 mm X 0.25 mm) BeiaepskuBanu npu temneparype 40 °C B TeueHue 5 MuH; ra3s
HOCHTEJIb — I'eJIMi CO CKOPOCTHIO MOTOKA 1 MJI/MHUH; ¢ MporpaMMUpoBaHueM TemmepaTypst a0 250 °C u cko-
pocThio u3MeHeHus temreparypbl 5 °C/mun. O6beM annkBoThl 0,2 M. CoeuHeHNsT HACHTU(DHULIHPOBAIIH MO
Macc-CIeKTpaM M BPEMEHH yIep)KHUBaHHs, ¢ ucroib3oBanueM Oubmuoreku NIST u Wiley GC/MS. B au-
XJIODMETAHOBOM 3KCTPAKTE HACHTH(HUIMPOBAIM 25 COEIMHEHMI, U3 KOTOPHIX B HaMOOJbIIEM KOJIMYECTBE
COCTAaBWIM: mHUIEod; Metun 3-(amerokcw)-20-ruppoxcuypce-12-en-28-oat;  6,10,14-Tpumernin-2-neHTa-
JleKaHOH; 2-ruapokcu-1,1,10-Tpumernin-6,9-3nuanoKcuAeKallnd COOTBETCTBEHHO. B nccienyeMmom skerpakre
BBISIBIJIM TIPUCYTCTBUE TaJIOTEHOPTaHWYECKUX COCAMHEHHH B HEOOJNBIINX KOJMYECTBAX: IeNTANCHUIOBBIH
a¢up 3-XJIOPIPONHUOHOBOI KHCIIOTHI, 2-XJI0p(eHmIITIIOBEH 3¢up (ymMapoBoil kuciotsl U 1,54-mubpom
TETPaneHTaKOHTaH. [ aloreHopOU3BOAHBIE COEINHEHHUS BIIEPBBIE OOHAPYXKEHBI B PACTEHUIX poja Tamarix.

Kniouesvie crosa: nuxiopMeTaHOBBII 3KCTpakT, Tamaricaceae, Tamarix hispida, Han3eMHas Macca, TajloreH-
OpraHNYEeCcKHe COeIUHEHU, AUXJIOPMETaH, XpOMaTo-Macc-CrieKTpoMeTpus, Metoa Cokciera.
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Scale inhibitor testing of new organophosphoric compounds

A new generation of organophosphorous scale inhibitors has been developed. Inhibitors are intended to pre-
vent the deposition of sulphate and carbonate salts in surface and downhole equipment during oil production,
treatment and transportation. The I type inhibitor (aminophosphonic acid) was synthesized through the
Moedritzer-Irani reaction of the condensation of 4.4'- (propane-2.2-diylbis(4.1-phenylene)bis(oxy)dianiline
(A diamine) with formaldehyde and phosphorous acid, the II type inhibitor by phosphorylation of glycolyzed
PET flex-(bis-hydroxyethyl terephthalate) with polyphosphoric acid. The structure of the developed
organophosphorus compounds was confirmed by IR spectroscopy. High inhibitory efficacy of the first and
second types of reagents for the deposition of carbonate and calcium sulphates was revealed. The morphology
of the solid sediments of mineral salts was studied by scanning electron microscopy (SEM). It is revealed that
the inhibition of crystal formation occurs at the stage of nucleation. Embedding in the surface of crystal nu-
cleus, the inhibitors prevent formation of crystalline phase in a solution and crystal growth.

Keywords: organophosphoric compounds, aminophosphonic acid, phosphoric acid ester, scaling inhibitors,
synthesis, reaction of Moedritzer-Irani, glycolyze, testing.

Introduction

Oil production in Kazakhstan has been steadily increasing over the last several years, while the average
water cut of oil wells has been increasing, for some fields, water cut exceeds 90 % [1]. As a result of in-
creased water cutting of the extracted products, the inorganic salt scale precipitation on the surface of pump-
ing equipment, infield equipment, in production columns, in o0il collection and treatment systems increases
that result in a failure of expensive equipment, capital expenditures on equipment repair, and decline in oil
production [2].

The efficiency of suppression of scale inhibitors is comprehensive, taking into account physical and
chemical processes, the composition of produced water, development of wells, etc. Preferred method of
combating scale buildup is inhibitor protection that refers to preventative methods [3].

Inorganic compounds, different classes of organic compounds can be scale inhibitors, but the com-
pounds based on derivatives of phosphonic and phosphoric acids have received the greatest distribution, as
these compounds are capable of forming complex compounds with salt-forming cations and preventing their
interaction with salt- forming anions [4].

In this paper, we present the results of a comparative evaluation of the effectiveness of protection
against the deposition of sulphate and carbonate salts by new organophosphoric compounds of 2 types —
aminophosphonic acid and phosphoric ester of bis-hydroxyethyl terephthalate.

Experimental

Reagents and materials. Phosphonic acid 98+% (Alfa Aesar, Karlsruhe, Germany); formaldehyde,
aqueous 37 % solution (Sigma-Aldrich); 4,4'-(propane-2,2-diylbis(4,1-phenylene)bis(oxy)dianiline (diamine
A) the product purity is 99.9 % by 'H NMR spectroscopy; bis-hydroxyethylterephthalate obtained by the
glycolysis reaction with ethylene glycol of a secondary PET flex, the structure of the product was confirmed
by FTIR spectroscopy; polyphosphoric acid 115 % (Sigma-Aldrich); sodium chloride, State Standard 233—
77; hexavalent magnesium chloride State Standard 4209-77; sodium bicarbonate State Standard; calcium
chloride, dehydrated State Standard 6—09—47—-11-81: ethylenediaminetetraphosphonic acid (EDTA); filtering
paper; distilled water; laboratory scales in accordance with State Standard 24104-01.

Synthesis of organophosphates. Aminophosphonic acid was obtained by condensation of diamine A,
formaldehyde and phosphorous acid through the Moedritzer—Irani reaction. The synthesis technique is de-
scribed in the paper [5].

14 BecTHuk KaparaHguHckoro yHusepcureTa
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The phosphoric ester was obtained by phosphorylation of bis-hydroxyethylterephthalate with
polyphosphoric acid. The synthesis technique is described in the paper [6]. The structure of synthesized or-
ganophosphates was confirmed by IR spectral analysis using Agilent Carry 660 IR spectrometer and Bruker
Tensor II Fourier IR.

Static tests for scale inhibition [7]. The evaluation of the effectiveness of the scale inhibitor
aminophosphonic acid against calcium carbonate and calcium sulphate deposits under static conditions was
carried out according to previously described methods. The static laboratory method consists of precipitating
CaCQOj; and CaSO, from water, i.e. heating with or without the presence of a scale inhibitor. In our work we
used imitates of formation water of the chloride-calcium and sulphate-calcium type. The salt composition
that simulates carbonate deposits is Ca® = 1100 mg/L, Mg*" = 380 mg/L, Na" = 7500 mg/L, HCO; =
=976 mg/L, CI" = 14023 mg/L. Two solutions are required to imitate scale formation. Solution 1 contains
3046 mg/L calcium chloride and hexavalent magnesium chloride 3177 mg/L, while solution 2 is sodium
chloride 18084 mg/L and sodium bicarbonate 1344 mg/L.

The effectiveness of scale inhibition was determined for concentrations of 10, 30, 50, 70, 100, 150 or
200 ppm of solution 1 in 50 mL. This was mixed with 50 mL of solution 2. Lids were placed on the flasks,
and the temperature was fixed at 75 °C for 5 hours. Then the samples were filtered and the calcium ion con-
tent determined. 10 mL of filtrate were placed in the conical flasks and 40 mL of distilled water, 2.5 mL of
20 % sodium hydroxide solution and 10—15 mg of a mixture of murexide and sodium chloride were added.
Secondly, the salt composition simulating sulphate (gypsum) deposits is Ca*’= 4911 mg/L, Mg>'= 148 mg/L,
Na" = 11623 mg/L, SO,> = 8792 mg/L, CI_ = 20291 mg/L. To prepare the imitation of scale formation in
this case, two further solutions are needed. Solution 3 is calcium chloride 1360 mg/L, while solution 4 con-
tains sodium chloride 18800 mg/L, hexahydrate magnesium chloride 1240 mg/L and sodium sulphate
13000 mg/L. The same procedure was carried out with solutions 3 and 4 as for solutions 1 and 2. The content
of calcium ions in each case is calculated by the formula:

V. x N, x20.04x1000
) (1
10
where V, — volume of EDTA-Na,, which went to titration, ml; N, — molar concentration of equivalent so-
lution of EDTA-Na,, mol /L equivalent; 10 — volume taken for titration; 20,04 — molar mass of the equiva-
lent of calcium ion, g/mol.

For comparison, the experiment is conducted in parallel without the addition of scale inhibitor. The ef-

fectiveness of the scale inhibitor (%) is determined by the formula:

X =

C -C,

E=-L %100 % , 2)
CO Y

where C, — content of calcium ions in a sample that does not contain an inhibitor, mg/L; C, — content of

calcium ions in the sample containing the inhibitor, after thermostating, mg/L; Cy — content of calcium ions

in the initial solution, mg/L.

Results and discussion

Well-known foreign technologies for controlling scale precipitation of mineral salts on the surface of
process equipment at petrochemical complexes are based on the treatment of water with inorganic phosphate
derivatives [8]. In water treatment systems for inorganic phosphates, there are environmental limitations in
the concentration due to the fact that phosphates promote excessive growth of algae, oxygen deficiency and
extinction of fish [9].

One of the safe water treatment technologies is the use of organic phosphates, such as phosphoric es-
ters, phosphonic acids. Organic phosphates contain less phosphorus, are biodegradable, have low toxicity,
are not inferior in efficiency to inorganic phosphates. For their properties, these compounds are classified as
complexons, their complexing properties are realized due to the presence of hydrogen atoms of phosphonic
groups [10]. According to [10], the mechanism of scaling inhibition by organophosphates can be explained
by the formation of complex compounds with crystal nucleus of mineral salts. Inhibition occurs due to ad-
sorption of organophosphates on the surface of growing crystals of mineral salts, which excludes the possi-
bility of formation of a crystalline phase in a solution. The scheme for the complex formation of the phos-
phoric ester with calcium ions is shown in Figure 1.
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Figure 1. Scheme of complexation of the phosphoric acid ester with calcium ions

The new organophosphonates that we developed were identified and characterized [5, 6]. In order to
confirm the structure, their IR spectral analysis was carried out. Figures 2 and 3 shows the IR spectra of
aminophosphonic acid and phosphoric acid monoester of bis-hydroxyethylterephthalate, respectively.
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Figure 2. IR spectrum of aminophosphonic acid
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Figure 3. IR spectrum of phosphoric acid ester

The IR spectrum showed absorption bands in the 2964 cm™ region attributable to stretching vibrations
in the -CH; and -CH, groups. The absorption band at 1590 cm™ indicates the stretching vibrations of the C=C
double bonds in the aromatic ring. The stretching vibrations at 1363 cm™ correspond to the C-N bonds. The
absorption band at 1173 cm™ shows the stretching vibrations of the P=0O group. The 738 cm™ band describes
the stretching vibrations of the P-C bond.

In the IR spectrum of the phosphoric ester of bis-hydroxyethylterephthalate, an absorption band is ob-
served in the region of 1719 cm™, which can be attributed to the stretching vibrations of the carbonyl group
of the compound ester. The 2966, 2881 cm™ bands are attributed to the vibrations of the CH bonds in the
CH, groups; in the region of 1504 cm™, they are referred to vibrations in the aromatic ring, in the 2800 cm™
region to the P-OH deformation oscillations. Fluctuations in the region of 985 cm™ can be attributed to the
deformation in the P-OC group, in the 1106 cm™ region — to the stretching vibrations in P=O.
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Based on the data of IR spectroscopic studies, the expected chemical structure of the organophosphates
was obtained (Fig. 4).

CH3 H.L——P—O0H
| /
OH ;N o} C o) NH OH
HO——P——CH> (|:H3

Propane-2,2 phenylene-diylbis bis(4,1)-phenylene)bis(4,1-bis(azadienyl)bis(methylene)diphosphonic acid (a)

ﬁ ﬁ |C|)
HO——P——0—H,C——H,C——0——C C——0——CH,—CH,— O——P——OH
OH OH

Bis(2-(phosphonooxyl)ethyl)terephthalate (b)

Figure 4. Alleged chemical structure of organophosphates: phosphoric acid ester
of bis-hydroxyethyl terephthalate (¢) and aminophosphonic acid () [5, 6]

In order to identify the scale inhibition ability, organophosphonic compounds have been tested on dif-
ferent models of produced water. The tests were carried out in model solutions at a temperature of 75 °C and
an inhibitor concentration from 10 to 200 ppm. The results of the inhibition studies are shown in Figures 5
and 6. As the figures show, the new reagents exhibit a sufficiently high inhibitory activity with respect to the
CaCOj; and CaSO, deposits. At the same time, it can be noted that the inhibition efficiency on CaCO; depos-
its was higher for aminophosphonic acid. The maximum protection at a concentration of 200 ppm of this re-
agent was 94 %, and for the phosphoric ester at the same concentration was 85 %. However, the inhibition
efficiency on CaSQO, deposits (Fig. 6) is much higher for phosphoric ester, the maximum efficiency was
100 % and reached at a concentration of 30 ppm, the maximum inhibition degree for aminophosphonic acid
was 97 % at a concentration of 200 ppm.
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Figure 5. Effectiveness of inhibitors on CaCO; deposits
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Figure 6. Effectiveness of inhibitors on CaSO, deposits
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The reason for the different efficiency of the inhibitors was elucidated in the study of scale samples by
scanning electron microscopy using a JEOL JSM-6490LYV instrument. The authors [11] note that CaCO; has
the property of polymorphism, the precipitates have the same chemical composition, but they have different
crystalline structures — calcite, aragonite and vaterite. Argonite, unlike vaterite, has a more stable crystalline
form [12]. The vaterite under normal conditions (25 °C, atmospheric pressure) eventually transforms into a
more stable form of calcite, and at temperatures (70-80 °C) first transforms into aragonite, and then into cal-
cite. Compared to calcite, aragonite and vaterite are soluble in water. This is due to the fact that aragonite
and vaterite have a lower value of free surface energy as compared to calcite, which reduces their adhesion
on the surface of the equipment, due to the interaction between the crystals [13]. Moreover, it was reported in
[14—17] that under certain conditions occurrence of two more forms of calcium carbonate is possible: calci-
um carbonate monohydrate and calcium carbonate hexahydrate.

Figures 7, 8 and 9 shows micrographs of precipitation of mineral salts before and after treatment with
inhibitors.

As can be seen on Figure 7, the difference in the formation of crystals is obvious. Crystals formed with-
out an inhibitor are in the form of calcite. The phase composition of the precipitate obtained in the presence
of aminophosphonate is characterized by a higher content of aragonite and vaterite. For the phosphoric ester,
there are preferably more crystals in the form of vaterite. Also, from Fig. 6 for aminophosphonic acid and
phosphoric ester, it follows that these compounds have complexing properties and are able to be embedded
in the surface of the crystallization nucleus, as a result of which crystal growth ceases.

X200 100pm 5kV X200  100pm

a — blank; » — phosphoric acid ester (30 ppm); ¢ — aminophosphonic acid 30 ppm

Figure 7. Micrographs of carbonate sediments without an inhibitor and with scaling inhibitors

AR
5kv X200 100um 5kV X200  100um 5kV X200  100pm

a b c d

a — blank; after addition of phosphoric acid ester; b — 5 ppm; ¢ — 10 ppm; d — 20 ppm
Figure 8. Microphotographs of sulfate sediments

Figure 8a shows that the structure of deposits of sulphate sediments without an inhibitor has structures
in the form of smooth needles. When phosphoric ester inhibitors were added, the destruction of gypsum de-
posits started (Figure 8b, 8c, 8d). Complete destruction of the deposit was achieved at a concentration of
30 ppm. A similar effect was observed for aminophosphonic acid (Fig. 9), but in this case the concentration
of the reagent was higher than that of the phosphoric ester (Fig. 9 a, b, ¢). The beginning of destruction of
sulphate sediments was observed at a concentration of 10 ppm. Complete destruction was noted at 200 ppm.
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X50 X50  500pm

a— 10 ppm; b — 100 ppm; c— 150 ppm
Figure 9. Microphotographs of sulfate sediments without inhibitor

Thus, it was shown that inhibitors have not only high inhibitory properties with respect to carbonate and
calcium sulphate deposition, but are also capable of altering the morphology of crystals, which favorably
affects the destruction of already fallen salt crystals and their removal with process fluid.

The inhibitors are highly effective for total deposits of carbonate salts (94 and 85 %) and sulphates
(97 and 100 %) at a concentration of 200 ppm.
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E.A. Ucabaes, A.K. Mepekenosa, I'.1. botiko, H.II. JIro64yenHxko,
P.I'. Capmyp3auna, E.M. [llalikyTaiHOB

Ty3 merinainepinin MHrUOMTOPJIAPBI peTiHAeri
skaHa (pocGopiabl OPraHMKAIBIK KOCHLIBICTAPABIH CHIHAKTAPBI

MyHaii eHIipy, JaiibIHAAY JKOHE TackiManaay OapbIChIH/A KOJIIAHBUIATBIH XKep OCTiH/ET] jKoHe YHFbIMaIarbl
KOH/IBIPFBUIAP/BI CYNb(ATTHI XKOHE KapOOHATTBI TY3Aap/bIH LIOTIHAUICPIHEH KOPFAWTHIH, jKaHa OybIHIAFbI
(ochopael opraHUKaNbIK Ty3 METriHAIepiHiH HHIHOUTOPHI XKacal MbFapbUIasl. bipinmm Typii uHruGuTOp
(amuHOpOChOH KBIUKBUIE) Moenputuep-Mpann peakmuscsl  apkeuisl - 4,4'-(mpomnan-2,2-gumnouc(4,1-
(ennnen)0nc(OKCH)IMaHIIMHHIE (IuaMuH A) (opMalbIeTH/IIEH jKoHe (OCHOPKBIIKBUIEIMEH KOHJCHCA-
LUsIay apKbUIbl CHHTE3/eN i, exiHmrici — riukonusaenred [19T duekcin — monanpocdop KbIIKbUTBIHBIH
oucruapoxcudTUnTepedTanatein  Gochopnay apkeuibl. Kacamran (Gocopiasl OpraHUKAIbIK KOCHUIBIC-
TapbiHbIH KypbutbiMbl WK-criekTpockomnus spiciMeH pacranran. CKaHepleylli SJIEKTPOHIBl MHKPOCKOIHS
apkputel (POM) MuHepanipl Ty3AapblH KaTThl TyHOamapbslHbIH Mopdonorusicel 3eprrenni. Kpucramn
TY3UIyiHIH TeXenyi sapo TY3UIly CaThICHIHIA OPBIH aJaThIHbI aHBIKTaJAbl. KpHcTamn saponapbiHbH OeTine
KipicTipiyi apKpUIBI MHTHOMTOpPJIAp EepITIHIIAEr] KPHCTANIBIK (a3aHbIH TY3UTyiH JXKOHE KpHCTaIapiblH
ocyiH GoyabIpMaiiIsL.

Kinm ce30ep: Gochopisl OpraHUKaNbIK KOCBUIBICTAp, aMUHO(GOCHOH KBIMKBLIBL, (ochop KBINIKBUIBIHBIH
Kypaeni >¢upi, Ty3 meriHaiiepi MHrHOMTOpNapsl, cuHTe3, Moenpuriep-Upann peakuusichl, IJIHKOJIH3,
TecTijey.

E.A. Ucabaes, A K. Mepekenosa, I'.U. boiiko, H.II. Jlro64yenko,
P.I'. Capmypsuna, E.M. lllaitxyTnuHoB

HUcnbiTanus HOBBIX OPraHo(pocGopHbIX COeAUHEHUMN
B KauecTBe HHTHOUTOPOB COJICOTI0KEHUMH

Pa3paboransl opranopocopHbe HHTHOUTOPBI COJICOTIIONEHNH HOBOTO MOKOJICHNUS, NPEAHA3HAYEHHbIE UL
NpPEeNOTBPALIEHUs OTJIOXKEHHH Cyldb(aTHBIX M KapOOHAaTHBIX COJIEH B HAa3eMHOM M CKBaKHHHOM
obopynoBanun mnpu HedTenoOblue, MOATOTOBKE W TpaHcmopre HedpTun. WHruGuTop mepBoro Tuma
(amuHO(OCHOHOBas KHCIOTA) OBUI CHHTE3MpPOBaH 1Mo peakiuu Moenpurnepa-Mpann xonpencanuei 4,4'-
(npoman-2,2-mumi-ouc(4,1-penmnen)-6uc(okcn) muanmirHa (quamuHa A) ¢ dopmamsaerunoM u docedo-
PHCTOI KHCIOTOH, BTOpOro — (GochopuInpoBanueM rimkonmsupoBantoro [19T ¢iexca — OGuc-rugpokcu-
stunrepedranara nompocopHoit kucimoroit. CTpykTypa pa3paboTaHHBIX OpraHo(GOC(OpPHBIX COSANHEHHI
noaTBepxkaeHa MerogoM MK-cnexrpockormmu. PactpoBoif snmexTpoHHON Mukpockomuedt (POM) m3yuena
MoOp(hoJIOTUsT TBEPABIX OCAAKOB MHHEPANbHBIX coJiel. BpIsBIEHO, UYTO WHrHOMpOBAaHHE KPHCTAIIIO-
00pa30BaHuUsI MPOUCXOANT Ha CTAJUU 3apoAbllieo0pa3oBaHus. BcTpanBasch B TOBEPXHOCTh 3apOJIbIIEH KpH-
CTaJu1a, UHFUOUTOPBI IPENATCTBYIOT 00Pa30BaHUIO KPUCTAININYECKOH (ha3bl B pacTBOPE U POCTY KPUCTAILIOB.

Knioueswie cnosa: opranopocdopHbie coeanHeHus, aMuHOPocHOHOBasI KHCIOTa, CIOXKHBIA 3dup docdop-
HOU KHCIIOTBHI, HHTHOUTOPHI COJIEOTIOKEHNs, CUHTE3, peakiuss Moeapuruepa-Vpanu, IiIMKoIn3, TeCTHPOBa-
HIE.
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Synthesis and study of antioxidant activity
of hydrazone and thiosemicarbazidebased
on N-morpholinoacetic acid hydrazide

Data on the synthesis and study of the effect of 2-morpholino-N-(propane-2-ylidene) acetohydrazide and
2-(2-morpholinoacetyl)-N-phenylhydrazinocarbothioamide hydrochloride on the electroreduction of oxygen
(EV 0,) in various concentrations were presented. The structures of synthesized compounds were studied by
IR and 'H NMR spectroscopy methods. Cathode voltammetry on a mercury-film electrode was used as a
method for estimating the antioxidant activity of samples. In this approach, the determination of antioxidant
activity reflected the number of active forms of oxygen neutralized by the antioxidant in a certain time. The
change in the current of the O, OV in its absolute value indicated that the samples under study reacted with
oxygen and its active radicals in the test solution. The degree of change in the current of the O, OV was an
indicator of the activity of the sample under study. A similar voltammogram was obtained for the substance
under study. A decrease in the cathodic current of E2 O, is observed, which indicates that they exhibit antiox-
idant activity with respect to this process. In addition, there was a shift in the potential of the cathode current
of the O,0; to the positive potential region. All of the above implies the existence of an EU mechanism (elec-
trochemical — chemical stage), which includes the subsequent chemical reaction of the interaction of antiox-
idants with active oxygen radicals. It is shown that the aqueous solution of the studied morpholine derivatives
exhibits antioxidant activity.

Keywords: 2-morpholino-N-(propane-2-ylidene)acetohydrozide, 2-(2-morpholinoacetyl)-N-phenylhydrazino-
carbothioamide'H NMR spectrum, IR spectrum, antioxidative activity, cathodic voltammetry method,
voltammograms, thiosemicarbazide.

It is known that a metabolic transformation of substances in the human body generates free toxic oxy-
gen radicals [1, 2]. They are formed during reactions of lipid peroxidation, metabolism of various drugs or
due to impact of external factors (the action of ultraviolet radiation, ionizing radiation). Once they are
formed in the body, radicals interact with cell structures, ultimately resulting to cell membranes shock, thus
accompanying the development of pathological processes of many diseases. Normally the regulation of the
products of activated oxygen metabolites and free radicals in human organs and tissues is performed by vit-
amins, pigments, hormones, and enzymes. Despite the high efficiency of the antioxidant system, it is not al-
ways able to protect the body against the development of oxidative stress. In this regard, one of the priorities
is to produce preparation having antioxidant properties with the purpose of use in the prevention and treat-
ment of diseases. In this perspective the synthesis based on hydrazine containing morpholine derivatives are
of considerable interest since morpholine-containing fragment is a structural element of numerous natural
and synthetic bioactive substances. It should be noted that practically all morpholine derivatives have a broad
spectrum of biological activity such as an anti-pyretic, anti-inflammatory, antimicrobial, anti-bacterial, anti-
tuberculosis, and anti-cancer one. In order to continue the targeted research to find new opportunities on ob-
taining new bioactive derivatives with antioxidant effect, N-morpholylaceticacid hydrazide was selected as a
synthon.

This work provides the synthesis and study of antioxidative activity of 2-morpholino-N-(propane-
2-ylidene)acetohydrazide and 2-(2-morpholinoacetyl)-N-phenylhydrazinocarbothioamide in regard to oxy-
gen radicals by cathodic voltammetry method.

It is known [3, 4], that hydrazones are widely used in synthetic chemistry due to their simple production
method and diverse biological activity. The most common method of hydrazones synthesis is the condensa-
tion of hydrazines from carbonyl compounds [5]. Thus, we synthesized 2-morpholino-N-(propane-2-
ylidene)acetohydrazide (2) obtained with condensing of N-morpholinylaceticacidhydrazide (1) with acetone.
Product 2 appeared to be a well crystallizing white substance that is soluble in many organic solvents with
the yield of 79 %.
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The IR spectrum of compound 2 have troughs at 3185-3255 cm' that correspond to stretching vibra-
tions of N—H group, and troughs at 1675-1690 cm ' correspond to stretching vibrations of C=0O groups of
hydrazone.

In the '"H NMR spectrum of 2-morpholino-N-(propane-2-ylidene)acetohydrazide (2) signals of meth-
ylene protons of morpholine fragment are represented as two triplets centered in 2.52 and 3.39 ppm. Meth-
ylene protons of NCH,-fragments appear at the 3.52 ppm as the narrow singlet. There are two intensive sin-
glets of two methyl groups at 1.75 ppm and 1.95 ppm in the strong field. Singlet in region of 6.21 ppm be-
longs to N—H proton.

It should be noted that the sulfur-containing functional group in some medicines can be the main ele-
ment determining the bioactivity, while in others it can just have a certain influence on the pharmacological
effect. The biological effect of sulfur-containing compounds first used as drugs appeared due to their anti-
bacterial properties. In this regard, the particular interest is in thiosemicarbazides and their derivatives.

In continuation of research on the synthesis of new biologically active compounds, particularly
thiosemicarbazide 3,N-morpholinylacetic acid hydrazide (1), we studied reaction of its condensation with
phenylisothiocyanate in alcohol medium at equimolar ratios of the reactants. The reaction proceeds in quiet
mild conditions for the synthesis in good yield of the desired product (90 %). Synthesized thiosemicarbazide
derivative 3 is a white crystalline powder, soluble in polar organic solvents. In order to obtain water-soluble
form of 2-(2-morpholinoacetyl)-N-phenylhydrazinocarbothioamide (3) hydrochloride 3a was derived.

0

/N 0 /N +HCI

O  N-CH,-7 + SSCN-CHs —> O N—CHz—C/\/ S —

s | NHNH 7/ ,  NHNHCNHCgH;
P

—> 0 N-CH,-C X
*HC1 NHNHCNHC ¢H;
3a

There are absorption bands in the IR spectrum of compound 3 at 11401240 cm™', which is characteris-
tic for the NH-CS group of the thiosemicarbazide fragment and amide group C(O)NH at 16901675 cm™ as
well as NH group at 3390-3360 cm .

Protons of the phenyl ring are presented in the 'H NMR spectrum of N-morpholinylacetic acid N—
phenylthiosemicarbazide (3) along with the methylene protons signals of the morpholine fragment (2.45 ppm
and 3.61 ppm) and NCH, fragment (3.07 ppm) in a weak field 7.15-7.34 ppm. Amide and thioamide NH
protons are appearing in weak fields in the form of three singlets in the region of 9.85 ppm, 9.80 ppm and
7.98 ppm.

It is known that free radicals are an important part of the pathogenesis of many diseases [1]. Therefore,
using voltammetric analyzer at various concentrations in aqueous solution isan important chapter in studying
pharmacological activity of 2-morpholino-N-(propane-2-ylidene)acetohydrazide (2) and hydrochloride of
2-(2-methylmorpholinoacetyl)-N-phenylhydrazinocarbothioamide (3a).

The activity of the samples was determined by using cathodic voltammetry, particularly the electro-
chemical reduction of oxygen (O, EV). Model reaction of O, EV proceeds by a mechanism similar to oxygen
reduction in body cells and tissues:

02 +e 02'_
0, +H' < HO,
HOZ‘ + HJr +e¢ & H202
H202+ 2,H+ +2¢ « 2H20
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In this case, the first wave of O, EV (reduction of oxygen to hydrogen peroxide) with formation of ac-
tive oxygen species: O,, HO™ is under consideration. It is assumed that substances react with oxygen and its
active radicals on the indicative electrode surface, which is reflected in changes of O, EV cathode current.

The activity of the studied substance with respect to O, EV was determined by the following procedure:
0, EV voltammograms were recorded in the absence of studied substance (background curve). In the ab-
sence of extraneous peaks background solution was considered as pure. Then, studied substance with known
concentration was added in a cell (for 10 mL supporting electrolyte volume) and cathodic O, EV
voltammograms were obtained in the same conditions. The measurements were repeated at least 3 times over
the defined period of time and value of O, EV current limit was estimated each time.

O, EV Slope by its absolute value indicates that the studied samples react with oxygen and its active
radicals in the test solution. Degree of O, EV current change is an indicator of the activity of the test sample.

For the same type of the substance voltammogram is obtained and cathode current decrease is observed
in the O, EV, which indicates the exertion of antioxidant activity relating to this process. In addition, there
was a shift in potential cathode current of O, EV to the positive potentials area. All aforesaid requires a ES
mechanism (electrochemical — chemical steps), which comprises the subsequent chemical reaction of the
antioxidants with active oxygen radicals.

Antioxidant activity of 2-morpholino-N-(propane-2-ylidene)acetohydrazide(2) and 2-(2-morpholino-
acetyl)-N-phenylhydrazino carbothioamide (3a) with different concentrations are shown in the Table.

Table
Antioxidant activity of the compounds (2 and 3a) with different concentrations

Substance concentration, Average value mole/L
g/mL Compound 2 | Compound 3a

0.00001 0.1432 0.1512

0.0001 0.2355 0.3039

0.001 0.4153 0.4624

The obtained data (Table) demonstrates that hydrochloride of 2-(2-methylmorpholinoacetyl)-N-phenyl-
hydrozinocarbothioamide (3a) expresses the highest antioxidant activity at the maximal analyzed concentra-
tion. In the same time moderate growth of antioxidant activity of 2-morpholino-N-(propane-2-ylidene)
acetohydrazide (2) is observed as well. It is shown that even at the lowest concentration studied substance
reacts with oxygen and its active forms, deactivating them in the solution. Antioxidant activity in this case
can be considered as a useful feature that extends the potential range of uses of the researched compounds.

Thus, hydrazone and thiosemicarbazide synthesis was performed on the base of N-morpholinyl acetic
acid hydrazide and the influence on the electrochemical reduction of oxygen (O,EV) at different concentra-
tions was investigated by cathodic voltammetry using the mercury coated electrode. In this approach, deter-
mination of antioxidant activity reflects the amount of reactive oxygen species antioxidant neutralizes over
time. It is demonstrated that an aqueous solution of researched compounds exhibits antioxidant activity
against oxygen radicals.

Experimental

1-H NMR spectrum was recorded on the Bruker 400 spectrometer at 400 MHz in DMSO-d; solution
relative to the internal standard TMS. Melting point was determined on a Boetius instrument. Progress of the
reaction and purity of the obtained compound was monitored by thin layer chromatography on the Silufol
UV-254plates in the system of isopropanol — benzene — 25 % ammonia solution 10:5:2. The plates were dis-
played with iodine vapors. Hydrazide of N-morpholinoacetic acid was prepared as described in [6].

2-Morpholino-N-(propane-2-ylidene)acetohydrazide (2).10 mL of acetone is added to the 1.59 g
(0.01 mol) of N-hydrazide of morpholine acetic acid. The mixture is heated for 10 minutes to dissolve
hydrazide. The mixture is kept at room temperature until fine-grained sediment precipitates. Completion of
the reaction is detected with TLC. Re-crystallization from petroleum ether gives 1.57 g (79 %) of a white
powdery substance with m. p. 95-97 °C. "H-NMR (DMSO-dy), 6, ppm.: 2.52 t (4H, N(CH,),, Jun 4.66), 3.39
s (2H, NCH,), 3.56 t (4H, O(CH,),, Jun4.65), 6.21 s (1H, NHN), 1.75 s (3H, CH;),1.95 s (3H, CH,).

N-Phenylthiosemicarbazide of N-morpholinylacetic acid (3). 1.59 g (0.01 mole) of N-morpholinylacetic
acidhydrazide is dissolved in 5 mL of ethanol, then 1.48 g (0.011 mole) of phenylthiocyanate is added by
drops. Mixture is mixed during 30 min at 50-60 °C. Completion of the reaction is detected with TLC. Solu-
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tion is cooled, precipitated fine-grained sediment is filtered and rinsed with small amount of petroleum ether.
After re-crystallization from benzene 2.64 g (90 %) of compound 3 with m.p. 147-150 °C was obtained.
'H NMR spectrum (500 MHz, DMSO-ds, 8, ppm, J/Hz): 2.45 t (4H, N(CH,),, J = 4.3), 3.07 b.r.s (2H, N-CH,),
3.61 t (4H, O(CH,),, Juy 4.6), 7.15-7.34 m (5H, Ar), 9.85 s [1H, NH(C=S)], 7.98 s (1H, NH), 9.80 s [1H,
NH(C=0)].

Hydrochloride of N-morpholinylacetic acid N-phenylthiosemicarbazide (3a). Saturated with gaseous
HCI benzene solution is added to the obtained product 3 dissolved in benzene. Presipitated fine-grained
white powder is filtered and rinsed with absolute benzene several times.

Reagent preparation. Stock solutions of researched substances at a concentration of 0.1 g/ml are pre-
pared as follows: using analytical balance 0.5 g sample was weighed and dissolved in 5 ml of distilled water.
Further, 0.01 g/ml and 0.001 g/ml solutions are prepared with followed dilutions with distilled water in 10 ml
vials. Aliquots of 0.1 ml volume were taken for studies obtaining appropriate working concentrations of test
solutions presented in the table.

The voltammetric analysis method used in this work is expressive, with high sensitivity (10™'%) and
broad analytical capabilities. The developed technique is unique, reproducible, and does not require long-
term sample preparation.

Experiment methodology of antioxidant activity determination included obtaining and analysis of the
voltammograms of cathodic O, EV using voltammetric analyzer connected to the computer [7]. Direct cur-
rent mode of cathodic voltammetry was used, potential sweep speed W = 40 mV/s, the working range of
potentialis in range from 0.0 to 1V, solution stirring time is 20 seconds, settling time is 10 seconds. Electro-
chemical cell was a glass beaker containing an indicator of mercury coated electrode, silver chloride refer-
ence electrode and a silver chloride auxiliary electrode immersed into supporting electrolyte solution. Phos-
phate buffer solution was chosen as supporting electrolyte in a volume of 10 mL and with pH 6.86, which is
close to the physiological value.
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O.A. Hypkenos, M.K. HUo6paes, XK.b. Cotbaena,
K.T. doynerxanona, T.M. CeilsixaHoB

N-MopdonuHmiIcipke KbIIIKbLI THAPa3uAi Heri3inae ruapa3oHaap MeH
THOCEMHKAaPOa3uATEePAiH CHHTEe3l MeH TOTBIFYFa Kapchbl OeJICeHAITIKTI aHbIKTay

Makanana 2-mopdoianHo-N-(ponan-2-uinaeH)aneToruapasuines 2-(2-mopdonunoanerin)-N- GeHUIrnI-
pa3rHOKapOOTHOAMHU/T THAPOXJIOPUAIHIH CHHTE3Aepi OOWBIHIIA MAIIMETTep MEH OpPTYpi KOHIEHTpalusaa
(OB 0,) orrexrtiH dNeKTpii KaiiTa KalmblHa KeNTIpY YypAiciHe ocepi kenripinreH. CHHTE3eNTeH
KOCBUIBICTApBIH KypblibiMbl MK- Men SIMP 'H-cexrpockomus oxicrepiMen seprrenred. TOThIFYFa Kapchl
OeNCeHUIIKTIH Oaranay TocUIl peTiHAe CHIHANTHI-KAOBIPIIBIKTEI JIEKTPOATA KATOATHI BOJIHTAMIICPOMETPHUS
KoJIaHbUTFaH. TOTBIFyFa Kapchl OCJICEHIUIKTI aHBIKTAy TocutiHae Genrimi Oip yakbITTa TOTBIFyFa Kapchl
OeifTapanTaHabIpbUIFaH OTTETiHIH OelceHAi TypiepiHiH Mmemmepi kenripiireH. OB O, TOFBIHBIH ©3iHIH
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a0COIOTTI MOHIHIH ©3repyi 3epTTeliHIeH KOChUIBICTApABIH Oenrisi Oip epitiHaiae OenceHai pagukaijapMeH
JKOHE OTTETiMEH OpEKeTTeCKeHiH Kyanauibipansl. OB O, TOFBIHBIH ©3repy JopeKeci 3epTTEeNliHeTiH 3aTThIH
GenceHimirinin kepceTkimn 6oJpin Tabbutaabl. 3epTTENiHETIH 3aT YIIiH OipTHUNTI BOJbTaMIEpoOrpamMMa
ansiHael, OB O, KaTroAThl TOFBIHBIH a3arobl OalikamraH. Byn ocel ypaic OGoWbIHIIA TOTBIFYFa Kapchl
OenceHAUTIKTIH maiina 6omysiH nonenaeini. ConsiMeH katap 9B O, KaTOATHI TOFBIHBIH MOTCHIUAIBIHBIH OH
aiimMakka birbIcybl Oenrimi. JKorapeina aiteurrangapabiy Gapibirbl EK (37I€KTPOXMMHSIIBIK — XHMHSUIIBIK
Ke3eHJIep) TOThIFYFa Kapchl OCJICEH/I OTTEKTI paJKaIJapMeH XUMUSIIBIK OPEKETTECY PeaKLHsChIHA TYCETiH
MeXaHU3MHIH OapblH OoypKaiiapl. 3epTTeniHreH MOPQOIUH TYBIHIBUIAPBIHBIH CYJIbl epITIHALICPI TOTHIFyFa
Kapchl OCJICeHITIKKE Ue eKeHAIr KopCeTii.

Kinm ce3dep: 2-mopdonnno-N-(nponas-2-winaeH)aneToruapasun, 2-(2-mopdonunonermn)-N-peHmruapa-
sunoKapGotnoamu, 'H SIMP-criextpi, MK-CIeKTpi, TOTBIFYFa Kapchl OENCEHITIK, KATOATHIK BOIBTAMIIC-
POMETpHSI 9IiCi, BOJIBTaMIIEpOrpaMMa, THOCEMHUKApOa3ny.

O.A. Hypkenos, M.K. HUopaes, )K.b. Catnaesa,
K.T. Haynerxanosa, T.M. CeitsixaHoB

CuHTe3 M N3yYeHNe AHTHOKCUAAHTHOM aKTUBHOCTH THAPA30HOB
U THOCEMHUKAPOA3U/I0B HA OCHOBE ruapasuaa N-Mop(poIuHOYKCYCHOI KHCIOTHI

B cratbe mpuBencHBI JaHHBIC 1O CHHTE3Y W W3YYCHHUIO BIUSHUS 2-MOp(oarHO-N-(TporaH-2-UuieH)-
arieTorupasuaa u ruapoxiopuna 2-(2-mopdonrHoaneT)-N-peHITHIPa3nHOKapOOTHOAMH A Ha TPOLIECC
2JIEKTPOBOCCTaHOBJICHUS Kuciopona (OB O,) B pa3iWyHBIX KOHIEHTpamusix. lcciemoBaHO CTpOCHHE
CUHTE3UpPOBaHHbIX coeaunenuilt merogamu UK- u IMP 1H-Cl‘[eKTpOCKOHI/II/I. B kadecTBe MeTO[a OLICHKH aH-
THOKCUJIAHTHOM aKTUBHOCTU OOpa3lLOB IIPUMEHEHAa KAaTOIHAs BOJIETAMIEPOMETPHUS HAa PTYTHO-IUICHOYHOM
anekTpoze. B 1aHHOM moxaxoze omperenaeHHe aHTHOKCUIAHTHON aKTUBHOCTH OTPaXKajo KOJIMYECTBO aKTHB-
HBIX (JOPM KHCIIOpO/a HEHTPaIN30BaHHBIX aHTHOKCHUIAHTOM 3a OIpe/eieHHoe BpeMs. M3meHenune Toka OB
O, 1o cBoeMy aOCOJIOTHOMY 3HAYEHHUIO CBUIETEIBCTBYET O TOM, YTO HCCIeAyeMble 0Opa3lbl pearupyroT C
KHCIIOPOJIOM U €T0 aKTHUBHBIMH paJuKalaMy B HccienlyeMoM pactBope. CreneHb usmeHeHus Toka 9B O, sB-
JSUTACh MTOKA3aTeNIeM aKTUBHOCTH HCCIieyeMoro oopasna. Jiis uceiaenyemMoro BemecTsa morydeHa OJHOTHII-
Hasi BOJIbTaMIIepOrpaMMa, HaOJII01alloCh YMEHBIIEHHE KaToqHOTO Toka DB O,, 4To CBHIETEIBCTBYET O TPO-
SIBIICHUY MU aHTHOKCUJIAHTHOW aKTHBHOCTH 10 OTHOIIICHHIO K JTaHHOMY Iporieccy. Kpome Toro, Habmronan-
Csl CABUT MOTEHIMANIA KaTOAHOro Toka OB O, B MoN0KHUTENbHYI0 001aCTh MOTEHIMANOB. Bee ckazaHHOE BHI-
11e npearnosaraet Haauyre Mmexanuma EC (3eKTpoxuMudecKkasl — XUMHUYECcKast CTaIun), KOTOPBIA BKIIOYa-
€T MOCJEAYIOMYI0 XHMUYECKYI0 PEaKLUI0 B3aMMOICHCTBUSI aHTHOKCHIAHTOB C aKTHUBHBIMH KHCJIOPOAHBIMH
paaukanamu. [Toka3aHo, 4TO BOAHBII PacTBOP U3YYEHHBIX IPOM3BOAHBIX MOP(]OIIMHA MPOSBISET aHTHOKCH-
JAHTHYIO aKTUBHOCTbD.

Kniouesvie cnosa: 2-mopdomuno-N-(mponan-2-mwinaeH)aneToruapasus, 2-(2-moponuaoaneTut)-N-QeHmI-
ruapasusokapootnoamu, 'H SIMP-cnexrp, UK-CrieKTp, aHTHOKHCIIHTENbHAS aKTHBHOCTh, METOJ| KATOIHOI
BOJIbTaMIICPOMETPUH, BOJIbTaMIIEpOTpaMMa, THOCEMHUKapOa3uy.
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Novel polyesters based on nitrogen-containing heterocycles:
synthesis and research

The article presents the results of studies carried out at assembling two branches of science such as the chem-
istry of heterocyclic compounds and the chemistry of step-growth polymerization. 2,4-Dimethyl-3,5-
diethoxycarbonylpyrrole (Knorr pyrrole) was synthesized by a series of successive transformations.
2,4-Dimethylpyrrole-3,5-dicarboxylic acid was obtained by Knorr pyrrole hydrolysis, optimal conditions for
reaction were chosen. The process was shown to be completed within an hour and a half in an alcohol-
alkaline medium. A new polyester based on 2,4-dimethylpyrrole-3,5-dicarboxylic acid and ethylene glycol
was synthesized by a polyesterification reaction. The physicochemical characteristics of the polymer obtained
were established. Light-scattering method was used to determine the mass-average molar mass of the polyes-
ter, which turned out to be equal to 5263. The good convergence of the data calculated and the reproducibility
of the experiment for determining the turbidity of dilute polymer solutions by turbidimetric method indicates
the reliability of the results. Analysis of the structure and physical and chemical properties of the polymer
synthesized suggests that a polyester based on 2,4-dimethylpyrrole-3,5-dicarboxylic acid and ethylene glycol
can be used as a component of alkyd resins potentially possessing biological activity.

Keywords: Knorr pyrrole, 2,4-dimethylpyrrole-3,5-dicarboxylic acid, polyesterification, polyester,
turbidimetry.

The chemistry of heterocyclic compounds is of particular interest for scientists as these compounds
have other atoms of the elements of the periodic system in addition to the carbon and hydrogen atoms in their
structure [1]. This is due to the special properties of the corresponding compounds. These properties include
fungicidal, acaricidal ones, different types of pharmacological activity, and new optical properties of hetero-
cyclic compounds, the application of which is possible in all spheres of human activities.

The presence of heteroatoms in molecules such as nitrogen particularly leads to a decrease in toxicity
and an increase in the high physiological activity of organic compounds. Their heterocyclic derivatives show
more effective biologically active properties in comparison with aliphatic ones [2].

Compounds referring to pyrroles — five-membered nitrogen containing cyclic molecules — constantly
attract the researchers’ attention despite the fact that Knorr synthesis is known from the end of XIX century.

Pyrroles and their derivatives are structurally important heterocycles used in pharmaceuticals, natural
products, catalysts, pesticides, dyes and conducting polymers [3]. Synthesizing polysubstituted pyrroles is
often challenging and current methods, like the Paal-Knorr reaction, often results in low atom economy in
which two oxygen atoms are lost per pyrrole ring produced and/or two water molecules are released as a by-
product.

Multifunctional derivatives of Knorr pyrrole are interesting for organic synthesis and as potential mon-
omers as well.

The aim of present work is synthesis of disubstituted acyl derivatives of Knorr pyrrole for their intro-
duction in polyesterification for obtaining N-containing polyesters which can potentially possess valuable
properties.

For obtaining starting material for step- growth polymerization firstly we synthesized 2,4-dimethyl-3,5-
diethoxycarbonylpyrrole (Knorr pyrrole) by series of transformations. The synthetic protocol proceeds ac-
cording to the following scheme:

RONO - n
H,C - COOC,H;——— > HON= r - COOC,Hs CH;COOH

0=C-CH; 0=C-CH;
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CHs COOC,Hs
H,N - CH - COOC,H;s
. CH3C(0)CH,CO0CH; / \

0=C-CH;
HsC,00 N CH,

The reaction was monitored by means of the thin layer chromatography.

To continue investigations we carried out hydrolysis of ester groups of 2,4-dimethyl-3,5-
diethoxycarbonylpyrrole. The hydrolysis reaction is known to irreversible one in the alkaline medium and is
effective for the synthesis of the corresponding acids. Therefore we hydrolyzed Knorr pyrrole in the presence
of base such as sodium hydroxide. Necessary conditions were chosen, aqueous-alcohol medium was applied
for completely dissolving Knorr pyrrole. Then calculated amount of sodium hydroxide was added. The reac-
tion was completed during one and half hour. The reactive mixture was treated by concentrated hydrochloric
acid for isolation of heterocyclic dicarboxylic acid.

o 0 0
Me ~ Me
Me 0 Na+ \ -
OFEt
/\ 2nNaOH ot / \ mHeg, /
EtO N Me ? N Me  Nacl T Me
| 0] H

O H

6

The acid obtained was completely purified by treatment of aqueous alcohol solution. Synthesized 2,4-
dimethylpyrrole-3,5-dicarboxylic acid is white powder, insoluble in water, melting point is equal to 205 °C.

Dicarboxylic acids are known to be monomers for step-growth polymerization to obtain various polyes-
ters, polyamides, polyurethanes and their modified derivatives [4, 5].

So according to research objective we carried out polyesterification of 2,4-dimethylpyrrole-3,5-
dicarboxylic acid and ethylene glycol at equimolar ratio of parent materials. The process was self-catalyzed
and for synthesis of high molar mass polyester it is necessary to remove water, i.e. by-product of reaction,
for shifting equilibrium to obtain final polymeric product.

The process was lasted for two hours and the reaction termination was determined by the amount of wa-
ter eliminated in the Dean-Stark vessel and on the basis of the IR spectrum of the product obtained. We as-
sume that synthesis of polyester proceeds according to the following scheme.

HaC COOH
n / \ + nHO-CHy-CHy-OH  ___
HoOoC N CH,
!
_ . —
HaC |Cl-O-CH2-CH2-O——

_|_ 21’1H20

/

CHs

I—2=

Next step of investigation was studying of properties characteristic for obtained polyester based on 2,4-
dimethylpyrrole-3,5-dicarboxylic acid and ethylene glycol.
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To estimate the mass-average molar mass of the polyester the Debye method (light scattering) was
used [6]. Determination of turbidity of polymer solutions was carried out turbidimetrically using a 2100 AN
HACH nephhelometer at A = 5460 A. This method is the most reliable and convenient one of the few direct
methods for determining the polymers molar mass and covering an exceptionally wide range of molar mass-
es. In addition it is a direct method for measuring the size of macromolecules in solution used for approba-
tion and calibration of other indirect methods, in particular, hydrodynamic ones [6].

The concentration of the initial solution for determining the polymer molar mass in the wavelength re-
gion 10°~107 is of the order of 2:10° g/cm® (0.2 g/dl). For preparing the solution a sample of polyester of
0.1 g (accurate to 0.0001) was placed in a pre-weighed measuring flask (~ 50 ml) with ground glass stopper.
Further the sample was dissolved in an increasing volume of thoroughly purified and repeatedly distilled sol-
vent, finished to the graduating mark and weighed. The concentration of the solution C; (g/cm’) was calcu-
lated by the formula (1):

m
C=—"p, (1)
where m, — is polymer mass, g; p — is solvent density, g/em’; m; — is solvent mass, g.

Then 30 ml of the prepared solution was transferred to a cuvette of the instrument, the turbidity of the
solution in NEPH units and the refractive index were determined up to full reproducibility. A series of solu-
tions was prepared from the available solution by successively diluting an aliquot (~ 30 ml) of each previous
solution to 50 ml in a volumetric flask, turbidity and refractive indices were determined. The concentration
of the subsequent solutions was calculated according to the formula (1).

In continuation of the research the division scale of nephelometer () was determined according to for-
mula (2):

2

Further the reduced intensity of polymer solutions (Rgy) was calculated by substituting the values in the
formula (3):
R90 = B(NEPHsolution - NEPHsolvent) . (3)

The constant value (H) was calculated by means of formula (4):
e 32(3,14) n2 (An/ ACY’ |

4
3N, )
The obtained data for measurements and calculations are presented in the Table.
Table
Results of turbidimetric measurements and calculations
C:107, glem’ e Buern-10° | R, 10° | Hygpy 107 | HCIRy, 107 i
2.0644 20.70 0.4582 0.0009 1.3782
1.0322 14.10 0.3077 0.0007 1.3779
0.5161 10.10 0.2165 0.0005 1.3770
0.2580 6.98 2279 0.1455 217.969 0.0003 1.3770
0.1290 5.72 0.1169 0.0002 1.3765
0.0645 3.90 0.0752 0.0001 1.3760
HC .
Based on the calculated values, a plot of the dependence —— = f(C) was made (see Fig.).
90
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Figure. Dependence of % on concentration of polymer (C, 107, g/cm’)
90

Extrapolating the resulting straight line to C leading to 0, we obtained a segment corresponding to limit-

ing meaning of H—C:L . According to the plot datum the value L is equal to 0.00019, so mass-average

90 w w
molar mass of the polyester obtained is equal to 5263. Determination of polyester solubility shows that it is
soluble in organic solvents and partially soluble in aqueous alcohol mixture.

So we conclude that novel polyester based on Knorr pyrrole derivative such as 2,4-dimethylpyrrole-3,5-
dicarboxylic acid and well-known monomer such as ethylene glycol was obtained by step-growth polymeri-
zation. Molar mass of polymer synthesized was determined by light-scattering method. The presence of five-
membered heterocycle containing nitrogen, ester and methylene groups let us assume that such polyesters
can exhibit biological activity and other valuable properties.
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JILM. Cyrpanuna, A.B. Omamesa, JI.K. ConkeeBa, A.C. OmkabaeBa,
E.B. Munaesa, E.K. TaiimmbexoBa, A.K. Caonkeesa, I'.I'. baiikenoBa

A30TKYpamM/bl reTepouMKJIIePAiH Heri3iHaeri xaHa KypaeJi
nom3upIep: CUHTE3i JKIHe 3epTTenyi

Makxanaza eki FbUIBIMHBIH — TeTePOLMKIII KOCBIIBICTAD XUMHACH MEH HOJMKOHACHCALMSIIBIK MPOLECcTep
XUMHSICBIHBIH — KUBUIBICYBIHJIAFBl 3€PTTEY HOTIDKeNepi kenTipireH. 2,4-Jlumernin-3,5-nuaTokcukapoo-
Hummmppon (KuHopp muppossl) inecmeni aiHamynmap KaTapbIMEH CHHTE3JCNAl. 2,4-TMMeTHImppoi-3,5-
IUKapOOH KbHIMKBUIEL KHOpp NMUPpONBIH THApONM3AEy apKbUIBI anblHABL IIpomec crupT-cinTiai oprana
Oip>kapbIM caraTTBIH IIIIHAE TOJBIFBIMEH asKTajuaThlHbl Kepcerinmi. XKaxa kypmeni s¢up 2.4-mumerni-
nUppoi-3,5-1uKapOOH KBIIKBUIBI MEH STWICHIIMKOJIBJIH HETi3iHAe NOJMATepHHUKALMIAY PEaKIUAChI
apKbUIbl CHHTE3/eNi. AJIBIHFAH TNOJMMEpPIepAiH (HH3MKAIBIK-XUMHSUIBIK CHIIATTAMANapbl aHBIKTaJIbL.
Kypuneni adupin opramaccasblK MOJCKYIAIbIK Maccachl KapbIKIIAITY Sici apKbLIbl aHBIKTAIbIN, 5263 Teq
ekeHi kepcerinai. Ecentey mMomimMerrepi MeH TypOHIUMETPIIIK S/IiCIEH CYHBIThUIFAH MONIUMEp epiTiHAlIepiH
OWIABIPABIFBIH  QHBIKTAY OOMBIHIIA TOKIpUOE MOTIMETTEpiHIH COMKECTIri HOTKENEpAiH HAKTHUIBIFBIH
kepcerTi. CHHTE3eNreH IMOMMMepAiH (QU3UKAIBIK-XUMUSUIBIK KacHeTTepi MEH KYpPBUIBIMBIH capanray 2,4-
JUMETHIIIHAPPOI-3,5-TUKapOOH  KBIMIKBUIBI MEH OSTHJICHIIMKOJBIIH HeTi3iHxeri Kypaeni mnoiamdgupmin
OMOTOTHSIIBIK OEJICeHIUTIKKE Me aJKUATI MIAHBIpIapAblH KOMIIOHCHTI PeTiHIe KOJAaHyBIHBIH MYMKIHIITiH
TYKBIPBIMIAIBL.

Kinm co30ep: Kuopp muppossl, 2,4-1uMeTHanuppoi-3,5-aukapOoH KbIIIKBUIBI, HONU3TepHUKALUsIaYy,
Kypzeini noamdup, TypOHIUMETPITIK.

JLM. Cyrpanuna, A.B. Omamesa, JI.K. CanskeeBa, A.C. OmkabaeBa,
E.B. Munaesa, E.K. TaiimmbekoBa, A.K. Canbkeesa, I'.I". baiikenosa

HoBble cj103kHbIE HOJII/IZ)(I)I/IPLI Ha OCHOBE€ a30TCOACPKAIIINX
rerTepouuKJIOB: CUHTE3 U UCCJICAOBAHUE

B crartbe npeacTaBieHbl pe3ynbTaThl HCCIEA0BAHHUMN, BBITIOIHEHHBIX Ha CTBIKE JBYX HAayK — XHMHHU I'€Tepo-
IUKINYECKHX COEAMHEHMH M XUMUHM MOIMKOHAEHCALMOHHBIX mpoueccoB. 2,4-Jumerni-3,5-Iu3ToKCH-
kapOoHmHppoa (muppos KHoppa) O5U1 CHHTE3MPOBaH PSIOM MOCIIEOBATENIBHBIX NpeBpameHuii. ['unpomm-
30M nuppoina Knoppa Obuta monydena 2,4-IuMeTHINUPPOI-3,5-1UKapOOHOBas KUCIOTA, IOX00paHbl ONTH-
MaJIbHBIE YCJIOBHS NpOBeAeHHs peakuuu. [loka3aHo, 4TO IpoLece MOJHOCTBIO 3aBEPLIACTCS B TEUEHUE MOITY-
TOpa 4acoB B CIIUPTOBO-IIET0UHOI cpene. HoBblil croxHbIi onmahup Ha OCHOBE 2,4-TMMETHIIIAPPOI-3,5-
JUKapOOHOBOI KHUCIIOTH M STHJICHIIIMKONS OBUT CHHTE3HUPOBAH peakiuell moimmsrepudukanuu. beum ycra-
HOBJIEHBI (PU3UKO-XMMHUYECKUE XapaKTEPUCTHKU MOIYyYEHHOTO moiauMepa. MeTomoM cBeTopaccesHus ObLia
ompeJeNieHa CpeAHeMaccoBasi MOJIEKYJIIpHas Macca CJI0XKHOTO0 NMoau3upa, KoTopast okasajiach paBHOU 5263.
Xopormras CXOAUMOCTh PACUETHBIX JAAHHBIX M BOCHPOU3BOANMOCTB SKCIIEPUMEHTA 0 OMPEIEICHUI0 MYTHO-
CTU pa30aBIIEHHBIX PACTBOPOB MOIUMEPA TypOHIMMETPUIECKIM METOZOM YKa3bIBalOT Ha JOCTOBEPHOCTD pe-
3yJIBTaTOB. AHAIIM3 CTPYKTYPH H (HH3HKO-XUMUYECKAX CBOMCTB CHHTE3MPOBAHHOTO ITOJIMMEpa Ipesroara-
€T, YTO CJIOXKHBIN NoNM3(GUp Ha OCHOBE 2,4-TUMETHIIHPPOII-3,5-TUKapOOHOBOM KUCIOTHl M 3THIICHTITHKOIIS
MOXeT OBITh HCIOJIB30BAaH B KAaUeCTBE KOMIIOHEHTA AIKUAHBIX CMOJ, HOTEHINAIBHO 00Iafalomux OHOIOTH-
YECKOHI aKTUBHOCTBIO.

Kniouesvie cnosa: nuppon Knoppa, 2,4-numerminupposi-3,5-1ukapOoHoBas KUCIOTa, MOIMITEPH(PUKALINS,
CJIOXKHBIN MOMA(UD, TYpOUTUMETPHS.
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The influence of nanostructured carbon additives to the functional electrode
characteristics of lithium-ion batteries

This research is devoted to the study of the effect of nanostructured carbon additives on the functional charac-
teristics of a positive electrode based on vanadium oxide for lithium-ion batteries. It has been shown that the
use of carbon nanotubes and graphene oxide instead of traditional carbon black significantly increases the
specific characteristics of the electrode. Also the improvement of the specific characteristics of the positive
electrode in lithium-ion batteries when using graphene and carbon nanotubes instead of carbon black was
proved. This effect is explained by an increase in the speed of movement of lithium ion inside the material,
due to the higher conductivity of nanotubes and graphene, and a more compact contact of crystals. It is due to
higher electronic conductivity of carbon nanotubes and graphene compared to conventional carbon black. In
addition, the intercalation of quasi-one-dimensional (nanotubes) and quasi-two-dimensional (graphene) struc-
tures into the electrode makes possible to ensure a more compact contact of active substance particles with a
current collector. This helps to reduce the mass fraction of the conductive additive in the electrode structure
and increase its specific parameters. It is shown that the use of graphene and carbon nanotubes as conductive
additives instead of conventional carbon black may increase significantly the specific characteristics of posi-
tive electrodes in lithium-ion batteries.

Keywords: nanostructured carbon additive, electrode, carbon soot, speed of Li-ion, Li-ion battery, carbon
nanotubes, graphene oxide, vanadium oxide.

Currently, lithium-ion batteries are the most commonly used chemical energy sources. Considering the
evolution of modern electronic devices there are clear trend to minimization and increased functionality. This
leads to a significant increase in energy consumption which, in return, requires the creation of more efficient
and compact energy sources.

Specific energy lithium-ion battery is determined by specific characteristics of electrode materials and
first of all by the cathode material characteristics as it accounts for approximately 40 % of the mass of all
active components. In addition, the battery contains inactive components such as current collectors, separa-
tors, box, etc., which are necessary for the functioning of the battery.

Therefore, the problem of increasing energy efficiency of modern energy storage devices with re-
strictions imposed on the battery form-factor, on the one hand is related to the problem of obtaining and in-
vestigating new active electrode materials. On the other hand, it is important to search for new engineering
solutions that allow reducing the mass of inactive components, and thereby contributing to an increase in the
specific energy of the battery.

Among the most promising cathode materials the highlight vanadium pentoxide (V,0s), of which the
specific capacity reaches 400 mAh/g [1], that is 2-2.5 times exceeds the specific values of traditional posi-
tive electrode materials (LiCoO,, LiMn,0y4, LiFePO,). Vanadium oxide, like traditional cathode materials,
has low electron conductivity. Therefore, when forming a positive electrode, it is necessary to use a conduc-
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tive additive that would ensure the transport kinetics of lithium ions during the intercalation/deintercalation
into vanadium oxide structure. Typically, in commercial batteries, various carbon blacks are used as such an
additive (for example, TimcalSuperC45). Publications of recent years indicate that the use of various carbon
nanostructures, such as graphene and nanotubes, as conductive additives, can significantly improve the spe-
cific parameters of the electrodes of lithium-ion batteries [2—5].

This effect is due to the higher electronic conductivity of carbon nanotubes and graphene compared to
conventional soot. In addition, the introduction of quasi-one-dimensional (nanotubes) and quasi-two-
dimensional (graphene) structures into the electrode makes it possible to ensure a more intimate contact of
active substance particles with a current collector. This helps to reduce the mass fraction of the conductive
additive in the electrode structure and increase its specific parameters.

The purpose of this work was to study the effect of various nanostructured carbon additives on the spe-
cific characteristics of a positive electrode based on vanadium oxide for lithium-ion batteries.

The procedure for preparing the electrode included several stages. At first stage, a cathode paste con-
sisting of a hydrothermally synthesized vanadium oxide powder [1], a conductive additive and a polymer
binder, was needed. As conductive additives, carbon nanotubes (Oxal, RF), reduced graphene oxide obtained
by the modified Hammers method, or carbon black TimcalSuper C45 were used. Polyvinylidene fluoride,
hsv-900 (kynar), was used as a polymer binder. Dry components were added with N-methylpyrrolidone, and
then the solution was mechanically stirred for 6 hours at 60 °C. The portion of dry substances in the solution
was 60—80 mg/ml. The mass loading of each of their dry components was determined by the ratio of 88.5 %
(vanadium oxide powder): 1.5 % (conductive carbonaceous additive): 10 % (polymer binder).

Figure 1. Micrographs of vanadium oxide electrodes with the addition of carbon black C45 (a),
reduced graphene oxide (b) and carbon nanotubes (c¢)
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After stirring, the solution was applied using an airbrush onto aluminum foil 20 pm thick. Further, the
sample was dried and electrodes with a diameter of 1.5 mm were formed from it. Electrochemical testing of
the electrodes was carried out in standard 2032 cells. Metallic lithium was used as a negative electrode. The
cells were assembled in a glove box in an argon medium with a moisture/oxygen level of not more than
0.1/1 ppm.

As a separator, polypropylene film Celgard 2500 was used. As an electrolyte, 1M LiClO, solution was
used in a mixture of propylene carbonate with 1, 2-dimethoxyethane (PC:DME) with a ratio of 7:3 by vol-
ume. Galvan static cell cycling was performed on an 8-channel MTI-BST8-MA power supply analyzer in a
voltage range of 2—4 V. The charge/discharge current of the cell was set at a rate of 10 mA per gram of cath-
ode coating.

Figure 1 presents microphotographs of the surface of electrodes with different carbon additives. It can
be seen that the particles of all carbon additives are uniformly distributed over the surface of the electrodes.
In this case, if the soot particles form separate agglomerates (Fig. 1a), the flakes of the reduced graphene ox-
ide (Fig. 1b) and the carbon nanotubes evenly cover the vanadium oxide crystals. Presumably, due to the
morphology and large surface area, the two-dimensional flexible graphene sheet like particles and the long
fibers formed by the nanotubes should have a larger contact area with the active substance particles as op-
posed to the spherical soot particles, thereby providing the best electronic transport in the cathode material.
In addition, in view of the ability of the reduced graphite oxide and carbon nanotubes to form good coatings,
an increase in the adhesion of the paste to the aluminum foil is contemplated.

V205 -88.5%, CNT-1.5%
-------- V205 -88.5%, C45 -1.5%
—— V205 -88.5%, RGO-1.5%

4.0 4

3.5

2.0+

0 50 ' 1(|)o ' 150 ' 2(I)O ' zéo
Capacity (mAh/g)

Figure 2. Galvan static Discharges/Charging Curves of Cells with a Positive Electrode
Based on Vanadium Oxide and Various Conducting Additives (1.5 wt.%):
Carbon nanotubes, reduced graphene oxide, and commercial TimcalSuper C45. The current is 10 mA/g

Figure 2 shows galvan static discharges/charge curves of electrodes with the same percentage of three
different conductive additives and the same amount of vanadium oxide. All curves are represented by a se-
ries of plateaus in the 2—4 V regions, which are characteristic for phase transitions inside vanadium oxide
crystals during intercalation/deintercalation of lithium ions. This indicates that all the carbon structures used
in the experiments provide transport of lithium ions into vanadium oxide crystals. However, specific capaci-
tance of the carbon-based electrode was approximately 150 mAh/g, which is significantly lower than the
specific electrode indexes, based on reduced graphene oxide and carbon nanotubes. So the specific capaci-
tance of these electrodes was about 225-240 mAh/g.

Thus, it is clearly shown that the use of graphene and carbon nanotubes as conductive additives instead
of traditional soot allows increasing significantly the specific characteristics of positive electrodes in lithium-
ion batteries. Such an effect can be explained by an increase in the transport kinetics of lithium ions within
the active material due to higher conductivity of nanotubes and graphene and more dense contact with crys-
tals.

34 BecTHuk KaparaHgmHckoro yHusepcurteTa



The influence of nanostructured carbon additives ...

References

1 Semenenko, D.A., Kozmenkova, A.Ya., Itkis, D.M., Goodilin, E.A., Kulova, T.L., Skundin, A.M., & Tretyakov, Yu.D.
(2012). Growth of thin vanadia nanobelts with improved lithium storage capacity in hydrothermally aged vanadia gels. Cryst Eng
Comm, 14, 1561-1567.

2 Xian-Ming Liu, Zhen dong Huang, Sei woon Oh, Biao Zhang, Peng-Cheng Maa, Matthew M.F. Yuen, Jang-Kyo Kim.
(2012). Carbon nanotube (CNT)-based composites as electrode material for rechargeable Li-ion batteries. Composites Science and
Technology, 72, 121-144.

3 Claye, A., Fischer, J., Huffman, C., Rinzler, A., & Smalley, R.E. (2000). Solid-state electrochemistry of the Li single wall
carbon nanotube system. J. Electrochem Soc., 147, 2845-2852.

4 Sergeev, A.V., Chertovich, A.V., Itkis, D.M. et al. (2015). Effects of cathode and electrolyte properties on lithium-air battery
performance: Computational study. Journal of Power Sources, 279, 707-712.

5 Rahner, S. Machill, H. Schloerb, K. Siury, M. Klob, & W. Plieth (1996). Intercalation materials for Lithium Rechargeable
Batteries. Solid State Ionics, 86-88, 891-896.

A K. Tamenos, H.M. Omaposa, JI.C. benri6aesa, JI.M. Utkuc, b.A. Kpuuenko

JINTHH-UOHIBIK AKKYMYJISITOPJIAPABIH 3JIeKTPOATAPbIHbBIH
(PYHKUMOHANIBI CHNIATTAMAJIAPBIHA HAHOKYPBLIBIM/ABI KeMipTeri
KOCHAJIaPAbIH dcepi

Makxana JIUTHI-MOHABIK aKKyMYJIATOpJap YIIH BaHaJUH TOTBHIFbI HETi3iHIEr OH 3apsAAThl AICKTPOABIHBIH
(bYHKIMOHAN/IBI CUITaTTaMallapblHA HAHOKYPBUIBIMJIBI KOMIPTEKTI KOCIANAp/IbIH 9CEPiH 3ePTTeyre apHajFaH.
KeMipTekTi HaHOTYTIKIIEAEPai *KoHE KapamailbiM KOMIpTEK KyHeciHiH OpHBIHA TOTBIKCHI3JaHFaH rpadeH
TOTBIFBIH KOJIIAHY AJICKTPOATHIH MEHILIKTI CUITaTTaMaJIapbiH )KOFapJIaTaThIHbl KOPCETIIreH xKaHe rpadeH MeH
KOMIPTEKTi HAaHOTYTIKIIEeNep/i KOIAaHy JIMTHH-HOHABIK Oarapesuiapiarbl OH 3apsIThl SJICKTPOITBIH SPEKIIe
CHIaTTaMalapblH JKaKCapTaThHbl jganeiaeHreH. byn sddexr martepuan imriHaeri JUTHHA-HOHHBIH KO3Fally
JKBULIAaMIBIFBIHBIH ©CYyIMEH TYCIHAIpiIe i, xKoHe OyJI HAHOTYTIKIIeNep MeH rpageHHiH >KOFaphl OTKI3TIITIrH
JKOHE KpPHUCTAlIAapMEH THIFBI3 TYHiCyiH Kamramachid ertemi. OcbiHmail ekt moctypii KyieHiH opHbIHA
KOMIPTEKTI HAHOTYTIKIIENep MEeH rpadeHHIH AIEKTPOHIBIK OTKI3TILITIriHIH aca )orapbl OOJTybIMEH Xy3ere
aceipbutagsl. COHBIMEH KOCa JISKTPOAKA KBa3ubipesniieM i (HAHOTYTIKIIIE) yKoHe KBazuekionmemMai (rpaden)
Kyitenepai eHrizy OenceHsi 3aT OOMIIeKTepiHiH TOK alFbILINCH ThIFbI3 0ailIaHbIChIH KaMTaMackl3 eTeni. by
QJIEKTPOJ JKYHeCiHIeri OTKI3TIIl KOCHAHBIH MAacCallblK YJCCIHIH TOMEHJCYIHE J>XOHE OHBIH MEHIIIKTI
KOPCETKIIITEPiHiH apTybiHa oKenedi. JIMTHA-HOHABIK aKKyMyJsITOpiapia KapanaibiM KYHEHiH OpHbBIHA
rpageH MeH KOMIPTEKTI HAHOTYTIKIIENEepAi OTKI3TIMTIK KOCHanap peTiHAe KOJNaHy OH 3apsaThl
AIIEKTPOATAP/IBIH MEHILIKTI CHITATTaMallapbIHBIH apTybIiHa cebert Goapl.

Kinm co30ep: HaHOKYPBUIBIMABI KOMIPTEK KOCHACHL, JJIEKTPOJ, KOMIPTEKTI KyHe, JHUTHH-HOHHBIH
KBUIIAMIIBIFBL, JINTHH-UOHIBIK OaTapesiap, KeMipTeKTi HAaHOTYTiKuIenep, rpad)eH OKCHAl, BAHAIUI TOTBIFBL.

A K. TamenoB, H.M. Omaposga, /I.C. bensrubaesa, J[.M. Utkuc, b.A. KpuBuenko

BiinsiHue HAHOCTPYKTYPHPOBAHHBIX YIJIEPOIHBIX 100aBOK
Ha QyHKIMOHAJbHbIC XaPAKTEPUCTUKH 3JIEKTPO/IOB JTUTHH-HOHHBIX AKKYMYJISITOPOB

CraTbsl NOCBSIIEHA N3YYCHUIO BIIMSHAS HAHOCTPYKTYPHUPOBAHHEIX YTJIEPOAHBIX H00ABOK Ha (hyHKIMOHAIBHBIC
XapaKTEePUCTUKH MOJIOXKUTEIIHHOTO HJIEKTPO/Ia Ha OCHOBE OKCHA BaHAWS JUIS JINTHH-HOHHBIX aKKyMYJISITOPOB.
Bruto moxazaHo, YTO HCIOJIB30BAaHUE YIIIEPOAHBIX HAHOTPYOOK M BOCCTAHOBJICHHOTO OKCHZA rpad)eHa BMECTO
TPaAULIMOHHON YIJIEPOJHOM CaKM 3HAYUTENHHO MOBBILACT YJCIbHBIE XapaKTCPUCTHKH SJIEKTPOJA, a TAKKE
JIOKa3aHO YITy4IICHHE CIEUPHUUECKUX XapaKTEPUCTUK HOJIOKUTEIBHOTO EKTPO/Ia B JIMTHIH-MOHHBIX OaTapesx
NPH MCIOJIb30BaHUK rpad)eHa U yriepOIHBIX HAHOTPYOOK BMECTO OOBIMHOM Caxku. DTOT 3)PEKT 00BsICHISTCS
YBEIIMUEHHEM CKOPOCTH NIEPE/IBIKEHUS JIMTHH-NOHA BHYTPH MaTepuaia, 00yCIIOBICHHBIM 00Jee BBICOKOH 1po-
BOAMMOCTEIO HAaHOTPYOOK M rpad)eHa M OoJiee INIOTHBIM KOHTAKTOM KpHCTayuIoB. Kpome Toro, BHenpeHHe B
JIEKTPOJ KBAa3HOJHOMEPHBIX (HAHOTPYOKH) M KBa3HABYXMEPHBIX (Tpad)eH) CTPYKTYp IHO3BOJSIET 0OECHeunTh
Ooiee TIOTHBIH KOHTAKT YaCTUIl aKTHBHOTO BEIIECTBA C TOKOCHEMHHKOM. JTO CIIOCOOCTBYET CHIDKCHHIO Mac-
COBOM JIOJIM TIPOBOJIAIIEH OOABKH B CTPYKTYpe 3JIEKTPOJia U MOBBIMIEHHIO €T0 y/eNbHbIX rmokasareneil. [Toka-
3aHO, YTO WCIIONB30BaHUE Tpad)eHa U YIrIepoJHbIX HAHOTPYOOK B KauecTBE MPOBOIAIIMX 100ABOK BMECTO Tpa-
JMLIMOHHOMN CaXH TI03BOJISIET CYIIECTBEHHO TOBBICUTD Y/ICIbHbIC XapaKTEPUCTHKH TIOJI0KHUTEIIBHBIX 3JIEKTPOJIOB
B JIMTHH-HOHHBIX aKKyMYJIITOpAX.

Kniouesvie cnosa: HaHOCTPYKTYPUPOBAaHHBIE YTIEPOAHbIE NOOABKH, 3MEKTPOJ, YTIepOIHas caxa, CKOPOCTb
HOHOB JIUTHS, INTUH-UOHHBIE OaTapen, yriepoaHble HAHOTPYOKH, OKCHA TpadeHa, OKCHI BaHAIUS.
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Electrochemical behavior of zirconium

In recent years, alternating current has been widely used in various fields of chemical and electrochemical
technology. When a symmetric alternating current passes through an electrochemical cell, in principle there
should be no visible changes, since the product restored to the cathode half-period should be oxidized back to
the anodic half-period. However, depending on the conditions of electrolysis, electrode material, etc. a pur-
poseful course of the electrochemical process is possible. From the point of view of developing methods for
the production of pure metal and its various compounds widely used in modern industry, a study on the elec-
trochemical behavior of zirconium is of theoretical and practical interest. The paper shows the distinctive pe-
culiarities of electrochemical processes occurring on a zirconium electrode during electrolysis by an industrial
alternating current. Optimal conditions for zirconium dissolution were determined when studying the influ-
ence of current density on zirconium and titanium electrodes, the concentration and temperature of the elec-
trolyte, the duration of electrolysis and the frequency of alternating current. The elimination of the passivation
process of the zirconium electrode and the increase of the rate of the metal dissolution were shown while the
polarization of zirconium by an alternating current in combination with a titanium electrode.

Keywords: electrolysis, zirconium, industrial alternating current, current density, a frequency of alternating
current.

Introduction

At present, the electrochemical behavior of metals under alternating current polarization is comprehen-
sively investigated. However, there is no information on obtaining salt of refractory metals, such as zirconi-
um in the literature. As can be seen from preliminary studies, one of the most promising methods for the
preparation of zirconium compounds is the dissolution of metallic zirconium wastes by electrochemical
means when polarized by alternating current in aqueous solutions.

Electrochemical properties of refractory metals have their own characteristics. Their anodic ionization
proceeds by forming a nonmetallic solid phase. In the anodic polarization of refractory metals such as
titanium, zirconium, tungsten passes in a passive, transpasive state, or some become metal-ion through the
formation of a surface film when the anodic potential in the electrolyte increases [1-6].

Such properties of these metals are due to the electronic and external structure of atoms.

Studies of recent years on the study of electrode processes under the influence of alternating current
have shown that under certain conditions some electrochemical reactions proceed with a sufficiently high
rate with the formation of the target products [7]. In this regard, a comprehensive study of the electrochemi-
cal behavior of zirconium under polarization by alternating current of 50 Hz is perspective.

Experimental

The aim of this work was to study the electrochemical behavior of zirconium under polarization by al-
ternating current in nitric acid solution, the effect of various electrolysis parameters and obtaining its salt —
zirconium nitrate.

The studies were carried out in a 50 ml glass electrochemical cell; the electrode spaces were not sepa-
rated. Zirconium plate of 2.5%2.5 size and a titanium wire (grade VT-01) were used as electrodes. The source
of the sinusoidal alternating current was power supply V-24 (in simplified form, it is a step-down transform-
er with a smooth voltage regulation), which had AC terminals. Before the experiment, the electrodes were
thoroughly cleaned and rinsed with distilled water. It should be noted that after electrolysis the loss of elec-
trode mass was determined and the current output (CO) of zirconium was calculated for the anode half-
period.

The effect of various parameters on the electrolysis process, in particular, the current density at elec-
trodes, the concentration and temperature of electrolyte and the frequency of the current were studied.
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The influence of the current density on the zirconium electrode in the interval of 100-2000 A/m* was
studied. As the results of the study showed, the current output increases from 26 % to 65 % with increasing
current density (Fig. 1).
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Figure 1. Effect of current density on the zirconium electrode on the current output
of zirconium dissolution in nitric acid solution

When investigating the effect of the alternating current density on a titanium electrode on the current
output (CO) of zirconium dissolution in the range of 10-80 kA/m’ in nitric acid solution 0.5M at a current
density on a zirconium electrode of 2000 A/m’, the dependence has a curve form passing through the maxi-
mum (Fig. 2). The results of the experiments showed that when the current density on the titanium electrode
is increased up to 40 kA/m’, the value of the CO of the zirconium dissolution increases, reaching 65 %. Since
the current density is higher than 40 kA/m?, the CO decreases, since it seems that more friable oxide films
which have low semiconductor properties are formed at higher current densities on the titanium electrode.
When zirconium is polarized by alternating current in the anodic half-period, zirconium ions (IV) are
formed.
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Figure 2. Influence of the alternating current density on a titanium electrode
on the current output of the zirconium dissolution in nitric acid solution

As is known, the use of alternating current accelerates the zirconium dissolution process. In the polari-
zation of zirconium by alternating current in nitric acid solution, zirconium ions (IV) form salt by interacting
with nitrate ions.

An increase of the concentration of nitric acid from 0.25 to 1.0M leads to an increase in the current out-
put and a further increase of the concentration to 3.0M leads to a decrease in the current output of dissolution
of the electrode under the study (see Table). The CO of the zirconium dissolution in nitric acid concentration
of 5 mol/l is 41 %. An increase in the concentration of nitric acid leads to a decrease in electrical conductivi-
ty, which in turn reduces the CO. In addition, intense oxygen evolution is observed and the surface of the
zirconium electrode is passivated with an increase of nitrate ions in the anode half-period.

Cepusa «Xumuns». Ne 1(89)/2018 37



G.N. Zhylysbayeva, A.B. Baeshov, E.Zh. Tuleshova

Table
Influence of the nitric acid concentration on the current output of the zirconium dissolution
(iz:=2000 A/M?%; ir;= 40kA/M*; T =30 min; #=20 °C; v = 50 Hz)
C,M 0.25 0.5 1.0 1.5 2.0 2.5 3.0
CO, % 37 63 82 78 74 72 70

The calculated reaction order is 1.24. It means that the reaction of the zirconium dissolution is first-
order. The known regularities in the course of chemical reactions involve an increase in the rate of the reac-
tion, however in our experiments it has been established that as the temperature rises (Fig. 3), a decrease in
the current output on the dissolution of the zirconium electrode is observed. If the CO is 63 % at t = 20 °C,
then it is 10 % at 80 °C. As the temperature rises, the mobility of ions decreases, which leads to a decrease in
the current output. Optimal conditions for electrolysis: Ciyno,= 0.5M, iz, = 2000 A/m*; t=0.5 hour.

CO, % 4
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ize= 2000 A/M?; iy =40 kA/M*; = 0.5 hour; Cino= 0.5M; v = 50 Hz

Figure 3. Influence of the electrolyte temperature on the current output
of the zirconium dissolution in nitric acid solution

The dependence of the current output of the zirconium dissolution under the polarization by alternating
current on the duration of electrolysis shows that with an increase in the time from 0.25 to 1.5 hours, the CO
decreases. If the CO is 62 % at 0.25 h, then at 1.5 h it reaches 20 %. The decrease in the CO in prolonged
experiments is due to the formation of an oxide on the surface of the electrode, resulting in partial screening
of the electrode and inhibition of the dissolution process.

One of the main parameters of electrolysis is the frequency of alternating current. In this regard, the in-
fluence of the frequency of alternating current on the zirconium dissolution in nitric acid solution was stud-
ied (Fig. 4). It was found that the highest value of the CO on the zirconium dissolution is observed at a fre-
quency of 50 Hz. An increase in the frequency of alternating current from 50 to 3000 Hz at a current density
on zirconium electrode 2000 A / m” and titanium electrode kA/m” leads to a decrease in the current output of
the zirconium dissolution from 64 % to 5 %.
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Figure 4. Influence of the alternating current frequency on the current output
of the zirconium dissolution in nitric acid solution
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Apparently, at a high current frequency, the required duration of the anode half-period is not ensured
for the dissolution reaction to proceed. This decrease is also associated with a decrease in the magnitude of
the average amplitude of the alternating current with increasing frequency, which leads to a decrease in the
polarization of electrodes. At this point, hydrogen ions are involved in the electrode process. In the cathode
half-period, hydrogen ions are reduced to an active atomic state and in the anodic half- period they are back
oxidized to hydrogen ions.

Conclusions

Thus, for the first time, we have studied the electrochemical behavior of zirconium under polarization
by alternating current. The effect of various parameters of the electrolysis of the current density, the concen-
tration and temperature of the electrolyte, the duration of electrolysis and the frequency of the alternating
current on the current output zirconium dissolution have been studied. Optimal conditions for the zirconium
dissolution have been determined. It was established that zirconium nitrate is formed when zirconium is po-
larized by the alternating current, which allows to develop optimal methods for obtaining zirconium nitrate.
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HupkoHUiiTiH 31eKTPOXUMHUSJIBIK KACHETi

CoHFBI KbUIAAPB! AHHBIMAIIBI TOK OPTYPJIi XUMHUSIIBIK JKOHE 3JIEKTPOXHMHSUIBIK TEXHOJIOTHS cajalapblHIa
KeHiHeH KojjaHyzna. CHUMMETpHsUIbl allHbIMAIbl TOKTHI BJIEKTPOXHUMHSIBIK YAIIBIKTAH OTKI3reH Ke3le
HeTi31HeH elIKaHaai e3repicTep OpbIH anMaybl Kepek, ce0e0i KaTOAThI KapThlIail ePUOATAa TOTHIKChI3JaHFaH
OHIM aHOXTBHI JKapThUIall NEPUOATA Kepi TOTHIFYbl THIiC. AJaiiia >JIEKTPOJIM3 JKaFlalblHA BIEKTPOJ
MarepuasblHa JKOHE Tarbl Oacka jkarnaiyiapra GailIaHBICTHI MAKCATThl JIEKTPXUMMSUIBIK TPOLECC XYpYi
MYMKiH. TeOpHsIIBIK JKOHE NPAKTHKAIBIK TYPFbIIAH LUPKOHMIIIIH 3ICKTPOXUMHSIIBIK KACHETTEPiH 3epTTey
Kasipri 3aMaHFbl OHEPKACINTE KCHIHECH KOJJAHATHIH Ta3a METaUl JKOHE OHBIH KOCBUIBICTAPBIH ajyla
KBI3BIFYLIBUIBIK TYBIHAAIBI. Makaiasa ailHbIMajbl TOKICH MOJISpU3ALHsIaHFaH LUPKOHUHA SIICKTPOIBIHIA
JKYPETIH DJIEKTPOXMMIBUIBIK  YPIICTepHIiH epeKmenikTepi KkepcerimreH. llupkoHmit >keHe THTaH
UEKTPOATAPBIHAAFBI TOK THIFBI3JbIFBIHBIH, 3JICKTPOJIUT KOHIEHTPALMACHl MEH TEMIepPaTypachiHbIH,
ANIEKTPOJIU3 Y3aKTHIFBIHBIH JKOHE aifHbIMaJbl TOK JKUUITIHIH ocepiiepiH 3epTTercHiae ailHpIMajbl TOKICH
NOJSIpU3AlMsUIAaHFaH [UPKOHUIIIH epyiHiH OHTAWJIbl JKargainapbl aHbBIKTANAbl. THUTaH 3JIEKTPOJbIMEH
KYNTACKAHIA LUPKOHUH BJIEKTPOABIHIA MACCUBTEHY HPOLEC JKOMBUIBIN, METANIbIH €pY JKbUIIAMIBIFbI
apTaTBIHIBIFBI OCITLTI OOJIIBI.

Kinm ce30ep: 31eKTpoyn3, TUPKOHUHN, OHIIPICTIK aifHBIMAIIBI TOK, TOK THIFBI3/IBIFBI, AifHPIMANBI TOK JKULIIT1,
AEKTPXUMUSITBIK MTPOIIECC.
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DJIeKTPOXUMHYECKOE MOBeleHHe IMPKOHUS

B mocenaue ros nepeMeHHbIH TOK HAXOAUT Bce 0oJiee MIMPOKOe NIPUMEHEHUE B Pa3IMIHBIX 00TaCTIX XH-
MUYECKON M 2IEKTPOXUMHUYECKON TexHonoruu. Ilpu npomnyckaHuy uepe3 3JIeKTPOXUMHUYECKYIO SUCHKY CHM-
METPUYHOTO TIEPEMEHHOT0 TOKa B IMIPUHIUIIE HUKAKUX BHIMMBIX N3MEHEHUH MPON30UTH HE JOJDKHO, TaK Kak
BOCCTAHOBJICHHBIH B KaTOIHBIH IOIYHIEPHOJ IIPOAYKT JOJDKEH 00PAaTHO OKUCISATHCS B AaHOAHBIH MOITYTICPHO.
OnHako, B 3aBUCUMOCTH OT YCJIOBHH 3JI€KTPOJIM3a, MaTepuasa 3eKTpoJa U T.1., BO3MOXKHO IeJIeHapaBIIeH-
HOE TPOTEKaHHE 3IEKTPOXUMHYECKOTO Mporiecca. MccnenqoBaHue 3MeKTPOXUMHUYECKOTO TOBEACHHS LIUPKO-
HHMS TIPE/CTABIACT U TEOPETHUYECKUH, U IPAKTUYECKHI HHTEPEC, C TOUKH 3PEHUS pa3pabOTKH METO/OB IOJYy-
YEeHHs YUCTOTO METayIa U Pa3IMYHbIX €ro COeAMHEHMH, MIUPOKO NMPUMEHSIEMBIX B COBPEMEHHOMN MPOMBIII-
JeHHOCTH. B paboTe moka3aHbl OTIIMUUTEIIBLHBIE OCOOCHHOCTH SIIEKTPOXHMMHUUYECKHUX MPOLECCOB, MPOTEKAro-
LMX Ha HUPKOHUEBOM 3JIEKTPOJIE IIPU 3IEKTPOIN3€E IPOMBIIUICHHBIM IEPEMEHHBIM TOKOM. OnpeieIeHsl oll-
THUMAJIBHBIE YCJIOBUSI PACTBOPEHMS IIUPKOHUS IIPU MCCIISJOBAHNH BIMSHUS IIOTHOCTH TOKa Ha IUPKOHHEBOM
W TUTAaHOBOM JJICKTPOJAX, KOHIEHTPAIUH U TEMIEPATYpPhl 3JIEKTPOJIUTA, TIPOAOIDKUTEILHOCTH DIEKTPOIIH3a
U 4acTOTHI NepeMeHHOro Toka. Iloka3aHo, 4To MpH MoNsApU3aluy MEPEMEHHBIM TOKOM IHPKOHMS B Tape C
TUTAHOBBIM 3JIEKTPOJIOM YCTPAHSAETCS MPOLECC NMAaCCUBALUK IIMPKOHUEBOTO 3JIEKTPOJA, U CKOPOCTh PAacTBO-
pEeHHs MeTaslIa BO3pacTaer.

Kniouesvie cnosa: JJICKTPOJIN3, HPIpKOHPIﬁ, HpOMLIIHHeHHLIﬁ nepeMeHan‘«'I TOK, IINIOTHOCTH TOKa, 4acToTa
NEPEMEHHOI'0 TOKaA, Z-)IIGKTpOXI/IMI/I‘{eCKI/Iﬁ mpouecce.
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Physicochemical regularities of the sorption of amino acids
on the surface of hydroxylapatite

Biogenic and pathogenic mineral formations contain calcium phosphates. It is known that hydroxylapatite is
the main mineral component of bone tissue, tooth enamel, and dentin. The basis of the processes of minerali-
zation is proposed to be in the adsorption interaction of free amino acids and associated protein molecules
with inorganic components in body fluids and emerging phases. However, the mechanism of their interaction
is not fully understood. In this paper the adsorption of amino acids on the surface of hydroxylapatite has been
studied. The synthesis of calcium phosphates from solution has been carried out. According to the results of
XRD and IR spectroscopy it has been established that precipitation is represented by the phase of
hydroxylapatite. The adsorption of amino acids in a wide range of variation of their concentrations and the
pH of the solution has been investigated. It has been established that adsorption of amino acids on the surface
of hydroxylapatite reaches saturation. The effect of pH on the maximum adsorption of amino acids on
hydroxylapatitehas been considered. It has been established that adsorption of amino acids is described by the
Langmuir model. The result of IR spectroscopy confirmed adsorption. It has been determined by the sign of
the surface charge of the solid phase of hydroxylapatite. The values of the Gibbs energy have been calculated.
It has been revealed that the interaction of amino acids with the surface of the hydroxylapatiteis characterized
by physical adsorption.

Keywords: hydroxylapatite, adsorption, amino acid, dissolution, surface charge, solution, Langmuir model,
Freundlich model.

Introduction

Calcium phosphates are part of biogenic and pathogenic mineral formations. Biogenic formations are
part of different organs and have different functions; they are genetically determined, their place in the body
is strictly defined. Pathogenic mineral formations occur in the disruption of the functioning of the whole or-
ganism or its separate organs. It is known that hydroxylapatite is the main mineral component of bone tissue,
tooth enamel and dentin. The hydroxylapatite plays an important role in many physiological processes in the
human body [1-4].

In the papers [5—13] the researchers described that calcium phosphates had an excellent biological ac-
tivity and had been widely used in bone reconstruction or orthopedic supplements, as the primary inorganic
material the composition of the hard tissues of the body.

Interaction of organic and mineral components is important in such processes of biogenic crystalliza-
tion, as the formation of mammals bone matrix, as well as the emergence and growth of pathogenic entities.

Hydroxylapatite (HA) and dicalcium phosphate dihydrate (DCPD) CaHPO4-2H,O are of greatest inter-
est from number of the biocompatible low-temperature calcium phosphates. In nature DCPD expressed in the
mineral brushite is the most soluble of biocompatible calcium phosphates, whereas HA is less soluble [14].
In [9] it is examined the differences in stability of calcium phosphates, and also indicated the CA/P ratio, to
confirm the differences between the calcium phosphates.
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There are a number of assumptions, according to which the basis of the processes of mineralization, is
in the adsorption interaction of free amino acids and associated protein molecules with inorganic components
in body fluids and emerging phases [15, 16]. The mechanism of their interaction is not fully understood.

In this regard, recent studies aimed at studying the regularities of adsorption of amino acids on the inor-
ganic component of physiognomic and pathogenic neoplasms.

The aim of this work is investigation of peculiarities of adsorption of amino acids on the
hydroxylapatite by varying the pH of the solution.

Materials and methods

The synthesis of hydroxylapatite. It is carried out by deposition from aqueous solution at room tempera-
ture by the method of spontaneous crystallization in accordance with the following reaction:

10C&(NO3)2 + 60\IH4)2HPO4 + 8NH4OH g Calo(PO4)6(OH)2 + 20NH4NO3 + 6H20

The precipitate is obtained by mixing dilute solutions of calcium nitrate Ca(NO;),4H,0, and ammoni-
um hydrogen phosphate (NH,),HPO, in the ratio of 1.67:1, and aqueous solution of ammonia NH,OH at
room temperature (22-25 °C). When the synthesis was carried out, to a 500 ml solution containing Ca(NOs),,
5 ml of conc. NH4OH solution, 500 ml of a solution (NH,),HPO, with a concentration of (50 mmol/l) are
rapidly poured. The total volume of the mixture is 1000 ml. After mixing the solutions, the pH of the system
is corrected to 12.00 £ 0.05 with solutions of NaOH (20 %) and/or HNO; (1:1).

After the heterogeneous system settling for two days, the solution was filtered using a water-jet pump,
Bunsen flask and a Buchner funnel (using two filters, a blue ribbon). After filtration, the filter cake was
washed with water (V=50 ml), dried in a drying box at a temperature of ~ 100 °C until complete removal of
water. The dried precipitate is ground in a porcelain mortar into a powder, transferred into a special marked
container and weighed on an analytical balance.

It is the determination of the sign of the charge of the particles of the sols of hydroxylapatite by the
method of capillary analysis. When a piece of filter paper is immersed in water, thin wall paper is charged
negatively. These allow determining the sign of the charge of the colloidal particles. Negatively charged par-
ticles rise through the capillaries.

We used the direct potentiometric method for pH measurements. The measurements were carried out in
a glass beaker, which pre-processes. The measurement error is +£0.01 pH units.

Determination of the concentration of calcium ions in the experiment performed by direct potentiometry
using ion-selective electrode and calibration schedule determined by the value of [Ca®"].

Determination of phosphate ions was carried out by the molybdenum blue method (State Standard
18309-72) on the KFK-2 device, using the red filter (A, = 690 nm) and cuvettes with a layer thickness of
2 cm. The determination is repeated three times and the average values of optical densities to build a calibra-
tion curve: D = f{C(PO,>)}, calculate the regression equation.

Error determinations are found within 2-4 Rel. %. X-ray diffraction (XRD) is used to study the mineral
(phase) composition of synthesized solid phases of hydroxylapatite. A diffractogram was obtained by the
«method of powder» for stationary x-ray apparatus DRON-3 [17, 18]. Phase identification was performed
using ASTM international indexes and tables [18]. The sensitivity of the XRD method for these measure-
ments is 3 %.

The infrared spectroscopy method was used for more information on the composition of the samples
obtained. IR spectrum was obtained on the FSM 2201 spectrophotometer. Mathematical processing of the
data was carried out using statistical software Statistica 10 and Static2 from the StatSoft statistical package.
The sensitivity of the method of IR-spectroscopy for the measurement data was <5 %.

The method of area measurement was used to analyze the specific surface of synthetic calcium phos-
phates. Analysis of the specific surface of the samples according to the BET method (SBET-N2) was carried
out using techniques of single-point standard gas adsorption equilibrium at an absolute pressure in the ad-
sorption unit Sorbtometr, IK SB RAS (OSC SB RAS, Omsk). The limit of permissible relative error of
measurement of the specific surface in the mode of multiple measurements is not more than 5 %.

The adsorption experiment. 0.5 g of hydroxylapatite sample was placed in a flask and the solution of
amino acids was poured. The concentration of amino acids was varied as follows: 2, 4, 6, 8, 10, 15, 20, 25,
30 mmol/l and pH range 5.00-8.00 £ 0.05 (except 6.50) in increments of 0.50. Shaking is carried out for 30
minutes, then it was left for 48 hours. After the specified time the content of the flasks was filtered and there
was determined the content of amino acids in the filtrate by the method of transfer of amino acids in a solu-
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ble copper salt and subsequent photometric determination, the pH after adsorption was measured, the mass of
precipitation was determined.

Determination of the concentration of amino acids in the experiment was assessed by the photometric
determination of amino acids. The essence of the method fordetermination of the concentration of amino ac-
ids used in the analysis is based on the conversion of amino acids into soluble copper salts and their subse-
quent photometric determination. KFK-2photoelectric colorimeter was usedfor measurements. Determina-
tion of optical density of standard solutions is carried out in the wavelength interval that includes the value of
670 nm. A calibration curvewasbuiltfor measurements. Determining the unknown concentration of amino
acids was performed using a calibration chart.

Results and discussion

1. The results of the synthesis of crystals of hydroxylapatite. The methods of XRD and IR spectroscopy
were established that the precipitation obtained after 48 hours of crystallization, represented by the phase of
hydroxylapatite (Fig. 1), belonging to the hexagonal crystal structure (2 © corresponds to 31.8, 32.9, 39.9).).
The crystallite size was calculated of equal to D = 13 nm [19], which is consistent with the data [2].

The IR spectrum of the samples contained the whole spectrum of the bands characteristic
forhydroxylapatite (Fig. 2) and have a complex structure. The presence of absorption at 1113, 1019,
958 cm ' and 604, 573, 469 cm 'correspond to vibrations of a group PO, as well as trough sat 3576,
3400 cm' that are characteristic for OH- stretching vibrations of molecules of structurally bound water. One
can also notice that the spectrum contains absorption bands of CO,> with the peaks at 1460, 1420 and
865 cm™'. In addition, a broad band in the region of 2700-3700 cm™ and peak at 3540 cm 'can be attributed
to the stretching vibrations of H-O-H and OH, respectively.
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Figure 1. The diffraction pattern of the synthesized Figure 2. The IR spectrum of the sample of hydroxylapatite
sample of hydroxylapatite at pH = 5.5040.05 (48 hours) synthesized at pH = 5.50+0.05 (48 hours)

The specific surface of hydroxylapatite was calculated by the method of BET, and its value was
72.0 m*/g. Analysis of the supernatant liquid and calculation of the Ca/P ratio showed that the Ca/P in the
synthesized hydroxylapatite was equal to 1.67 that corresponded to the ideal HA.

2. The results of adsorption experiment. As a result of the adsorption experiment, isotherms of adsorp-
tion of amino acids to hydroxylapatite were obtained (Fig. 3). Referring to the curves, it can be concluded
that the adsorption reaches saturation. This allows for C,,, = 0.030 molxL™" to compare the values of adsorp-
tion while varying the pH of the solution to finding the values of maximum adsorption (Table 1).
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Figure 3. Isotherms of adsorption of amino acids on hydroxylapatite
Table 1
The maximum adsorption of amino acids at varying pH, q, molxkg™
. . pH
Amino acid 5.00 5.50 6.00 7.00 7.50 8.00
Glycine 0.400 0.350 0.400 0.400 0.450 0.400
Alanine 0.150 0.150 0.200 0.150 0.150 0.150
Aspartic acid 0.150 0.150 0.200 0.200 0.250 0.300
Glutamic acid 0.300 0.250 0.250 0.200 0.200 0.200
Arginine 0.200 0.200 0.200 0.150 0.150 0.150

The pH wvalues, at which the maximum adsorption of amino acids on the surface of
hydroxylapatiteoccurs, are shown in the table 1. These amino acids are in charged ionic formsat given pH
values of the solution.To determine the equation describing the adsorption, the experimental data were pro-
cessed from the position of the Langmuir theory (1) and the Freundlich theory (2) (Table 2):

quLC
=dmr 1
1 1+K,C 0
where ¢,, — is the limiting amount of adsorption, molxkg™”; K; — is the adsorption equilibrium constant;

C — is equilibrium concentration of adsorbate, molxL".
1

g=K,C", )
where Kr— is coefficient of proportionality; n — is exponent, n<1.
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Table 2
Equations described by the models of Freundlich and Langmuir,
for adsorption of amino acids on hydroxylapatite by varying the pH of the solution
. . Qmax» Equation model of R’
Amino acid molxkg ' PHimax Langmuir Freundlich Langmuir | Freundlich
46.49xC
Glycine 0.450 7.50 | ¢=0.749 ) OATXE g=9.158xC""™* 0.960 0.958
1+46.49xC
Alanine 0.200 6.00 | ¢=0.239 ><M g=0.938xC**" 0.958 0.899
1+11.40xC
4
Aspartic acid 0.300 8.00 | g=0.368 XM q=2.965xC"* 0.969 0.831
1+33.47xC
A
Glutamic acid 0.300 5.00 | ¢g=0.368 x& q=2.966xC"** 0.969 0.831
1+3=33.15xC
.. 5.00— 13.08xC 0.361
Arginine 0.200 =0216X——— =0.782xC 0.957 0.846
£ 6.00 | 1+13.08xC__ | ‘

The obtained values of g, are adequate, as all practical values of ¢ are less than g,,. As can be seen from
Table 2, adsorption of amino acids has a good correlation in the linear coordinates of the model of Langmuir.
It was further used to calculate the change of Gibbs energy according to the formula (3) (Table 3):

oG =—-RT xInK, 3)
where R — is the universal gas constant, R = 8.314 kJ/(KmolxK); K — is the constant of adsorption equilib-
rium.

Table 3
The value of the Gibbs free energy for adsorption of amino acids, —-AG, kJ xmol ™"
. . pH
Amino acid 5.00 5.50 6.00 7.00 7.50 8.00
Glycine 8.94 8.87 9.08 9.08 9.51 8.80
Alanine 6.47 7.42 6.03 6.47 7.42 7.42
Aspartic acid 8.53 8.53 8.50 8.50 8.56 8.70
Glutamic acid 8.67 8.53 8.53 8.46 8.46 8.46
Arginine 6.37 6.37 6.37 7.42 7.42 7.42

The values of the Gibbs energy were calculated and there was revealed that the interaction of amino ac-
ids with the surface of the hydroxylapatitewas characterized by physical adsorption due to forces of electro-
static interaction of positively and negatively charged centers, as well as due to the formation of hydrogen
bonds.

Analysis of the surface charge of the solid phase of hydroxylapatite at pH = 5.00, 6.50, 8.00 + 0.05 has
shown that its surface is positively charged under the given pH values of the solution. It can be seen that after
adsorption (C,, = 4 mmol/l), glycine addition does not change the sign of the surface charge, because it is
possible to incorporate glycine into the hydroxylapatite structure. With the addition of alanine, there is also
no surface recharge, since physical adsorption binds its positive and negative groups at the ends, and as a
result, the uncharged side group does not affect the charge of the surface. When adsorption of arginine is also
binding its end groups, but at these pH values it is in the form of positively charged zwitterions, and as a re-
sult, outside the surface is it’s charged positively side group, which does not change the charge of the sur-
face. However, with the addition of aspartic and glutamic acids, it can be seen that the surface is recharging,
they are at the given pH values of the solution in the form of negatively charged zwitterions. Because of this,
adsorption on the surface has a negatively charged side group that forms a layer on the surface, which as a
result changes the charge of the surface of the hydroxylapatite (Table 4).
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Table 4
The sign of the charge hydroxylapatite in the presence of amino acids of a similar concentration
. . H
Amino acid 5.00 550 [ 500
Without amino acid + + +
Glycine + + +
Alanine + + +
Aspartic acid — — —
Glutamic acid — — —
Arginine + + +

The result of IR spectroscopy confirmed adsorption. On the IR spectrum of the sample after the adsorp-
tion experiment (Fig. 4), the vibration band at 1650 cm™ should be considered as the total, reflecting the vi-
brations of C = O, N-H, O-H bonds in amino acid and OH-ions in hydroxylapatite. Also, the appearance of
specific absorption bands associated with the vibrations of N—H and C—N bonds, which appear in the 3500—
3300, 1650-1500, 1360—-1000 cm ' regions, is registered, which confirms the possibility of adsorption of
amino acids on hydroxylapatite.
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Figure 4. The IR spectrum of the sample after the adsorption experiment (48 hours)

Previously we have found that glycine, aspartic and glutamic acids adsorption is described by
Freundlich model. For alanine and arginine adsorption is described by the model of Langmuir [20, 21].

Conclusions

1. It was carried out the synthesis of hydroxylapatite, the structure of which was confirmed by XRD and
IR spectroscopy. The values of the sign of the surface charge of hydroxylapatite were found to be positive. T

2. The processes of adsorption of amino acids on the hydroxylapatite were investigated. There was
identified that the values of pH of maximum adsorption were as follows: glycine at pH = 7.50 £ 0.05, the
alanine at pH = 6.00 £ 0.05, aspartic acid at pH = 8.00 £ 0.05, glutamic acid at pH = 5.00 £+ 0.05, arginine at
pH = 5.00-6.00 = 0.05.

3. Adsorption of amino acids was described by the Langmuir model.

4. The values of the Gibbs energy were calculated. There was revealed that the interaction of amino ac-
ids with the surface of the hydroxylapatite was characterized by physical adsorption.

The work was executed at the partial financial support of the Russian Foundation for basic research
(grant No. 15-29-04839 ofi_m and no 16-33-00684 mol_a).
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O.A. T'onoBanosa, K.K. I"'omoBuenko

FnupomcnﬂanaTnT 6eTin(e AMUHKBIIIKbLIIAAPD COpﬁlII/IﬂCLIHbIH
(l)I/I3I/IKa-XHMHHJILIK 3aHABLIBIKTAPbI

Kanbunit pocarraps! GpusnoreHaik xoHe NaTOreHAiK MHUHEpaIbl Ty3iniMaepaiH Oip Gesiri 6osibin TaOblia-
16l [upoKkcunanaTuT CyHeKTiH, Tic IMaJi )KoHe ACHTUHHIH HeTi3ri MUHepasIbl KOMIIOHEHTI 00JIbI Tabblia-
ThIHBI Genrimi. OpraHuKaibIK jKOHE MHHEpaIIbl KOMIIOHEHTTEPJIH e3apa opeKeTi OMOreHAl KpHCTalmaHy
YPAICTepiHAe CYTKOPEKTUIepAiH CyHeK MaTpHIachlH KAIBINTACTHIPY, COHIAH-aK NMATOTeHIl TY3UIiCTepHiH
HYKJICAIMSCHIH JKOHE OCYiH KaMTaMachl3 eTy[e YJIKSH MaHbI3Fa ue. MyHIa MUHEpaljaHy MpOLECTepiHiH
HeTi3iHne onodaynarepain OeHopraHUKaIBIK KOMIIOHEHTTEPI MEH KAJIBIITACTHIPYIIBI (pazayapsl Oap aKybI3
MOJIEKyJIaNapblHa ~OalJIaHBICTBIPBUIFAH  00C ~AMUHKBIIIKBULIAP/ABIH KOHE aKybl3 MOJIEKYJaJapbIHbIH
ancopOLMsUTBIK ~ ©3apa  opekerTecyiHiH OipHeme Oomkamzaapel Oap. Auaiima omapaslH — e3apa
OpEKEeTTECYJICPiHIH TETIirl TONBIK 3epTTenMereH. Makaiaia THIpOKCHIANATUT OCTiHAE aMUHKBILIKbUIIAPIbIH
agcopbumsicer  3eprrenni. Kanpumit ¢ocdarbin epitinginen cunrtesney kyprizingi. PDOA xene UK
CIIEKTPOCKONMSCHIHEIH ~HOTIDKEIEpiHe CYHeHe OTBIpHI, TyHOa THIPOKCHIAanaTtuT (a3ackl  apKbLIBI
anpikTaFad. BOT onmiciMeH THIOPOKCWIANATUTTHIH OcTiHiH aynmaHel 72,0 M%/r GONATHIHEL AHBIKTAJIIbI.
AMUHKBIIKBULIAPIBIH 8JICOPOLHUSCH OJIapAblH KOHICHTPALMSIApbl MeH epiTinainep pH-HiH KeH ayKbIMbIHIA
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3epTreareH. [ MApoKcuiIanaTuT OeTiHAeri aMUHKBIIKBULAAPABIH — aJCcOpPOLMSCH  KAaHBIKTBUIBIK —KaXKeT
eTeTIH/Ir aHbIKTaIAbl. AMHHKBIIKBULIAPABIH MAaKCUMAJIbl aJCOPOLMACHIHA I'MAPOKCUIANATHT OeTiHaeri
epiTinginig pH-HBIH acepi KapacThIPbUIAbl. AMUHKBIIIKBULAAPBIH THAPOKCHIANIATUT OeTiHmeri agcopOims-
cbl Jlenrmiop ynriciMen cunarranrassl 3eprrensi. MK-cnekrpockonust HoTmKenepi axcopouus dakricid pac-
Tay yuriH OepinreH. ['MOpOKCHIANIATHTTIH KaTThl (pa3achHBIH OCTiHIETI 3apsAThIH Oenrici aHbIKTammbel. [un-
pOKCHIIANIaTUT OCTIHIH 3apsAbIHBIH Oenrici oH 0oJFaHbl pacTaiasl. [ MOOC SHEPTHSCHIHBIH MOHJIEPIH €CENTEY
JKYPTi3UIi JKoHE aMHUHKBIIIKBUIAAP/IBIH THAPOKCIIIANIATAHT MIEH 03apa dPEeKEeTTECTIrl (U3MKAIBIK aJcopOmus-
MEH CHIIATTAJIaThIHbI JOJICIACH].

Kinm ce30ep: THApOKCHIANATHT, aACOpOLMs, AMUHKBILIKBUIBL, epirimTiri, OCTiHIH 3apsabl, epiTiHmi,
Jlenrmrop mozeni, Opeitnanux Mopaeni.

O.A. T'onoBanosa, K.K. I"'omoBuenko

Du3nko-xuMn4ecKne 3aKOHOMEPHOCTHU COpﬁHI/II/l AMHUHOKUCJIO0T
Ha MOBEPXHOCTHU N'NMAPOKCHJIAIIATUTA

@ocdarbl KaybLMA BXOAAT B cOcTaB ()M3MOTEHHBIX U IATOTCHHBIX MUHEpPaJIbHBIX 00pa3oBanuil. M3BecTHO,
YTO THAPOKCWIATIATUT SIBJISIETCS OCHOBHOW MHHEPATIbHOW COCTABISIOIIEH KOCTHOHM TKaHH, 3yOHOH sManu u
JIeHTHHA. B3anmopeiicTBre opraHn4ecKoil 1 MUHEPAIbHONM COCTAaBILIOIMX MMEET OONBIIOe 3HAaYeHHE B Ta-
KHX Ipoleccax OMOTeHHOHW KpHCTaIIM3anuy, Kak (JOPMHUPOBAHHE KOCTHOTO MAaTPHKCa MIIEKONHUTAIONIHX, a
TaKoKe 3apOoXKIEHHE M POCT NMATOTeHHBIX 0Opa3oBaHmil. CyIIecTByeT psii MPEeANOJIOKEHHH, COTIACHO KOTO-
PBIM B OCHOBE IIPOIIECCOB MHHCPAIM3AIMHU JIEKHT aJCOPONMOHHOE B3aUMOJEHCTBHEC CBOOOIHBIX aMIHOKHC-
JIOT ¥ CBSI3aHHBIX OENKOBBIX MOJIEKYJ C HEOPraHMYECKMMH KOMIIOHEHTaMM OMOXHAKOCTEH n (opmupyro-
muxesa ¢a3. OmHaKO MEXaHU3M HMX B3aUMOJEHCTBHS 10 KOHLA He M3ydeH. B pabore m3yuena amcopOuust
AMHHOKHCJIOT Ha MOBEPXHOCTH ruapokcuianatuta. OcyliecTBieH cuHTe3 GpochaToB KalblUs U3 PacTBOpA.
ITo pesynbratam POA u UK-crieKTpoCKONUHU yCTaHOBICHO, YTO OCAAKU MPEACTaBiIeHbI (a30il rHApOKCHIIa-
naruta. C momompio Meroma BOT paccumTanm ymenbHYIO IOBEPXHOCTb T'HIPOKCHIIANATHUTA, PAaBHYIO
72,0 M¥/r. ViccienoBaHa ancopOLys aMUHOKHCIOT B IIMPOKOM HHTEPBAIE BAPHUPOBAHMS HX KOHUECHTPALMH 1
pH pactBopa. JlokazaHno, 4To afcopOIHss aMUHOKHCIOT Ha MOBEPXHOCTH T'MIPOKCHJIANATHTA JIOCTHTaeT Ha-
coimenust. Paccmorpeno BiusiHue pH pacTBopa Ha 3HaueHHE MAKCHMAlIbHOW aacopOIMU aMHHOKHCIIOT Ha
MOBEPXHOCTH TUApoKcunanaTuta. JlokasaHno, 4ro afgcopOIys aMUHOKHCIOT HAa MOBEPXHOCTH THAPOKCUIIATa-
THUTa omnuchiBaeTcsi Mojenbio Jlenrmiopa. Pesynsratel MK-ciekTpockonuu npuBeieHb! AJsl MOATBEPKICHHS
(akra ancopbuuu. I[IpoBeneHo onpeneneHue 3HaKa 3apsjia IOBEPXHOCTH TBEPAOH (a3bl THAPOKCUIIANIATHTA.
ITony4yeHo, 4To 3HaUeHME 3HAKa 3apsAfia MOBEPXHOCTH T'MAPOKCHUIANATHTA MOJOXKHUTENbHOE. OCyIecTBiIeH
pacder 3HaueHui sHeprun [ 'n60ca 1 BBIBICHO, YTO B3aUMOAECHCTBHE aMHHOKHCIIOT C MTOBEPXHOCTHIO THPO-
KCHJIAIIaTHUTA XapakTepusyercs: Gpusuaeckoit agcopoimeit.

Kniouesvie crosa: THAPOKCHIIAIATUT, aICOPOLIS, aMIHOKHCIIOTA, PACTBOPEHNE, TOBEPXHOCTHBIH 3aps], pac-
TBOp, MoJielb JIenrmropa, monens Openanmxa.
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Physicochemical regularities of the sorption of amino acids on the surface of brushite

Calcium phosphates are part of biogenicand pathogenic mineral formations. Brushite occurs mainly in con-
junction with other calcium phosphates in the composition of pathogenic mineral formations in the body of
animals and humans. There are a number of assumptions, according to which the basis of the processes of
mineralization is the adsorption interaction of free amino acids and associated protein molecules with inor-
ganic components of biological liquids. However, the mechanism of their interaction is not fully understood.
In this paper the adsorption of amino acids was studied on the surface of brushite. Brushite was synthesized in
the system of Ca(NOs),:(NH,),HPO, with equal concentrations. According to the results of XRD and IR
spectroscopy it was established that precipitation was represented by the phase of brushite. It was implement-
ed dynamic dissolution of the solid phase of brushite when the pH was varying. Equations of the kinetic
graphs were obtained. It was investigated the adsorption of amino acids in a wide range of variation in their
concentrations and the pH of the solution. It was considered the effect of pH on the maximum adsorption of
amino acids on brushite. The results of IR spectroscopy confirmed adsorption. The solid phase of brushite
was determined by the sign of the surface charge. The values of the sign of the surface charge of brushite
were found to be positive. The values of the Gibbs free energy were calculated. There was revealed that the
interaction of amino acids with the surface of the brushite was characterized by physical adsorption.

Keywords: brushite, adsorption, amino acid, dissolution, surface charge, solution, model of Langmuir, model
of Freundlich.

Introduction

Biogenic and pathogenic mineral formations contain calcium phosphates. Biogenic formations are part
of different organs and have different functions; they are genetically determined, their place in the body is
strictly defined. Pathogenic mineral formations occur in the disruption of the functioning of the whole organ-
ism or its separate organs. It is known that in the early stages of the formation of pathogenic aggregates crys-
tallize calcium hydrogen phosphate dihydrate, an analog of natural mineral brushite [1-3]. In the body of
animals and humans brushite occurs mainly in conjunction with other calcium phosphates in the composition
of pathogenic mineral formations, different places (teeth, salivary, kidney, and other stones) [4]. In the pa-
pers [5—11] the researchers describe that calcium phosphates have an excellent biological activity and have
been widely used in bone reconstruction or orthopedic supplements, as the primary inorganic material of the
composition of the hard tissues of the body. Interaction of organic and mineral components is important in
such processes of biogenic crystallization, as the formation of bone matrix of mammals, as well as the emer-
gence and growth of pathogenic entities. In one of the classifications, they are divided into two groups: low
temperature ones and high temperature ones [12, 13]. Hydroxylapatite (HA) and calcium hydrogen phos-
phate dihydrate (DCPD) CaHPO,2H,0O are of greatest interest from number of the biocompatible low-
temperature calcium phosphates. DCPD in nature expressed in the mineral brushite is the most soluble of
biocompatible calcium phosphates, HA is less soluble. At 60—100 °C brushite gradually turns into CaHPO,
(DCPA) dicalcium phosphate. In [14] it is discussed the stability of calcium phosphates and the Ca/P ratio.
There are some assumptions, according to which the basis of the processes of mineralization lies in the ad-
sorption interaction of free amino acids and associated protein molecules with inorganic components of bio-
logical liquids [2]. The mechanism of their interaction is not fully understood. In this regard, recent studies
aimed at studying the regularities of adsorption of amino acids on the inorganic component of pathogenic
neoplasms. The purpose of this work is the study of the peculiarities of adsorption of amino acids on brushite
by varying the pH of the solution.

Materials and methods

The synthesis of brushite. It is carried out by deposition from aqueous solution at room temperature by
the method of spontaneous crystallization according to the equation (1):

CaX2 + MzHPO4 + 2H20 — CaHPO42H20l +2MX (1)
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The precipitate is obtained by mixing dilute solutions of calcium nitrate Ca(NO;), 4H,0, and ammoni-
um hydrogen phosphate (NH,),HPO, with equal concentrations at room temperature (22-25 °C). When syn-
thesis is carrying out a solution of Ca(NO;), was poured quickly to 250 ml of a solution containing
(NH4),HPO, with equal concentrations (50 mmol/L). The total volume of the mixture is 500 ml. After mix-
ing the solutions, the pH of the system was adjusted to a value of 5.50+0.05 by using solutions of NaOH
(20 %) and/or HNO; (1:1).

After the heterogeneous system settling for two days, the solution was filtered under the vacuum using a
water jet pump. Some part of the supernatant liquid was selected for chemical analysis, measure the pH of
the equilibrium solution. The filter cake was washed with water (V = 50 ml) after filtration and dried in a
drying cabinet at a temperature of ~80 °C to constant weight for the complete removal of free water, and then
at room temperature (in a desiccators). The dried precipitate was transferred into a labeled container and
weighed on an analytical balance.

It is determination of the sign of the charge of the particles of the sols of brushite by the method of ca-
pillary analysis. When a piece of filter paper immersed in water, thin wall paper was charged negatively.
These allow determining the sign of the charge of the colloidal particles. Negatively charged particles rise
through the capillaries.

It is the dynamic dissolution. A portion of the sample brushite a mass of 0.1000 g is taken on an analyt-
ical balance in a dry time glass. The study of the dissolution process is carried out at constant stirring of the
solution. Using dedicated time intervals to note the amount of pCa. At the end of the measurement indissolu-
ble precipitate was filtered off through a folded filter, dried in a drying box at a temperature of ~80 °C to
complete removal of chemically unbound water. The dried precipitate is transferred into a labeled container
and weighed on an analytical balance.

We used the direct potentiometic method for pH measurements. The measurements were carried out in
a glass beaker, which pre-processes. The measurement error is £0.01 pH units.

Determination of the concentration of calcium ions in the experiment was performed by direct
potentiometry using an ion-selective electrode and calibration schedule determined by the value of [Ca®"].

Determination of phosphate ions was carried out by the molybdenum blue method (State Standard
18309-72 on the KFK-2device using the red filter (A,s = 690 nm). The determination is repeated three times
and the average values of optical densities were found to build a calibration curve: D = f{C(PO,”)}, calcu-
late the regression equation. Error definitions are found within 2—4 Rel. %.

It is X-ray diffraction(XRD). It is used to study the mineral (phase) composition of synthesized aqueous
solid phases brushite. The diffracto grams were obtained by the «method of powder» for stationary DRON-
3X-ray apparatus [15]. Phase identification was performed using ASTM international indexes and tables
[16]. The sensitivity of the XRD method for these measurements is 3 %.

The method of infrared spectroscopy was used for more information on the composition of the samples
obtained. IR spectrum was obtained on the FSM 2201spectrophotometer. Mathematical processing of the
data was carried out using statistical software Statistica 10 and Static2 from the statistical package Stat Soft.
The sensitivity of the method of IR-spectroscopy for the measurement data was< 5 %.

It is the method of area measurement of the specific surface of synthetic calcium phosphates. Analysis
of the specific surface of the samples according to the BET method (SBET-N2) was carried out using tech-
niques of single-point standard gas adsorption equilibrium at an absolute pressure in the adsorption unit
Sorbtometr, IK SB RAS (OSC SB RAS, Omsk). The limit of permissible relative error of measurement of
the specific surface in the mode of multiple measurements is not more than 5 %.

The adsorption experiment. 0.5 g of Brushite sample was placed in a flask and the solution of amino ac-
ids was poured. The concentration of amino acids: 2, 4, 6, 8, 10, 15, 20, 25, and 30 mmol/L. and pH range
5.00-8.00£0.05 (except 6.50) in increments of 0.50 were varied. Shaking was carried out for 30 minutes, and
then it was left for 48 hours. After the specified time the content of the flasks was filtered and there was de-
termined the content of amino acids in the filtrate by the method of transfer of amino acids in a soluble cop-
per salt and subsequent photometric determination, measurement of the pH after adsorption, determination of
the mass of precipitation.

Determination of the concentration of amino acids in the experiment was assessed by photometric de-
termination of amino acids. The essence of the method including determination of the concentration of ami-
no acids used in the analysis is based on the conversion of amino acids into soluble copper salts and their
subsequent photometric determination. KFK-2 photoelectric colorimeter was used for measurements. Deter-
mination of optical density of standard solutions is carried out in the wavelength interval that includes the
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value of 670 nm. A calibration curve was built for measurements. Determining the unknown concentration of
amino acids was performed using a calibration chart.

Results and discussion

1. The results of the synthesis of brushite crystals

The methods of XRD and IR spectroscopy establish that the precipitation obtained after 48 hours of
crystallization was represented by the brushite phase (Fig. 1), belonging to the monoclinic crystal system (20
corresponds to 11.172, 29.411, and 35.419). The crystallite size was calculated to be equal to D = 48.06 um
[17], which was consistent with the data [3].

The IR spectrum of the samples contained the whole range of the bands characteristic for brushite
(Fig. 2) and have a complex structure. It was noticed the presence of absorption bands of the stretching
(1135, 1060, 986 cm™') and bending (653, 578, 527 cm') vibrations of a group HPO4> as well as bands
characteristic for vibrations of the water 3531, 3484, 1646 cm '.The specific surface of brushite was calcu-
lated by the method of BET and its value was 9.0 m*/g. Analysis of the supernatant liquid and calculation of
the Ca/P ratio showed that the Ca/P of the synthesized brushite was equal to 1.02, for a perfect brushite this
value was Ca/P = 1.00.
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Figure 1. The diffraction pattern of the synthesized Figure 2. The IR spectrum of the brushitesample
brushitesample at pH = 5.50+0.05 (48 hours) synthesized at pH = 5.50=0.05 (48 hours)

2. The results of the study of the properties of brushite

The method of dynamic dissolution is used to converse synthesized samples of brushite from the solid
phase to the liquid phase, while varying the pH.

The exponential dependence of the pCa from time to time is obtained, which corresponds to the reaction
of the first order when the rate of change of the number of «active centers of dissolution» (C(¢)) to dissolve
the material is proportional to their number at the moment (1):

dcC (1)
——+=—kC(1), 1
dt (1) M
where the coefficient & does not depend on time.
At this stage of dissolving, the rate of change of concentration decreases with time (2):
dC(t
# =C bexp(-bt). ()

Therefore, the initial dissolution rate can be considered as a quantitative measure determined as the tan-
gent of the slope of a linear plot a straight line constructed in the coordinates of the pCa = f'(¢) [2].

According to the obtained data, the dependence was constructed (Fig. 3). The kinetic curves were pro-
cessed and the data are summarized in the Table 1.

52 BecTHuk KaparaHauHckoro yHvusepcuTeTa



Physicochemical regularities of the sorption of amino acids ...

416
414
50
412
W55
=
2 4l A6.0
K6.5
4,08 X7.0
®75
4,06
8.0
4,04

Figure 3. Kinetic curves of dissolution precipitation brushite in aqueous solution at different pH value

Table 1

Parameters of brushitedissolution depending on the variation of pH in an aqueous solution

pH Equation R? K,s' V, mol*(1* min)”'
5.00 pCa = 4.093+0.0425-exp(—0.0167) 0.9632 0.016 0.960
5.50 pCa = 4.073+0.0425-exp(—0.014¢) 0.9620 0.014 0.840
6.00 pCa = 4.060+0.0464-exp(—0.012¢) 0.9795 0.012 0.720
6.50 pCa = 4.048+0.0707-exp(—0.0117) 0.9506 0.011 0.660
7.00 pCa = 4.084+0.0627-exp(—0.0097) 0.9880 0.009 0.540
7.50 pCa = 4.082+0.0371 -exp(—0.0057) 0.9756 0.005 0.300
8.00 pCa = 4.095+0.0233-exp(—0.0037) 0.9488 0.003 0.180

As seen that there is an inverse correlation between dissolution rate and pH of the solution, namely
lowering the pH of the solution increases the dissolution rate. The calculation of the masses of the samples
after dissolution allowed us to determine their loss (Table 2).

Table 2
Mass loss of brushite samples when dissolved
pH 5.00 5.50 6.00 6.50 7.00 7.50 8.00
Am, % 27.0 22.6 18.0 17.2 16.8 13.0 8.7

The results obtained agree well with the experimental data on the velocity of dissolution, and the maxi-
mum dissolution rate of the solid phase corresponds to the greatest loss. This fact was proved by determina-
tion of the composition of the samples after dissolution using XRD. Diffraction pattern shows that the phase
composition of the phases has not changed.

The surface charge of the brushite solid phase by the method of capillary analysis at pH = 5.00, 6.50,
8.00+0.05 shows that the surface is charged positively.

3. The results of adsorption experiment

As a result of the adsorption experiment, isotherms of adsorption of amino acids to brushite were ob-
tained (Fig. 4). Referring to the curves, it can be concluded that the adsorption reaches saturation. This al-
lows for Ca = 0.030 molxL™" to compare the values of adsorption while varying the pH of the solution to
finding the values of maximum adsorption (Table 3).
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Figure 4. Isotherms of adsorption of amino acids on brushite

Table 3
The maximum adsorption of amino acids at varying pH, q, molxkg™
. . pH
Amino acid 5.00 5.50 6.00 7.00 7.50 8.00
Glycine 0.500 0.550 0.500 0.700 0.800 0.750
Alanine 0.400 0.500 0.450 0.500 0.550 0.450
Aspartic acid 0.450 0.500 0.500 0.500 0.550 0.500
Glutamic acid 0.750 0.750 0.800 0.700 0.850 0.800
Arginine 0.500 0.400 0.400 0.450 0.450 0.600

Maximum adsorption is characteristic for glycine, alanine, aspartic and glutamic acids at
pH = 7.50+0.05, and for arginine at pH = 8.00+£0.05. At given pH values of the solution, these amino acids
are in charged ionic forms.

To determine the equation describing the adsorption, the experimental data were processed from the po-
sition of the Langmuir theory (3) and the Freindlich theory (4) (Table 4):

K, -C
=dn >, 3)

1+K,-C
where ¢,, — is the limiting amount of adsorption, molxkg'; K, — is the adsorption equilibrium constant;
C — is equilibrium concentration of adsorbate, molxL™".

q

1
q=K.-C", “4
where Kr— is coefficient of proportionality; n — is exponent, n<1.
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Table 4
Equations described by the models of Freundlich and Langmuir,
for adsorption of amino acids on brushite by varying the pH of the solution
. . Qmaxo Equation model of R’
Amino acid molxkg ' PHimas Langmuir Freundlich Langmuir | Freundlich

221.1xC

Glycine 0.800 750 | g= 1.128xm g=19.42xC"™ 0.6551 0.8993

Alanine 0.550 750 | g= 1.133x% q=8.580xC"* 0.9834 0.9809
10x

Aspartic acid 0.550 750 | g= 1.348x% g=1181xC""* 0.8803 0.9732
.00x

Glutamic acid 0.850 7.50 | ¢=0.952 x% q=5.830xC"" 0.8639 0.9368
.6X

Arginine 0.550 8.00 | g= 0.946x% g=11.12xC"" 0.8267 0.8005
.50%

The obtained values of g, are adequate, as all practical values of ¢ are less than g,,. As can be seen from
Table 4, adsorption of glycine, aspartic and glutamic acids has a good correlation in a linear model of
Freundlich to a greater extent, however alanine and arginine, on the contrary, have a good correlation in the
linear coordinates of the model of Langmuir.

It was further used to calculate the change of Gibbs energy according to the formula (5) (Table 5):

AG =-RT'InK, %)
where R — is the universal gas constant, R = 8.314 kJ/(KmolxK); K — is the constant of adsorption equilibrium.

Table5
The value of the Gibbs free energy for adsorption of amino acids, —-AG, kJ xmol™
. . pH
Amino acid 5.00 5.50 6.00 7.00 7.50 8.00
Glycine 12.39 11.84 11.87 12.73 13.38 13.14
Alanine 9.077 9.924 9.682 9.855 10.35 9.347
Aspartic acid 9.617 10.17 9.855 10.17 10.76 10.17
Glutamic acid 12.55 12.75 14.79 12.42 14.82 14.38
Arginine 10.25 10.44 10.31 10.62 10.64 11.40

As seen that the values of the Gibbs free energy correspond to the values of the maximum adsorption.
The values of Gibbs free energy suggest that adsorption is, in fact, the physical adsorption.

Analysis of the surface charge of the solid phase of brushite after adsorption (C,, = 4 mmol/L) at
pH =5.00, 6.50, 8.00 + 0.05 has shown that adding even small amounts of aspartic acid and glutamic acid,
which are at the pH values of the solution in the form of negatively charged zwitterions, leads to the recharg-
ing of the surface. This can be explained by the process of adsorption of amino acids on the surface of
brushite. When you add arginine at these conditions, which is in the form of positively charged zwitterions,
recharge of the surface occurs. Adsorption of glycine and alanine does not result in recharge of the surface
on the whole interval of pH of the solution, although under these conditions, they are consistent in three
forms: a positively charged ion, neutral, zwitterion and negatively charged ion (Table 6).

Table 6
The sign of the charge brushite in the presence of amino acids of a similar concentration
. . pH
Amino acid 5.00 6.50 8.00
Glycine + + +
Alanine + + +
Aspartic acid — — —
Glutamic acid — — —
Arginine + + +
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The results of IR spectroscopy confirm adsorption. The IR spectrum of the sample after the adsorption
experiment (Fig. 5) have the bands in the region 2800 to 3000 cmcorresponding to the vibrations of C—H
bonds in methylene groups of the organic component. Vibrations at 1650 cm™ should be considered as an
aggregate reflecting the fluctuation relations of C=0, N-H, O-H in the molecules of amino acids and OH"
ions in the composition of brushite.
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Figure 5. The IR spectrum of the sample after the adsorption experiment (48 hours)

Also, it was recorded the appearance of specific absorption bands related to vibrations of N-C and H-N
bonds that occur in the regions 3500-3300, 1650—-1500, 1360—1000 cm’, which confirm the possibility of
adsorption of amino acids on brushite.

Conclusions

1. It has been carried out the synthesis of brushite, the structure of which is confirmed by XRD and IR
spectroscopy. The dynamic dissolution in aqueous solution with different pH value has been studied. It has
been obtained that the values of the sign of the surface charge of brushite are positive.

2. The adsorption of amino acids on brushite has been investigated and it is shown that maximum ad-
sorption occurs at pH = 7.50 £0.05 for glycine, alanine, aspartic and glutamic acid, and for arginine at
pH = 8.00+0.05.

3. Adsorption of glycine, aspartic and glutamic acids are outlined by the model of Freundlich, while for
alanine and arginine adsorption is described by the model of Langmuir. The calculated values of the Gibbs
free energy of adsorption are consistent with the values of the maximum adsorption.

The work was executed at the partial financial support of the Russian Foundation for basic research
(grant No. 15-29-04839 ofi_m and no 16-33-00684 mol_a).
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O.A. T'onoBanona, K.K. I"'omoBuenko

BpywuT 0eTine aMUHKBIIIKBLIAAP COPOUMACHIHBIH
(pU3UKA-XUMHSIBIK 3aHbLIBIKTAPbI

Kampunit pocdarraper (KD) dusnorenai xoHe MaToreHAi MHHEpaIbl TY3UTIMASPAIH KypaMblHa Kipemi.
AnaMm xoHE JKaHyapiap ar3acblHa OpymuT Herisinen 6acka K® 6ipre maTorenai MuHepanabl TY3UTiMACPAIH
KypambiHaa Oomampl. OpraHMKaIBIK JKOHE MHHEpalAbl KypaylmIbUIApBIHBIH —OpEeKeTTecynepi, cyHek
KEIICHJEPIHIH KaJbINTacybl, IAaTOTEHIi TY3UIyJepAiH Tyysl MEH ecyi CHSKTBI OHOTeHAI KpUCTaJIIaHy
ypaicTepinme oTe MaHbBI3IB. MuHepanmaHy YpIicTepiHiH Heri3iHge O6oc koHe OalIaHBICKAaH aMHH
KBIIIKBULIAPBIHBIH ~ aKybl3 MOJIEKyJlajlapblHa OMOCYHMBIKTapIblH OCHOpraHUKalblK KOMIIOHEHTTEpiMEeH
opekeTTecyi KaTelp AereH OipHeme Oompkamuap Oap. bipak onapablH opekeTTecy MEXaHW3Mi o1 TOJBIK
3epTTenreH KoK. JKymbicta OpymuT O6eTiHae aMUHKBIIIKBUIIAPBIHBIH aJCOPOIMACH 3epTTENreH. bpymuTTig
cuntesi Ca(NO;),, (NHy),HPO, xyitecinae 3KkBUMOIIABI KOHIEHTPALMSIAPbIMEH 00JIMe TeMIepaTypacbiHia
(22-25°C) xyprizingi. PDA xone MWK-cmexrpockommst onicTepiHiH KeMmeriMeH TyHOamap OpymmT
dasaceiven KypbuFasbl ausikTanas. BT omiciven 6pymurtin 9,0 MY/T chlitbiMap OeTi ecenreni. Bpymmur
KaTThl (ha3achIHBIH JWHAMHKANBIK epyl pH oprypmi Menpmepinme xyprisinmi. KnHeTHKanblK KHCHIKTap
TeHueyiepi aneiHAbl. EpitiHniaig pH TemeHzereHme OpymMT KaTThl (a3achlHBIH €pY SKbUIIAMJIBFBI
apTaThIHbl AHBIKTANABL. AMUH KbIIIKBUIAAPBIHBIH aICOPOLMACH OJNAp/blH KOHLICHTPALMSUIAPbl MEH epiTiHAl
pH xeH aymarpiHma 3eprrenai. Epitinginiy pH OpymuTTeri aMuH KbIIIKbULAAPBIHBIH MaKCHMAJIIbI
ajzicopOumsianybiHa acepi Kapactelpbuiasl. MK-cnekrpockonust HoTH)enepi aacopOius HakThICHH Jaienaey
yurin 6epinren. Bpymut karthl Gazacel OeTiHIH 3apsi/ibl aHBIKTANABL. BpyuT 6€Ti 3apsabIHbIH MOHI OH eKeHi
aHpIKTaIIBL. ['HO0C 00C JHEPTHACHIHBIH MOHJEPI €CENTENiN, aMHH KBIIKBUIIAPBIHBIH OpYIIHT OeTiMeH
opexerTecyi (pU3NKaIBIK ancopOIUsIMEH CHITAaTTaaThIHbI AHBIKTAJIIBL.

Kinm ce30ep: 6pymmuT, axcopOuus, aMuH KBIIIKBUIBL, epiTilTiri, 6eTiHiH 3apssl, epiTinai, Jlenrmiop Moneni,
OpeitHx Moei.

O.A. T'onoBanosa, K.K. I"'omoBuenko

Du3NKO-XUMHYECKHE 3aKOHOMEPHOCTH COPOLMH AMUHOKHMCJIOT
HA MOBEPXHOCTH OpymImMTa

@ocoarer kanpius (PK) BXomsr B cocTaB (M3MOTCHHBIX M ITaTOIEHHBIX MHHEPAIBHBIX 00pa30BaHH.
B opranmsme XMBOTHBIX U 4eJOBeKa OpYIIMT BCTpedaeTcsl TIIaBHBIM o0pa3oM coBMecTHO ¢ npyrumu OK B
COCTaBe NATOTEHHBIX MUHEPAIBHEIX 00pa3oBaHHH. B3anmopeiicTBie opraHn4eckoil 1 MUHEpAIbHOH COCTaB-
JSTIOIINX UMEET BaXKHOE 3HAUCHUE B TAKUX IIpolieccax OHOTeHHON KPHCTAIUIN3AnnH, Kak (JOpMHUPOBaHHE KO-
CTHOTO MAaTpPHKCa MJICKOIHTAIOIINX, a TAKKe 3apOoXKIEHHE M POCT MaTOTeHHBIX oOpa3oBanHuil. CymiecTByeT
P TNPEANOJIOKEHUH, COMIACHO KOTOPBHIM B OCHOBE IPOLECCOB MHHEPAIU3ALMHU JISKHUT aJcOpPOLUOHHOE
B3aMMOJICHCTBHE CBOOOAHBIX aMUHOKHUCIIOT M CBSI3aHHBIX B OEJIKOBBIC MOJIEKYJIbl C HEOPIAHMYECKUMH KOM-
HOHEHTaMM OuokuaKocTeil. OJJHaKO MEXaHU3M MX B3aMMOJCHCTBUA 10 KOHIIA He 3y4eH. B paboTe uzydena

Cepusa «Xumuns». Ne 1(89)/2018 57



O.A. Golovanova, K.K. Golovchenko

azcopOLUsl aMHUHOKHCIOT Ha TOBepxXHOCTH OpymuTa. [IpoBemen cuHTe3 Opymmra B cucreme
Ca(NO;),:(NHy),HPO, ¢ 3xBUMONSApHBIMH KOHLIEHTPALUSAMU NIPU KOMHATHOH Temmepartype (22-25 °C). Ilo
pesynbrataMm PDA u MK-ciekTpockonuu yCTaHOBICHO, YTO OCAJKU NpeCTaBilIeHs! (a3oii Opymmra. Merto-
nom BT paccunranu yuenpHyio IOBEpPXHOCTb OpymmTa, paBHyo 9,0 M%/r. OCYIIECTBICHO IHHAMHUECKOE
pacTBopeHue TBepaoi (a3sl OpymmTa npu BapsuposaHuy pH. ITomydeHs! ypaBHEHHS KHHETHIECKUX KPUBBIX.
Iokazano, 4ro ¢ nonmxkenneM pH pacTBopa pacTeT cKOpoCTh pacTBOpeHUs TBepaoH (a3l Opymmra. Mccie-
JIOBaHA aacopOIMs aMHHOKUCIIOT B IIMPOKOM HMHTEpBaJic BapbHPOBAHUS MX KOHIEHTpauuii u pH pactBopa.
Paccmotpeno Biusinue pH pacTBopa Ha 3HaUe€HHE MaKCHMaJIbHOM aacopOIMy aMUHOKUCIIOT Ha Opymure. Pe-
3ynbTatel MK-ciekTpockonuy npuBeAeHs! JUis MOATBEpxIeHuUs (akTa ancopobuun. IIposeneHo omnpeneneuue
3HaKa 3apsja MOBEPXHOCTH TBepAoil da3bl OpymuTa. IlodyueHo, 4To 3HaUEeHHE 3HAKa 3apsa MOBEPXHOCTH
OpymuTa nonoxkuTenbHoe. OCYIIeCTBICH pacueT 3HauyeHud cBOOOAHOM 3Hepruu ['mbOca U BBIAIBIEHO, YTO
B3aUMOJICHCTBHE AMUHOKHCIIOT C MOBEPXHOCTHIO OpYIIUTA XapaKTepu3yeTcst GU3HIECKON ancopOIuei.

Kniouesvie cnosa: Opymmr, ancopOrys, aMHHOKICIIOTa, PAaCTBOPEHHE, TOBEPXHOCTHBIA 3apsij, pacTBOp, MO-
nens Jlenrmiopa, Mmogens OpeiHnxa.
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Destruction of cyanide and thiocyanate ions by bacterial and chemical methods

This article deals with the destruction of cyanide and thiocyanate ions by bacterial and chemical methods.
Adsorption with granulated activated carbon and oxidation with sodium pyrosulfite in the presence of a cop-
per sulfate catalyst were used as methods of chemical destruction. The bacterial method of destruction was
carried out using the bacterial consortium Agrobacterium tumefaciens AC-1, Agrobacterium tumefaciens
AC-2 and Pseudomonas sp. AC-3. The control solutions were placed under identical conditions without the
addition of any reagent. Sodium pyrosulfite was effective reagent at removing cyanide ions with 97 % effi-
ciency in 1-1.5 hours, while the bacterial consortiumwas the most productive against thiocyanate ions, result-
ing 99 % removal at 120 hours. Thus, the significant amount of cyanide ions has been removed chemically in
the first stage, to reduce the effect of high cyanide concentrations on the bacterial process. In the second
stage, the cyanide ions have been removed until the MPC levels. In addition, thiocyanate ions were neutral-
ized completely. Model experiments with technological solutions from the gold mining plant were carried
out. According to the results of the studies, the respective degrees of bacterial destruction of CN- and SCN-
are 99 % and 99.9 %. The residual concentration of CN- and SCN-ions in the treated solution was <0.1 mg/1
and < 4 mg/l, respectively. These amounts correspond to the maximum permissible concentrations approved
in the Republic of Kazakhstan and CIS countries.

Keywords: cyanide, thiocyanate, destruction, removal efficiency, degradation, sodium pyrosulfite, granulated
activated carbon, bacterial consortium.

Introduction

Environmental protection has a big priority not only in the Republic of Kazakhstan, but also at interna-
tional level. One of the biggest sources of contamination of the environment is a waste from the mining and
processing industries. Disposal of cyanide- and thiocyanate containing residues after manufacturing is a big
concern for the current waste management companies worldwide [1].

There are sufficient number of techniques for the treatment of waste water with the high content of cya-
nide- and thiocyanate ions, mainly, they are chemical approaches like hydrogen peroxide treatment [2], ad-
sorption with activated carbon [3], alkaline chlorination [4], iron sulfide and zinc sulfate treatment,
ozonation, UV and electrochemical neutralization [5, 6]. Most of them showed an ability to remove cyanide
from the liquid phase, but with low efficiency. In addition to the high cost, they might cause secondary toxic
compounds.

Methods

Quantitative accounting of microorganisms was carried out with the use of methods of serial dilu-
tions [7], Goryaev's counting chamber and «Zeiss Standart 25» microscope with phase contrast device [8].
The pH and redox potential (Eh) were determined through the use of universal analyzer «Mettler Toledo
Seven Multi S47-K».Thiocyanate concentrations were determined photometrically with appropriate com-
plex [9], while the determination of cyanides was conducted use of photometry with pyridine and barbituric
acid [10] and by titration with silver nitrate [11]. The determination of the metal concentration was carried
out using the Kvant-2AT atomic absorption spectrometer with atomization in a graphite furnace [11].

Results

High concentrations of cyanide and thiocyanate ions are commonly observed in industrial water after
cyanide leaching of gold-containing sulfide ores or concentrates. The formation of thiocyanate occurs during
gold cyanidation as a product of the reaction between cyanide ions and sulfur compounds (including ele-
mental sulfur) [12]:

S"+CN — SCN-
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$* +CN +H,0 +S — SCN +20H"
$,05" + CN™ — SO;* + SCN~

Depending on the sulfur content and the number of turnover cycles, the concentration of thiocyanates in
sewage or circulating waters can range from several milligrams to several grams per liter. Various model
solutions containing CN™ ions with a concentration of 300 mg/l and SCN™ ions of 2500 mg/l were prepared
for experiments. Adsorption with activated carbon and oxidation with sodium pyrosulfite in the presence of a
copper sulfate catalyst were used as the methods of chemical destruction. The bacterial method of destruc-
tion was carried out by a consortium of bacteria Agrobacterium tumefaciens AC-1, Agrobacterium
tumefaciens AC-2, Pseudomonas sp. AC-3. As a control in the above experiments, the control solution was
prepared under identical conditions without adding any reagents.

Granular activated carbon (GAC) with a particle size of 2—4 mm and a density of 0.4 g/ml was used as
an adsorbent. Chemical treatment of cyanide and thiocyanate was carried out with sodium pyrosulfite in an
amount of 5 g/g for CN™ and 7 g/g for SCN™ in the presence of a copper sulfate catalyst at pH 9.0-10.0.

Bacterial degradation was carried out by a consortium of bacteria at temperature 30 °C. pH of the medi-
um was maintained with a solution of sodium hydroxide at a level of 9.0-9.5. The experiments were carried
out on an orbital shaker at 200 rpm. The results of the experiments are shown in Table 1 and Figures 1, 2.

Table 1
The results on the effectiveness of using chemical and bacterial methods at cyanide and thiocyanate ions
removing
.. Duration Control Bacter’lal GAC Na,S,05
Characteristics hours ’ consortium

CN- SCN- CN- SCN- CN- SCN- CN- SCN-
Cin, mg/1 0 300 2500 300 2500 300 2500 300 2500
12 279 2488 240 2188 171 2075 24 2463
24 270 2481 225 1750 69 1925 18 2450
Cro Mgl 36 262,5 2475 150 1563 45 1800 15 2433
e 48 247,5 2469 112,5 1250 30 1700 15 2395
96 217,5 2444 57 125 24 1300 12 2305
120 202,5 2425 57 25 24 1200 9 2275

The removal efficiency, % 32,5 3 81 99 92 52 97 9
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Figure 1. The removal efficiency of cyanides with chemical and bacterial methods
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Table 1 and Figure 1 shows that the most effective removal of cyanide ions has been observed when
Na,S,0s5 was used. The removal of CN™ was 97 % in 1-1.5 hours. When the granular activated carbon was
used, the removal of cyanide ions was also intensive and achieved 90 % in 46 hours, while destruction oc-
curred slower with the use of bacterial consortium, achieving 81 % in 96 hours. Probably, this result is relat-
ed to the inhibition of bacterial growth due to the increased concentration of cyanide ions [13].
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Figure 2. The effectiveness of chemical and bacterial methods at thiocyanate removal

The consortium of bacteria was able to remove 99 % of the thiocyanate ions in 120 hours, showing the
highest efficiency. However, other reagents have shown less activity at the same time with 52 % and 9 % for
GAC and Na,S,0;s, respectively. In the control solutions, the decrease in the concentration of cyanide and
thiocyanate ions occurred under the influence of atmospheric oxygen (Table 1 and Fig. 2).

Thus, sodium pyrosulfite was the most efficient reagent at removing cyanide ions with 97 % efficiency
in 1-1.5 hours, while bacterial consortium was the most productive against thiocyanate ions, resulting 99 %
removal at 120 hours.

In this regard, a two-stage combined technology for the removal of cyanide and thiocyanate was devel-
oped. At the first stage, In order to reduce the effect of high concentrations of cyanide on the bacterial pro-
cess, a significant amount of cyanide ions is removed chemically. The second stage is the removal of the cy-
anide ions until the MPC levels, also full neutralization of the thiocyanate ions.

The results of previous experiments have shown that the most optimal method is combining of the
chemical (sodium pyrosulfite treatment) and bacterial methods. In other words, conversion of the cyanides to
the less toxic thiocyanates with subsequent bacterial degradation is a solution to the problem of wastewater
treatment.

Samples of technological solutions from the Aksu gold extraction plant (Agmola region, Kazakhstan)
were selected for model experiments. The mineral ores and concentrates of the plant are treated with cyanide
solutions. Table 2 shows the chemical analysis of the samples taken.

Table 2

The results of general chemical analysis of the solution from the Aksu gold extraction plant

Sample Analyte
p CN | SCN | Cu Fe Zn Mg As Ni Sb
Industrial 21 | 3570 | 15 | 730 7 2 1,7 3 3
solution, mg/1
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In the first stage, cyanides and metal cyanide complexes were oxidized with sodium pyrosulfite (5 g/g),
in the presence of copper ions at pH 9.0-10.0.
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Figure 3. Effectiveness of CN” removal with sodium pyrosulfite

The obtained data (Fig. 3) show that the neutralization degree is 97 % in 90 minutes, the residual CN™
concentration was 6.6 mg/l, whereas the concentration of thiocyanate ions increased due to the oxidation of
cyanide ions, which amounted to 3785 mg/1.

In the second stage, the processing solution was passed through a bioreactor for destruction of the re-
sidual content of cyanide and thiocyanate by bacterial consortium immobilized on a zeolite. The results of
the experiments are shown in Figures 4, 5.
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Figure 4. Effectiveness of CN™ removal with bacterial consortium Agrobacterium tumefaciensAC-1,
Agrobacterium tumefaciensAC-2, Pseudomonas sp. AC-3
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Figure 5. Effectiveness of SCN™ removal with bacterial consortium Agrobacterium tumefaciensAC-1,
Agrobacterium tumefaciensAC-2, Pseudomonas sp. AC-3

Based on the results of the experiments, the degree of bacterial destruction of CN'and SCN-are 99 %
and 99.9 %, respectively. Moreover, respective residual concentrations of CN™ and SCN-ions in the treated
solution were <0.1 mg/l and <4 mg/l, which corresponds to the maximum permissible concentrations ap-
proved in the Republic of Kazakhstan and CIS countries.
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H.K. Xannap, B.M. aitxyraunos, O.A. Ten, JI.C. bannanos,
E.H. Kanadun, P.A. Xannanos, P.111. Epkacos, A.A. bakubaes, A.T. Ke3nukbaeBa

BaKTepHﬂJ’lblK-XHMHHJ’ILI TICIIMEH MUAHUA- §KOHEC TUOLMHAHAT-UOHIAD AE€CTPYKIUMNACHI

Maxanaza OGaKTEpUSUIBIK JKOHE XMMHUSUIBIK OMICTEPMEH LHMAHMA JKOHE TUOLMAHAT-UOHIAP NECTPYKLHs
Maceeliepi KapacThIpbllFaH. XUMHUSJIBIK ACCTPYKIHMS SAICTepl peTiHae MbIC CyibhaTbl KaTalu3aTOPbIHIA
HaTpuil nupocynbGaTHeH TOTHIKTBIPY JKOHE OCNCEeHIIpiIreH KOeMipMeH aacopOuusuiay KOJIaHBUIIBL.
JecTpyKUMsHBIH OaKTepHsIIbIK Tocim Agrobacterium tumefaciens AC-1, Agrobacterium tumefaciens AC-2
xoHe Pseudomonassp AC-3 Oakrepusiiap KOHCOPIMYMBIMEH Kyprizimmi. Toxipubenepni Kamaramay
MakcaThIMeH OipJell ImapTrapia peareHT KOCBUIYBIHCHI3 MOMENBAIK epiTiHfinep maiibiHmangsl. [{umanmn
HOH/Ap aNbll MIBFApy YIIIH €H THIMII Tocil HaTpuil mupocynb(UT bIKHansHAa Oaiikanms:: 97 % 1-1,5 car;
Agrobacterium tumefaciens AC-1, Agrobacterium tumefaciens AC-2 >xoHe Pseudomonas sp. AC-3
OaxTepusiap KOHCOPLMYMbI THOLMAHAT-HOHIAP ajbll wibFapy yurin: 120 car — 99 %. ConbiMeH, OipiHmui
Ke3eHJle OaKTepHsUIBIK Hporiecke Gerer 0O0Mybl MYMKIH LMAHUITIH XKOFapbl KOHLEHTPALMSICHIH XUMHSIIBIK
onmicien Temenaerti. Exinmn kesewme umanuma wonmap IIIPK newreifine neitin asaiipll, THOLMAHAT-
HOHZAPABIH TOJBIK 3aNaJICBI3AaHABIPBLUIYbl JKYPri3inmi. AnTbIH wibiFapy (aOpHKaHbIH TEXHOJIOTHSIIBIK
epITIHAIIepIMEH MOJETB/l JKCIHEPHMEHTTEp >Kacayibl. 3epTTey HOTKenepi OoibIHIIA OakTepusuiap
koHcopuuyMbIMeH CN™ xxoHe SCN™ Oy3buty mopexeci 99 xxoHe 99,9 % coiikec. OHnenren epitinmizeri CN
sxoHe SCN-HOHIAPBIHBIH KalIblK KOHIEHTpamusaapsl <0,1 mr/m sxeme < 4 wMr/mx coiikec Gonmsl. By
Kazakcran Pecrry6mkacst men TM/ ennepinge KaObUiianFaH IEKTi PYKCaT eTUITeH KOHIEHTpPAIHs peTiHme
KaObUIIaHFaH JICHrelre cail Keni.

Kinm coe30ep: uwaHui, THOLMAHAT, ASCTPYKUMS, ajbIll IIbIFApy THIMINIT, a3y, HaTpuil nupocyab(uTi,
TYHipIuikTearen OeaceHaipinreH Kemip, 6akTepusuiap KOHCOPLUYMBI.

H.K. Xannap, B.M. Hlaitxyraunos, O.A. Ten, JI.C. bannanos,
E.H. Kanadun, P.A. Xannanos, P.111. Epkacos, A.A. bakubaes, A.T. Ke3nukbaeBa

IleCprKIII/IH IHUAHUA- 1 THOIHAHAT-UOHOB 6aKTepna.m>H0-ngnqec1mM cnocooom

B craTbe paccMOTpeHBI BOINPOCH! AECTPYKIUH [IHaHKUA- U THOLMAHAT-HOHOB OaKTepUaTbHBIMU U XMMUUECKHU-
MH MeTojaMu. B kadecTBe METOJ0B XMMHYECKON NECTPYKIMU OBUTH HCIOJIB30BaHbI aJICOPOLIUS TPaHyIHPO-
BaHHBIM aKTHBHPOBAHHBIM YIJIEM M OKHUCIECHUE MUPOCYIb(GUTOM HATPHS B IPUCYTCTBUU KAaTAIU3aTOPA CYJlb-
¢dara memu. BakrepuaibHBIi CHOCOO AECTPYKLMHM HPOBEISH KOHCOPLHUYyMOM Oaxtepuit Agrobacterium
tumefaciens AC-1, Agrobacterium tumefaciens AC-2 u Pseudomonassp. AC-3. JInst KOHTPOIISL CTaBUIIM MO-
JeTbHBIC PACTBOPHI IIPU MAEHTUYHBIX YCIOBHAX 0e3 1o0aBieHHst Kakoro-nmbo pearenra. Hanbonee 3 dex-
THUBHOE yAaJIeHHe [IUaHU]-HOHOB HAaOII0aI0Ch IPH BO3ACHCTBHY MUpoCynbhuToM HaTpus: 97 % 3a 1-1,5 q;
JUISL yIaJieHuss THOIMAHAT-HOHOB KOHCOpIMYM Oaktepuit Agrbacterium tumefaciens AC-1, Agrobacterium
tumefaciens AC-2 u Pseudomonassp. AC-3: 3a 120 u — 99 %. Takum 00pa3om, Ha IIEPBOI CTaAUM yAAIIACT-
Csl 3HAYUTENBHOE COJIEP)KaHNE LIMAHU/I-MOHOB XUMHYIECKHM CIIOCOOOM [T CHHKEHHSI BO3JIEHCTBHUS BBICOKHX
KOHLIEHTpaluil IMaHuaa Ha OakTepuanbHbIil mpouecc. Ha BTOpol cTaguy MPOMCXOOUT yAaleHHe LHUAHWI-
noHoB o I1JIK, a Taxxe monHoe 06e3BpeknBaHUE THOIIMAHAT-HOHOB. IIpoBeaeHbI MOJIEIbHBIE SKCIIEPHMEH-
TBI C TEXHOJOTHYECKUMH PACTBOpaMHU 30JI0TOM3BIEKaTeNnbHOI (abpuku. Ilo pesympraTtaM HcciaemoBaHHN
creneHb paspymerns CN™ u SCN -HOHOB KOHCOPIHYMOM Oaktepuid coctaBisieT 99 u 99,9 % coorBercTBeH-
Ho. OcraTtounas koHneHtparus CN™ u SCN -noHoB B 00pabotanHoM pactBope cocraBmia <0,1 mr/m u < 4
MI/J COOTBETCTBEHHO, YTO OTBEYAET MPEJENIbHO JOITyCTUMOIl KOHIIEHTPALMH YTBEPXKICHHBIX B PecrryOnmke
Kazaxcran u ctpanax CHI'.

Kniouesvie crosa: nuaHui, THOUMAHAT, NECTPYKLHs, 3)(EKTUBHOCTD yIAICHUsI, ACrPadallis BEIECTB, THPO-
CyIb(UT HATPUS, TPAHYINPOBAHHBII aKTUBUPOBAHHBIN yrojlb, KOHCOPIIMYM OaKTEpHi.
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Research of brown iron lisakovsky raw materials
solid phase metallization process

The research results of the process of lisakovsky gravitational magnetic concentrate (LGMC) solid-phase
metallization using the highly reactive solid carbon reducing agent «direksil» are given in the article. There
were set rational parameters of solid-phase reduction process of LGMC in the mine furnace providing the ex-
tent of its metallization of 20.4-88.6 %. It was determined the temperature range of solid-phase direct reduc-
tion of iron of 1150-1200 °C providing the maximum rate and extent of iron oxides metallization, at the same
time passing over emergence of the liquid phase — fusion. Use of «direksil» as a reducing agent allows rais-
ing metallization extent of LGMC in more than 3 times in comparison with furnace coke. In the article there
are given diffraction patterns (X-ray patterns) of the metallized samples of LGMC characterizing phase struc-
ture and crystal structure of the obtained restoration products depending on the type of reducing agent. The
physical condition of the metallization products obtained in the mode of solid-phase restoration allows using
all known methods of separation of the metallized concentrate from the dead rock. The most preferable option
of such separation includes methods of magnetic separation in view of contrast formed after the system met-
allization. Separation of magnetic and non-magnetic products after metallization is an obligatory element of
the technological scheme of LGMC metallization since the total content of iron in initial concentrate does not
exceed 49 %. At that depending on metallization extent the magnetic fraction can be used as a furnace charge
component when smelting the conversion iron in the blast furnace (metallization extent is less than 40 %) or
steelmaking in the electric furnace (metallization extent is more than 80 %).

Keywords: brown iron, LGMC, solid-phase metallization, metallization extent, carbon reducing agent,
direksil, phase structure, metallized concentrate.

Many research works and publications are devoted to studies of the iron restoration process from the
lisakovsky gravitational and magnetic concentrate (LGMC) during a number of decades [1-6]. In particular
the scientists of Zh. Abishev Chemical and Metallurgical Institute are engaged in solution of the problem of
benefication and refinement (dephosphorization) of LGMC [3—6] for many years. In the works [2—6] there
are concerned the results of reducing roasting of LGMC with use of gaseous, solid and liquid reducers. Au-
thors [2] established that restoration rate of concentrate’s layer was limited by external diffusion at designed
temperature and gas composition. And, as the studies have shown, the external diffusive resistance for a con-
centrate is much less than internal diffusive resistance, for example, for the iron nugget concentrate, and is
regulated by change of gas consumption, due to which the metallization rate increases significantly. This ad-
vantage of the concentrate over the layer of lumpy materials can be used for solution of problems of direct
metallization of iron ore concentrates, in particular, in vertical porous tanks. But the main obstacle in the way
for realization of such process is susceptibility of usual iron ore concentrates to adhesion and swelling during
restoration. However, according to authors [2], as for metallization of LGMC, the process proceeds without
adhesion of particles even at 1000 °C. Lisakovsky concentrates in the whole interval of reduction degree
from 0 to 1 do not conglutinate both at low and high (1000 °C) temperatures, they do not inflate and, on the
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contrary, considerably shrink. These features of them are favorable to solution of tasks on solid-phase metal-
lization, with expansion of temperature limits of reduction in order to achieve the high rate of interaction. To
overcome the difficulties connected with low burdening materials’ bed porosity it is necessary to create such
conditions for metallization of ore raw materials at which the rate of the process would not be limited by dif-
fusive resistance. It is possible to solve this important problem when using reducer with the high reactive
capacity and applying the special technology on preparation of burden constituents.

The problem of the real researches consisted in determination of temperature limits of solid-phase direct
reduction of iron with a view to provide the maximum rate and extent of metallization of iron oxides, at the
same time passing over emergence of the liquid phase — fusion. For solution of that we have conducted a
series of experiments on studying the influence of temperature condition on metallization of the lisakovsky
gravitational and magnetic concentrate in the heat-treatment furnace (mine furnace). Test activity on direct
restoration was carried out at 1000—-1250 °C temperatures. The furnace coke (Arselor Mittal Temirtau) and
new highly reactive reducer «direksil» were used as reducing agents. Carbonaceous reducing agent
«direksil» was obtained from the enriched nonlinkering coal by the method of high-speed thermal-oxidative
carbonization. Development and exploitation of the production technology of direksil were carried out under
the direction of professor, laureate of state prize of RK V.A. Kim (Zh. Abishev Chemical and Metallurgical
Institute) [7].

Ash technical specifications and chemical composition of the carbonaceous reducers used in the exper-
iments carried out by us are given in the Tables 1 and 2. Weight ratios of LGMC to the reducing agent were
1:0.25. Preparation of furnace charge for metallization was carried out by two ways, namely,

— LGMC and reducing agent (furnace coke or direksil) were placed in the melting pot by layers;

— LGMC and reducing agent (furnace coke or direksil) were carefully mixed and placed in the melting

pot.
Table 1
Technical specifications of carbonaceous reducing agents
Reducing agent Technical structure, %
educing age WP A Ve S P
Direksil 1.0-2.0 1.0-5.0 3.6-15.0 0.20-0.40 0.01-0.04
Furnace coke of ArselorMittal Temirtau 2.0-15.0 13.8 1.5 0.50 0.045
Table 2
Chemical composition of reducing agents’ ash
Reducing agent Content, %
£ag SiO, AlLO, MgO+CaO Fe,0;
Direksil 48.06 18.62 4.78 7.32
Furnace coke of ArselorMittal Temirtau 48.50 20.0 8.7 16.6

The analysis of experiment results on metallization of LGMC with the use of furnace coke shows that at
long isothermal holding the set temperature of emergence of the liquid phase is 1150 °C. In such a way it was
observed emergence of the liquid phase — fusion (fayalite) in restoration products in the experiments carried
out at the temperature of 1150 °C. Pictures of the metallized samples obtained as a result of reducing roasting
of LGMC with the use of the furnace coke as a reducing agent at long isothermal holding of 60 and 90
minutes at 1150 °C are given in the Figure 1. As you can see on the fracture of the samples the fusion zone
with increase in hold time up to 90 minutes covers almost total volume of the metallized product (sample b).

With reduction of isothermal time of LGMC mixture and solid reducing agent the temperature range of
solid-phase restoration extends towards the greater temperature considerably. So at the time of isothermal
holding of pilot samples within 5—-15 minutes the noticeable emergence of the liquid phase was not observed
at 1150 °C and even at 1200 °C. Noted feature of mixture behavior of LGMC and solid reducing agent is in-
dicative of the basic possibility of realization of solid-phase restoration of LGMC at short-term holding of
furnace charge within 10—15 minutes with achievement of the set extent of metallization of <40 % as well as
>80 %. At the same time the subsequent separation of a ferriferous part from dead rock can be carried out by
methods of magnetic separation of products of solid-phase metallization.
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a — sample obtained at isothermal b — 90 min
holding of 60 min

Figure 1. Metallized samples obtained at reducing roasting of LGMC using furnace coke

The concentrate which is formed at metallization extent of <40 % containing up to 72 % of iron can be
used at domain melting of conversion iron. It opens a prospect of the wider involvement of brown iron ores
into traditional two-stage steel production the balance reserves of which in Kazakhstan are estimated in bil-
lions of tons.

According to requirements to a metallized concentrate the criteria of its suitability as a furnace charge
component for steel smelting in electric furnaces is metallization extent of more than 80 % at the minimum
content of dead rock [8]. Results of the experiments carried out in the range of temperatures of 1150—
1250 °C showed that it was necessary to apply the highly reactive reducing agent in the form of direksil for
achievement of metallization extent of LGMC of >80 %. At that in the temperature range of 1200-1250 °C
the set metallization extent of LGMC (80 % and more) is provided at mixture holding within 8—10 minutes.

In compliance with a research problem at traditional ways of metallization of LGMC connected with
long isothermal holding, as a rule, exceeding 60—90 minutes there were set the technological parameters of
solid-phase restoration in which metallization temperature should not exceed 1100 °C. For obvious demon-
stration of influence of reducing agent type on metallization process of LGMC the results of the experiments
carried out at 1100 °C and hold time of 90 minutes are given below. The furnace coke and direksil are con-
sidered as the solid reducing agents (see Table 1). Conditions of furnace charge preparation are described
below:

— Experiment No. 1 — LGMC and furnace coke were divided into 5 parts and placed in the melting pot

by layers.

— Experiment No. 2 — LGMC and direksil were divided into 5 parts and placed in the melting pot by

layers.

— Experiment No. 3 — LGMC and direksil were mixed and placed in the melting pot.

— Experiment No. 4 — LGMC and furnace coke were mixed and placed in the melting pot.

The pictures of the metallized product samples of LGMC obtainedas a result of solid-phase reduction
with different reducing agents are given in the Figure 2.

a, b — furnace-charge by layers; ¢, d — mixed furnace-charge

Figure 2. Pictures of metallized product samples of LGMC

Products of reducing roasting are represented by weakly caked-on particles, which crumble by easy
pressing. Thus, the physical condition of the metallization products obtained in the mode of solid-phase res-
toration allows using all known methods of separation of the metallized concentrate from the dead rock. And
the most preferable option of such separation includes methods of magnetic separation in view of contrast
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formed after the system metallization. Separation of magnetic and non-magnetic products after metallization
is an obligatory element of the technological scheme of LGMC metallization since the total content of iron in
initial concentrate does not exceed 49 %. At that depending on metallization extent the magnetic fraction can
be used as a furnace charge component when smelting the conversion iron in the blast furnace (metallization
extent is less than 40 %) or steelmaking in the electric furnace (metallization extent is more than 80 %).

Samples a and b were obtained when loading furnace charge by layers, and samples ¢ and d — as a re-
sult of carrying out metallization by furnace charge mixing. Direksil was used as a reducing agent in samples
b, d; a and ¢ were obtained with the use of furnace coke. For assessment of reduction degree of iron oxides
on height of the metallized sample the test for the chemical analysis was selected by layers. Non-magnetic
component of the metallized samples was separated by means of magnetic separation without crushing of the
products obtained. The chemical composition of the magnetic part of the metallization products of LGMC is
given in the Table 3. According to the results of analysis of the chemical composition of the magnetic com-
ponent of metallized LGMC content of the total iron in the metallized products with application of direksil is
higher than in samples with use of furnace coke for 5-7 abs. %.

Table 3
Chemical composition of metallized products
Exp. Content, %
Name -
No. Feqol SiO, ALO; | CaO | MgO P S
LGMC with furnace coke by layers
1 (upper) 67.01 10.74 6.22 n/o 0.72 0.92 | 0.137
1 2 67.40 10.81 6.18 0.87 n/o 098 | 0.134
3 67.66 10.18 6.18 0.35 n/o 0.96 | 0.077
4 67.66 8.99 6.37 0.52 n/o 0.99 | 0.077
LGMC with direksil by layers
1 (upper) 68.59 14.41 6.06 n/o 0.65 0.99 | 0.067
2 2 77.22 10.50 7.04 0.52 | nfo/o 1.1 0.057
3 76.43 11.50 6.72 0.52 2.90 1.1 0.057
4 76.69 11.22 7.19 n/o 2.90 1.1 0.057
LGMC with furnace coke by mixing
1 (upper) 71.26 7.84 6.40 n/o 0.99 097 | 0.173
3 2 71.52 7.78 6.33 n/o 0.82 1.0 0.105
3 70.32 8.04 6.29 n/o 0.82 1.0 0.115
4 68.86 8.51 6.16 n/o 0.82 0.94 | 0.192
LGMC with direksil by mixing
1 (upper) 80.31 7.44 6.85 n/o 0.82 1.12 | 0.077
4 |2 77.91 8.31 6.68 n/o 0.98 1.08 | 0.096
3 72.59 8.70 6.61 n/o 0.65 1.02 | 0.077
4 70.72 8.31 6.29 n/o 0.82 0.99 | 0.096

In Figures 3 and 4 there are given diffraction patterns (X-ray patterns) of the metallized samples of
LGMC characterizing phase structure and crystal structure of the obtained restoration products depending on
the type of reducing agent. It should be noted that the content of silicon dioxide in the samples obtained by
mixing the furnace charge before metallization process conduction is less for 3—5 % than in the samples ob-
tained when loading furnace charge by layers that is coordinated with data of X-ray phase analysis
(Fig. 3, 4).

As a result of solid-phase restoration in all experiments we have obtained a metallized concentrate in
the form of weakly caked-on particles, which crumble by easy pressing. Extent of metallization is calculated
according to the chemical analysis taking into account results of X-ray phase analysis. Exponents of metalli-
zation of the obtained products depending on conditions of furnace charge preparation for recovery roasting
and the applied reducer are given in the Table 4.
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Figure 3. Diffraction pattern of the metallized product samples obtained when loading the furnace charge
by layers with application of furnace coke (a) and direksil (b) as a reducing agent
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Figure 4. Diffraction pattern of the metallized product samples obtained when mixing the furnace charge
with application of furnace coke (a) and direksil (b) as a reducing agent
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Table 4
Metallization degree of roasted product of LGMC
Exp. N T, °C in | Fewas% | Fepa % %
No. ame P T, min Crotal, /0 Cmet> /0 Omet, /0
LGMC with furnace coke by layers
1 (upper) 67.01 17.13 25.26
1 2 1100 90 67.40 47.74 29.19
3 67.66 16.60 24.53
4 67.66 13.77 20.35
LGMC with direksil by layers
1 (upper) 68.59 36.03 52.53
2 2 —"— = 77.22 67.55 87.47
3 76.43 67.75 88.64
4 76.69 67.78 88.40
LGMC with furnace coke by mixing
1 (upper) 71.76 27.98 39.26
3 12 —"— = 71.52 27.95 39.07
3 70.32 23.31 33.15
4 68.86 18.05 26.21
LGMC with direksil by mixing
1 (upper) 80.31 68.41 85.18
4 2 —"— = 77.91 66.68 85.50
3 72.59 36.39 50.13
4 70.72 34.32 48.52

According to the chemical analysis (Table 4) the greatest extent of metallization of 85-88 % at the total
iron content of 72—77 % was reached in the experiments No. 2 and No. 4, when using direksil as a reducing
agent, activity of which is much higher than those of traditionally applied reducers, in particular, of furnace
coke. At that the metallization extent in the experiment No. 2 (with direksil) is 3 times higher than in the ex-
periment No. 1 (with furnace coke). Diffraction patterns of the metallized productsamples given in Figures 3
and 4 also confirm advantage of using direksil as a reducing agent. Characteristic peaks of metal iron are
much more intensive, and presence of fayalite and hercynite, which are formed in the course of the iron ox-
ides recovery, is insignificant (Fig. 3, b and 4, b) in comparison with phase structure of the metallized prod-
uct obtained with the use of furnace coke (Fig. 3, a and 4, a). The average chemical composition of the met-
allized samples is as follows Fe;, — 77.91; Si0, — 8.31; A1,0; — 6.68; MgO — 0.98; P — 1.08. Basicity
(A1,0;+Mg0)/Si0, is equal to 0.9.

Thus, as a result of conducting studies of the metallization modes of brown iron lisakovsky concentrate
there are set the rational parameters of direct solid-phase restoration of LGMC in the laboratory mine furnace
providing extent of its metallization of 20.38-88.64 %. It is more preferable to usedireksilas a reducing
agent, highly active solid reducer from Shubarkol coal allowing raising extent of metallization of LGMC in
more than 3 times in comparison with furnace coke. Optimum temperature of solid-phase metallization pro-
cess of LGMC at long holding should not exceed 1100 °C. With reduction of time of isothermal holding of
LGMC mixture with solid reducer the solid-phase metallization is provided at more high temperatures of
roasting reaching up to 1150-1200 °C. The specified feature allows using the new technical solutions for
achievement of the set metallization extents of LGMC obtaining the final products for multiple purposes.

Work was performed upon the program of grant financing within the project No. 0026/PTF «Develop-
ment of autothermal technology of metallized concentrate production from brown iron ores». Report about
SRW/ Zh. Abishev ChMIn. Karaganda, 2016.
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KoHnpbipTeMipJii incakoB MIUKI3aTbIHBIH KATTHI (pa3ajbIK
MeTaJJIaHy YPAICiH 3epTTey

«JIUpEeKCHIT» JKOFapbl PEAKIIMOH/BI KaTThl KOMIPTEKTI TOTBHIKCHI3AAHIBIPFBILITH KOJNJAHY apKbLIbl JIMCAKOB
TPaBUTALMSIIBIK MarHUTTI KoHeHTpateH (JI'MK) meranmannsipy ypaiciae 3eprrey sxyprizimmi. 20,4-88,6
MeTalaHy aopeskeciH Kamramachl3 ererin JI'MK-HbIH KaTThl (a3anslk TOTBHIKCHI3NAHY YPAICIHIH YTHIMIBI
KepceTKimTepi opHaThUIABL JKOFaphl )KbUIIaMABIK IT€H TeMip TOTHIFBIHBIH METAJJaHy JEeHIeiliH KaMTaMachl3
eTim, CyHpIK (a3a — OaJKbIMaHBIH KalbINTACYbIHAH alHAJBII OTETIH KAaTThl (a3ajbl TEMIpIiH TiKenei
KanbimracyslHblH ~ 1150-1200 °C-marpl  TemmepaTypa — AWMAma3oHbBl  AHBIKTAIABL  «JlUpeKcHimbi»
TOTBIKCBI3NAHABIPFBII  peTiHae mnaiimamany JITMK-HbIH MerangaHy JAeHreiliH JOMHa KOKCBIMEH
caJIbICTBIpFaH/a 3 eceleH KOIl apTThIpyFa MyMKiHAik Oepexmi. Kanmbinka kenripyuriHig TypiHe OailllaHBICTHI
QJIbIHFAH KaJbllIKa KENTIpYII eHIMAEpAIH KPUCTANIBIK KYPbUIBIMBI MEH (ha3ajblK KypaMblH CHNATTAHTBIH
veranpanrad JITMK  typnepinin audpakrorpamMManaps! (peHTreHOrpaMMallapsl) KendrtipinreH. KarTsl
(ha3aipIK KaublKa KeNTipy TOpTIOiHIe aNblHFaH MeTalJlaHFaH eHIMAEpAiH (GU3HKaNbIK KyHi 60c TyprepaeH
MeTaJlTaHFaH KOHIIEHTPATTHI Oeirye OapibIk Oenrini ogictepai maiinananyra MyMKinaik 6epeni. XKyienepain
MeTaJJaHyblHAaH KeHiH KaJbINTACAaThIH Kapama-KaillbUIBIFbIHIAH MArHATTI cermapaiys aMaiapbl MyHJai
Genynepae eH Komailabl Hycka Oousibll TaObutamel. MeTajagaHablpyAaH KeifiH eHiMAepAl MarHUTTI JKOHE
marautciz Geny JIT'MK MerangaHablpyblH TEXHOJNOTHSJIBIK ChI30ACBIHBIH MIHACTTI JJEMEHTI OOJIBII
TabblIaabl, ce0edi IIBIFBIC KOHLEHTPAThIHAA JKaIIbl TeMip Kypambl 49 % acnaiinel. COHBIMEH KaTap
METaJIaHabIpy JACHreiiHe OaiiaHbICTBl MAarHUTTI (Gpakius JOMEHAlI MHelTe KoiAaHOambl IONHBIH/BI
KOpBITYZarsl (MeTanmanaplpy neHreiti 40 %-maH keM emec) HeMece DJIEKTp IeIuTe OONATThl OalKbITyJarbl
(metanmanaslpy neHreii 80 %-aaif) IMUXTa KOMIIOHEHTI CHSIKTHI TTaiilallaHbLTY bl MYMKIH.

Kinm ce30ep: xouplp Temip kenmepi, JI'MK, xarTel ¢asanblk MeTanmaHIbpy, METaJIJaHABIPY JeHTeli,
KOMIPTEKTi TOTBIKCHI3IaHABIPFBIN, «/{npeKciy», Ga3anblk KypaMsl, MeTallaHJbIPBUIFaH KOHIICHTPAT.

O.A. borosiBieHcKas, , C.B. Kum, C.X. Kynapuhos,
M. K. Ixyunubaes, B.B. Cuyxuna, JI.B. I'eitaig

HUccaenoBanue npouecca TeepaopasHod MeTAIA3ALMA
Oypo:KeIe3HSIKOBOTI0 JINCAKOBCKOT0 ChIPbS

B crarbse npuBeneHs! pe3ysbTaThl HCCIEI0BAHUS Mpoliecca TBepA0(a3HONH MeTaIIM3aLUH JTUCAKOBCKOTO Ipa-
BUTALIMOHHOTO MarHuTHOro koHuneHtpara (JI'MK) ¢ nmpuMeHeHneM BBICOKOPEAKLIMOHHOTO TBEPIOIO yriie-
poaHoro BoccTaHOBUTENs «JMpekcrin». YCTaHOBICHBI PallMOHANIBHBIC [TAPaMETPBI Mpolecca TBepa0ha3HOro
Boccranosienus JIITMK B maxTHo# ey, o0ecreunBaroIiie crenens ero Merammsanun 20,4-88,6 %. Or-
penereH TeMIepaTypHbIH Hana3oH TBEpAO(a3HOro IMPSIMOTO BoccTaHOBIeHHS skene3a 1150-1200 °C, obec-
MEeYUBAIOIINN MaKCUMAaJIbHYIO CKOPOCTh U CTEIIeHb METAJUIM3alluU OKCHUJOB JKeJle3a, MUHYS IIPU 3TOM I0SIB-
JeHue Kugkon (asel — pacruaBa. Vcnonp3oBaHue «Jlupekcuiiay B Ka4ecTBE BOCCTAHOBHTEIS MO3BOJISIECT
MOBBICHTH cTerieHb Metantmanuu JITMK B Gonee uem 3 pa3a 1o cpaBHEHHIO C JJOMEHHBIM KOkcoM. [IpuBe-
JeHbl qudpakTorpaMmbl (PEHTTEHOrpaMMbl) MeTalTn30BaHHbIX oOpasuoB JITMK, xapakrepusytomrue dazo-
BBIA COCTaB U KPUCTAIMYECKYIO CTPYKTYPY HOIYyYEHHBIX MPOAYKTOB BOCCTAHOBJIEHHS B 3aBHCUMOCTH OT
BU/Ia BOCCTaHOBUTEN. PHU3NUYECcKOe COCTOSHUE MPOIYKTOB METAJUIU3ALUH, OJIYYEHHBIX B PEKUME TBEPAO-
(ha3HOTO BOCCTAHOBJICHUSI, IO3BOJISICT UCIIOJIB30BATH BCE M3BECTHBIC METOMBI Pa3/eICHHsI METAUIN30BAaHHOTO
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KOHIIGHTpaTa OT IycToit noposl. [IpiyeM Hanboee IpeaInoYTHTEIbHBIM BApHAHTOM I10I00HOTO pa3/Ie/ieHusI
SIBJISIOTCSL IPUEMbI MATHUTHOM Cenapanuy B BULY KOHTPACTHOCTH 00pa3yIoNIeNcst MOC/Ie MeTalIn3aliui CUC-
TeMbl. Pa3ieneHne MarHUTHOTO ¥ HEMarHUTHOTO MPOAYKTOB I1OCIE METaUIM3ALHHU SIBISIETCS 00513aTeIbHBIM
2JIEMEHTOM TEXHOJIOTHYecKo# cxembl Metanmmzanun JITMK, Tak kak cymMMapHOe coJliepKaHUe jKee3a B HC-
XOJJHOM KOHIIeHTpare He mpesbimaeT 49 %. [Ipu 3ToM, B 3aBUCHMOCTH OT CTEIICHU METAJUTU3AINU, MarHUT-
Has (pakmus MOXeT OBITh MCIIONB30BaHA KaK KOMIIOHCHT IIMXTHI MPH BHITUIABKE MEPEACIBHOTO YyryHa B
JIOMEHHOM 1eun (cTerneHh Metaumn3anun MeHee 40 %) WITH jke BBITUIABKE CTAIN B DIICKTPUYCCKON TeyH (CTe-
neHp Metaumzanuu 6omee 80 %).

Ioyegvie cnosa: MKEJE3HSIKOBBIE PYIbI , TBEPA Has METaJUIU3aLusl, CTeNeHb MeTaIU3alui
K OypOKEIIC3HSIKOBbIC , JITMK, tBepaoda3Has MeTauin3aius, CTere eTajuIh3aliH,
YIIIepOAHBIA BOCCTAaHOBUTENb, «/lupexcui», (pa3oBblil cocTaB, METAIIM30BAaHHbIM KOHLICHTPAT.
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Development of the technological process of processing
chromium-containing technogenic materials

The article is devoted to the development of the technological process for the processing chromium contain-
ing technogenic materials, which includes their roasting in the presence of sodium carbonate and the subse-
quent leaching of chromium from the sinter with water. Using the method of stochastic determinated design
of the experiment, a five-factor mathematical model of extracting chromium into a cake was obtained. It is
determined that in order to achieve the minimum recovery of chromium in the cake and, accordingly, the
most complete isolation of the given metal into the solution, it is necessary to conduct batch roasting under
the following conditions: tygs. =960 °C, Tras= 3h, N = 60 %, and leaching at 7., =2h and tige, = 60 °C.
The chemistry of the passing processes is shown. It is shown the usefulness of the obtained mathematical
equation for making predictions that are more accurate when introducing the values of the arguments within
the given limits of their variation into the given equation and less accurate at a considerable distance from
these limits. Calculation in the indicated calcination conditions shows that the recovery of chromium in the
solution increases with increasing firing temperature, time of its maintenance and consumption of Na,COs.

Keywords: chromite, stochastic determinated design of the experiment, chromium leaching, sodium car-
bonate, sodium chromate, industrial chromium containing wastes, chromite calcination, firing of chromium-
containing batch.

Products with substandard chromium content and the wastes such as dust, slimes and cakes are formed

in the production of chromium, its chemical compounds and alloys with various metals [1-3]. Involvement
of these wastes in the process of conversion is an important and urgent task [4—7].

A commercial product containing wt. %: 20.7 Cr; 6.31 Fe; 34.38 MgO; 0.6 CaO; 20.9 SiO,; 2.86 Al,O;

was selected as an object of research. The experiments were carried out according to the scheme such as
roasting of industrial products in the presence of sodium carbonate, leaching of chromium with water from
the cake (the ratio of L:S in all experiments was 4:1). The method of stochastic-determinated design of ex-
periment in the modified version was used [8]. In the six-factor plan of the experiment the following factors
such as the roasting temperature (.., °C), roasting time (7,4, h), consumption of sodium carbonate taken

with respect to the weight of the commercial product (N, %), time (z..., h) and temperature (4c4., °C) of

leaching were varied. The position for one factor in the experiment’s plan remained unoccupied, which is the
vacant factor (Table 1).

Table 1
Plan of the experiment, results of the experiments (Bc.cx, Beb.ex» Cre.exs Ecex.)
and calculations (s, Pe.ts Cret, €cc)- R is correlation coefficient and #; is its significance
troasm Troast.» N, T, T, BsAexs les Bc/bAexA, Bc/bAtA, CrcAexa Crcakem, Ecex.s Ects
°c | h |%|h|%C|™] % % % % % % % %
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
1| 560 1 20 1 |20 1| 9433 | 94.67 | 70.22 | 68.20 | 21.94 24.08 89.03 94.2
2 | 560 1.5 |30|1.5[40|2 | 9598 | 96.75 | 64.61 | 6898 | 23.02 22.68 93.41 96.45
3| 560 2 40| 2 |60| 3| 9536 | 9596 | 65.71 | 67.84 19.67 20.78 87.15 93.44
4 | 560 2.5 |50]125(80|4 | 93.80 | 93.63 | 64.11 | 66.37 17.98 18.58 83.38 87.91
5| 560 3 60| 3 [95|5| 91.79 | 9042 | 60.12 | 65.60 | 20.33 16.05 94.28 80.68
6 | 660 1 30 2 (80| 5| 92.84 | 93.76 | 76.92 | 74.73 18.71 17.35 90.38 79.81
7 | 660 1.5 140(25(95| 1| 92.04 | 9299 | 71.43 | 65.28 18.15 19.5 87.68 84.21
8 | 660 2 50 3 (202 90.43 | 90.73 | 64.21 | 60.48 15.55 16.78 72.11 71.98
9 | 660 25 |60 1 |40] 3| 88.42 | 87.62 | 62.51 | 66.31 17.4 14.75 84.06 74.57
10| 660 3 20| 1.5]60| 4 | 88.88 | 87.52 | 83.31 | 87.92 19.26 18.93 93.04 95.28
11| 760 1 40| 3 |40 4 | 89.55 | 90.64 | 62.96 | 68.89 15.92 12.77 67.68 57.93
12| 760 1.5 |50 1 |60|5 | 87.78 | 88.43 | 56.11 | 63.30 16.29 15.21 66.1 68.19
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Continuation of Table

1 2 3 4 5 6 | 7 8 9 10 11 12 13 14 15
13| 760 2 60 15]80| 1] 8573 | 854 703 | 63.72 | 14.81 14.45 80.13 70.07
14| 760 25 [20] 2 19512 | 86.11 | 8531 | 73.33 | 76.93 | 19.08 20.7 81.11 90.98
15| 760 3 30/25(20| 3] 87.80 | 87.18 | 73.85 | 7441 15.2 14.22 70.5 64.8
16 | 860 1 501151953 | 85.77 | 86.57 | 53.33 | 62.08 | 12.78 12.01 49.39 52.68
17| 860 1.5 |60 2 |20 4| 83.58 | 83.6 | 50.21 | 56.12 | 11.62 12.05 44.91 51.23
18| 860 2 2025|140 5| 83.85 | 83.51 | 63.33 | 71.31 | 2247 17.6 82.49 71.37
19| 860 25 |30 3 |60 1| 8544 | 8534 | 58.46 | 69.05 | 10.07 14.48 39.97 61.13
20| 860 3 40| 1 |80]2 | 85.06 | 84.64 | 74.28 | 68.86 10.5 12.65 52.75 57.27
21| 960 1 60]25]60| 2] 8195 | 82.11 | 60.12 | 57.53 7.75 9.001 35.94 39.15
22| 960 1.5 [20] 3 |80 |3 | 82.03 | 82.02 | 66.67 | 61.17 | 19.37 17.14 74.86 59.54
23| 960 2 300 1 [95]4 | 83.48 | 83.82 | 52.31 | 56.34 18.6 16.57 61.1 56.97
241 960 25 |40 1.5)20|5 | 83.05 | 83.14 | 57.14 | 57.45 15.5 12.02 59.9 45.19
251 960 3 50] 2 |40 1] 81.75 | 81.12 | 64.31 | 64.90 8.5 9.131 39.42 41.68

R 0.9846 0.7270 0.8044 0.8429
I 610.8173 29.3006 43.3080 57.3464

The batch for roasting was prepared by mixing the sample of commercial product, which was the same
in all experiments, and sodium carbonate according to its consumption. Thus, the mass of the batch was vari-
able depending on the consumption of Na,COs.

During the mathematical processing of the experimental data, the yield of the sinter (Byiuer» %0), the yield
of cake calculated with respect to the mass of the sinter (Beuesiner, %0), the yield of cake, found with respect to
the mass of the initial batch (Byuci, %0), chromium content in the sinter (Cr;e,, %), in the cake (Cr e, %) and
in the batch (Cryuen, %), chromium recovery in the cake (g.4., %) and in the solution (g, %) were deter-
mined. The relationship between these variables is determined by the following relationships:

m_ %100
b =72 (1)
batch
— mcake i 100 . 2
Bc‘ake/sinter - ’ ( )
sinter
— mcake i 100
Bcake/batch - 2 (3)
mbatch

where Myiuer, Mparen, Meare — are the mass of the sinter, batch and cake, respectively. Using the formulas
(1)—(3), we find:

B — Bsinter ) Bcake/sinter . (4)
cake/batch 1 0 0
The recovery of chromium into the sinter is equal to 100 %, which is calculated by the formula:
o CI
Sinter — BS!I‘!t{?V sinter — 100 . (5)
rbatch
The extraction of chromium into a cake is determined by:
- .C
gcake — B cake/sinter cake . (6)
Cr,

sinter
According to (5) the chromium content in the sinter Cry;,,, is:
— 100 ) Crbatch

Crsinter - (7)

B sinter

Substituting this expression to (6), we find:
I3 — Bcake/sinter ) Bsintercrcake (8)
ke 100 ’ Crbatch
or, taking into account (4):
— B cake/batch Crcake

cake — . (9)

Crbatch

Cepusa «Xumuns». Ne 1(89)/2018 75



N.A. Kargina, V.N. Fomin

The extraction of chromium to the solution is:
g,= 100 — & (10)
Thus, the functions under consideration are related to each other and are interdependent, which is re-
flected on the form of the partial functions obtained in the process of their graphic representation. So,
Beakesaren depends on Bginrer and Peakessiner (4), and the extraction of chromium in the cake (8) is determined by
the mutual influence of the four dependent variables such as Beuiesinters Psinters Cleate a0d Crpgzen.

Table 2
Partial dependencies

Z
e

Function’s name
Yeild of sinter, Siiuer

Equation in logarithmic form

10Byiniert = 6.0942 — 2.4873-10 "It g,
I0Byiniers = 4.4708 — 2.6092- 10 1T,
I0Byyers = 3.8181 — 7.1847-10 N + 0,254InN
InBeakesvarens =—9.6171 — 3.7299- 10’3tmas,_ +2.5116Int,,45
InBeakesvarcna = 3-8216 + 0.34017,,4, — 0.5418In7,544,
I0Beukepatcns = 4.6975 — 0.1475InN
InBeakeparcna = 4.3054 — 0.16917, + 0.31491n7,s,
lnﬁwke/bmchs =3.4662 —4.7599- 1073116,“-},' + 0.2501311’1116,45},,
InBeateparchs = 4.1637
InCr 4101 = 8.872 — 0.92391n¢,
InCr g0 = 3.457 — 0.78357, 44
InCr, 4103 = 4.1022 — 0.37091InN
InCrgpes = 2.6816 + 0.10967, — 0,25 11070401,
InCr 4105 = 3.2934 + 5.8036- 10’31‘13{,0,,, —0,22321nt 40,
InCr 4= 2.7602
N ge1 = — 3.4544 — 3.7299-10 t,pas. +1.5877 10t 94,
Ing uper = 4.5667 — 0.44347,,,,, + 0.8582In7, 4,
1N gpe3 = 5.8029 + 7.1788-10°N — 0.5184InN
€ gpes = 4.2935 = 5.95-10 *Tpes, + 6.3910 T,
€ gpes = 4.0466 + 1.0437-10 tieges, + 2.69-10 It s,
1[18(.”]“_,6 =4.2143

Note. the partial dependencies Ine .; = f{x;), where i is the number of the dependence, are obtained by substituting the arith-
metic mean values X; ,cq, and (Inx;),,...,, to (16), excluding those mean values that are the argument of the sought expression.

Yield of cake form mass of the batch,
ﬁcake/batsh

Content of chromium in the cake, Cr,,

Extraction of chromium into a cake, €.

NN B WD~ WD~ ONWN R WD =W —

In order to simplify the procedure for finding the required equations, all the particular and multifactor
dependencies will be represented as functions of the logarithms of the controllable indicators. The dotted
partial dependences (presented after the potentiation in Fig. 1-4) are described mathematically (see Table 2)
and then we reduce these formulas according to [9] to generalized equations.

InB,, .. =5.002-0.2487Int, , —2.6092-10Int,  —7.1847-10°N +0.254In N . D
InB,, s =—9-9813-3.7299-107¢,, +2.5116Inz,,, +0.34011, , —0.5418InT, , — (12)

~0.1475In N —0.16917,,, +0.3149In1, —4.7599-1071,, +0.2501Inz,,,, .

InCr,, =11.3654-0.92391Ins,  —0.7835t,  +1,4InT, —0,3709InN + 03
+0.10961,,, —0.251In7,, +5.8036-1071,,, —0.2232In1

each. leach.*

roast.

For the convenience of the following operations, we describe the dependence of the chromium content
in the batch on the consumption of Na,COj; by an equation of the form:
InCr,,,, =2.9859—-7.1788-10° N . (14)
After logarithm (9), we find:
Ing ., =InB, /e +1nCr,

cake

~InCr,,,, - (15)
Further, substituting expressions (12)—(14) in (15) we obtain:
=-1.6018-3.7299-107¢,  +1.5877In¢,  —0.4434t _ +0.8582InT,  +

roast. roast. roast. roast. 16)

+7.1788-10° N —0.5184In N —0.05951,,,, +0,0639In7,,, +1,0437-1077, , +0.02691n,,, .

In the present commercial product, chromium is present mainly in the form of chromospinelide, which
are MgCr,0,, FeCr,O4, Fe(Al, Cr),04, (MgFe)(Al, Cr, Fe),0,.

Ing

cake
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As a rule, when writing the reaction equations that occur during the roasting of batch that contains
chromospinelides, the behavior of the oxides composing this batch is considered [9]. These reactions have
the form:

FCCI‘QO4 + 2N32CO3 + 1,7502 = 2N32CTO4 + 0,5F6203 + 2C02 (17)
MgCr204 + 2N32CO3 + 1,502 = 2Na2CrO4 + MgO + 2C02 (18)
MgCr,04 + MgO + 1,50, = 2MgCrO, (19)
Na,CrO4 + MgO + CO, = MgCrO,4 + Na,COs (20)
The list of reactions that occur during roasting of chromium-containing materials includes:
A1203 + N32C03 = Na2A1204 + C02 (21)
8102 + N32CO3 = Nazsi03 + C02 (22)
FeCr,04 + 2Na,Si0; + 1,50, =2Na,CrO4 + 0,5Fe,Si04+ 1,5S10, (23)
2NaQSiO3 + 2A1203 = NaQOA1203ZSIOz + Na2A1204 (24)

A noticeable interaction of magnesium and iron chromites with sodium carbonate (17)—(18) takes place
already at a temperature of 600 °C. As the temperature rises, the degree of interaction of these components
increases. Reactions (19)—(20) occur at relatively low temperatures. Reactions (21)—(22) begin at a tempera-
ture of 710-720 °C. The form of the obtained partial dependences (Fig. 1-4) is determined by the degree of
completion of the reactions listed. Thus, the decreasing dependence of the yield of the sinter on temperature
reflects the process of loss of the mass of the batch due to the transition to the gaseous phase of carbon diox-
ide. The roasting time affects the process to a lesser extent. The presence of an extremum in the dependence
of the yield of the sinter on the consumption of sodium carbonate is the result of a purely mathematical ef-
fect: the mass of the sinter increases with increasing consumption of Na,COs. This law is described by a
power function. The weight of the batch also increases, but is directly proportional to this parameter. As a
result, the dependence of the yield of the sinter, which is a quotient of the fission mass divided by the weight
of the batch (1), is obtained with an extremum.

)8 sinL a ﬁ sint. b
90 \ 90 r b
&0 80
500 600 700 800 900 05 1 1.5 2 25 T, 4
)8 sink. C ﬂsim_ d
90 90
ﬂ”"‘_~\-
80 80
10 20 30 40 50 N, % 0.5 1.5 2 25 ¢y
ﬁgs'n. c ﬁ sint. ] f
90 90
80 80
o 20 4 60 80 , O~ 0 2 3 4 x,

a — from the roasting temperature (#,,4, °C); b — from the roasting time (t,o4sz, £);
¢ — from the consumption of Na,COs (N, %); d — from leaching time (Teuching 1);
e — from the leaching temperature (¢o4chine: °C); f— from the vacant factor (xs)
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Figure 1. Partial dependences of the yield of the sinter (By;uzer, %0)
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a — from the roasting temperature (#,,45, °C); b — from the roasting time (z,o45, /);
¢ — from the consumption of Na,COs (N, %); d — from leaching time (Teaching: 1);
e — from the leaching temperature (Zeschine: °C); f— from the vacant factor (xs)

Figure 2. Partial dependencies of cake output (Beuke/sarcnr, %0)
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a — from the roasting temperature (#,,45., °C); b — from the roasting time (t,o45, /);
¢ — from the consumption of Na,COs (N, %); d — from leaching time (Teaching: 1);
e — from the leaching temperature (Zschine: °C); f— from the vacant factor (xs)

Figure 3. Partial dependences of the chromium content in the cake (Cr e, %0)
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a — from the roasting temperature (#,,4, °C); b — from the roasting time (t,o4sz, £);
¢ — from the consumption of Na,COs (N, %); d — from leaching time (Teaching: 1);
e — from the leaching temperature (¢o4chine: °C); f— from the vacant factor (xs)

Figure 4. Partial dependencies of chromium extraction in the cake (&4, %)

The dependence of the cake yield on the roasting temperature (Fig. 2a) has an ascending and descend-
ing branch. The increase in the cake yield in the range of 560-700 °C is due to the transition to the solution
of that portion of Na,CO;, which did not react at low calcination temperatures. This part of Na,CO; decreas-
es with a temperature change from 560 to 700 °C. Accordingly, the yield of cake increases. An increase in
the cake yield in this temperature range is also associated with the passage of reactions (19)—(20). The
downward branch of the present dependence characterizes the increase in the fraction of soluble compounds
as the roasting temperature rises.

It is known [9] that formation of MgCrQO, is possible at relatively low temperatures (700—800 °C) ac-
cording to the reactions (19)—(20), as well as iron silicate (23) and nepheline (24). It is likely that an increase
in the cake yield with the largest roasting time of 3h is due to the formation of these compounds. A change in
the consumption of Na,COj; in interval 20-60 % leads to a decrease in B.uenacr due to the increase in the
amount of soluble compounds in the sinter. The leaching time and the temperature of this process have prac-
tically no effect on the yield of cake.

The content of chromium in the cake and its extraction into the latter (Fig. 3, 4) are determined by the
simultaneous occurrence of the above reactions and those changes in the interdependent technological pa-
rameters (the yield of cake and sinter, the content of chromium in the cake), which are due to these reactions.
With increasing of roasting temperature, the chromium content in the cake Cr.,, and its extraction into a
product €., decrease monotonically. The same effect occurs when the consumption of Na,CO; increases.
The dependences of Cr,. and €. on the roasting time characterize the processes of passing the reactions of
formation of sparingly soluble compounds in the interval of 1-2 h (the chromium content in the cake and the
extraction of chromium in it increase) and the increase in the fraction of soluble compounds during roasting
for a time longer than 2 h. The leaching conditions practically do not affect the monitored indicators.

Analysis of the partial dependences obtained (Fig. 4) shows that in order to achieve the minimum re-
covery of chromium in a cake and, accordingly, the most complete extraction of metal into a solution, roast-
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ing should be carried out under the following conditions such as ... = 960 °C, T,04. = 3 h, N = 60 %, and
leaching — at Ty, = 2 h and ty,.;. = 60 °C.

According to the calculation from (16), the recovery of chromium into the cake under these conditions
is 42.06 %, and in the solution 57.94 %. An increase in the latter index can be achieved if the above-
mentioned limits of the change in the roasting conditions are exceeded, that is, when the temperature is
raised to 1100-1200 °C — the time of this operation is up to 4-5 h, — and the sodium carbonate consump-
tion is to 70-80 %. Since the leaching parameters have the least effect on the results of the experiments, it is
advisable to leave the above values unchanged, namely Tj...;. = 2 h, te.n. =60 °C. The calculation for these
calcination conditions shows (Table 3) that the recovery of chromium in the solution increases with an in-
crease in the roasting temperature, the time it takes, and the consumption of Na,COs. At the same time, as far
as the limit values of factors set in the plan (Table 1) are removed, the accuracy of forecasts decreases.

Table 3

Extraction of chromium into the cake (¢...) and solution (g,;).
The calculation data for (16), (10) — €.4c.s» €501 and experimental data — €.,z x5 Esorex.

No. Lroast.» °C Lroast.» h N. > % Ecake.t Ecake.ex Esol.t Esol.ex.
1 960 3 60 42.06 39.42 57.94 60.58
2 1000 4 70 31.50 30.81 68.50 69.19
3 1100 4 70 25.24 23.46 74.76 76.54
4 1200 4 70 19.95 15.48 80.05 84.52
5 1200 5 80 15.55 8.32 84.45 91.68

Thus, using the method of stochastic-determininated design of experiment in a modified version, a five-
factor mathematical model of chromium extraction into a cake was obtained. In the derivation of this model,
there was used a method that includes the preliminary finding of two multifactorial equations which describ-
ing the influence on the output of cake (Beusemarcn) and the content of chromium in it (Cr.y) from the speci-
fied factors (roasting temperature and time of this operation, consumption of Na,COs, temperature and leach-
ing time of chromium from the cake), with the subsequent substitution of these equations into a formula link-
INg €cakes Peakesvarchs Cleares Cloaren. The suitability of the desired equation for making predictions that are more
accurate when introducing into a given equation the values of the arguments within the given limits of their
variation and less accurate at a considerable distance from these limits is shown.
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H.A. Kapruna, B.H. ®omun

XpoMKypaMabl TEXHOT€HIIK MaTepHAIapPAbI OHIEY/IIH
TEXHOJIOTHUSUIBIK YPAICIH JalbIHAAY

Makana HaTpuil kKapOOHATHI KATBICEIH/A KYHAIPY 'KoHE opi Kapail KYHIKTeH XpoMIbl CyMeH CUITLIeHIIpyaeH
TYpaTblH XPOMKYPaM[bl TEXHOTCHIIK MaTepUallapAbl OHJICYINiH TEXHOJOTHSJIBIK YpIiCiH AaiblHIayra
apHasraH. ToxipuOeHi BIKTHMaIbI-ISeTEPMHUH/I JKOCHapiay 9IiCiH KOJIAaHy apKbUIbl XPOMIbI KeKKe Oeuriln
anmyzbiH, OechakTopiIbl MaTEMAaTHKAIIBIK YArici aJlbIHABL. XPOMIbl KEKKe a3 MeJlleple oTyiHe KOJDKETKi3y
JKOHE COMKECIHIlIe arajFaH MeTanbl TOJBIFBIMEH epITIHAIre KeIlipy YIIH MHXTaHbl KYHAipyal kereci
JKarJainapaa xyprizy aHbIKTaljbl t.,; = 960 °C, 1,,; =3 car, N=60 %, an cinTinengipy t.=2 caF XoHE
t. = 60 °C. XKypeTiH ypuicrepaiH XUMHU3MI KeNTipinai. AJBIHFaH MaTeMaTHKAJIbIK TCHICY/IH Oepiiren e3repy
IIeTiHAeTi apryMEeHTTEpiH MOHIH TEHAEYTe eHri3yre 0apbhIChIHAA JKOHE OCHI IIEKTCH alBICTaTy OapBICHIHAA
HaKTHI MOHJEPJI alyFa OOJIATBIHABIFBIH OOJDKayFa OOJIATBIHABIFBIH KOpceTeli. ATanraH jKarmaiiia ecenrtey
epITIHAINET] XPOMHBIH KaJIllblHa KEIy YaKbITBIH apTTHIPY, aTMOC(EepaHBIH TeMIIepaTypachlH XKOFaphUIaTy,
oHbl ycTay xoHe NayCOj; TYThIHYBI 6CiIl OTBIPFaH/IbIFBIH KOPCETTI.

Kinm ce30ep: XpOMHT, BIKTUMAJJBIKIICH aHBIKTaJIFaH SKCIEPUMEHTTEPAI Xochapiay, XpoMJbl liaimanay,
HaTpUii KapOOHATHI, HATPHI XPOMATHI, OHIIPICTIK XPOM 6ap KaJIabIKTap, XPOMHUTTI KaJIbLUHALHSAIAY, XPOMIBI
KYHAipy ypaici.

H.A. Kapruna, B.H. ®omun

Pa3paboTka TeXHOJOTHYECKOT0 Mpouecca nepepadoTKu
XpoMcoiep:KaluX TEXHOTeHHBIX MaTepHaioB

Crathsl OCBsIIEHA Pa3paboTKe TEXHOIOTHUECKOTO MpolLiecca MepepaboTKH XPOMCOAEP KAIIUX TEXHOTEHHBIX
MaTepHanoB, KOTOpasi BKIIOYAeT UX OOXKUI B MPUCYTCTBUM KapOOHATa HATPHs M IMOCIEYIOLIee BhILIIETaun-
BaHUE BOJON XpoMa 3 creka. C MpUMEHEHHEM METO/Ia BEPOSATHOCTHO-AETEPMUHUPOBAHHOTO TIIAHUPOBAHUS
9KCHEPUMEHTA MOJIydeHa MATH(HAKTOPHAS MaTeMaTHYeCKash MOJIEIb M3BJICUEHHsI XpoMa B kek. OmnpererneHo,
YTO ISl JOCTYDKCHUSI HAMMEHBIIETO H3BJICUEHUS] XpOMa B KEK M COOTBETCTBEHHO HamOoJjee MOJHOTO BBIIe-
JIeHUs JAaHHOTO METa/lla B PAcTBOP OOXWI IIUXTHI CIEIAYeT BECTH B YCIOBHSIX: f,; = 960 °C, T,5=3 4,
N =60 %, a BplIeNauuBaHue — NpH T, =2 4 U t, = 60 °C. IIpencTaBieH XUMHU3M IPOUCXOAALIUX IPOLECCOB.
Iloxazana HPUTOAHOCTH MOTYYEHHOTO MAaTEMaTHYECKOTO ypPaBHEHWS JUISl COCTABJICHHUS IIPOTHO30B, Ooiee
TOYHBIX IIPU BBEJECHHU B JaHHOE ypaBHEHHUE 3HAUCHUH apryMEHTOB, HAXOASAIIMXCS B 3aJaHHBIX Mpefenax ux
U3MEHEHHs, 1 MEHee TOYHBIX MPH 3HAUUTENbHOM yJaJeHHN OT 3THX NpeaenoB. PacueT B yka3aHHBIX yCIIOBHU-
X 00XKHTra MOKa3bIBAET, UYTO U3BJICUCHUE XPOMa B PACTBOP BO3PACTAET MPH YyBEIUUCHUH TEMIIEPATYpPhl 00KH-
ra, BpeMeHu ero BeneHus u pacxona Na,COs.

Kniouesvie cnosa: XpOMHUT, BEPOATHOCTHO-ACTCPMUHHUPOBAHHOC MIJIAHUPOBAHUE DKCIIEPUMEHTA, BbIIICIAYU-
BaHHUC XpoMa, Kap6OHaT HaTpud, XpoMaT HaTpusl, IMPOMBINUICHHBIE XPOMOCOACPKAIUE OTXO/JbI, KaJblIUHA-
oust XpoMura, 00XKHUT XpOMoconepxcameﬁ IIHUXTBI.
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Investigation of the process of precipitation of arsenic
from copper electrolyte with manganese oxide (IV)

The work is aimed at researching the process of depositing arsenic from copper electrolyte with manganese
oxide (IV) using the method of stochastic determinated design of experiments on four levels. The chosen fac-
tors are: the frequency of dispensing of the precipitant; the ratio of precipitant to arsenic; the temperature of
process; concentration of sulfuric acid; duration of experiment. Analysis of the partial dependencies of arse-
nic deposition showed that the increase in the amount of precipitant and the duration of the experiment had a
significant influence on the course of the process. IR spectroscopy of precipitation showed the presence of ar-
senate ions AsO,”" in them. The kinetic curve of the differential-thermal analysis of the solid sediment char-
acterizes the process of its destruction as a step-wise process — the removal of crystallizated water (from
250°C to 350°C), the decomposition of manganese hydroarsenate (from 470 °C to 630 °C) and manganese arse-
nate (from 690 °C to 900 °C). It is established that the process of formation of manganese arsenate is a result of
parallel reactions of interaction of sulfate ions with manganese ions with the formation of a sulfate complex,
interaction of the manganese sulphate complex with arsenate ions with the formation of manganese
hydroarsenate, and the transition of hydroarsenate to manganese arsenate.

Keywords: copper electrolyte, manganese oxide (IV), arsenic; arsenates, hydroarsenate, manganese arsenate,
stochastic determinateddesign of experiments.

Introduction

The deterioration in the quality of raw materials, the need to ensure the selective extraction of all its
valuable components and the toughened requirements for environmental protection have revealed huge vol-
umes of various technological solutions that require processing. Technological solutions of electrolytic refin-
ing of copper have a great interest. They contain significant amounts of copper and nickel sulfates, sulfuric
acid, arsenic, antimony and other components of the copper electrolyte. Decrease in the quality of cathode
copper due to excessive accumulation of arsenic in the electrolyte, as well as high toxicity of arsenic com-
pounds, determine arsenic as one of the dangerous impurities of copper electrolyte.

In works [1, 2] pyrolusite, which is a mineral based on manganese oxide (IV), is used as an oxidizer of
trivalent arsenic to pentavalent. Considering that manganese arsenate is a compound with a low solubility
value, the role of manganese as an arsenic precipitant in the form of arsenates from copper electrolyte, where
it is found both in anionic and cationic forms, has become a matter of interest.

According to the literature data [3, 4], during the electrorefining of copper from the anode, 60-80 % of
arsenic passes into the electrolyte, the rest goes to the sludge. The distribution of arsenic between the electro-
lyte and sludge, as well as its form of stay in solution depends on electrolyte's composition and the mode of
electrolysis. For example, the presence of As and Sb with different valencies in the electrolyte leads to the
precipitation of antimony-arsenic (Sb’*-As”") and antimony-arsenic (Sb’"-As’") precipitates. The introduction
of zinc sulphide into the strongly acid copper electrolyte [5] led in precipitation of 40 % of arsenic in the
form of sulfides.

The physicochemical analysis of multicomponent systems with the participation of arsenic, antimony,
and bismuth carried out by us [6, 7] showed that these elements in the form of arsenates, antimonates and
bismuths are stable compounds, both in the water and in the oxidizing and reducing media.

Materials and methods

A technological solution of JSC «Kazakhmys» (Balkhash town) with the content of components is used
to investigate the process of precipitation of arsenic from copper electrolyte, g/l: Cu — 50,7; Ni — 7,75;
As —7.4; H,SO4 — 200,0 and others.

Experiments on the deposition of arsenic from a copper electrolyte were carried out in a reaction
thermostated cell with a capacity of 150 cm’. A sample of manganese oxide (IV), taken in the required
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amount, was injected into a solution of a copper electrolyte with a predetermined temperature. The tempera-
ture of the experiments was maintained with an accuracy of +2 °C. The deposition process was carried out
with continuous mixing with the duration dictated by the condition of the experimental matrix. After a prede-
termined time, the precipitate was separated by filtration, the residual arsenic content was determined in the
filtrate by the bichromate method after separation of potassium hypophosphite from the hydrochloric acid
solution [8]. The solid precipitates were subjected to differential thermal and IR spectroscopy using
LABSYS™EVOTG, DTA, DSC 1600 °C, FSM 1201 Infrared Fourier spectrometer.

Investigation of the process of arsenic precipitation from copper electrolyte with manganese oxide (IV)
was carried out by the method of probabilistic determination of the experiment [9, 10] at four levels. The
following factors were chosen as factors: the multiplicity of precipitator dosage (MPD) — this is the number
of portions into which the planned weight of the precipitant is divided; the ratio of precipitant to arsenic
(Mn:As) — this ratio of the required weight parts of the precipitant to the weight part of arsenic (this value is
not calculated mathematically and has no dimension); process temperature (¢, °C); the concentration of sulfu-
ric acid (H,SOy, g/1); duration of experiment (time, min). For planning the experiment, Table 1 was used.

Table 1

Levels of variable factors in the precipitation of arsenic by manganese oxide (IV)

lei\i?(;r Factor Definition 1 Lezvel of fact;) s 7
1 MPD X, 1 2 3 4
2 Mn:As X, 1 1.5 2 2.5
3 t, °C X3 25 40 50 60
4 H,S0O,, g/ X4 120 150 175 200
5 time, min X5 15 30 45 60
Results

Using the most common matrix of the probabilistic-deterministic plan of the five-factor experiment, a
plan was drawn up (Table 2), in which the level numbers are replaced with their values from Table 1. The
column on the right includes the results of the extraction of arsenic (a., As) into the precipitate.

Table 2
The plan-matrix layout and the results of the five-factor experiment
at four levels of arsenic precipitation with manganese oxide (IV)
No. of MPD Mn:As t, °C H,SO,4, g/l | Time, min . As %
experiment (x1) (x2) (x3) (x4) (xs5) ©
1 1 1 25 120 15 47.25
2 1 1.5 40 150 30 55.80
3 1 2 50 175 45 50.40
4 1 2.5 60 200 60 51.95
5 2 1 40 175 60 46.80
6 2 1.5 25 200 45 48.70
7 2 2 60 120 30 66.00
8 2 2.5 50 150 15 72.40
9 3 1 50 200 30 46.40
10 3 1.5 60 175 15 61.30
11 3 2 25 150 60 27.60
12 3 2.5 40 120 45 52.00
13 4 1 60 150 45 45.40
14 4 1.5 50 120 60 31.50
15 4 2 40 200 15 52.85
16 4 2.5 25 175 30 64.40

In order to construct particular dependences of the degree of arsenic deposition with manganese (IV)
oxide, the results of the experiments for each factor were averaged using the geometric mean (Table 3).
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Table 3

Sampling for the construction of particular dependencies of the degree
of arsenic deposition by manganese oxide (IV) in solutions from the considered factors

Factors Levels of factors The mean o
1 2 3 4 (geometric)

X O 51.35 58.48 46.83 48.54

Xy Ol 46.46 49.33 49.21 60.19

X3 Ol 46.99 51.86 50.18 56.16 51.0

X4 Ol 49.19 50.30 55.73 49.98

X5 Ol 58.45 58.15 49.13 39.46

The average values of the arsenic deposition were used to find the approximating function with calcula-
tion of the correlation coefficient and significance (Table 4).

Table 4

Correlation coefficients (R) and their significance (#z) for particular dependencies
of the degree of arsenic deposition by manganese oxide (IV)

Function R tr Significance

a(x;) = 56.36-0.96x, 0.1 0.1 Insignificant
a(x,) =38.93-1.17x, 0.79 2.98 Significant
ax;) =42.24-1.004x;, 0.83 3.70 Significant
a(xg) =—887.7/x4-57.01x,4 0.22 0.33 Insignificant
a(xs) = 0.44xs+ 67.795 0.1 0.1 Insignificant

The statistical description of particular dependences is represented by the generalized Protodyakonov

equation. For the precipitation process of arsenic with manganese (IV) oxide:
Yp=(38.93-1.17x,)-(42.24-1.004x;)-51.0%.

The correlation coefficient of equation R = 0.80; and its significance tg= 7.86.

Figure 1 shows the graphical dependencies of the degree of arsenic deposition on all studied factors.

An increase in the multiplicity of precipitator dosage(MPD) to 4 (Fig. 1, a) leads to a decrease in the
degree of arsenic precipitation, which is associated with an increase in the rate of the competing manganese
sulfate formation reaction.

i 70
.
n 50._____.——I————_’_;__-__——__
50 -
30
30 MPD 39 Mn:As
1 2 3 4 1 15 2 2.5
a b
o4
70 70
50 50 w = L]
30 30
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25 30 35 40 45 S50 55 g0 120 1% d Irs 200
C

-

3 time,min
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e

Figure 1. Particular dependencies of arsenic deposition on: themultiplicity of precipitator dosage (a),
the ratio of Mn:As (b), temperature (c), the content of sulfuric acid (d), the duration of the experiment (e)
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The amount of precipitator (Fig. 1, b) positively affects the degree of extraction of arsenic in the sedi-
ment, which confirms the sorption nature of the process of its deposition. Factors such as temperature and
sulfuric acid concentration (Fig. 1, ¢, d) do not significantly influence the transition of arsenic to the solid
phase, due to the complexity of the internal processes of formation of the arsenic-containing precipitate. Sim-
ilar processes were analyzed in [11], where the formation of hydrated complexes of arsenic with iron in acid-
ic solutions was studied.

With an increase in the time of the experiment (Fig. 1, e), the decrease in the degree of arsenic precipi-
tation when using manganese oxide (IV) is observed more significantly by 5-10 % every 15 minutes. This is
due to the desorption of the cationic form of arsenic from the surface of the precipitant.

To confirm the results of our experiments on the deposition of arsenic by manganese oxide (IV) in the
form of arsenate, we analyzed the IR spectrum of the solid precipitate of experiment 8 (Table 2). Analyzing
the literature sources [12, 13] in which the data on IR absorption spectra of metal arsenates are given, it is
possible to compare data given by the authors with the IR spectrograph obtained by us (Fig. 2).
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Figure 2. IR spectra of the solid precipitate of the arsenic precipitation experiment with manganese oxide (IV).

The absorption bands at 500-600 cm ' indicate vibrations of the (As-O-As) bridge, and at 800—
900 cm™' — (As-O) bridge, i.e. for the presence of manganese arsenate (Mns(AsOy),'7H,0) in the investigat-
ed solid sediments. In the same intervals, absorption bands of manganese hydroarsenates are observed [12].
The presence of maxima in the spectra in the interval 1130-1080 cm ™' indicates the content of manganese
sulfate in the composition of the analyzed samples.

The authors of [13] established that manganese hydrosarenate (MnHAsO,4H,0) is stable in acidic
aqueous solutions in the temperature range 25-75 °C. It is also noted that for manganese phosphates, as for
manganese arsenates, acid salts are in equilibrium with strongly acidic solutions.

The AsO~7H,O arsenate ion is characterized by an intense absorption band at 590 cm’, due to the low
symmetry of the AsO,* nH,0 ions. In addition to the intense absorption band of the AsO,>-7H,0 ion, the
author [14] presents data on the IR absorption spectra of metaarsenates characterized by the presence of
complex intense absorption bands of v(AsO) stretching vibrations of the AsO bonds in the 600-850 cm™ re-
gion.

Thus, by comparing the above data on the absorption spectra of arsenates with the obtained spectro-
gram, we confirmed the presence of arsenate ions (AsO4) in the analyzed sample.

To study the kinetics of the process of arsenic precipitation with manganese oxide (IV), a differential
thermal analysis of the solid precipitate obtained under the following experimental conditions was carried
out: MPD-3; Mn:As = 2.5:1; t, °C — 40; C(H,S0O,), g/l — 120; time, min. — 45.

As can be seen from Figure 3, the kinetic curve consists of three stages, and each of the stages is repre-
sented by an S-shaped line. This form is explained by the fact that at first the reaction rate increases due to an
increase in the rate constant by the Arrhenius equation, and then the rate of destruction decreases in connec-
tion with the completion of the decomposition of the test sample.
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Figure 3. Curve of volatile substances during thermal destruction of solid arsenic-containing precipitate.

Further, the kinetic curve of thermal destruction was subjected to mathematical processing by the meth-
od [15]. The data obtained are presented in Table 5.

Table 5
Results of mathematical processing of the kinetic curve
of thermal destruction of solid arsenic-containing precipitate
No. | T, min m, mg | M yu— M;, Mg | 7, mg/min 1l (M, e — M) | —In[r/(m;, e — m)]| t, °C 103/T, K'
1 — 0 — — — — 35 3.25
2 22.10 0 0.27 0.02 0.08 2.53 250 1.91
3 23.99 0.05 0.22 0.04 0.18 1.71 270 1.84
4 25.89 0.14 0.12 0.05 0.42 0.87 290 1.78
5 27.79 0.24 0.025 0.03 1.33 —0.29 310 1.72
6 29.69 0.27 0.001 0.003 3.40 -1.22 330 1.66
7 31.59 0.28 — — — — 350 1.61
8 43.22 0 1.46 — — — 470 1.35
9 45.18 0.02 1.43 0.02 0.02 4.09 490 1.31
10 | 47.14 0.08 1.38 0.04 0.03 3.51 510 1.28
11 | 49.11 0.17 1.28 0.07 0.05 2.97 530 1.25
12 | 51.12 0.33 1.12 0.10 0.09 2.44 550 1.22
13 ] 53.13 0.57 0.88 0.16 0.18 1.69 570 1.19
14 | 55.13 0.99 0.46 0.20 0.44 0.83 590 1.16
15| 57.14 1.36 0.09 0.12 1.23 —0.21 610 1.13
16 | 59.18 1.46 — — — — 630 1.11
17 | 65.18 0 1.83 — — — 690 1.04
18 | 68.18 0.04 1.78 0.02 0.01 4.34 720 1.01
19 | 71.20 0.14 1.69 0.06 0.03 3.41 750 0.98
20 | 74.20 0.36 1.46 0.12 0.08 2.54 780 0.95
21 | 77.30 0.85 0.98 0.19 0.20 1.62 810 0.92
22 | 80.30 1.55 0.27 0.16 0.59 0.53 840 0.90
23 | 83.30 1.80 0.02 0.04 1.88 —0.63 870 0.87
24 | 86.40 1.83 — — — — 900 0.85

As can be seen from the obtained results, the first stage of thermal destruction takes place in the
temperature range from 250 °C to 350 °C, then the change in mass in the temperature range from 350 °C to
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470°C is negligible. The second stage proceeds in the temperature range from 470 °C to 630 °C, the third

stage — from 690 °C to 900 °C.
Further, after mathematical processing of the results, graphs of the dependences —In[r/(m; yux — m;)]

from 10°/T were plotted (Fig. 4).
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Figure 4. Linearization of the temperature dependence of the rate
of thermal destruction of arsenic-containing precipitate

The processing of the obtained direct lines of dependencies of all three stages yielded the following re-
sults:

— the first stage refers to the diffusion region — the value of the activation energy is 15.28 KJ/mol;

— the value of the activation energy of 24.81 kJ/mol and the linear dependence of the total arsenic depo-
sition rate on temperature (Fig. 4) suggest the commensurability of the diffusion rate and chemical re-
action of the second stage, and indicate the course of the process in the transition region, which is
characteristic of the mixed kinetics of heterogeneous processes;

— the third stage refers to the kinetic region — the value of the activation energy is 37.43 KJ/mol.

For the first stage, flowing in the range from 250 °C to 350 °C, corresponds a peak with a temperature

value of 300 °C, while the crystallization water is removed.

For the second stage, flowing in the range from 470 °C to 630 °C, there corresponds a peak with a tem-
perature of 600 °C, corresponding to the decomposition of manganese hydrogenarsenate according to the
source [16] and further decomposition of manganese oxide (IV) [17].

The third stage, running in the range from 690 °C to 900 °C, corresponds to a peak with a temperature
of about 840 °C, at which the process of decomposition of manganese arsenate proceeds [16, 18].

Conclusion

From the analysis of the experimental data on the process of precipitation of arsenic from copper elec-
trolyte with manganese oxide (IV), follows that the highest indices of arsenic extraction into sediment (66.0—
72.4 %) are achieved with a relatively short duration of the experiment (15-30 min) and large ratios of
precipitantor to arsenic (2.0-2.5:1).

Analysis of the partial dependencies of arsenic deposition from copper electrolyte with manganese ox-
ide (IV), obtained as a result of five-factor experiments (factors: multiplicity of the precipitator dosage,
Mn:As ratio, temperature, sulfuric acid concentration, duration of the experiment), the results of differential
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thermal analysis and IR spectroscopy of the obtained solid precipitates showed the complexity of the for-
mation of manganese arsenate, which can be represented as a result of parallel reactions:

— interaction of sulfate ions with manganese ions to form a sulfate complex

MnOz + 2HQSO4 = MH(SO4)2 + 2H20
HzSO4 + MI'ISO4 = HQ[MH(SO4)2]
—interaction of manganese sulfate complex with arsenate ions with formation of manganese
hydroarsenate
Hz[Mn(SO4)2] + H3ASO4 = MnHASO4 + 2stO4
— transition of hydroarsenate to manganese arsenate
2MnHAsO,4 + MnO = Mn;(AsQ,), +H,O

References

1 Huxomaes A.B. K Bompocy 06 okucnennu As (III) / A.B. Hukomaes, A.A. Masyposa // M3Bectust Cubupckoro oTaeneHus
AH CCCP. Cep. xum. Hayk. — 1973. — Bpim. 1, Ne 2. —C. 14-19.

2 HuxomnaeB A.B. Oxucnenne As(IIl) B BomHbIX pacTBopax KHCIOpPOJOM BO3yXa B NPUCYTCTBUH Katanu3aropa / A.B. Huxo-
naes, A.A. Masyposa, I'.B. lllemonaes // U3sectust Cubupckoro oraenenuss AH CCCP. Cep. xum. Hayk. — 1974. — Bpim. 5, Ne 12.
—C. 36-40.

3 Baiimakos }0.B. Dnekrponus B rugpomeraiuypruu / F0.B. Baitmakos, A.W. XKypun. — M.: Meramnyprus, 1977. — 336 c.

4 Kysnenosa T.A. DnekTponuTrieckoe paQMHIPOBAaHUE MEAN C IOBBIIICHHBIM COJEp)KaHuEeM Sb U As U BBIBOJ HX H3 DJIEK-
tposuta / T.A. Ky3nenosa, B.A. ®enopos // Meramuryprust nBeTHBIX MeTaioB. — 1974.—Ne 4.— C. 174-179.

5 Owmapos X.b. K Mexann3my nepexojia TpeXBaJICHTHOTO MBIIIBSIKA B MIITHBAJICHTHEINA B MeaHOM aiekrposure / X.b. Omapos,
A.A. Kapmenos, K.K. Kymammes // C6. Tp. MexayHnap. KoH(}. 10 XUMHU U TEXHOJIOTHHU XaJIbKOTEHOB M XaIbKOT€HHJ0B. — 1995. —
C. 149, 150.

6 Omarov Kh.B. Thermodynamic analysis of Mn — As — H,O, Mn — Sb — H,O, Mn — Bi — H,O systems / Kh.B. Omarov,
S.K. Aldabergenova, Z.B. Absat, N.Zh. Rakhimzhanova, A.M. Siyazova // 6th Intern. conf. on Biological, Chemical & Environmen-
tal Sciences (BCES-2016). — Pattaya, 2016.

7 OwmapoB X.b. Tepmogunamuuecknit anaam3 cucteM Mn — As(Sb, Bi) — H,O / X.b. Omapos, 3.5. A6car, C.K. Anmabepre-
HoBa, 3.b. CarungpikoBa, H.JK. Paxumkanosa, A.M. Cusi3oBa / AGumieBckue utenns-2016: «/IHHOBaLMK B KOMIUIEKCHOH Iepepa-
00TKE MUHEPATILHOTO CHIPBs»: ¢0. MaTepuanioB MexxayHap. Hayd.-IIpakT. KoH¢p. — Anmartsl, 2016. — C. 517-521.

8 @aitnbepr C.I0. Anamus pyn nsernsix MmeramuioB / C.1O. @aitubepr, H.A. ®mmmunosa. — M.: Metamtyprus, 1983. —
664 c.

9 Masimes B.II. BepositHocTHO-netepmuHupoBanHoe oToOpaxenue / B.I1. Mansmmes. — Kaparanga: Feoemv, 1994, —
373 c.

10 Benses C.B. Ilyrm pa3BuTHS BEpOSTHOCTHO-JICTEPMHHHPOBAHHOTO IUTaHupoBaHus oSkcnepuMenta / C.B. benses,
B.I1. Masnsies // KommekcHast nepepabdoTka MUHepanbHOTO chlpbst Kasaxcrana. Cocrostaue. [Ipo6iemsl. Pemenus. — Aimarsl,
2008. —T. 9. — C. 599-633.

11 IMapumos M. I'mapoxumMudecKye IpeBpamieHns], pealn3yeMble IPH yIaCcTHH HOHOB KeJle3a, ATIOMUHUS U MEIH: JHC. ... I-pa
xuM. Hayk: 27.03.95 / M.IIapunos. — CII6., Kaparanna, 1995. — 415 c.

12 Ilemynsxosa JI.LA. CrexTpaabHO-CTPYKTYypHBIH aHanm3 rugpodocdaroB u apcenaroB Harpust / JLA. Ilemynsxosa,
B.A. Adanacsesa, H.B. ITox6epesckas, FO.1. Muponos // XKypnan crpykryproit xumun. — 1999. —T. 40, Ne 6. — C. 1074-1077.

13 Kynepman M.E. UccnenoBanust B obnactu apcenara mapranua / M.E. Kynepman, A.I1. Benononbckuit / UccnenoBanus mno
npuKIIagHoi xumun: Tp. Hayd. un-Ta o ynoopenusm n uacekropyurununam (HUYU®) AH CCCP. —1955. — C. 225-235.

14 Xapuronos 10.51. Ananutudeckas xumusi. Ananutuka / }0.5. Xapuronos. — Ku. 1. — M.: Bercu. mik., 2003. — 423 c.

15 BykBapeBa O.®. KuHeTHka 1 TepMOXUMHUSI IIPOLIECCOB TEPMOJCCTPYKIMHU yriepoacoaepxkamumx Bemects / O.D. byksapesa,
T.B. Byxapkuna // Tpynsl Poccuiickoro xumuko-Texnosioruueckoro yu-ta uM. JI.1. Menneneesa. — M., 2001. — C. 28.

16 Bykero E.A. ®a3oBble paBHOBeCHs M TEpPMOJMHAMHYECKHEC CBOWCTBA apceHATOB INenouHbIX MerauioB / E.A. Bykeros,
B.K. Kacenos, A.C. I[Tamnnkun, C.M. HcabaeB. — Anma-Ata: Hayka, 1985. — 104 c.

17 Tperbsaxos FO./1. Heopranmueckas xumus [B 3 1.] T. 1/ 0. /1. Tperpsakos. — M.: Axagemus, 2004. — C. 210-229.

18 Mumenko K.II. KpaTkuit cipaBounuk ¢usnko-xumudeckux BenmanH / K.II. Mumenxko, A.A. Pasnens. — JL.: Xumus, 1974.
—110c.

Cepusa «Xumuns». Ne 1(89)/2018 89



Kh.B. Omarov, S.K. Aldabergenova et al.

X.b. Omapos, C.K. AnnabeprenoBa, A.A. My3anmapos,
3.b. ©6¢coar, H. K. Paxumxanosa

Mpic 3aekTpojuTiHen Mapraden (IV) TorsiFbiMeH
KYILIdJIAHBI TYHABIPY YPAICiH 3epTTey

Makana 3KCIEpUMEHTTI TOPT JICHIeWsi BIKTUMAIIbI-IETEPMUHUPIICHI€H XKOCcHapiay oicTi KOJJaHybIMEH
maprater] (IV) TOTBIFBIMEH MBIC JICKTPOJIUTIHEH KYIIJIAHBI OOJiN alxy YpHiCiH 3epTreyre OarbITTalFaH.
Tanpanran ¢akropiap GoibIN Kesecinep TaObUIAABL TYHABIPFBIITE MOJIIIEPIICY AopEeKeci, TYHIBIPFBIIITHIH
KYIIIoJIara KaTBIHACHI, YPIICTIH TeMIepaTypachl, KYKipPT KbIIIKBUIBIHEIH KOHIIEHTPALUICH, SKCIEPHUMEHTTIH
Y3aKTHIFBL. KYIIonanel TYHABIPYIBIH SKEKe TOYENIUIKTEpiHIH capanTamMachl OOMBIHINA TYHABIPFBIITHIH
MeJIIIepi MEH IKCIICPHUMEHTTIH Y3aKThIFbl YIIFAlObl YPIICTIH oTyiHe 30p acepi kepcerinai. KarTel TyHOaHbIH
VK-CIIeKTpOoCKOmus HoTmKenepi TyHOama AsO,’  apceHaT-HOHIApHIHBIH 6ap eKeHmIriH Kepcerti. KarTsbl
TyHOaHbIH U depeHIHaABI-TePMUSIIBIK TaIAAYBIHbIH KHHETUKAJbIK ChI3bIFbl OHBIH bIABIPAY YPAIC
caThUIall OTETIHIH cUNaTTaiiisl — KpUcTajdganraH cyasiH Oeminyi (250 °C 6Gactan 350 °C  peiiin),
Maprasenriy rugapoapceHarsl biapipaybsl (470 °C Gacran 630 °C geitin) xoHe e MapraHel apCeHATHIHBIH
sigbIpayst (690 °C 6acran 900 °C neiiin). MapraHer apceHaTBIHBIH TY31Tyl Napajulelbli peaknusuIapbIHbIH
HOTIDKECI OOJIATHIHBI aHBIKTAIFAH: CylIb(aT-HOHAAPEIHBIH MapraHel] HOHAAPBIMEH OpPEKETTECY HOTIXKECIHMe
cynb(arsl KOMIUIEKCIH Ty3ilyi, MapraHen CyIb(aThl KOMIUIEKCIHIH apceHaT HOHAApBIMEH JpeKeTTecy
OapbICBIHA MapraHelTiH THAPOapCeHATHIH TY3LMyl JKOHE eTHIPOApCEHATTHIH MapraHell apceHaThIHA
e3repyi.

Kinm ce30ep: mpic anextponuti, Mapraden (IV) TOTBIFBI, KyLIdona, apceHaTTap, IMIPOApCEHAT, MapraHell
apCeHaThl, SKCIEPUMEHTTIH BIKTUMAJI/IbI-IeTEPMUHHPIICHI €H )KOCTIapIaybl.

X.b. Omapos, C.K. AnnabeprenoBa, A.A. My3anmapos,
3.b. A6car, H. K. Paxumxanosa

HccnenoBanmne npouecca 0caxaeHus MbIIIbAKA
U3 MEJHOI0 JIEKTPOoJauTa oKkcuaoM mapranua (IV)

CraTbsl HamlpaBJICHa HAa MCCIICIOBAHHUE TPOLECCa OCAXICHHS MBILIBSAKA U3 MEIHOTO DIEKTPOJIMTA OKCHIOM
mapranna (IV) c¢ ucmonp3oBaHHEM METOZAA BEPOSTHOCTHO-ACTEPMHHHPOBAHHOTO IUIAHWPOBAHHS IKCIEPH-
MEHTa Ha YeTHIPEeX ypOBHSX. BrIOpaHHBIMH (akTOpaMu SBISIOTCS: KPaTHOCTH JO3UPOBAHUS OCAIUTENS, OT-
HOUIGHHE OCAJUTEN K MBIIIBSIKY, TEMIICpaTypa Mponecca, KOHICHTPAIHs CePHOH KHUCIIOTHI, TPOJIOIDKHTENb-
HOCTH JKCIIEpUMEHTAa. AHAJIM3 YaCTUYHBIX 3aBHCHMOCTEH OCA’KACHMS MBIIbSIKA ITOKA3al, YTO YBEIHICHHE
KOJIMYECTBA OCAAUTENS M IPOIOJDKUTENFHOCTh HKCIICPIMEHTAa OKa3aJli 3HAYUTEIHHOE BIMSHHUE Ha XOJ[ IPO-
necca. HMK-cmexrpockonuss —TBEpAOrO  OCaika MOKasaja IPUCYTCTBME B HEM  apCEHAT-HOHOB
AsO,*". Kuneriueckas kpuBast 1udhepeHIHanbHO-TEPMHUCCKOr0 aHATH3a TBEPAOTO 0CAIKA XapaKTEPH3yeT
MPOIIECC ero Pa3I0oKEHHs KaK CTYyNEeHYaThlil Impolecc — yAaJeHue KpUCTau30BaHHOH Boasl (oT 250 °C mo
350 °C), pa3noxxenue ruapoapcerara Maprasua (ot 470 °C no 630 °C) u pa3noxeHue apceHaTta Maprasua (0T
690 °C o 900 °C). YcraHOBI€HO, YTO IpoIiecC 00pa30BaHMs apceHaTa MapraHIa SBISETCS Pe3yNIbTaToM I1a-
paJUIeTBHBIX PeaKIuii: B3aNMOJCHCTBUS CYIb(aT-HOHOB ¢ MOHAMH MapraHia ¢ o0pa3oBaHHeM cyiab(aTHOro
KOMIUIEKCa, B3aNMOAEIHCTBHS KOMIUIEKca Cylib(aTa MapraHiia ¢ HOHaMH apceHaTa ¢ 00pa3oBaHUEM THUIPOAp-
CeHaTa MapraHna M Iepexoj THapoapceHara B apceHaT MapraHiia.

Knioueswie cnoga: MenHbliA 3neKTponuT, okcua Maprania (IV), MbIIIbSK, apceHaThl, THAPOAPCEHAT, apceHar
Maprasiia, BEposITHOCTHO-/IETEPMUHUPOBAHHOE TIIAHUPOBAHUE YKCIIEPHUMEHTA.
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Study and development of the process scheme of barytic raw material leaching

Continuous growth of demand for crude ore leads to accelerated development of high-grade deposits and to
putting into operation the impoverished deposits. Consequently specific yield of industrial waste for the unit
of products at all the stages of productionincreases.Developmentofleachingschemesofbarium-containing
waste is the purpose of the given article. There search object is barium-containing waste produced at flotation
enrichment of barium-polymetal ores. The experiments on water leaching of barium-containing waste in the
presence of ammonium fluoride were carried out by means of the design of experiments. In order to research
leaching of barium-containing waste, three factors were chosen, namely, leaching temperature (T), leaching
time (1) and percentage of the initial solution on ammonium fluoride (C). The mathematical model of the pro-
cess was developed and optimal conditions were determined for leaching barium-containing waste that pro-
vided production of desilicated concentrate of compound, mass %: SiO, — 1.9; BaSO; — 67.3; Fe — 8.4;
Zn— 1.09; Pb — 0.91; Cu — 0.36. Under laboratory conditions, the scheme of barium-containing waste
leaching was developed. Studies of barium-containing waste leaching allowed detecting partial dependence of
silicon extraction into the solution on the temperature, time of leaching and concentration of solution. On the
basis of significant partial dependencies, the mathematical model of the process was developed by means of
which the optimum conditions for leaching were determined. Two products were produced, namely, the am-
monium hexafluorosilicate solution and the chemically enriched desilicated barite concentrate.

Keywords: barium, barium-containing waste, fluoride technology, leaching, silicon, ammonium
hexafluosilicate, desilication.

Introduction

Demand for crude ore constantly increases, which leads to accelerated resource recovery and to devel-
oping deposits of a low grade. Accelerated development of deposits leads to increasing specific yield in in-
dustrial waste per unit of output. The main problem of barium-containing waste is absence of technology and
inefficient conventional development methods. The problem of development of barium-containing waste is
due to the absence of an efficient application of the conventional treatment technology: acid leaching in the
context of the complex mineral composition. Final rejects of treatment plants stored in the tailing dumps be-
long to barium-containing waste. Disposal are as occupy significant spaces and are the source of pollution of
soil, air, and water basins with heavy metals and barite powder.

Treatment of waste of barium-containing poly metal ores has big economic potential. It contains up to
40 % of BaSQy, 0.4 % of Cu, 0.8 % of Zn, 0.6 % of Pb by which this waste may be classified as the industri-
al poly metal barite raw material. It has an advantage over the mineral raw material because expenses for
extraction and refinement are not necessary. Waste stocks are significant: up to twenty million tons.

Dissociation of ore minerals with silicon-containing minerals of waste material is a problem of treating
this type of raw material. A step-ahead solution of the problem is uncovering a raw material by chemical
methods, and, in particular, by fluorine-ammonium method at which in the process of water leaching in pres-
ence of ammonium fluorine, silicon goes to the liquid phase from the solid one, because of formation of wa-
ter-soluble ammonium hexafluorosilicate. The given method has energy consumption advantages over the
fluorosulfate method of high-silicon raw material extraction that requires baking at a temperature of up to
400 °C.

The article is devoted to the search for a problem of utilization of barium-containing waste. The solu-
tion of the given problem is of ecological and economic significance. The solution of the problem would al-
low improving the ecologic situation around the enterprises producing the given type of waste.

Water leaching of the barite raw material in the presence of ammonium fluorine and determination of
optimal conditions of the process are the main tasks of the article.
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Raw material treatment and desilication methods

Hydrochemical and thermochemical processes became ingrained in complex treatment of the high-
silicon raw material. The main operation is uncovering the raw material by a chemical interaction with the
silicon oxide, that the raw material contains, and leaching.

So, alkaline autoclave desilication of high-silicon copper concentrates would lead to enrichment of ini-
tial copper concentrate by all the metals and sulfur, prevent difficulties of copper melting by the modern
technological schemes [1].

Hydrochemical autoclave method is applied while extracting alumina from the high-silicon raw materi-
al [2]. Its essence is concluded in autoclave leaching of aluminosilicate raw material by strong solutions of
sodium hydrate in the presence of lime. Aluminate and sodium silicate pass to the solution, then sodium-
calcium hydro-silicate precipitates from the solution. Conditions for high extraction of alumina are supera-
bundance of the free caustic alkali in the solution, a high temperature, and a high concentration of the alkali
solution.

It should be mentioned that the given desilication methods while treating high-silicon raw material re-
quire the corresponding instrumentation and high measures on safety technique because of application of
leaching of the concentrated alkali solution and running the process at high temperatures and pressure.

The most efficient reagents for uncovering silicate bases of high-silicon raw material are elemental flu-
orine and fluorine hydride, and ammonium fluoride. However, there are several problems, restricting appli-
cation of F, and HF for these purposes. In particular, the use of elemental fluorine will require creation of
additional production of fluorine that will increase expenses for final product. Application of HF, as well as
of F,, will lead to generation of the toxic gas SiF, that requires special work and utilization conditions.
Therefore, the use of fluorides and bifluorides, ammonium for running desilication is more technologically
profitable [3].

In the study [4], we tried the method that includes baking silicon-containing material by ammonium
bifluorine at a temperature of 200 °C and removal of generated ammonium hexafluorosilicate at a tempera-
ture of 400 °C. The exit gas consisting of (NH,),SiF, is absorbed by an ammonia water resulting in genera-
tion of alumina consisting of precipitates separated by filtration. After separation of alumina, the solution is
evaporated. The solid residue consisting of the fluoride and bifluoridemix is baked at a temperature of 180—
200 °C with capturing escaping ammonia. Ammonia bifluoride produced after burning is led to burning the
next portion of the silicon-containing material.

The most rational method of desiliconization of a silicon-containing material is the hydrochemical
method [5] according to which the silicon-containing material is leached by the mix of bifluoride (NH,HF,)
and fluoride (NH4F) ammonium at a temperature of 100 °C within 3 hours. Then, highly soluble (NH,),SiFg
is separated by filtration of slurry sludges formed at the pH 5.5-6.0 consisting of hexafluoraluminum
((NHy);AlF¢)) and hexafluorferrate (NH4);FeFs) ammonium, calcium fluorine, magnesium, and other com-
pounds. The (NH,),SiF¢ water solution interacts with ammonia water at a temperature of 20—80 °C with
sludging of SiO,.

In order to decrease material and energy expenses the method of hydrochemical leaching of high-silicon
material has been experimentally studied in this publication, in particular, leaching of the silicon-containing
barite raw material by the ammonium fluoride solution.

Justification of studies of leaching barite raw materials

Chemical enrichment of barium-containing waste involves its desilication. There are several methods of
chemical desilication. One of the methods consists in baking the silica-containing material with ammonium
bifluoride at a temperature of 200 °C and removal of generated ammonium hexafluorosilicate at a tempera-
ture of 400 °C. We tried this method in the study [6]. The other method consists in processing the material by
the ammonium fluoride solution at a temperature ofapproximately100 °C. In such event, silicon is connected
with operating reagent into ammonium hexafluorosilicate and passes to solution. The second method differs
from the first one by smaller energy consumption, simpler instrumentation, and a smaller number of techno-
logical operations demands for less number of technological operations.

With the view to determine efficiency of the given desilication method we carried out studies of leach-
ing the barite raw material by means of the ammonium fluoride solutions corresponding to the scheme
shown in the Figure 1.
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Barite raw material

l NH,F solution

Leaching
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Desilicated barite (NHy),SiF¢
concentrate solution

Figure 1. Technological scheme of barite raw material leaching

Leaching the barite raw material may be presented as a corresponding mathematical model. In order to
create this model, it is necessary to study influence of the different factors on leaching with involving the
method of experiment planning [7].

Studies on leaching are carried out on the waste of flotation enrichment of barite-polymetal ores of the
Karagaily deposit—barite raw material of composition, mass. %: SiO, — 40.0; BaSO; — 37.0; ALO; — 5.3;
Fe —4.6; S —6.8; Zn — 0.6; Pb — 0.5; Cu — 0.2.

In order to study the process of leaching barium-containing waste three factors are chosen, namely,
leaching temperature (this factor is marked as 7), leaching time (t), and percentage of the initial ammonium
fluoride solution (C). The factor change range is shown in Table 1.

Table 1
Factors and levels of their variation for studying the process of barium-containing waste leaching
Level
Factor 1 5 3 2 5
T, Temperature, °C 80 85 90 95 100
7, Time, min. 30 60 80 100 120
C, Solution percentage, % 10 20 30 35 40

For each experiment, a charge of barium-containing waste of a certain weight was taken. Then, it was
put into the stainless thermostat container with the ammonium fluoride solution, and leaching was carried out
under a set of conditions with interfusion.

On expiration of leaching time, solids and liquids were separated by vacuum filtration. Precipitates on
the paper filter were washed off with distilled water. After drying and weighing it was analyzed for silicon
containing by the chemical method.

Based on the data obtained from the chemical analysis, extraction of a-silicon into the solution was de-
termined. The results are given in Table 2.

Table 2
Influence of the factors of leaching barium-containing wastes on extraction of silicon into the solution
No. of experience T.°C «. min C.% Extraction of silicon into the solution, %
oE oP

1 2 3 4 5 6

1 80 30 10 35.02 37.15
2 80 80 30 40.61 40.09
3 80 60 20 37.80 39.14
4 80 120 40 41.88 41.18
5 80 100 35 42.73 40.68
6 90 30 30 78.06 76.74
7 90 80 20 79.85 80.00
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Continuation of Table 2

1 2 3 4 5 6

8 90 60 40 86.96 80.09
9 90 120 35 83.52 82.69
10 90 100 10 80.45 79.62
11 85 30 20 57.12 59.68
12 85 80 40 59.26 63.80
13 85 60 35 58.70 62.67
14 85 120 10 61.55 63.07
15 85 100 30 62.11 64.10
16 100 30 40 92.55 93.42
17 100 80 35 96.70 97.99
18 100 60 10 93.12 93.83
19 100 120 30 99.17 99.67
20 100 100 20 97.05 97.85
21 95 30 35 86.20 87.90
22 95 80 10 87.55 89.87
23 95 60 30 86.68 90.82
24 95 120 20 90.21 93.19
25 95 100 40 88.33 93.82

Supposing that the study function was extraction of silicon from barium-containing waste into the solu-
tion we sampled experimental data by levels within factor. The selected experimental values of partial func-
tions are given in Table 3.

Table 3
Experimental values of the particular functions on extraction of silicon to the solution
] Levels
Function 1 5 3 7 5 Average value
o 39.61 59.75 81.77 87.79 95.72 72.33
o 69.79 72.65 72.79 74.13 75.27 72.33
o3 71.54 72.41 73.33 73.57 73.80 72.33

By the experimental values of the functions the dot diagrams of a partial dependence of extraction of
silicon into the solution on examined factors were constructed. They are shown in Figure 2.
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Figure 2. Dependencies of silicon extraction into the solution

By the point data, approximating functions were selected to describe dependence of silicon extraction
into the solution on the studied factors of leaching:

oy =—0.11557% + 23.597— 1109.0; (1)
o, =3.716 In(t) + 57.11; ()
o3 = 1.666 In(C) + 67.61. 3)

According to those equations the values of partial functions were calculated and their average values
were determined. The calculation data are given in Table 4. A minor deviation of the average calculated val-
ues from the general average of the experimental value testifies that equations and dot diagrams are closely
matched.
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Table 4
Calculated values of partial functions by extraction of silicon into the solution
] Levels
Function 1 2 3 7 5 Average value
o 39.00 61.66 78.55 89.66 95.00 72.77
o 69.75 72.32 73.39 74.22 74.90 72.92
o3 71.45 72.60 73.28 73.53 73.76 72.92

Then, the coefficient of nonlinear multiple correlation and the value of the produced partial dependenc-
es were determined. The results are given in Table 5.

Table 5
The R coefficient of correlation and its relevance tR for partial functions in extraction of silicon into the solution

Function R tr Function significance
o 0.99 145.9 Significant
oy 0.98 38.5 Significant
o3 0.99 137.7 Significant

The analysis of particular dependencies shows that in the matrix experiments leaching temperature ex-
ercises the greatest influence on the degree of extraction of silicon into the solution. So, extraction increases
by 56 % on average when temperature increases from 80 °C to 100 °C. Extraction increases throughout the
entire studied interval tending to saturation.

Dependence of extraction of silicon on the time of leaching and on the concentration of ammonium flu-
oride is similar. However, they exercise less influence — in the studied time intervals and concentration in-
crease of extraction of silicon averages 5 and 2 %, correspondingly.

The generalized multivariable equation for extraction of silicon into the solution made on the basis of
relevant partial dependences looks like that:

a=(-0.11557% + 23.59T — 1109.0)(3.716 In(t) + 57.11)(1.666 In(C) + 67.61)72.33 2. @)

This equation is a mathematical model of silicon extraction from barite raw material by leaching am-
monium fluoride with a solution. The results (Table 2) that show the considerable relationship with experi-
ment data (R = 0.99, tR = 236.4) clearly demonstrate that this model is sufficient.

According to the developed model full extraction of silicon into the solution can be expected at a tem-
perature of 95 Cat an ammonium fluoride solution concentration of 25 % and duration of leaching the barite
raw material of 80 minutes.

Summary

Studies of leaching barium-containing waste allowed getting particular dependences of extraction of sil-
icon into the solution from temperature leaching time and concentration of solution. On the basis of relevant
particular dependences the mathematical model of process is developed, by means of which the optimal
leaching conditions are determined. Two products are derived, namely the solution ammonium
hexafluorosilicate and the chemically enriched desilicated barite concentrate.
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BapuTTik ImMKi3aTThI CLITI/IEY Npoueci cxeMachblH oiJian Taly KdHe 3epTTey

3epTTey HBICAaHBl OApUT-NOIMMETANIBIK KEHIH (GIoTanusiIblK OalbITy Ke3iHAE albIHFaH OapuTKypamuiac
KaJIAbIKTap Ooubin Tabbutaasl. MaKajdaHblH MaKcaThl — OapUTKypamaac KaJABIKTap/bl CIITIIEy CXeMAachlH
oinant Taby. XKocnapnay omiciH KojaHy apKbpUIBI OapUTKypaMIac KalIJbIKTapAbl aMMOHHUH (TOPHIIHIH
KaTBICBIHAA CYJBI CUITLIEY SKCIEPHMEHTTEpi OTKi3Lnml. bapurkypampmac KalmbIKTapAbl CLITiIEY MpOLEciH
3epTTey YIIH yml (akTop TaHIAN aibIHIBI — ciiTiney Temmeparypacsl (7), ciiTiiey yakbITHI (T) >KoHE
aMMoHMH (ropuai GoiibHIIA GacTanmKsl epiTiHAiIHIH MaibBEABIK KoHneHTpanuscs! (C). Kypampl malb3apIK
emmemue SiO, — 1.9; BaSO, — 67.3; Fe — 8.4; Zn — 1.09; Pb — 0.91; Cu — 0.36 6onaThlH KpEeMHUIACI3
KOHLICHTPAT aly[bl KaMTaMachl3 €TETiH OapHTKypamjac KajaIbIKTapAbl CUITUICYIiH THIMII LIapTTapbl MEH
YPIICTIH MaTeMaTHKaJIbIK Yorici anbiHabl. JlaGopaTopusiblk wiaprrapia GapuTKypamzaac KalJBIKTapibl
cinTizey cxemachl xacaiasl. bapuTkypamaac KaiabIKTapbl CUITIICY YPAICIH 3epTTey KpeMHHIAI epiTiHaigeH
HIBIFAPY/IBIH TEMIIepaTypajaH, CiITiIey yaKbIThIHAH JKOHE ePIiTiHAI KOHIEHTPAUMSICHIHAH KEKe TOyesIiIiK-
TepiH alyFa MYMKIHAIK Oepai. AJBIHFaH XeKe TOYeNJUIIKTep Heri3iHjae MPOIECTiH MaTeMaTHKAIBIK YITici
anprHABL. OHBIH KOMETIMEH CUITUICYAiH THIMAI IapTTaphl aHBIKTANAbL. EKi ©HIM aiblHAbL OipiHIN eHIM —
aMMOHHH TeKCa)TOPOCHIIMKAT epITiHIICI XKoHE eKIHII OHIM — XUMHUSUIBIK O/IICTIeH OalBITHUIFaH KPEMHHMIICI3
0apuTTi KOHIEHTPAT.

Kinm co30ep: Gaput, GapuT Kypamasl KajaablKTap, GTOPHATIK TEXHOJOTHS, CINTiiey, KpeMHHH, aMMOHUI
rekcadTOpOCHINKATBI, KPEMHUICI3NCHAIPY.

K.C. Typebexona, .M. OckembekoB, XK.C. OckembexoBa, I'.JI. KatkeeBa, E.M. XXynycos

HccnenoBanue n pa3padoTka cxeM npouecca BblllleJa4HBAHUS
0apUTOBOIO ChIPbSI

OOBEKTOM HCCIEeOBAaHUH SBIIOTCS OapHTCOAEpIKAIIUe OTXOJBI, MOIyUeHHbIE NPH (BIOTalMOHHOM obora-
IIeHNH 0apUTO-MONIMMETAINIECKHX pyA. Pa3spaboTka cxem BhIIIeTaYrBaHUS 0apUTCOAEPIKAIUX OTXOIOB SIB-
JAETCS LeNIbI0 JaHHOW cTaThbi. C MCIOJIB30BaHUEM METOJA IIAHUPOBAHUS INPOBEACHBI SKCIIEPHUMEHTHI 110
BOZIHOMY BBIIEIAYMBAHUIO GAPUTCOAEPIKALIMX OTXOAOB B IPUCYTCTBUH (TOpHIa aMMoHus. st uccineno-
BaHMs MPOLECCa BBIIETAYUBAHNSA OAPUTCOIEPIKAIIMX OTXOMO0B BBIOpaHbI TPH (akTopa — TeMIIepaTypa Bbl-
menauuBanus (7)), BpeMsi BhILIETaYMBaHUS (T) U HPOLEHTHAS] KOHLIEHTPALKS HCXOJHOTO PacTBOpa no Gpropu-
ny ammonus (C). ITonyyeHa MaTeMaTHyecKas MOZEIb MPOLECCa, U ONpPEIeIeHbl ONTHMANIbHBIC YCIOBHS BbI-
[IeTaYuBaHus OApUTCOAEPKAIINUX OTXOAO0B, 00ECHEeUNBAIONINE MOTydeHHe 00CCKPEMHEHHOTO KOHIICHTpAaTa
cocrapa, Macc. %: Si02 — 1.9; BaSO4 — 67.3; Fe — 8.4; Zn— 1.09; Pb — 0.91; Cu — 0.36. B nabopa-
TOPHBIX YCIIOBHSAX pa3paboTaHa cXxeMa BBIIIETaYNBaHUS OapUTCOAepkKamuxX oTxonoB. VccremoBaHue mpo-
Iecca BBIIIEIAUMBAHUS OApPUTCOAEPKAIUX OTXOJOB ITO3BOJIMIIN MOJTYYUTh YacTHBIE 3aBUCHMOCTH H3BIIEUE-
HMS KPEMHHS B PAacTBOP OT TEMIICPATYphl, BDEMEHH BbIIlIEJIAYMBaHUA U KOHLEHTpauuu pactBopa. Ha ocHo-
BaHMM 3HAYMMBIX YACTHBIX 3aBUCHMOCTEH IOJyueHa MaTeMaTHYecKas MOJENb Mpoliecca, ¢ MOMOLIbI0 KOTO-
pOii onpezeNeHbl ONTUMANIbHBIC YCIIOBHS BblenaynBanus. [losmydens! nBa npoxykra. [lepBblii npomykT —
pacTBoOp rexcadTOpPOCHINKATa AMMOHHMS U BTOPOH NPOAYKT — OOOTAIleHHbI XUMUYECKHIM METOAOM obec-
KpEeMHEHHBIH 6apHTOBBIN KOHIICHTpAT.

Knrouegvie crosa: 6apI/IT, 6apHTc0Hep>KamHe OTXO/[bI, q)TOpI/IIIHaSI TEXHOJIOI'Ms, BBIIICIIAYUBAHUE, erMHHﬁ,
FeKCS.(i)TOpOCI/IJII/IKaT aMMOHUA, O6eCerMHI/IBaHI/Ie.
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