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ABSTRACT

Grafting polymerization based on polypropylene glycol (PPG) and styrene (St) was synthesized with
different composition of styrene using the free radical technique in the presence of potassium persulphate
as an initiator. The grafted copolymers (PPG-g-St) used different styrene composition (65/15, 65/25, 65/35),
respectively. The grafted copolymers were investigated through FTIR (Fourier-transform spectroscopy),
Differential scanning calorimeter and thermogravimetric analyzer. FTIR showed new peaks at 1450 cm
and 1135 cm due to the grafting process of St on PPG. Thermal stability of grafted copolymer increases by
increasing the ratio of styrene, while T, decreases by increasing the ratio of styrene.

Keywords: Grafting, polymerization, styrene, copolymer, radical.
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Introduction

Polypropylene glycol (PPG) is a polymer with a
broad industrial application, including biomedical
mucoadhesive. In addition, PPG provides high
chemical stability; and is a safe, biodegradable, and
biocompatible polymer. Several researchers have
distinguished chemical modification of
polypropylene glycol via graft copolymerization.
They have used different techniques, including
anionic, cationic, free radical, and condensation
polymerizations based on monomers type and direct
attachment with functional polymer [1-7]. A series
of polypropylene glycol-grafted-polyethyleneimines
were synthesized with the grafting rate ranging from
9% to 19% [8]. Song et al., [9] reported that
polypropylene glycol-grafted multi-walled
polyurethane was synthesized based on the
hydroxyl functionalized polyurethane through a

two-step reaction. The obtained grafted copolymer
can improve the rheological behavior of the
polyurethane.

Ayman et al., [10] prepared PPG and grafted it
with different molar ratios of maleic anhydride in
the presence of dibenzoyl peroxide as a radical
initiator. The obtained grafts were esterified
different  weights of polyethylene glycol
monomethyl ether to produce nonionic surfactants.
Do et al., [11] reported that the PPG-grafted
polyimide precursor, poly (amic acid-co-amic ester),
was synthesized via partial esterification of poly
(amic acid) derived from pyromellitic dianhydride
(PMDA) and 4,4’-oxydianiline (ODA) with bromo-
terminated poly (propylene glycol) in the presence
of K;COsin hexamethylphosphoramide and N-
methyl pyrrolidone.

Maeda et al., [12] investigated the phase
behaviour of graft copolymers in an aqueous
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solution. The graft copolymers consist of PPG
side chains and N, N-dimethylacrylamide, N-
vinylimidazole, and N-isopropyl acrylamide as
backbones. Phase transition temperatures of
copolymers increased with increasing the content of
N, N-dimethyl acrylamide, and N-vinyl imidazole and
with an increase in the degree of ionization of the
incorporated N-vinylimidazole units. Murat et al.,
[13] prepared thermoplastic amphiphilic grafted
copolymers based on PPG and different molecular
weight of polyethylene glycol (PEG) in the presence
of a base via a “grafting to” technique. The
hydrophilicity of the amphiphilic copolymers
increases with the increasing PEG content in the
copolymer while the mechanical properties
decrease.

The present work was designed to study the
preparation and characterization of polypropylene
glycol-graft-styrene via FTIR (Fourier-transform
spectroscopy), thermogravimetric analyzer (TGA)
and differential scanning calorimeter (DSC).

Experimental part

Materials: polypropylene glycol (PPG), styrene
(St), potassium persulphate (KPS) and polyvinyl
alcohol (PVA) were purchased from Sigma Aldrich.

Preparation of PPG-Graft-St: Graft
copolymerization was carried out in a 250 mL three-
necked flask equipped with a thermometer, reflux
condenser, and stirrer. The following procedure was
used for the synthesis of grafting copolymers of
polypropylene glycol (PPG) and styrene (St) with
various ratios of St, i.e. [M1: (65: 15), M2: (65: 25),

Initiation:
o B
N\ _©O —
o s — 2K+ + 250
y >\S/ ~o— X\ K 4
A\ o
CH
so;
Propagation:

CH

M3: (65: 35)]. PPG, PVA (0.1 gm) and water added to
the flask and stirred continuously at a constant
temperature of 60 °C. After the PPG was fully
homogenous, the temperature of the system was
strictly maintained at a required value. Freshly
prepared potassium persulphate KPS solution about
(5 mL) (0.74 mM) was added followed by dropwise
addition of St. The reaction was conducted for two
hours with stirring continued for another 20 min at
room temperature.

Measurements: Infrared spectra were recorded
on a Perkin Elmer 4000.0-400.0 cm™ FTIR
spectrophotometer. Thermogravimetric analyzer
(TGA) was recorded on TGA/SDTA851%, METTLER
TOLEDO. Differential scanning calorimeter (DSC)
were recorded on Pyris 1DSC, Perkin Elmer.

Results and discussion

Characterization of grafted copolymers

FTIR Spectra. FT-IR spectra of the PPG is shown
in Figure 1a. Absorption peak at 3400 cm-1 due to
the stretch OH group, peak at 3000 cm™ for stretch
C—Hand 1100 cm™is ascribed to O — C group. Figure
1b presents the FTIR spectrum of grafted copolymer
PPG-Graft-St.). The results showed new peaks at
1500 cm™® and 2900 cm™ correspond to (C = C) and
(C-H) aromatic. It peaks at 1036 cm™® which is
attributed to stretch vibrations of C — O — C and
confirm the point of grafting St unto PPG.
Furthermore, the transmittance of the hydroxy
group reduced more than 75% due to the grafting
polymerization process as shown in Scheme 1.

H .
+ —~
‘EO CHﬂ' E—— H‘Eo \CHZﬂ'O _ HSO;

CH3
HC HC .
{ \CHﬂ’O XcH . \E \CH’ﬂi' /CH\
I o~ R CH,
HC‘/ §<‘:H \c
-5
e 5y
Termination: HC 7CH
CHg CHy ‘,3“3
HC —CH CH HC o
H — o AN HC — ~— CH,—CH
\EO/ CHZ/E|V CH + H‘|Eo/ ~~cH7° \CH [ . Ao CH3 n [ 2 m
n n \ 2 ~Cx
/c§ & H(‘D‘ \<‘:H
HC CH P
\ HG \C‘;H HC 7oH
HC._ _~CH
~cH HC\CﬁCH

Scheme 1 - Mechanism of grafted St on PPG
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Figure 1 - FTIR spectra of (a) PPG and (b) PPG-Graft-St

TGA and DSC analysis

TGA in air at a heating rate of 10°C/min and
DSC at about the same heating rate under nitrogen
atmosphere is used to test the thermal activity of
pure PPG and PPG-g-Styrene. Figure 2 — 5 show TGA
and DSC analysis of pure PPG and PPG-g-Styrene.
The thermal decomposition temperature of pure
PPG and grafted PPG with a Styrene in different
formulations is around 350 °C, as shown by TGA
measurements.

120 - 70
L 60
100
L 50
80 L 20 E
N L 30 3
o 60 (_%
= =
40 L 10 &
I
L 0
20
L _10
0 -20
0 200 400 600

Temperature, °C

Figure 2 - TGA and DSC analysis of pure PPG

The TGA curves also show that pure PPG
follows a one-step decomposition process, as shown
in Figure 3. Between 200 and 500 °C occurs weight
loss, which leads to total decomposition and CO;
loss. Thermogravimetric curves can determine the
quantitative phase composition of various
substances. Therefore, our obtained samples are

single-phase since they have one decomposition
line. Thermal properties of samples shown in Table
1 illustrates the presence of styrene in the samples,
with increasing of styrene in samples follows
increasing in the temperature and amount of
residual.

Table 1 - Thermal properties of samples obtained from
TGA curve

Temperature Weight Residual
Polymers
(°C) loss % %
PPG 200 - 420 74.32 25.68
M31(65/15) 182 - 448 87.25 12.75
M2(65/25) 235-467 83.54 16.46
Ms3(65/35) 246 - 481 76.26 23.74

In DSC curves, peak area and the area
bounded by the experimental curve and the
baseline, which are proportional to the heat of
reaction. Decomposition of prepared samples follow
exothermic reaction. Moreover, a decrease of the
peak area with increasing styrene indicates that the
grafted polymer retains heat. The thermal
characteristic from DSC analysis in Table 2, shows
that the influence of styrene on glass transition,
crystallization and melting temperatures is not big,
but it still decreases [14, 15, 16, 17].
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Table 2 - Thermal properties as samples from DSC curve

Polymer | Tg(°C) | Tc(°C) Tm (°C)
PPG 58 144 354
M1 58 112 354
M: 54 114 360
M3 51 90 364
Ty: Glass translation temperature
Tc: Crystallization temperature
Tm: Melting temperature
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Figure 3. The TG and DSC analysis of PPG-graft-St (M1)
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Figure 4. The TG and DSC analysis of PPG- graft -St (M2)
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Figure 5. The TG and DSC analysis of PPG — graft- St (M3)

Conclusions

The grafted copolymers based on PPG and St
were  successfully  prepared by  grafting
polymerization using free radical technique and
potassium persulphate as an initiator. The grafted
copolymer (PPG-Graft-St) showed an excellent
thermal stability, however an increase in the ratio of
styrene, thermal stability and T, increase.
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TYAIHAEME
Monunponunexraukons (MMI) skaHe ctupon (CT) HerisiHAeri 6anaHbICTbIPy CONOAMMEPU3ALUACDI
Kanuii nepcynbGaTbl MHULMATOPbIHbLIH, KaTbiCybiIMeH 60C pasuKanabl d4icneH ap TypAi Kypamaarb
CTUPONAbl KONAAHY apKblabl cuHTesaendi. bainaHbictbipbinfad cononumepnepae (MNr-r-Cr) ap
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Kabbinganabl: 13 winde 2021 cononumepnep FTIR, DSC kaHe TGA kemerimeH 3eptrengi. FTIR (®ypbe TypaeHaipy
cnekTpockonuackl) 1450 cm? skaHe 1135 cm? peHreiinepiHge aHa Tebenepai kepcetri, 6ya MMAM-
HiH, CT-fa 6ainaHbicy npoueciH aAsnengenai. balnHbICKaH CONOAUMEPAIH, Xblay TYPaKTbINbIfbI
(DSC, TGA) cTMpon MponopuUMACLIHbIH, 6CYiMeH ofapblnanabl, an Tg conoaumepgeri cTMpon
yNeciHiH, apTybiHa H6ainaHbICTbl a3angpl.
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AHHOTAUMUA

MNpuBuTas cononMmepusauma Ha ocHose noaunponuneHravkona (MMM w ctmpona (Ct) 6bina
Moctynuna: 29 mapma 2021 CMHTE3MPOBaHa C MCMOIb30BaHMEM CTUPOA Pa3HOro cocTaBa NyTEM CBOBOAHOPAANKaAbHON METOAMKM B
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ABSTRACT

Rare earth elements play an important role in the production, energy, and high technology. Due to the rapid
development of industry, the demand for rare earth metals is rising every day. Therefore, it is necessary to
improve the extraction of rare earth metals from various sources to meet the demand for these elements.
Currently, pyro- and hydrometallurgical technologies are used to extract rare earth metals from an ore and
other secondary sources (industrial wastewater, acid drainage mines, etc.). Hydrometallurgical technologies
include precipitation, extraction, adsorption, and ion exchange methods. Adsorption is one of the most effective
methods for the extraction and separation of rare earth elements. Adsorption methods are highly selectivity to
metal ions and have low emissions. However, not all adsorbents are effective in producing the same metal ions.
This study provides an overview of the different adsorbents that can be used to extract rare earth elements
from aquatic systems. Hydrogels and molecular polymers have been found to be cost-effective methods for
high-grade rare earth metals. Further research is needed to ensure the performance of these systems.
Keywords: rare earth elements, adsorption, adsorbent, hydrogel, molecular polymers.
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TYWNIHAEME

CupeKk Kep 3neMeHTTepi ©HAipicTe, 3HepreTMkKa CcanacblHAA@ >KOHE »KOFapbl TexHosorvanapabl
[aAWblHOAYAQ MaHbI3abl pen aTkapaabl. MHAYCTpUAHbLIH, KapKbliHAbl AamyblHa Opal CUPEK Kep
MeTangapbiHa CypaHbIiC KyHHEeH-KyHre aptyga. Con cebenti 6yn anemeHTTepre AereH KasKeTTiNiKTi
KaMTaMacbl3 eTy YLiH, CUpPeK Xep MeTanaapblH apTypAi Ke3AepAeH any XoN4apbiH KeTiNa4ipy KaxerT.

CapanTama *kacangbl: 14 mamsip 2021 Kasipri yakpiTTa cupeK ep MeTangapbiH KEHHeH aHe 6ackada eKiHWi Ke3aepaeH (eHAIpicTiK aFbiHAbI
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KabbinganfaH: 14 winde 2021

CyNap, KblWKbINAbl ApeHaxapl WaxTa }aHe T.6.) 6enin any ywiH NMpo »KaHe rMapoMeTaNNypruanbik,
TEXHONMOTMANAP KONAAHbINAAbl. MAPOMETANNYPrUANLIK TEXHONOTUANAPFA TYHAbIPY, 3KCTpaKums,
aacopbums KaHe MOH anmacy agicTepi katagpl. Agcopbuma — Byn cUpek Kep 3NeMeHTTepPiH anyablH,
KoHe benyaiH, eH TMiMmAi aaicTepiHin, bipi. Agcopbuma aaicTepiHiH, MeTan MOHAAPbIHA CYPbLINTHIbIFbI
YKOFapbl }KaHe KopluafaH opTafa beniHeTiH 3uaHabl KangpiKkTapbl a3. bipak agacopbeHTTepaiH 6apablfbl
bipaei metan noHaapbiH 6enin anyaa TMimai 6ona 6epmeniai. byn 3epTreyae cynbl KyienepaeH cupek
ep anemeHTTepiH 6enin any ywiH KongaHyra 60naTbliH apTypai agcopbeHTTepre LWOAY acangbl.
fmaporengep MeH MoNeKynanbik TaHbanbl NOAUMEPNEPAiH, CUPEK Kep MeTanaapbiHa CypbINTbIAbIFbI
YKOFapbl, SKOHOMMKANbIK TYpFblAaH TUIMAI d4icTep eKeHi aHblKTanabl. Apbl Kapal OCbl XyihenepaiH,
OHIMZiNITiHe KO3 XKeTKi3y YLWiH TaFbl Aa 3epTTeynep XKypridy Kaxer.

TyliiH ce30ep: cupek Kep 3nemeHTTepi, aacopbumsa, aacopbeHT, rugporenb, MOEKyNanblk TaHHanbl
nonumepnep.
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Kipicne KapafaH4a casnbiCTbipmanbl  Typae Ken, 6ipak,
YKETKINIKTI Typae worbipnaHbaraH. Cebebi cupek
MeHaenees  NepuoATbIK  >KyieciHaeri  Kep 3neMeHTTepiHiH MoHAbIK paamnycTapsl (1-kecTe)

NaHTaHoMATap TobblHA *KATaTblH PETTIK Hemipi 57-
neH 71-re  peniHri  anemeHTTEP CUpPEK Xep
anemMeHTTepi petiHae 6enrini. byn atay onapabiH
CUPEKTIiriHe, KypblINbIMAbBIK — LAPTTapblHA  XaHe
reofbl/ibiMK MacenenepiHe 6ainaHbicTbl GepinreH
[1]. Byn aneMeHTTEp XKEHiN CUPEK XKep 3/1eMeHTTepI
(naHTaHHHAH eBpoNUitre AeniHri anemMeHTTEep) KaHe
ayblp CUPEK Kep 3NEeMEHTTEPI (UTTPUI KaHe KanfaH
NaHTaHouaTap) 6Gonbin  eKki TonKka 6GeniHeai.
CKaHaMNAIH, MOHAbIK, paanychbl KilUKeHTal
b6onFaHAbIKTAH ByN aTanfaH eKi TOMKa Aa KaTnangpl.

Cuvpek Xep 31eMeHTTepi MeTanayprus,
XMMUA, WbIHbI, KOPbITNAaNap KaHe MyHan eHaeyaeri
KaTa/M3aTopaap CUAKTbI ap TYpAi cananapia xaHe
TYPaKTbl MarHUTTEp ’Kacayga KongaHblnagbl [2].
CoHpali-ak onap KopfaHblC TexHonormanapbiHaa [3]
’KOHE 3HepreTMKa CcanacbiHAa, COHbIH, iWiHAge
aneKkTpoMmobunbaep MeH ken TypbuHanapbiHAa
MaHbI3abl  OpblH anagbl [4]. TexHONOrMAHbIH,
WHAYCTPUAHBIH AaMyblHa opai Tabusmn pecypctapapl
nanganany KYHHEH-KYHre apTbin Kene
KATKAHObIKTaH 6onawaKkTa cupek xep
MeTanzapblHbIH, Hapbifbl 13,7% eceai aen Kytinyae
[5].

CUpeK Kep aNieMeHTTepi Kep KbIpTbICbIHAA
6acka  KONAAHbIALIM  KYPreH  3nemeHTTepre

6ip-bipiHe eTe aKblH OONFaHAbIKTAH KenTereH
MWHepangapaa esapa aybicnanabl 60abin Keneqi ae,
onapabpl 6eny KubiHFa cofagpl  [6-9). Byn
anemeHTTEp CUNMKaTTap, ranoreHuarep,
KapboHaTtTap, ¢ocdattap cuAKTbI MUHepangapaa
Ke3eCKeHiMmeH, Taza MeTan KyniHae TabblaimafaH
[6, 10]. Kasipri TaHaa cupeKk Xep MeTanaapbiH
KeHHEeH 6enin any  yWiH nmpo KoHe
rMAPOMETANNYPIUANDBIK, TeXHoM0rnANap
KON4aHblnagbl. MupomeTannypruabik,
TEXHO/I0TUSANAPMEH CaNbICTbIpFaHAA
rMAPOMETANNYPIrUANBIK aAicTepaiH, ©3iHAIK
apTbIKWbINbIKTApbl 6ap, cebebi 6yn agictepaiH
meTangpl 6enin any aapexeci xofapbl, 6oaKamapl,
OHali backapblnagbl KoHe Tasaiblfbl XKOFapbl
eHimgep bepegi [11].

fmapomeTannypruanbik agictepre TyHAbIPY,
SKCTpaKLuMA, aacopbums  KaHe WMOH  anmacy
TEXHONOTUANAPDI KaTaabl. TYHABIPY - OyN CUPEK Kep
MeTanaapbiH 6enin anyablH eH KapananbiM aici,
6ipak 6yn agicTiH 6ipkaTap Kemuiniktepi 6ap.
MbIcanbl, KaxeTTi meTangbl any YWiH XMMUAABIK
peareHTTepAiH, Ken melepiH Tanan erteai, TyH6a
Ty3ineai KoHe Ae  KOHUEHTPAUMACHI  TeMeH
meTangap  ywiH  Tmimcis  [12].  EpiTkiwneH
3KCTpaKumManay apaici ap TypAni afblH CcynapgaH
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MeTangapabl any ywiH KongaHoinagbl. CUpeK Kep
METaNAapblH any YWiH 3KCTpareHTTiH KenTereH
Typaepi 3epTTenreH, CcoOHblH, iWwiHge gu  (2-
atunrekcun) docoop Kpiwkpiabl (HDEHP) [13],
Cyanex 301, Cyanex 302 [14] »kaHe Cyanex 923,
Cyanex 925 [15]. Ananga  KOnAaHbICTafbl
3KCTpareHTTep 3KCTpakuua bapbicbiHAa Oacka Aa
MeTangapabl KOCa WbIFapaTbIHAbIKTAH CUPEK Kep
MeTaNaapbiHbIH, Ka*KeTTi Ta3a MeJWepiH anyapl
KublHAaTaapl [16].

Aacopbunsa — 6yn agcopbeHT beTiHe cupek
xep 3/IEMEHTTEPIHIH, noHAaapsl KUHaNbIN
MONEKYNANbIK  *KyKa  KabaT  Ty3eTiH  agic.
Apcopbumanbik aaictTepmeH MeTanaapabl XKofapbl
CYpbINTbl 6enyre ¥oaHe *Kofapbl KOHUEHTPAUUSANBIK
MaHre Kon xeTkisyre 6osagbl [17]. Cupek xep
anemMeHTTepiH 6enin any ywiH agcopbeHT beTiHae
MeTaN MoOHAApPbIHA CYpPbINTbl GYHKUMOHANAbI TONTAp
KongaHbinagpl. Con cebenti apTypi aacopbumnanbIK,
KOJIOHKanap KaxkeT 6os1ybl MyMKiH [18]. Aacopbums
KOHUEHTPaUMACbl TeMeH epiTiHginepaeH ge
MeTanaapapl WbiFapa anybl MYMKIiH, COHAbIKTaH 6yn
SAICTI BHAIPICTIK afblHAbl CynapAbl Ta3apTy YLWiH
KongaHyfa 6onagbl. byn e3 KeseriHge cupek kep
3NeMeHTTepPIH eHAIpPICTIK epiTiHAINepAeH OHTaMAbI
3KCTPaKuMAnan, KopwafaH OpTaHblH, NacTaHyblIH
asaiTyfra  MYMKiHgiK  6epegi  [19].  Cynbl
epiTiHAaiNepaeH CUPEK }Kep 31IeMeHTTepiH benin any
YLWiH KenTereH OpraHuKasblK, KoHe
b6eliopraHuKanblk, agacopbeHTTep  KongaHblAAbl,
Mbicanbl Leonut [20], KpemHuin amokcuai [21],
HaHomaTepuangap [22], 6enceHai kemip [23] kaHe
ap3aH maTepuangap [24].

3epTTeydiH MakcaTbl Cynbl XKyhenepaeH
CMpEK ep 3/NeMeHTTepiH anyfa aHe bGenyre
KO/ AaHbINATbIH aacopbeHTTEpA) 3epTTey,
agcopbumanbik,  KabineTi  »KaKcbl, KONAaHYfa
KapanalibiMm, 6baFacbl ap3aH KaHe KopllafaH opTafa
3MAHAbI 9Cepi ToMmeH aacopbeHTTi TaHAaay.

Kecte 1 - Cupek xep
paanyctapsl [6, 7]

3/IEMEHTTEPIiHIH, WMOHABIK,

Cupek xep dJIeMeHTTepi MoHabIK paanycel, HM
La 1,061
Ce 1,034
Pr 1,013
Nd 0,995
Pm 0,979
Sm 0,964
Eu 0,95
Gd 0,938
Th 0,923
Dy 0,908

Ho 0,894
Er 0,881
m 0,869
Yb 0,858
Lu 0,848
Se 0,66
Y 0,88

3ep1"rey MeToA40/10rMAChbl

3epTTey  METOAO0NOTMACHI  CUPEK  XKep
3/leMeHTTepiHiH MoHAapbiH 6Genin anyfa KoHe
KanmnblHa KenTipyre apHanfaH agcopbeHTtTepre
Tangay »Kacay. 3epTreyain 6yn aTanbiHAA CUPEK Kep
3/IeMEHTTEpIHIH, MOHAAPbIH anyfa XaHe benyre
KOJiAaHbINFaH apTypni aacopbeHTTepre (KOMipTeKTi

agcopbeHtTep, 6uocopbeHTTep, ruaporengep,
MONEKYNaNbIK  TaHbanbl  noaumepnep)  wony
»KacanfaH.

3epTTey HaTUKeECI

KemipteKti apcopbeHTTep. AKTUBTENreH
KOMip  OpraHuKajblK KaHe OGelopraHuKanbIK,
NacTafbllTapabl WbIFapyaa KeHiHeH KongaHblibin
KypreH agcopbeHT [25]. Byn agcopbeHTTiH, 6eTTik
KabaTbl yaKkeH (sgette 800-1500 m?/r) xaHe beTTik
KabaTbl ap Typai ¢PyHKUMOHanApl TonTapAaH
(mbicanbl, KapboKkcungep, deHongap, XMHOHAAP,
NakToHAap) Typaabl [26]. bipak 6enceHai KemipgiH,
©3iHiH, CMpEeK Kep 31eMeHTTepiHe CypbINTbibIfbl

TOMEH. CoHAbIKTaH benceHaj KeMipAaiH,
agcopbumanbik,  KabineTiH  KofapbliaTy  YLWiH
CYpbINTbIIbIFbI TemeH OTTEKTI TonTapAbl
dYHKLMOHU3aLMANaEN, KOMIpTeKTI
HAHOTYTIKWeNnepaiH, KemerimeH KOMIpTeKTI

aacopbeHTTiH, B6eTTik KabaTblH moanduKaumanay
KaxeT. KaHO »KoHe OHbIH apinTectepi 6enceHai
Kemipai KMnOs-meH moaudukaumanan, cynbl
KynenepaeH CUpPEK Xep 3/eMeHTTepiH anyyfa
KoNJaHfaH [27]. KemipTekTi  aacopbeHTTiH,
aacopbumanbik KacueTiH KeTepyre HAHHMYenu
3ybrnaHu 6Hacka pa aBTopsapmeH  bipaecin
NeHTasTUNeH aMuHAI nanganaHyapl ycbiHFaH. byn
eHAenreH aacopbeHTNeH cynbl }KyeaeH La MOHbIH
3KCTpaKuMAnayaa ancopbumanbik KacueTiHiH, eki
ece KakcapfaHblH KepceTkeH [28]. Anaiga,
KeMipTeKTi aacopbeHTTepaiH, HapbiKTafbl Oarachl
*KOFapbl bONFAaHAbIKTAH BHEPKaCiNTe KoAaHy TUiMCI3

[29]. Onap KOMMEPLUANDIK NOH
a/IMaCTbIPFbILUTAPAAH apsaH 60/1FaHbIMEH,
6uonornanbIK KangblkTapaaH anblHFaH
copbeHTTEpAEH aHafypabim  KbimbaT  [30].

— 14 ——
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CoHApIKTaH  copbumanbIK
apgcopbeHTTepmeH bipaen,
copbeHTTEp 3epTTeni.

BuocopbeHtTep. EnocopbeHTTepre Tabusn
maTepuangap, OHAIPICTIK  KanablKTap, aybin
LapyaLblablfbl KanablKTapsbl, ecimaik
maTepuangapbl KaHe OGuMomaTepuangap Kartagpl.
XUTO3aHAApP -  XUTUHHIH,  AeaueTUNAeHYiHeH
anblHFaH b6enrini  Tabusn  nonucaxapug. On
KesaencoK 6alnaHbICKaH D-rnoKosamunH KaHe N-
aueTtun-D-rnoko3amuH bipniktepiHeH Typaabl [31].
XWUTO3aHHbIH KYpaMblHAAFbl aMUH, aLLETaMUAO KaHe
rMAPOKCUN TONTapbl meTanabl TMimai
6ainaHbICTbIpyFa MyMKIHAIK Bepeai. XnTo3aH ayblp
MeTaNgap MeH opraHuKanblk 60AfbILTapPAbl anyaa
KeHiHeH 3epTTenreH [32]. CoHfbl Xblngapbl XMTO3aH
Tasa JKaHe TypAeHaipinreH TypiHAE CUpPEK Xep
anemeHTTepiMmeH [33,34] akTUHMATEPA] OHAIPICTIK
OHe AAPOAbIK KangblKTapdaH KannblHa Kentipy
YWiH KongaHolnyga. Mblicanbl, ¢pochop yHTafbl
KaNAbIKTapblH 3KOJIOTUAMBIK KannblHa KenTipyre
OHE CUpEeK Xep 3/IeMeHTTepiH KaWTa eHaeyre
OUTANKOIaMm KbILWKbI/IbIMEH TYpAeHaipinrex
XUTO3aH rybkanapbl KongaHbinfFaH. Y3 xaHe Eu®
MOHAAPbl  YWIH  MaKkcumangpl  copbumanbik
CUbIMAbIIbIFLI  CalKeciHwe 40,7 »aHe 79,0 mr/r
6onfaH. byn ocbl 3AICTiH, CUPEK Kep 3N1eMeHTTePIH
anyfa TMimAi ekeHiH Kepceteai [35]. XutosaHapbl
UMMOBUNU3LAEHTEH NMraHgameH TYpAeHaipy
apKblNbl anbiHFAH rMbpuaTi agcopbenTTi La (IIl), Y
(1) »kaHe Sc (Ill) voHaapbiH anyaa naganaHy [36]
CyNbl KyWenepgeri CUpeK Xep 3neMeHTTepiHe
XUTO3aH KOCbIIIbICTAPbIHbIH,  TUIMAI  agcopbeHT
€KeHiH KepceTTi.

Ananpga 6uocopbeHTTEpPAi OpraHMKanbik,
peareHTTepMeH GYHKLMOHM3aLMANAY NPOLEC Ken
eHDEeKTi KarKeT eTeli *KoHe Tasaiblfbl ¥KOFapbl
OpraHuKasnblK peareHTTepAi Tanan eTedi, MyHAan
peareHTTep  canbICTbipMmanbl  TypAe  Kbimbar.
CoHApIKTaH anblHFaH rMbpuarti 6uocopbeHTTEpai
ap3aH  MmaTepuangap  KaTapblHA  KaTKbI3yfa
Kenmenai, 6yn  6uocopbumanblK  aaicTepain,
apTbIKLWbIbIFbIH TOMeHaeTeai [37].

fupporenaep. CoHfbl *Kbl1Aapbl KYPbIbIMbI
YW eswemai KeyekTi noaumepni rugporengep
CUpPEK Kep MeTangapbiHblH MOHAAPbIH CyAaH
Hemece cy/bl KyenepaeH 6enin anyfa apHanfaH
apcopbeHTTep petiHae cunatTanbin Xyp [38]. byn
yw enwemagi rugpodunbai noaMmepnep cyabliH Ken
6eniriH ciHipe anaTblHAbIKTaH, CyAa *KaKcbl iciHeai
KoHe  GM3MKanblK  KypblibiMbl  e3repmeng,.
Maporengep KypblibiMbIHAAFbl KAPOOH KbILWKbIbI,
aMWH, TUAPOKCUA KaHE CYNbPOH KbIWKbIAbIHbIH
TObbl  cusAKTbI  ruapodunbai  GyHKUMOHaNAbI

KacuneTi  KemipTeKTi
6ipaK LWbIfbIHbI a3

TONTapAblH ecebiHEH CUpeK Kep 3/1eMeHTTepiH
copbumanan KOMNAEKC Ty3eTiHAIKTEH, onapapl Cybl
KyhenepaeH — MeTan  MOHAAPbIH WbiFapyFfa
KongaHyfa 6onagbl  [39]. ©OHepkacin  KaHe
aybl/iWapyalbiibifbl  CananapbiHAa  KaHblKNafaH
aKPUN KbILWKbIIbl MEH MEeTaKPUI KblILKbIAbIHbIH,
MoHoMepiepi (KypblibiMbl 1-cypeTTe KepceTinreH)
HerisiHae anblHFaH cynepabcopbeHTTi rmaporengep
[40] KeHiHeH KonaaHblnaabl.

(a) th)

CypeT 1 - a) akpUA KbILWKbLIbl 6) METAKPWA KbILLKbIAbI

BaHr KoHe OHbIH,
KapboKCMMETUNLENNION03a  Heri3iHAe  aNblHfaH
*KacyLwwanbl rmaporenaepaix cmpeK Kep
3/1IEMEHTTEPIHIH, MOHAApPbIHA copbumaceIH
3epTTereH. 2-cypetre KepcCeTinreH rKacylanol

apinTtecTepi

rngporengep 30 muHyT iwiHae La (IIl) »kaHe Ce (lI)
MOHAAPbI YWiH MaKcMmangpl COpbUMANbLIK MaHre
384 mr /r »kaHe 333 mr /r »eTkeH [41].

Cyper 2 - *acywansl ruaporengep , (a xaHe d) caHAbIK,
doTocypeTtTepi, (b KaHe c) KoHbOKanbAbl KecKiHaepi
*oaHe (e) BaH MeH apinTecTepiHiH CKaHepli 3N1eKTPOoHABI
MWKPOCKONNEH afifaH 3epTTey HaTuxenepi

CaxMHep KoHe OHbIH, apinTecTepi cy
wyhenepiHeH UO?* xaHe Th* nongapbiH 6enin any
YLWiH 4-BUHUNMNPUONHMEH (4-BM) 2-
rmgpokcuaTunmeTakpunaT (FIMA) KaHe MarHuTTi
KOMNO3UTTep HerisiHae anblHFaH rugporengepre
3epTTey JKyprisreH [42]. CuHTesgenreH
ruaporenaepai cynbl epitinginepaeH UO? kaHe
Th* nonpapbiH 6enyre naiganaHy cebebi, 4-BMN-HiH,
a30T aTOMbl MeTas MOHAAPbIMEH KOMMJEKC Ty3e
anagpl, KOCbIMLLA 3apsaaTanFaH ruapodobTbl ToNTap

Kypa anafbl KaHe OHall nosMmepusaumara
yliblpanapl. byn rmaporenaepain, meTan
NOHAAPbIMEH apekKeTTecyiH KywenTea,.
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fwaporengepaiH, ypaHabl CiHipy mexaHumsmi  3-

CypeTTe KepCeTiareH.

CypeTt 3 - YpaHHbIH 6altnaHbicy mexaHu3mi [42]

OTaHablk Fanbim xkymagunos T.K. 3epTrey
TOObIMEH TabWFaTbl KbIWKbIAABIK IHEe Heri3gik
CUpEeK TirinreH nonMMepAnik  rugporengaepai,
copbumacbiHa bipkaTap 3epTTeynep KyprisreH.
3epTTey HITUXKenepi KekenereH rugporengepre

KapafaHaa, KbILKbINAbIK, KaHe Heri3aik
rmgporengep HerisiHae KypblnFaH WHTeprengi
Xyhenepain, (4-cypeT) copbuuanbikK KacueTTepi

aHafyp/biM KoFapbl 601aTbIHbIH aHbIKTaFaH [43-46].
MonnakpuKbIWKbIbIHbIK rtnaporeni (MAKr) — nonau-
4-suHuNnNupuanH  rugporeni  (MN4BMr)  koHe
NONMAKPUKBILWKbINbIHLIH, rtugporeni (MAKr) — nonam-
2-MeTUN-5-BUHUANUPUANH rugporengepi
(M2M5BM)  HerisiHAe  KypblifaH  UHTeprengi
KymenepaiH, Luepun MOHbIHA COpPOUMACBIH 3epTTey
bapbicbiHaa, kekenereH [MAK, M4BMN, MN2M5BM
rMAporenfepiHid, Uepuin MoHZapbIH any aapexeci
calKeciHwe 63,33%, 56,67% »aHe 50,00% 6onca,
uHTeprengi Kymenepgin, 17%MAKr - 83%MN4BMr
KaHe 33%[MAKr - 67%M2M5BIMr KaTbiHacTapbiHAA
conkeciHwe 92,33% »aHe 90,67% Lepuii MoOHZAPSI
anbiHfaH [45].

Cyper 4 - UuTeprengj xyie: 1 — Ty3 epiTiHaici, 2
— noannponuaeHai MembpaHa, 3 — KblLWKbIAAbIK,
rmaporenb, 4 — Heri3gik rmgporens. UHTepreni xyenep
— eKi Hemece 04aH ga Ken rmaporengep MeH epitiHaigeH
TYPaTbIH K&n KOMMNOHEHTTI »Kylienep (noanmepnep
apacblHAa Tikenel 6anaHbIC oK) [46]

Cynbl KyenepaeH meTan MoHaapblH benin
any yuWiH uWHTeprenai yhenepai KongaHygabliH
Keneweri 30p. Cebebi KoNAaHbICTarbl aHaNOIMapMeH
canbICTblpFaHaa WHTeprengi »kyenepaiH, 6ipkatap

APTbIKLWbINbIKTAPbI 6ap. MaHbI34bl
APTbIKLWbINbIKTAPbI: rmaporenfepiin
CYpbINTbINbIFbIH ~ Benrini  6ip WOHFa  e3repty

MYMKiHAIrI, rmgporengepait, noHZapAab!
copbumanay KblngamaplFblH 6akblaay MyMKiHAIr,
rmaporenfepais, pereHepauuacbl MeH WOHAAPAbI
6enyAaiH canbICTbipManbl ¥KblNgaMablfbl, MIOHAAPAbI
6enyaiH, YKOFapbl CYpbINTbIbIFbI [47].
MmaporengepmeH  agcopbuuanay  aaici  cynbl
epiTiHginepai nactafbiWTapaaH TasanayablH, ap3aH
api Konannbl agici. MTmaporengepai bipHewe pet
KanTanan copbumana nanganaHyra
6onaTbIHAbIKTAH KopluafaH opTafa beniHeTiH ynbl
KangblKTapapiHga menwepi eTe a3 6onagbl. Con
cebenTi 6y ocbl dAICTI TEXHUKA/bIK-9KOHOMUKANDbIK,
TYPFblA@H  MaHbI3Abl  KOHE  KOMMEPLMUANDIK,
TypfblaaH TMimai eteai [39].

MonekynanblK TaHbanbl nonauMmepnep.
MoneKynanblk TaHb6anbl nonumepnep (MTIM Hemece

MOJIEKYNANbIK, ~ MMAPUHTUHF) -  OyAn  Kofapbl
MOJIEKYNaNbIK  TaHyfa  Kabinerti  nonumepni
maTepuangapabl  AalblHOAy — YWiH - KeHiHeH
KO/MO4AHbINbIN  KypreH  agic.  MoneKynanbik,

UMNPUHTUHTKE HerisgenreH noanmepaep maKkcatrbl
MOIEKYNaHbIH, MiWiHi MeH XMMWAMDLIK aabICbIH
KepceTeai [48]. MyHgan nonnmepnep any ywiH (5-
cypeT) anabiMmeH GyHKUMOHaNAb! TOMMNEH KOBaIeHTTi
Hemece KOBaJIEHTCI3 6GalnaHbICKaH  MaKCcaTTbl
MOJIeKyNaHblIH, WabaoHbl Hemece maTpuuacbl bap
NoJIMMep CUHTe3aeNefi, OAaH KeliH cuHTesgenrex
noanmepaeH  Mosiekyna  wabnoHbl  anblHbIN
Tactanagbl Aa, OpHbIHAA KakTa bGaltnaHbicyfa
MYMKIHZIK ©6epeTiH KOomnaemeHTapAabl KybIicTap
Kanagbl. Byn  monekynanblK  MMNPUHTUHTKE
MaKCaTTbl MOJIEKy/a bap yArimeH acep eTKeHAe,
noaMmep  MaTpuUACbIHAAFbI  KOMMJEMEHTap/bl
KybICTap KarKeTTi WoHAbl CiHipin anaabl  [49].
Monekynanblk UMMPUHTUHT npoueciHae
noAMMmepniK aAcopbeHTTIH, CYPbINTbINbIFbI
PYHKUMOHANAbl MOHOMEPANEpAiH, epeKLweniriHe,
KOOPAMHAUMANDBIK ~ FeOMeTpUACbIHA,  MaKcaTTbl
MOHAAPAbIH  KOOPAMHAUMANBIK  CaHblHA  KaHe
oNapAablH, 3apsagTapbl MeH enwemgepiHe
HerispgenreH [50, 51].

CypeTt 5 - MoneKynanbiKk UMOPUHTUHT any
npoueci [49]

CoHfbl  KblAgapbl  MeTan  WMOHAAPbIH
MOJIEKYNA/bIK TaHOanbl NosiMmepaepmen 6enin any
a4icTepiHe bGipKaTap 3epTreynep XyprisinreH [52-
58]. l0cod xaHe oHbIH, apinTecTepi Pr (I11), Nd (l11),
Sm (ll), Eu () xkeHe Gd (lll) akcTpakumacbiHAA
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apcopbeHT peTtiHae La-noH UMMPUHTUHITI
nonnmenepai KongaHfaH. 3epTtrey HaTURenepi 6yn
a4icTiH, paguycbl MeH 3apsaaTapbl bipaen 6acka
WoHAapfa KapafaHOa CUPEK XKep 3/1eMEeHTTEepPiHIH,
MOHAApPbl YWiH CYpPbINTbIbIFbl 6TE€ XaAKCbl E€KEHiH

KepcetkeH [59]. [Honak opinTectepimeH N-
MeTakpunonnammao ¢Gonun KblWKbIAbl HerisiHae
CUHTe3deNreH MOJIEKYNANbIK, TaHbanbl
noAumepsiepMeH  3pTypAai  JIAHTAHOMATAPAbIH,
KaTbicbiHAa cynbl  epiTiHaiaeH Nd(IIl)  WOHbIH
copbumsanay  npoueciHe  3epTTey  XKYPrisreH.
MNonumepmeH Nd (lll) woHgapbl apacbiHga 30
MMUHYTTA 6annaHbicy Tene-teHAiri opHan,

MaKcumanabl copbumansik maHre (14,6 mr Nd (111)-1
nonnmepre) skeTkeH [60]. Axymaaunos T.K. 3epTtrey
TOObIMEH  4-BUHUAMUPUAMH  KOHE  MEeTakpun
KbIWKbIbl MOHOMeEpAEpi HerisiHAe CyCneH3uANbIK,
nonnmepusauma agicimeH mMosieKynanblk TaHbanbl
nonnmepnep (Ni%* wabnoHbIMeH >KaHe WwabaoHCbI3)
CUHTE3ereH. AnblHFaH MTM-AajH, (Ni*
WabnoHbIMeEH) cynbl epiTiHaigeri HUKeNb
MoHAapbliHa copbumackl, wabnoHcbis MTI-meH
CanbICTbIpFaHAa *Kofapbl bonfaH [61].

MoneKynanblk TaHb6anbl nonumepnaepai
*KaH-*KaKTbl KONAAHbINYbI, aTan auTKaHAa eHAiPiCTiK
epiTiHainepaeH, afblHAbl CynapAaH, TOMblpaKTaH
)KOHe TamaK yArinepiHeH MeTan MOHAAPbIH
cypbinTan any, benin any »KaHe cy3y 3epTTeyaiH
*KaHa 6afbITTapbIH allyfa MyMKIHAIK 6epai. MTM-4iH,
KenTereH  apTbiKWbIAbIKTApbl  6ap,  Mbicansl,
MAKCaTTbl MOJIEKyNanap Hemece MWOHZAp YLWiH
YKOFapbl CYpbINTbl, 9P TYPAi OpTaZa TYPaKTbl KaHe
OHan cuHTesgeneni. [ereHmeH, ani Ae TONbIK
wewinmereH macenenep 6ap, Mbicanbl, CUHTE3LEH
KeMiH  Hawap  eHAaeneTiHAjiri,  MOJIeKynanbikK,
OpTanbIKTapAbliH, 3PTYPAiNiri, copbumanbiK KaHe
necopbumanbik NpouecTepaiH Kypaeniniri [62].

CKkaHguiigi apcopbuua oaicimeH 6enin
any. KypambiHAa CKaHAWM, LEpPWUi, NaHTaH KaHe
antoMUHKUI Bap yAriniK epiTiHaigeH ckanannai 6enin
any yuwiH Hruem apintectepimeH rAMKOAb aMUH
KbIWKbINbI  HErisiHae CUHTe34enreH LWanbipabl
KonpaHfaH. CopbuusaaH KeniH ckaHauiai 80 °C
Temnepatypaga 2,0 M HCl epitiHgicimeH 6enin
anfaH. HaTuxKeciHae CcKaHAMWAIH, MaKcumangpbl
KOHUeHTpaumacbl 540 mr/n-re »eTin, epiTiHgigeri
CKaHAMAIH, KOHUEHTpaUMACbIHAH 27 ecere apTKaH.
Byn MOHasuUTTi eHAaey KesiHAe TysifeTiH cyAbl
epiTiHginepaeH ckaHOMMAI KannblHa  KenTipyre
60onaTbiHbIH KepceTeai [12].

U3acaHb Ma apinTectepimeH NAM3UHMEH
TYpAneHaipinreH (Fmoc-SBA-15) mesonopansl
maTepuan aaibiHaan, Sc* copbUMACbIH TeKCepreH.

BET (BpyHayapa-dmmeTta-Tennepa agici) 6olbiHwWa
6eTKi ayfaHbl, KeyeKkTiH, AMameTpi KoHe Kannbl
KeyeKTiH Kenemi caikeciHwe 223m2/r, 58,2 A xone
0,35 cm® /r ekeHi aHbiKTanapl. Sc*® aacopbumacsl
anfawkbl 10 MUHYT iWiHAe KeTepinin, )Kyheae Tene-
TeHAiK opHafaH [63].

KasakctaH PecnybnvkacbiHAa ©HAIpPICTIK
epiTiHaINepaeH CUPEK  Xep  3/IeEMEHTTEPIHIH,
MOHAApblH cypbinTan 6enin  any ywWwiH WOH
anmacTbipfbi  wanbipnap  (MOLW)  KeHiHeH
KonaaHblnaabl. KonpgaHbicTasbl MOH asiMacTbIpFbILL
Wwanblpnap KebiHece cbipTTaH (AKLI, ®paHumA)
anblHagbl. bipak 6yn WMOH anMacTbipFbilWTapAblH,
METa/Nl MOHAAPbIH WbIfapy A2peXKeci ainTap/blKTai
KOFapbl €MeC KoHe pereHepaumacbl Kypaeni api
Ken yakbITTbl Tanan etedi. Ocbl KWMbIHABIKTapAbl
wewy vywiH OxKymagunos 3epTrey TobbiMmeH
CKaHAMMN, PEHUI }KOHE HEOAMM NOHAAPbIHA XKOFapbl
CypbINTbI noanMMepAniKk  Kyhenepre  3epTrey
KyprisreH. MAKr-NM4BMr uHTeprengi xynenepimenr
Sc uvoHgapblH 6enin any papexkeci 2-kectege
KepceTinreH. CkaHauiaiH, Herisri 6eniri 50%MAKr-
50%N4BnMr YKoHe 33%MNAKr-67%MN4BMMr
KaTblHacTapblHAQ 6 cafaTTa anblHFaH. 48 cafatTa
50%[MAKr-50%M4BlMNr KaTblHacblHAA MeTaNApblH, eH,
Ken 6eniri (94,3%) copbuusanaHraH [64].

Kecte 2 — TMAKr-M4BMNr wuHteprenai xyhenepimeH Sc
MoHAapbIH Benin any gapexeci

T, n(Sc), %
y MNAKr-n4BMr, mon.%:mon.%
10 | 83%: | 67%: | 50%: | 33%: | 17%: | 10
0% | 17% 33% 50% 67% 83% 0%

0 0 0 0 0 0 0 0
0|13,| 13,5 | 152 | 22,3 | 18,7 | 12,8 | 8,2
, 2
5
118, | 21,7 23,4 | 35,6 29,8 19,3 | 11,

9 2
2 (27, 30,1 33,8 53,4 | 48,3 28,7 | 18,

3 6
6 | 39, | 48,8 53,6 76,8 73,9 | 44,5 | 30,

9 4
2 |58, | 72,3 77,7 | 89,7 84,5 69,8 | 50,
4| 4 1
4 |63, | 749 | 89,6 | 943 | 92,8 | 73,5 | 56,
8 7 9

KopbITbIHAbI
JKOHOMMKA MeH TEXHONIOTUAHDIH,

JaMybIHAA CUPEK Kep 3/1IeMeHTTepiHiH anaTbiH
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OpHbl  epeKkwe. Onap 3NeKTPOHAbI  Kypan-
abpablKTap, aBTOKeJiK, aspofapblll, 3biMblpaH
eHaipiciHge, TiNTi MeguMUMHANbIK AMarHOCTMKaAa
KongaHblnagbl. CUpeK Kep MeTangapblHa gereH

CYPaHbICTbIH, apTybl, byn aNleMeHTTepai
MWHEpangap, ©HAIpICTIK epiTiHainep  CUAKTbI
OPTYPNi Ke3aepaeH I3KCTpaKuuanay XaHe beny

?4icTepiH KeTinaipyre acep etrti. Agcopbuua — byn
CMPEK Kep 3NeMEeHTTepiH LWbIfapyablH, KaHe
benyaiH eH Tmimai agictepiHin bipi. byn 3eptTeyae
apgcopbuma npoueciHae KOAAAHbIIbIN  KYpreH
KOeMipTeKkTi  aacopbeHTTepre, 6bucopbeHTTepre,
rmaporengepre »KaHe MOJIEKynanblK TaHbanbl
noaumepnepre  woay  Kacangbl.  KemipTekTi
agcopbeHTTepmeH  6uocopbeHTTep  KopluafaH
OpTaHbl KoOpfayZa €H KaKcbl agcopbeHT. Byn
aacopbeHTTepaiH, KYPbI/bIMbIH ©3repTin, KoCbiMLIa
dYHKUMOHanabI TonTap eHrisy apKblbl
agcopbumanbik, KabineTiH kakcapTyra 6onagpl.
Ananpa moandukaumanay KoHe
dYHKUMOHM3aUMaNay npouecTepi Kypaeni
bonfaHAbIKTAH, e©HAipicTe KoNAaHyfa  TUIMCI3.
fmaporengi copbeHTTEpPAi Cybl }KyenepaeH cupek

Kep 3nemMeHTTepiH 6enin anyaa KongaHyablH
MaHbI3bl 30p. Cebebi ruagporengep HerisiHae
anblHFAH MHTeprendi xymenepai KongaHbin, metan
MoHaapbliH 6ipi3ai cypbintan 6enin anyra 6onaabl.
NHTeprengi yihenepaiH, KaTblHAacTapblH e3repTy
aPKbl/bl CUPEK KEP 3/1EMEHTTEPIHE CYPbINTbIAbIFbIH
b6acKapyFra 6bonaabl. byn agic KongaHyfa Kapananbim
9pi KopluaFaH opTafa acepi TemeH. MosaeKynanbik

TaHbanbl nonumepnep Kasipri yaKkpITTa VY/IKeH
KbI3bIFYLWbIbIK, TyablpyAa. Monekynanbik,
UMNPUHTUHT daicimeH aNblHFaH MYHAaaM

noanmepnaep apTypAai MaTpuuanapgaH MaKCaTTbl
MeTan MoHAAapbIH Benyre, KannbiHa KenTipyre xaHe
Tasanayfa MYMKiHAiK Oepegi. Anapga ani ge
WwewimiH TannafaH Kelbip Mmacenenep 6Hap
bonfaHablKTaH  (copbumsa  XaHe  aecopbuwms
KMHETMKAcbl), angafbl YyakblTTa ocbl b6afblTTa
KeweHai 3epTTeynep Kyprisin, mosaekynanbik
MMNPUHTUHT SAICIH KeTinaipy Karker.

KOHOAMKT. BapnbiK asTopnapaplH,  aTbiHaH
KOPPEeCNoHAEHT  aBTOp  MyAdenep  KaubUbifbl
(KOHPAKKT) KoK Aen manimaenai.
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UrPalT BaXXHYKD PO/Jb B MPOMbLIWNEHHOCTU, 3HepreTMuke U B

npon3BoACTBE BbICOKMX TexHosnorui. B casu ¢ 6bICprIM pasBuUTUEM NPOMbILLZIEHHOCTU pPacTeT cnpoc
Ha pegKo3emenbHble anemeHTbl. CnefoBaTensHo, 4yTObbI YAOBNETBOPUTb CNPOC Ha 3TU 3/IEMEHTHI,
HEO6X0,CI,VIMO yNyqywuTb cnocobbl ussneyeHms peaKo3emeNnbHbIX MeTanNnoB U3 pa3HbIX UCTOYHUKOB.

B HactoAwee BpemAa ONA U3BNEYEHUA peaKO3eMesibHbIX METaNNoB U3 pyabl U APYrUX BTOPUYHbBIX

UCTOYHUKOB (I'IpOMbIUJﬂeHHbIe CTOYHbIe BOAbI, WaXTbl KUCNOTHOIO ApPeHaXa U T.,EI,.) MCNONb3yHOTCA

nUpPo- M TMAPOMETANYPrUYecKne TexXHONOornU. TmapomeTannypruyeckme TEXHOOTUU BK/KOYAtOT

MeTOAbl OCaKAEHWUA, IKCTPAKLUMK, afcopbumm u MoHHOro obmeHa. Aacopbums — ogMH U3 cambix

3bPEKTUBHbIX METOLOB W3BNEYEHUA W  pasfeNeHus pPedKOo3eMesbHbIX 31eMeHToB. MeToapl

a,u,copﬁu,mm BbICOKOCENEeKTUBHbl K MOHaM MeTaN/ioB U UMEKT HU3KUEe BbIGpOCbI. OpHako He Bce
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afacopbeHTbl 3pEKTUBHbI B NPOM3BOACTBE OAHUX M TEX e MOHOB MeTas/108. B 4aHHOM nccnegosaHum
npeAcTaBieHbl pPassivyHble BUAbl aACOPOEHTOB, KOTOPble MOXHO WMCMO/b30BaTh ANA WM3B/EYEHMA
peAKo3eMe IbHbIX 3/1IEMEHTOB U3 BOAHbIX CUCTEM. Bbl10 0BHaPY}KEHO, YTO TMAPOreNn 1 NOANMEpPbI C
MO/IEKYNAPHBIMX  OTNeYaTKaMu ABAAIOTCA 60/ee 3KOHOMMYECKU BbITOAHBIMU AN U3BAEYEeHUs
peAKo3eMesibHbIX  3N1eMeHTOB.  [N1a  NOATBEPKAEHWUA  BbICOKOIDGHEKTUBHOCTM  3TUX  CUCTEM
HeobXxoanMbl AasibHeNLne NCCNef0BaHms.

Kmiouesble cn06a: peKo3emesbHble 3/1eMeHTbl, aacopbuma, aacopbeHT, rmaporesb, NoaMMepbl C
MOJIEKYNIAPHBIMM OTMEYaTKaMu.
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ABSTRACT

In this article, thermodynamic studies of modeling the formation of the main minerals of cement clinker as a
function of the Gibbs energy (AG) on temperature were investigated. The temperature range of the studies
was 873-1873 K. In the course of modeling studies, the reactions of formation of cement clinker minerals (C.S
- belite, C3S - alite, C3A — three calcium aluminates, C4AF — four calcium aluminium ferrite) from standard raw
materials and non — standard-technogenic raw materials containing non-ferrous metals were calculated.
Equations describing the dependence of the Gibbs energy on temperature with approximation coefficients
(R?) equal to 0.99 are found. According to the results of the conducted studies, the beginning (Tb)
temperatures of the course of the compared clinker formation reactions were determined, which were 1008
K for the standard reaction, and 1023 K for the non-standard reaction. It was found that the reactions begin
to occur in the temperature intervals for the standard (1008 K — 1873 K), for the non - standard (1023 K - 1873
K). At the same time, the values at the initial stage of the course of the standard reaction have a more negative
value of the Gibbs energy than the non-standard reaction. With a further increase in temperature, it becomes
evident that the Gibbs energy of the non-standard reaction of mineral formation in the temperature range
1173-1873K becomes more negative in comparison with the values of the standard reaction and exceeds its
values from 9 to 19.01%.

Keywords: Technogenic raw materials, processing waste, thermodynamics, Gibbs energy, cement clinker
minerals, non-ferrous metals.
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the mining and metallurgical industries, considered
an independent raw material base. In non-ferrous
metallurgy (copper-aluminium, lead-zinc, gold-rare-
metal industries), the total amount of waste reaches
more than 5 billion tons, including rocks of
associated mining and overburden - 72%, tailings of
enrichment - 26 and metallurgical processing — 1,6
%. The area of land occupied by waste is more than
13 thousand hectares. The total amount of
accumulated waste in the ferrous metallurgy of
Kazakhstan (iron ore, chromium ore and manganese
ore industries) is more than 6,2 billion tons, of
which: associated mining and overburden — 92,8 %,
enrichment-6,1 and metallurgical processing-1,1 %.
The area of land occupied by waste is more than 15
thousand hectares [1].

The reasons for the formation of technogenic
waste are the deterioration of the technological
quality of ores, a significant lag in the technologies
of extraction, processing and metallurgical
processing from the changing characteristics of ore
raw materials, an increase in the loss of mineral
carriers of metals [2-10].

Society's consumption of natural resources is
becoming an acute problem due to the quantitative
growth of their use, which leads to environmental
and other problems. The fact is that the country's
MMC is special in terms of resources, since it is
characterized by an increased level of resource
consumption, which naturally increases as mining
operations decrease, as well as due to the
deterioration of the quality of minerals, mining-
geological and mining-technical conditions for the
development of deposits [1-15].

In Kazakhstan, the problem of increasing the
resource productivity of MMC and its environmental
safety has not yet been given due attention, because
of which the traditional low level of productivity of
the use of basic production resources and
environmental safety provides reason to consider
mining and metallurgical production as a whole as a
factor hindering the overall economic and social
development of the country [2, 15-27].

Solving the problem of increasing the resource
productivity of MMC production and preserving the
environment is becoming increasingly important. It
will only increase over time, especially due to the
increasing scarcity of natural resources as their
available sources are exhausted. In accelerated
scientific and technological progress, one of the
main issues of economic policy is to ensure high
production efficiency. With the ever-increasing
shortage of natural resources, a special role is played
by the rational, integrated and economical use of all

types of raw materials. Therefore, in recent years,
the recovery of raw materials from mining waste and
their integrated use is a matter of national
importance [3, 9-27].

The level of involvement of human-made
industrial waste as secondary raw materials is
frankly low, namely: in the context of ferrous
metallurgy - 3,3%, in the context of the coal industry
- 5,2% and in the context of non-ferrous metallurgy
—5,6%, which is a very low indicator concerning the
developed economies of the world [3-28].

Most developed foreign countries have long
practiced saving their mineral resources, intensively
involving man-made deposits in processing,
disposing of production waste, and developing
technologies for processing this waste. For example,
in the United States back in 1993, the share of
secondary raw materials in the production of non-
ferrous metals was: copper - 55 %, tungsten - 28 %,
nickel - 25 %. A similar trend in secondary resources
is observed in Canada, the United Kingdom, South
Africa, Spain, and other countries [29].

In Canada, 40% of copper is recovered from
copper mining waste containing 0,45% copper,
thanks to new enrichment methods (heap acid
leaching, heap pyrite and bacterial leaching). In the
US, in the state of Montana, 2 tons of gold and 4 tons
of silver are extracted annually from the Mandiski
mine dumps containing 0,84 g/t of gold and 2,8 g/t
of silver. In the state of Michigan, 60% of copper is
extracted from the tailings of the enrichment
(copper content — 0,3%). In Bulgaria, copper
concentrate is obtained from waste containing 0,1 -
0,15% copper, the cost of which is 3 times lower than
when it is obtained from natural raw materials. In
the Republic of South Africa, 3,5 tons of gold and 696
tons of uranium per year are obtained from the
dumps of gold recovery factories with a gold content
of 0,53 g/t and 40 g/t uranium [29].

As the reserves of the developed fields are
exhausted, human-made objects may become a
priority. In some cases, the only source of mineral
raw materials for numerous mining and
metallurgical enterprises. At the same time, it
should be borne in mind that the waste of mining
and industrial production, representing a large
reserve of raw materials for the extraction of metals
and non-metals, at the same time are hotbeds of
local or regional environmental pollution. The waste
mass accumulated in dumps and tailings dumps with
an average layer thickness of 20 m covers more than
1300 km?2. The annual increase in the area of
alienated land is at least 85-90 km?2. The negative
impact on the environment is manifested in an area
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that is 10 times or larger than the area occupied by
waste. A significant part of the alienated land is
located in industrially developed areas, often within
the borders of settlements and large cities [29].

One of such multi-tonnage wastes of
technogenic nature is the tailings from the
enrichment of non-ferrous metal ores of the
Balkhash processing plant located near the city of
Balkhash (Kazakhstan), which during the economic
activity of the processing plant for decades hurt the
natural environment of the region. And from an
ecological point of view, they are a hotbed of
pollution of the surrounding natural environment,
particularly the soil cover, the air basin, surface, and
underground waters containing non-ferrous metals
in their composition.

The Balkhash tailings storage facility is of
particulary great interest, as it is one of the oldest in
the industry and one of the largest tailings storage
facilities in Kazakhstan. In addition, it is not located
in a simple, arid zone, which significantly increases
the impact of the tailing dump on the environment
[1-3,15-29], it is in significant proximity to Lake
Balkhash, which has a large, even enormous
economic purpose [15-29].

The Balkhash processing plant, which owns the
tailings storage facility, enriches copper-
molybdenum ores from the Kounrad and Sayak
deposits. During the day, the factory processes an
average of 33,7 thousand tons of Kounrad and 9,5
thousand tons of Sayak ores. The enrichment waste
is stored in the tailings storage facility.

In Kazakhstan, where 360-390 thousand tons of
refined copper are produced annually [1-3, 30], the
amount of copper ore flotation waste is growing by
1,8-2,5 million tons per year.

The result of many years of operation of the
processing plant, which processes various ores,
including copper-zinc ores, is the formation of
production waste on the earth's surface on the
territory of the enterprise or near it. Such formations
are a relatively low content of non-ferrous metals
and a decrease in the quality of processed ores.
Natural leaching of stored formations [1-30].

In connection with the urgent problem of the
need to dispose of waste from the Balkhash
processing plant, based on the chemical
composition of tailings from processing as secondary
raw materials, they contain such valuable
compounds and elements as SiO;, Al,0s3, Ca0, Fe;0s,
Cu, Zn; thus, they may be of interest to the silicate
and metallurgical industries as aluminium - silicate -
iron-containing raw materials and non-ferrous

metals, respectively. Therefore, the tailings from the
Balkhash processing plant are considered by us as
secondary raw materials for their utilization by the
method of complex processing as a raw material
component in the high-temperature synthesis of
cement clinker.

Study object, research methods, and
calculation methods

Thermodynamic studies were carried out using
the software package "HSC Chemistry 6.1",
developed by the metallurgical company
Outokumpu (Finland). The software package used in
this work is based on the ideology of the European
consortium SGTE (Scientific Group Thermodata
Europe), which is engaged in the development,
support and distribution of high-quality databases.
The SGTE structure is represented by specialized
research centres in Germany, Canada, France,
Sweden, the United Kingdom, and the United States.
The database of the software package contains
information about 22,000 individual substances
[31].

To calculate the thermodynamic functions that
characterize the individual, the substance used is
stored in the database of the standard values of
enthalpy H298, S298 entropy, and the polynomial
coefficients A, B, C, D, by which the calculated value
of the molar heat capacity at arbitrarily given
temperature T according to equation (1).

Individual enthalpy of a substance at the
temperature T, different from the standard, equal to
298 K, was calculated by the formula:

T

HT = H298 + 298

CpdT + X Hp, (1)
Ha9s- is the value of a given substance under
standard conditions; C, - is the molar heat capacity;
D He - is the enthalpy of phase transitions
(polymorphic transformations, melting,
evaporation).
The entropy value is defined as:

T C. H
ST = 5298 + f298?pdT + % ) (2)

Where S,9s - is the entropy value of a given
substance under standard conditions; C, - is the

molar heat capacity; - Z% — is the entropy of phase

transitions (polymorphic transformations, melting,
evaporation).
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Table 1 - Calculation of the Gibbs energy of the reaction 12CaC03+2Si02+2Al,03+Fe;03=

=Ca3Si0s+CazSi04+CasAl,06+CasAl2Fe2010+12CO2 T

T, K deltaH, kJ deltas, J/K deltaG, kJ K Log(K)
873.000 1447.213 1436.921 192.781 2.913E-012 -11.536
973.000 1379.154 1363.127 52.831 1.457E-003 -2.836
1073.000 1312.193 1297.626 -80.159 7.990E+003 3.903
1173.000 1253.513 1245.225 -207.136 1.678E+009 9.225
1273.000 1182.795 1187.380 -328.740 3.092E+013 13.490
1373.000 1110.083 1132.404 -444.708 8.317E+016 16.920
1473.000 1035.284 1079.827 -555.301 4.936E+019 19.693
1573.000 958.322 1029.283 -660.741 8.772E+021 21.943
1673.000 433.018 702.365 -742.039 1.479E+023 23.170
1773.000 347.830 652.963 -809.873 7.275E+023 23.862
1873.000 247.568 597.956 -872.403 2.147E+024 24,332

Results and its discussion

Having considered the chemical composition of
the tailings from the enrichment, which according to
various data [29, 30, 32,33] contains an average of
SiO; - 53%, Al,03 —13,1%, CaO — 8,3%, Fe,03 — 8,2%,
Mg0-0,55%, as well as residual non-ferrous metals
CuS - 0,8%, ZnO - 0,5%. From which it follows that
the tailings from the enrichment of non-ferrous
metal ores may be considered as a secondary
mineral raw material for the cement industry as an
aluminume-silicate component of the raw material
mixture during synthesis cement clinker. Thus, we
have modeled the conditions for the formation of
the main minerals of cement clinker (CasSiOs - alite,
CaySi0,4 - belite, CasAl,0g - tricalcium aluminate,
CasAlFe;010 - four-calcium aluminoferrite) in the
classic form. The standard chemical reaction was
used as the basis of our research for comparison:

12C8C03+25i02+2A|203+ Fe,03=CasSiOs+Ca,SiO4
+C83A|206+C34A|2FEzO1o+12COz’]\ (3)

The results of the thermodynamic calculation of
the possibility of the standard reaction (3) are shown
in Table 1.

Based on the results of the calculation of the
Gibbs energy (AGTo ) of the reaction (3), shown in
Table 1, it can be seen that the reaction is limited
and begins to flow at T=1073K, reaching a Gibbs
energy value of -80,159 kJ and with increasing
temperature becomes more negative reaching a
value of -872,403 KJ at T=1873K. Based on the
results of the obtained values of the Gibbs energy as

a function of temperature, we we found an equation
describing the dependence of the Gibbs energy on
the temperature of the reaction (3) and were able to
determine the temperature of the beginning (Tb) of
the reaction (3). Thus, the dependence of the Gibbs
energy on the reaction temperature (3) is described
by the following equation (and has an approximation
coefficient R?=0,99):

AG® = -1437In(T) + 9933.6 (4)

And the temperature of the beginning of the
reaction (Tb) according to equation (4) was 1008K.

Based on the chemical composition of the
tailings from the enrichment of non-ferrous metal
ores, we considered the following non-standard
reaction to obtain information on the formation of
the main minerals of cement clinker with
simultaneous distillation of zinc into the gas phase:

12CaC03+2Si0,+2Al,03+Fe;03+MgO+ZnS+
+2Cu0=Ca3Si0s+Ca,Si0s+CazAl, 06+
+CasAlLFe;010+MgO+Zn M +2Cu+
+12C0, M5S0, (5)

The calculation of the Gibbs energy (AGT?) of the
reaction (5) ais shown in Table 2. Table 2 shows that
the non-standard reaction (5) is limited and begins
to flow at T=1073K, reaching a Gibbs energy value of
-71.262 kJ. With increasing temperature becomes
more negative getting a value of -1077,296 kJ at
T=1873K.

Based on the results of the obtained values of
the Gibbs energy as a function of temperature, we
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Table 2 - Calculation of the Gibbs energy of the reaction 12CaC0O3+2Si02+2Al203+Fe203+Mg0+ZnS+2Cu0=
=Ca3Si0s+CazSi0s+CasAl.06+CasAlaFe2010+ +MgO+Zn P +2Cu+12C0O2 M +S021.

T.K deltaH. kJ deltaS. J/K deltaG. kJ K Log(K)
873.000 1779.155 1738.591 261.364 2.293E-016 -15.640
973.000 1708.063 1661.508 91.415 1.236E-005 -4.908
1073.000 1638.050 1593.022 -71.262 2.947E+003 3.469
1173.000 1576.335 1537.916 -227.641 1.374E+010 10.138
1273.000 1502.639 1477.635 -378.390 3.370E+015 15.528
1373.000 1453.366 1439.856 -523.556 8.316E+019 19.920
1473.000 1375.424 1385.070 -664.784 3.768E+023 23.576
1573.000 1196.041 1266.296 -795.842 2.690E+026 26.430
1673.000 665.874 936.380 -900.690 1.330E+028 28.124
1773.000 575.810 884.147 -991.782 1.665E+029 29.222
1873.000 470.661 826.459 -1077.296 1.113E+030 30.046

found an equation describing the dependence of the
Gibbs energy on the temperature of the reaction (5)
and were able to determine the temperature of the
beginning (Th) of the reaction (5). Thus, the
dependence of the Gibbs energy on the temperature
of the reaction (5) is described by the following
equation (and has an approximation coefficient
R2=0,99):

AG® = -1801In(T) + 12484 (6)

And the temperature of the beginning of the
reaction (Tb) according to equation (5) was 1023K.

A comparison of reaction (3) with reaction (5)
shows that new reaction participants have appeared
in reaction (5), in particular magnesium oxide, zinc
sulfide, and copper oxide. At the same time, the
course of these reactions in the temperature range
of 873-1873 K is limited. Based on the results of the
calculations in Tables 1 and 2, their flow is possible
in the temperature range of 1073-1873K when
negative values of AG are reached and is almost
identical at the beginning temperature (Tb) of the
reaction (3 and 5), where Tb was 1008K and 1023K,
respectively, which is not a significant difference in
high-temperature synthesis. At a temperature of
1073 K, the reaction AG (3) has a value of -80,159 kJ,
and the reaction AG (5) has a less negative value of -
71,262 kJ, which indicates a slight advantage of
reaction (3) overreaction (5). However, with a
further increase in temperature from 1173K to
1873K, the AG of the reaction (5) begins to have
more negative values (from 227,641 kJ to -1077,296
k), respectively) than the values of the AG of the

reaction (3), from 207,136 kl to -872,403 kI,
respectively. This indicates the intensification of the
reaction (3) due to the presence of zinc compounds,
which contributes as a mineralizer not only to the
intensification of the clinker formation reaction [34-
46], but also to a decrease in the formation
temperature of clinker minerals by approximately
100-120 K, which in the future when synthesizing
cement clinker minerals, will help to save energy of
the process.

Conclusions

Thus, based on the conducted research, we can
draw the following conclusions:

- reaction 12CaC03+2Si0,+2Al,03+Fe,03=
:Ca35i05+Ca25iO4+Ca3AI206+Ca4AI2Fe2010+12C02’I‘
is limited and begins to occur at T=1073K, at a Gibbs
energy value of -80,159 kJ and reaches a value of AG
-872,403KJ at T=1873K;

- Tb of the reaction 12CaC03+2Si0,+2Al,03+
+Fe203:Ca35i05+CazSiO4+Ca3AI206+Ca4AIzFe20m+
+12C0O,M was 1008K and is described by the
equation AGt°=-1437In(T) + 9933,6;

- reaction 12CaC03+2Si0,+2Al,03+Fe;03+MgO+
4+7ZnS+2Cu0=Ca3Si0s+Ca,Si04+CaszAl, 06+
+CasAlFe;0104#MgO+Zn M +2Cu+12C0O, M 4S02 M in
the studied temperature range is limited and begins
to flow at T=1073K, having a Gibbs energy of -71.262
kJ with an increase in the Gibbs energy to 1077,296
kJ at 1873K;

- Tb of the reaction 12CaC03+2Si0,+2Al,03+
+Fe203+Mg0+ZnS+2Cu0=Ca3SiOs+Ca,Si04+CaszAl 06
+CayAl,Fe;010+tMgO+Zn M +2Cu+12C0O, M +SO, M was
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1023K and is described by the following equation
AGr°=-1801In(T) + 12484;

- according to the reaction (5), it is theoretically
possible to form the main minerals of cement clinker
(similar to reaction 3), to distil zinc and sulfur-
containing gases into the gas phase, for their further
capture and processing.

- reaction (5) proceeds more intensively than
reaction (3) in the temperature range 1173-1873K
due to the participation of zinc in the reaction as an
intensifier, which also contributes to a decrease in
the process temperature by 100-120K compared to
the standard reaction (3);

- at the initial stage of the flow at T=1073K, the
reaction (3) has a more negative value of the Gibbs
energy than the reaction (5), but with increasing

temperature, it becomes obvious that the Gibbs
energy of the reaction (5) in the temperature range
1173-1873K becomes more negative compared to
the values of the reaction (3) and exceeds its values
from 9 to 19,01%.
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TYRIHAEME

Makanaga Im66c 3sHepruscbiHbiH, (AG) TemnepaTypafa 6ainaHbICTbl LEMEHT K/AMHKEPIHiH, Herisri

MUHepangapblHblH, Ty3iNyiH moaenbaeyre TepMOAMHAMUKAbIK 3epTTeynep Kyprisingi. 3eptreyai

Makana kengi: 27 cayip 2021
CapantamagaH eTTi: 19 mameip 2021
KabbingaHapl: 16 winde 2021

mogenbaey 6apbicbiHAa CTaHAAPTTLI WMKI3aTTaH KaHe KypamblHAa TyCTi meTangap 6ap ctaHAapTTbl emec
- TEXHOTeHA| LUMKI3aTTaH LeMEHT KANHKepiHiH, (C2S - 6enuT, CsS —anut, CsA — yLu Kanbuuii antommHatbl, CaAF
— TOPT KanbumMit antoModeppuT) Herisri MMHepanaapbiHbiH, Ty3iy peakuusanapbiHa ecentey »Kyprisingi.

Mogenbaey 6apbicbiHaa MB6C 3HEPrUACHIHbIH, anpokcumauma KoabduumeHTTepi (R?) 0,99-Fa TeH,

TemnepaTypafa TayendiNiriH cunaTTanTbiH TeHaeynep Tabbingpl. HyprisinreH septreynepaiH HaTuxKenepi

60MMbIHLLIA KAMHKep Ty3iNy peakumanapbiHbiH 6acTany Temnepatypacsl (T6) aHbiKTanabl. Herisri craHAapTThI

peakums ywiH (CTaHAApTTbl WKKI3aTTbl KongaHa oTbipbin) 1008 K, an cTaHAapTTbl emec peakuus yliH

(6aribITy KanabiKTapbliH KongaHa oTbipbin) 1023 K Kypaabl. CoHaait-aK, ctaHaapTTbl peakuyusanap (1008K —

1873K), ctaHgapTTbl emec (1023 K - 1873 K) peakuusnap Temneratypanbik MHTepBangapaa 6acranatbiHbl

aHblKTanapl. CoHbIMEH KaTap, CTaHAapTTbl peakumaHbiH 6acTanKkbl KeseHiHaeri TM66¢ sHepruacbiHbIH, MaHI

CTaHAAPTTbl eMec peakLuusafa KapafaHaa Tepic maHre ne 6onaabl. TemnepaTypa oAaH api KofapblnaraHaa

1173-1873 K TemnepaTypanblk UHTEpBanAarbl CTaHAAPTTbl eMeC MUHepan Ty3iny peakumacbiHbiH, TM66c

3HEpPruachbl, CTaHAAPTTbI PeakuMs MIHAEPIMEH CanbiCTbipFaHAa Tepic 60/bIN, OHbIH, MaHAepi 9-AaH -

19,01% - fa aeWiH acaTbliHbl alikblH 601aabl.

TyliiH ce30ep: TexHOreHAj WWKi3aT, 6aibITy KanablKTapbl, TepMOAMHAMUKA, TMB6C 3Hepruachl, LemMeHT

KNUHKEPiHIH MUHepanaapbl, TYCTi meTangap.
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AHHOTAUMA

B HacToAwel cTaTbe NpoBeAeHbl TEPMOAMHAYNYECKME UCCNef0BaHUA MOAEIMPOBaHUA 0bpa3oBaHmA
OCHOBHbIX MMHEPANOB LEEMEHTHOMO KAMHKEepa B 3aBUCMMOCTM aHeprum Mmb6ca (AG) oT TemnepaTypbl.
TemnepaTypHbIi UHTEPBAA UCCeA0BaHMI cocTaBmn 873-1873 K. B xoae moaennpoBaHus ucciegoBaHni
NPOBEAEH PacyeT peakumii 06pa3oBaHMA OCHOBHbIX MUHEPANIOB LEMEHTHOrO KAMHKepa (C2S - 6enuTa,
CsS - anuta, CsA — Tpex KanbumeBoro antomuHata, CsAF — yeTbipex KasbLueBoro antomo deppura) us
CTaHAAPTHOrO CbIPbA U HECTaHAAPTHOrO — TEXHOTEHHOrO CbIPbA, COAEPIKALLEero UBeTHble meTanbl. B
X0fe MOAENMPOBAHMA HaWAEHbl YPAaBHEHWA, OMWUCHIBAIOWME 3aBUMCUMOCTb 3Heprun [ubbca ot
Temnepatypbl ¢ KoabdpuumeHTamm anpokcumaumn (R?) pasHbimm 0,99. Mo pesynbTaTam NpPoOBeAeHHbIX
nccnenosaHuin boiny onpedeneHbl Temnepatypbl Hayana (TH) MPOTEKAHMA CPaBHUBAEMbIX PeaKkLmit
KAMHKepoobpa3oBaHWA, KOTOpble COCTaBUAW [ANA  CTaHAAPTHOW peakuun (C  Mcnonb3oBaHWem
cTaHaapTHOro cbipbs) 1008 K, a ans HecTaHAapTHOM (c Mcnonb3oBaHMem oTxoaoB oboraleHums) 1023 K.
YCTaHOB/IEHO YTO PEAKLMM HAUYMHAIOT NPOTEKATb B TEMNETATYPHbIX MHTEPBaNax AN cTaHAapTHoM (1008
K — 1873 K), ana HecTaHpapTHOM (1023 K - 1873 K). Mpu 3TOM 3Ha4eHUs sHeprm M'mb6ca Ha HayanbHOM
3Tane npoTeKaHWsA CTaHAAPTHOW peakuuMn ob6najatoT 6onee OTPULATENBHBIM 3HAYEHWEM YEM
HecTaHAapTHaa peakuma. C AanbHeMWUM yBennyeHMem TemrepaTypbl, CTAaHOBUTCA OYEBUAHbLIM, YTO
3Heprua M'Mb6ca HecTaHAAPTHOW peakLuMn meHepanoobpasoBaHUA B TemnepaTypHOM nHTepBane 1173-
1873K cTaHoBWTCA 60/ee OTPMLATENIbHOW MO CPaBHEHUIO CO 3HAYEHUAMM CTAHAAPTHOW peakuun u
npesbilwaeT ee 3HavyeHus ot 9 go 19,01%.

Kntoyesble €n108a: TEXHOTEHHOE Cbipbe, OTXOAbl OBOralleHus, TePMOAMHAMWKA, 3Heprua Mb6ca,
MUHEpasbl LEMEHTHOTO KAWHKepa, LIBETHbIE MeTabl.
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ABSTRACT

Converter slurries at modern metallurgical plants represent a significant part of metal-containing
industrial waste with a high concentration of iron. Currently, there is a problem of their utilization and
use as raw materials for metallurgy. The purpose of this work is to study the processes of briquetting
and recovery of briquetted products, based on a mixture of converter slurries of gas purification and
converter slags. When performing experimental studies on the preparation of sludge briquettes from a
mixture of converter sludge of gas purification and converter slag, their metallization and reduction
melting in laboratory conditions, the optimal composition of the components of the mixture of
converter slag and gas purification sludge was determined by the percentage of iron, which is
appropriate for use as a raw material for steel smelting. Experimental studies on the preparation of
sludge-coal mixtures from dispersed metal-containing and carbon-containing industrial waste with
stoichiometric coal consumption for the recovery of extracted metals have proved the possibility of
obtaining sludge-coal briquettes, which are further subjected to metallization and reduction melting.
Sequential processing of dispersed production waste, namely drying, metallization and reduction
melting, allowed us to obtain at the final stage a metal sample that corresponds to high-quality steel in
its composition. Based on the analysis of the results of experimental studies, the technology of reducing
melting of metal-containing waste has been developed. As a result of the implementation of the
technology, high-quality steels and alloys can be obtained without carburizing the metal, bypassing the
production stages of cast iron and high-carbon alloys. The content of harmful impurities of sulfur and
phosphorus meets the technical requirements of high-quality steel. The proposed technology for
processing slag and sludge from oxygen-converter production will reduce the volume of accumulated
production waste.

Keywords: converter slag, converter sludge, coal sludge, briquette, recovery, smelting.
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Introduction is

At the traditional
complex "Blast Furnace

two-stage metallurgical
- Oxygen Converter",

associated with the need to reduce the
concentration of carbon in the metal to 0,2-0,5%,
corresponding to the composition of the structural
metal - steel. Removing carbon from cast iron

converter slag [1, 2] is formed during the cast iron
conversion into the steel. Oxidative melting of
molten iron with a high carbon content of 4,2-4,5%

composition is carried out by purging its melt by
technical oxygen in converter, where by the
reaction (1)
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2C+ 1,50, = CO + CO,, (1)

the carbon dissolved in cast iron in gaseous form
CO + COz is removed from melt into atmosphere.

It should be noted, that while purging a bath of
cast iron by oxygen, not only carbon is oxidized.
Allso a significant part of iron and other impurity
alloying metals are oxidized too. They form a slag
melt, which is a converter slag, in the form of
oxides with the injected flux form. Its value is
currently estimated only in the case when it
contains an oxide of such a valuable metal as
vanadium [3]. Vanadium-containing converter slags
are by-products and further used to recover
vanadium. The remaining converter slags
containing iron oxides, partially manganese and
chromium oxides are usually thrown into dumps.
Today, huge masses of waste converter slags have
been accumulated in dumps, the processing of
which is an urgent problem. Processing of metal-
containing industrial wastes, including converter
slags, should be evaluated by the criterion of
economic feasibility of useful metals’ extraction
from the slag (waste) mass unit, dependent on its
chemical composition [2, 3].

The  produced converter slag during
conventional iron ore raw materials smelting at the
Domna-Converter two-stage complex contains up
to 25% iron, 4-5% manganese and a small amount
of chromium. Furthermore, converter slag is
characterized by high basicity on the (Ca0)/(SiO3)
relation at the level of 1,5+2,0. As you can see by
the iron and manganese content, the metal yield
from the slag mass unit will be e, = 0,28 kg/kg. This
means that 3,57 tons of slag, i.e., empty rock, must
be melted to smelt 1 ton of metal. Therefore, the
inexpediency of direct metallurgical processing of
converter slag is obvious. It is necessary to note
that the possibility of its processing is to use as a
component of a concentrate-based burden or
metal-containing industrial waste with a high metal
content. It should be noted that in parallel there
exists and accumulates still a converter sludge with
a high iron content. This symbiosis allows you to
organize the production of a mixture with an
average iron content of 50-55%, which corresponds
to the expediency of its metallurgical processing.

Exhaust converter gases carry a lot of dust —
about 10-30 g/m?3, in some cases this amount ups to
60 g/m3. As a result, upper oxygen purge converters
are typically equipped with gas treatment devices.
Wet methods are used to clean converter gases.

Wet gas purification serves as the main source
of sludge formation. The sludge of converter gas
purges usually refers to iron rich by content. Their
composition by main components are: Fe.. - 40 —
65%; CaO - 1,5 -12,9%,; SiO, - 1,4 — 2,8%; Al,05-0,1
- 0,3%; MgO - 0,3 — 1,5%; P - 0,04 — 0,15%; S, -
0,16 - 0,25%; C.. - 0,9 —3,2%; Zn - 0,2 — 1,5%.

The humidity of these sludges can reach 50-
60%, and the iron content - 60%. 10-30 kg of sludge
per 1 ton of smelted steel (1-3%) is formed during
the wet gas purification [4, 5].

The dispersion of converter sludges is quite
high, although in some cases large particles are
contained in the sludge.

The density of converter sludges is 3,5-5,0
g/cm3. The specific dust release depends on the
blasting intensity, tuyere designs, the oxygen
pressure and the granulometric composition of the
bulk materials.

When cooling with scrap, the amount of dust is
1,3-1,7 times more than when cooling with ore. In
addition, the specific yield of dust is affected by the
carbon content of the metal: with its increase, the
yield of dust increases. The concentration of dust at
the time of bulk materials supply can increase by 5
to 6 times [6, 7].

Experimental part

As the initial metal-containing material,
converter slag and sludge of the converter plant of
“ArcelorMittal Temirtau” JSC and coal sludge of
coal enrichment were used.

The highest concentration of iron (Fewt =
68,04%) of the converter sludge was observed in
small fractions less than 0,05-0,1 mm. The
converter sludge’s granulometric composition of
the converter plant of ArcelorMittal Temirtau JSC is
given in Table 1.

The converter slurry must be dewatered before
use. For the experience, 20 L of aqueous
suspension (6000 g of solid) sludge was taken and
the total precipitation time was 6 hours 40 minutes,
from where the precipitation rate was 50 g/min.
Further, the resulting sludge precipitate was dried
in a drying chamber at a temperature of 100°C.

Further, the experiment was repeated under
the directed effect of the magnetic field, depending
on the layer height of the water-slurry phase in the
same proportions. The precipitation time was 5
minutes, it indicates the magnetic field effect on
the iron particles and the acceleration of the
precipitation process.
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Table 1 - Granulometric composition of the converter sludge

Ne Fraction % Fetotal FeO SiO2 Cao MgO | MnO P Al,03 Cu Zn Pb Na20 K20 nnc
1 +1 74 | 42,2 | 43,07 | 6,02 | 2756 | 43 | 096 | 0,36 | 0,86 | 0,021 | >0,5(1,21) | 0,068 | 0,146 | 0,155 | 3,08
2 | 063-1 |3,6]|4688 55386412825 7,25 | 1,46 | 0,65 | 0,74 | 0,019 0,42 0,014 | 0,074 | 0,088 | -7,02
3| 04-063 |38|5603| 687 | 654 | 22,44 | 631 | 1,26 | 0,56 | 0,59 | 0,022 0,23 0,007 | 0,058 | 0,048 12_37
0,315 - -
4 04 8,5 | 59,97 | 72,34 | 4,90 | 19,81 | 6,98 | 1,43 | 0,47 | 0,86 | 0,023 0,20 0,007 | 0,045 | 0,052 | .
0,16 - -
5 6,9 | 67,65 | 83,28 | 3,24 | 1296 | 401 | 08 | 04 | 04 | 0,028 0,20 0,008 | 0,026 | 0,034
0,315 10,95
6 | 0,1-0,16 | 4,0 | 66,96 | 78,97 | 2,82 | 12,95 | 3,83 | 0,72 [ 0,39 | 0,38 | 0,030 0,34 0,013 | 0,035 | 0,036 | -8,86
7 | 00501 | 1,9 | 6804 | 787 | 267 | 10,11 | 3,91 | 0,6 | 0,31 | 0,87 | 0,067 0,44 0,020 | 0,079 | 0,056 | -8,01
8 | 0-0,05 |90 |47,26 | 46,85 | 1,9 | 20,63 | 6,38 | 0,65 | 0,18 | 0,37 | 0,030 | >0,5(1,07) | 0,057 | 0,101 | 0,068 | 6,95
The wet sludge was dried in a 100°C oven. The  phosphorus, the concentration of which

drying time was 26 minutes. A further increase in
drying time does not result in a decrease in the
moisture content of the test sample. The main
values of the dried converter sludge sample are
given in Table 2.

Table 2 — The main properties of converter sludge during
dewatering process

Parameters Converter sludge

Bulk density, kg/cm? 3,75
Volume of water-sludge 78
samples, ml

Weight of solid component in 6000
water-slurry suspension, gr

The precipitation time under the 5
gravity influence, min

Precipitation rate, gr/min 6,0

The precipitation time under the 4
magnetic field influence, min

Precipitation rate, gr/min 7,5
Temperature in drying chamber, 100
°C

Drying time, min 26

The content of the main components in the
converter sludge dry sample is shown in Table 3.

As shown in Table 3 from the results of the
chemical analysis, the iron content of the converter
sludge is comparable to the iron ore concentrate. In
addition, the converter sludge contains 1,56%
manganese oxide as a useful impurity metal, which
significantly increases the value of the used sludge.

At the same time, converter slag and converter
sludge contain harmful impurities like sulfur and

significantly exceeds the permissible limits (0,02 —
0,03%). However, the P,0s cannot exist in the slag
in the free state, because it is not stable at high
temperatures at which phosphorus is easily
reduced by carbon, manganese and even iron (2).

(P20s) + 5 [Fe] <> 2 [P] + 5 (FeO) (2)
The strongest connection P,0s gives CaO (3).
4 (Ca0) + (P20s) = (4 CaO x P,05) (3)

Hence the total phosphorus removal reaction

can be represented (4):
2[P] + 5(FeQ) + 4(Ca0) = (4 CaO x P,0s) (4)

A compound Cas(P0O4); may also be formed, and
phosphorus  starts  reduction reaction at
temperatures above 1200°C.

Sulfur is completely rigidly bound to calcium
oxide (Ca0) in the form of CaS, from which sulfur
cannot be reduced during reducing melting (5).

(FeS) + (Ca0) <> (FeO) + (CaS) (5)

Therefore, in order to prevent the reduction
and transition of phosphorus to the metal
composition, it is necessary to provide a
temperature-thermal mode of reducing melting of
raw materials prepared from a mixture of converter
slag and sludge [8, 9].

All used materials except converter slag are fine
and dispersed. In order to ensure the dispersion of
the burden, pieces of converter slag with a fraction
of 40+80, 40+20, 20+10, 10+5 mm were crushed on
a laboratory jaw crusher and then on a vibrator.
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Table 3 - Chemical composition of burden components

Component name Chemical composition, %

Fetotar | FeO MnO SiO2 Al203 Cao MgO S P C
Converter sludge 63,7 15,0 1,28 6,66 0,53 15,2 6,9 0,68 0,06 1,8
Vessel slag 25 32,0 4,5 12,8 4,62 30,5 6,56 0,30 0,34 -
Coal sludge - - - 16,07 7,69 1,35 0,35 0,5 - 65,0

As it shown on analysis of the data in Table 3,
in the composition of the converter slag and the
sludge, most of the slag-forming compounds SiO,,
Al;03, Ca0, MgO makes up 40% calcium oxide.

In order to increase the iron content of the
resulting metal product, the converter sludge and
the converter slag were enriched on a single cone
magnetic separator at 0,5A.

In the non-magnetic part, 5% of the fraction
was separated from the starting mass of 1035 g of
converter slag, and in the converter sludge, the
non-magnetic part also amounted to 5% of the
starting mass of 730 g.

It should be noted that the type of reducing
agent should be selected depending on the content
of the reducing element in the metal-containing
feedstock. For example, if the iron content of the
sludge is about 20%, it is inappropriate to use coal
flotation waste as a reducing agent, since the iron
from the sludge will practically not be reduced, and
the amount of slag which is formed during the
smelting process will be very large.

In this case, the industrial waste used in the
reduction is a mixture of converter slag and sludge
having an iron content more than 50%.

Therefore, it was decided to use coal sludge
formed during coal enrichment as a reducing agent.

The composition of coal sludge contains a large
number of slag-forming oxides about 15%. In order
to separate the coal particles (having a small
specific gravity) from the slag-forming particles, the
coal sludge was subjected to gravitational
enrichment. Small and lightweight particles were
blown into a special gas outlet, then entered the
second container in the form of a dust collector.
The caught dust mainly contains carbon particles.

Repeated chemical analysis of enriched metal-
containing materials and coal sludge showed a
significant increase in iron content. The chemical
composition of the enriched components is shown
in Table 4.

Studies were carried out with burden, in the
ratio of converter sludge to converter slag 90:10,
respectively. The chemical composition of the

mixture of converter sludge and converter slag is
shown in Table 5.

The solid carbon reduction process was carried
out in a temperature range of 900-1200°C. The
choice of these temperatures is explained, on the
one hand, by the impossibility of melting the
material, on the other hand, by the impossibility of
reducing phosphorus.

As noted earlier, coal sludge is used as a
reducing agent. For the complete reduction of
metals, the stoichiometric flow rate of coal sludge
was calculated per unit of iron-containing material
according to the method of Tleugabulov S.M. [10,
11]. As a result of the calculations, the consumption
of coal sludge per unit of iron-containing material in
the amount of 0,300 kg/kg was obtained. Obtained
mixture of converter slag with converter sludge and
coal sludge results to chemical composition
changes of mixture. The mass fraction of the iron-
and coal-containing parts was calculated as follows:
ye = 1,0: 1,300 = 0,76 and y, = 0,300:1,300 = 0,23.
After mixing the ore-coal mixtures, sludge-coal
briquettes were obtained on the laboratory mold.
Liquid glass was used as the binder in the
briquetting process.

The resulting briquettes were dried at 300-
350°C in a muffle oven.

The drying temperature was selected according
to the following principle. At a temperature of
350°C, solid carbon in the mixture of converter
sludge and slag is practically not oxidized in the air
atmosphere. Its reaction with metal oxides does
not occur.

After drying, the briquettes acquired higher
mechanical strength for processing in two stages: 1)
reduction firing in a shaft furnace at 1000-1200°C;
2) smelting reduction in a melting furnace at a
temperature of 1600°C.

For metallization, briquettes with size of 5x4cm
and a mass of 125 g. entered into a chamber
furnace SNOL-1,6.2.0.0,8/9-M1-U4 preheated to
500°C. During the experiment, the time and
temperature of the start of gas evolution was fixed
at 900°C, it indicated the onset of a direct reduction
reaction.
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Table 4 - Chemical composition of enriched components

Components Chemical composition, %
Fetotal FeO MnO SiO: Al20; |CaO MgO |S P C
Converter sludge 71,15 16,4 1,33 3,0 0,34 9,2 5,7 0,59 0,03 1,8
Vessel slag 32 33,4 4,7 9,2 4,43 30,5 5,3 0,21 0,31 -
Coal sludge - - - 8,6 5,65 0,85 0,35 0,5 - 65,0
Table 5 - Chemical composition of converter sludge and converter slag mixture
Name Fetotal FeO MnO SiO: Al203 Cao MgO P S
Ratio 90:10 62 16,5 1,5 3,2 0,6 10,2 5,2 0,05 0,51
Table 6 - Chemical composition of metalized product
. Chemical composition, %
Material -
Fetotal FeO | Femeta | MnO SiO2 Cao MgO P S Al203
Metal briquette 1 80 3,2 78,4 1,2 12,2 9,8 4,7 0,07 0,69 4,5

Then, as the temperature increased to 1000°C,
the CO and SO; gas were strongly released by the
reaction (6).

5Fe0 + 4C = 5Femetar + 3CO + CO; (6)

The experiments continued until gas release
stoped. This meant almost complete or marginal
reduction of iron at a temperature of 1000-1200°C.

Initial mass of the sample before the test: m1 =
126 g; mass of the sample after the test: m2 = 111
g; loss of mass: Am=m1-m2=149g.

On the basis of experimental studies, the mode
of the reduction process was established, during
which a metallized product was obtained. The
characteristics of the metallized product is shown in
Table 6.

Sludge-coal briquettes weighing 250 g were
placed in an alund crucible and installed in a
“Tammana” smelting furnace. Immediately after
turning on the furnace, in order to avoid secondary
oxidation of the metallized product, the surface of
the crucible was blown with argon for 10 seconds
at 90A. The temperature inside the reaction
crucible was controlled by tungsten/tungsten-
rhenium VR5/20 thermocouple. When the
temperature reached 1600°C, the briquettes
completely converted to melt. The exposure in the
furnace was 25 minutes. Further, argon was purged
to cool the melt, then the melt crucible was
removed and cooled in air. The results of the

chemical analysis of the resulting metal casting
sample are shown in Table 7.

Table 7 - Chemical composition of the obtained metal
sample

Metal Chemical composition, %
[Mn] | [C] [si] [s] [P]
1,20 0,32 0,26 0,025 0,03
Conclusion

1. The optimal composition of the components
of the converter slag and gas cleaning sludge
mixture is established in terms of the percentage of
iron, which is expedient for use as a raw material in
steel smelting.

2. The metal yield was 38% and the slag yield
62% from the starting 250 g of sludge-coal
briquettes.

3. According to the results of chemical analysis,
the melted metal sample is natural alloy steel. The
content of harmful impurities of sulfur and
phosphorus meets the technical requirements of
qualitative steel.

4. The proposed technology of processing slag
and sludge of oxygen-converter production will
reduce the volume of accumulated production
wastes.
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TYWIHAEME

Kasipri meTtannyprua KombuHaTTapbliHAa KOHBEPTEpP LWAaMAapsbl TeMip MeLepi }KoFapbl meTanfa 6ait
OHepKaCiNTiK KanaplKTapfa KaTafbl. Kasipri yakblTTa ocbl KangblKTapApl Naifafa »kapaTy »KaHe
MeTannypruaga LWWKI3aT peTiHae naiganaHy maceneci TyblHAAM oOTblp. Byn »KYMbICTbIH MaKcaTbl
rasrtasapTyAblH, KOHBEPTEP LWNAMAAPbl MEH KOHBEPTEP KOXAAPbIHbIH, KOCMAckl HerisiHae 6puKkeTTey
KoHe BpUKeTTeNreH eHiMaepAi TOTbIKCbI3AaHAbIPY NpoLecTepiH 3epTTey 60bin Tabblnasbl. Makanaga
KoHBepTep/i 6anKbITy KanAblKTapblH, aTan aWTKaHA4Aa  KOHBEPTep/i KOMAbIH, ras TasapTyAplH,
KOHBEpTEp/i WNaMbIMeH KOCMacblH MeTaNnypruanblk KahTa eHaeyre TapTy MYMKiHAiKTepi
KapacTbipbinFaH. Ocbl Herisae 60naT 6ankpITyfa apHanFaH GpuKeTTepai 6GanKbITy KanablKTapbiHbIH,
KOCMACbIHAH LWbIFApy YCbiHbIAAAbl. [a3Ta3apTyAblH KOHBEPTEP/IiK LWAaMbl MEeH KOHBEPTEPAiK KOX
KOCMacblHaH LWAamKeMipnik GpuKeTTepai AalibiHAAy, onapAbl METaNAaHAblpy KoHe 3epTXaHasblK
aFfanaa TOTbIKCbI3AAHAbBIPbIN  6ankbiTy 6OMbIHIWA IKCMEPUMEHTTIK  3epTTeynepai opbiHAAY
bapbicbiHga 60natTbl GanKkbITyFa LIKMKI3aT peTiHAe nailganaHyFa NaliblkTbl 6onatbiH  Temipaid,
NabI3apblK, Kypambl 60VibIHIWIA KOHBEPTEPAiK KOX 6eH rasrasapTy Liam Kocnacbl KOMMOHEHTTEPIHIH,
KONalnbl  Kypambl  aHblKTangbl. AnblHAaTbIH - MeTangapapl  TOTbIKCbI3AaHAbIpyFa  KemipaiH
CTEXMOMETPUANDIK LUbIFbIHBI KIHE METaNAaH TYPaTbiH aHe KypamblHAa KemipTeri 6ap eHepKacinTik
KanablkTapAaH LWAamMKeMmipaik Kocnanapabl AaviblHAay 6OMbIHIWA 3KCNEPUMEHTTIK  3epTTeynep
MeTanfaHAbIPYFa KaHe TOTbIKCbI3AAHALIPbIN BankbITyFa KaTaTblH WAAaMKeMipaik bpukeTtepai anyra
MYMKiH 60naTblHbIH Aanensesi. OHAIPICTIH, AUCNepcTi KanablKTapblH Ke3ek KeserimeH eHaey, aTtan
aWTKaHAA KenTipy, MeTanaaHabipy XKaHe TOTbIKCbI3AAHABIPbIN BANKITY, eH COHbIHAA cananbl 6onaTtka
COliKec KenleTiH MeTann YATICiH anyFa MyMKIHAIK 6epai. IKCNepuMEeHTTIK 3epTTeynepaiH, HaTUXKenepiH
Tanpay HerisiHae KypambliHaa meTann 6ap KanablKTapabl TOTbIKCbI3AAHAbIPLIN 6ANKbITY TEXHONOMMACHI
wacangbl. TeXHONOrMAHbI EHridy HITUMKEeCIHAE LWOWMbIH MeH >KOfapbl KeMIpTeKTi KopblTnanap
OHAIpICiHIH, Ke3eHAepiH aiHanbIN eTin, MeTanabl KOMIPTEKTEHAIPMEN XofFapbl cananbl 6onatrap MeH
KopbITnanapAapl anyfa 6onagpl. KykipT neH docdopablH 3MAHAbI KOCNanapbiHbIH, Kypambl KOFapbl
cananbl 60NaTTbiH, TEXHUKANbIK TafanTapblHa caikec Kenegi. OTTeri-koHBepTep OHAIPICIHIH, KoXAapbl
MeH LWNaMaapbiH eHAEYA[H YCbIHbINFAaH TEXHOMOTUACH! KWMHaKTanFaH OHAIPIC KanAbIKTapbiHbIH,
KenemiH as3aiTyFa MyMKiHAiK bepepai.

TyliiH ce30ep: KOHBEPTEPAi KOX, KOHBEPTEPAi LWAamM, Kemip wWaambl, BPUKET, TOTbIKCbI34aHAbIPY,
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AHHOTALUMUA

KoHBepTepHble  WamMbl  Ha COBPEMEHHbIX METa//lypPruyeckux KOMBWHaTax npeacTaBasioT
3HAUUTENbHYIO YacCTb METaNNIOCOAEPHKALLMX MPOMbILIIEHHBIX OTXOAOB C BbICOKOM KOHLEHTpauuen
)enesa. B HacToswee Bpems cywecTsyeT Nnpobaema vx yTUAU3aLMU U NPUMEHEHMSA B KaYecTse Cbipbs
ana metannypruum. Lienbio faHHOM paboTbl ABAAETCA MUCCeA0BaHUE NPOLECCOB BPUKETUPOBaHMA U
BOCCTaHOBNEHUA GPUKETUPOBAHHbLIX MPOAYKTOB, Ha OCHOBE CMECM KOHBEPTEPHbIX LUIAaMOB
rasoouMCTKM M KOHBEPTEPHbIX LWAAKOB. [Py BbINOJIHEHUM 3KCMEPUMEHTA/bHBIX WCCNEL0BaHMIA MO
MOATOTOBKE  LIIAMOYrO/IbHbIX BGPUKETOB M3 CMECM KOHBEPTEPHOrO LWJ/iama ras’oouucTKU U
KOHBEPTEPHOro wnaka, nx metannmsauum u BOCCTaHOBMTeﬂbHOl)‘I nnaBke B na60paTopr|x ycnosusax,
YCTaHOB/MEH ONTUMa/IbHbIM COCTaB KOMMOHEHTOB CMECU KOHBEPTEPHOTO LW/AKa U LWAaMa ra3ooumCTKM
MO NPOLEHTHOMY COAEPKaHUIO XKenesa, NPeACcTaBafioLemMy LeiecoobpasHoCTb A4/18 UCMO/b30BaHUA B
KauecTBe Cbipbsi MPU BbIMNNABKE CTa/JM. JKCMEPUMEHTaNbHbIE MCCNEA0BaHWA MO MOATOTOBKE U3
[LMCNEPCHBIX METANIOCOAEPHKALLMX 1 YINEPOACOAEPHKALLMX MPOMBbILLNEHHBIX OTXOA0B LWIAMOYTO/IbHbIX
CMecei CO CTEeXMOMETPUYECKUM PacxXofOM YrAs Ha BOCCTAHOBJEHME W3B/NEKAaeMbIX METaisIos,
[0Ka3anu BO3MOMHOCTb MOMYYEHWA LWAAMOYrO/bHLIX BPUKETOB, KOTOpble Aasnee MOABepraTcs
METaNNN3aLMM U BOCCTAHOBUTENbHOM nnaske. MocnegosatensHas o6paboTka AMCNEPCHBIX OTXOA0B
NPOM3BOACTBA, @ UMEHHO CYLLIKA, METa/l/IM3aLmnsa U BOCCTAHOBUTE/IbHAA NNaBKa NO3BOUAA NOYYUTb
Ha 3aBepwatowein cragumu obpasey, MeTanna, KOTOpbId MO CBOEMYy COCTaBy COOTBETCTBYHOT
KayecTBEHHOM CTasM. Ha OCHOBe aHanuW3a pesynbTaToB 3KCMEPUMMEHTAsIbHLIX UCCAeL0BaHMiA
pa3paboTaHa TEXHOOTMA BOCCTAHOBUTE/IbHOM MAABKM METaN0COAEPIALLMX OTXOA0B. B pesysibrate
peannsaumm TeXHOIOMMU MOTYT BbITb MONYYEHbl KAYECTBEHHbIE CTAN U CMNaBbl 63 HayrNepoKUBaHUA
MeTanna, MWHYS CTaguu MPOU3BOACTBA YyryHa M BbICOKOYINIEPOAMCTbIX crnnasoB. CopepaHue
BPEeAHbIX Npumecei cepbl v Gochopa COOTBETCTBYET TEXHUHYECKUM TPEHOBaHWAM KauecTBEHHOI CTanu.
Mpegnaraemas TexHonorus nepepaboTKM  Wlaka WM LWNAMOB  KWUCNOPOAHO-KOHBEPTEPHOro
NPOU3BOACTBA NO3BOJIUT COKPATUTL 06 BEMbI HaKaNIMBaeMblX OTXOL0B MPOM3BOACTBA.

Knioyeeble cn108a: KOHBEPTEPHbINM LUNAK, KOHBEPTEPHbIA LWNAM, YrolbHbIA Wwnam, 6puker,
BOCCTaHOB/EHUWE, NNaBKa.
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ABSTRACT

The article presents the results of studies on the influence of time, the amount of steel shavings and coke
on the electric melting of ferrosilicon manganese dusts to obtain a ferroalloy. The research was carried out
by the method of rotational planning of the second order (Box-Hunter plans) and by electric smelting of
dust in laboratory ore-thermal arc furnace. Dust from the production of ferromanganese by LLP Taraz
Metallurgical Plant, coke and steel shavings were used during the research. It was determined that to
achieve aSi270%the process must be carried out in the presence of 25% coke and 8.1-9% steel shavings
from the mass of dust for 55.8-60 minutes, to achieve aMn in an alloy of 80-85% the process must be
carried out in the presence of 25% coke, 5.7-9.0% steel shavings for 41.2-54.4 minutes. When melting the
charge containing 75.2% of dust, 18.8% of coke, 6% of steel shavings, within 60 minutes the weight of the
ferroalloy was 258 g (38.8% of the weight of the charge or 51.6% of the weight of dust). The degree of
extraction of manganese into the alloy was 82.3%, silicon - 66.1%. The resulting ferroalloy belongs to
ferrosilicon manganese of the FeMnSil2 grade.

Keywords: dust, ferrosilicon manganese, steel shavings, coke, electric smelting.
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Introduction

Ferrosilicon manganese is an iron alloy based

manganese-containing raw materials are
manganese ores and concentrates, quartzite is used
as a silica-containing component, and iron-

on manganese (at least 60%) and silicon (from 10 to
35%) used for deoxidation and alloying of steel,
alloys, cast iron, and the production of refined
manganese alloys [1]. In most countries,
ferrosilicon manganese is still smelted in blast
furnaces [2]. The essence of this process is the
melting of manganese ores or their concentrates
and iron-containing components to produce
ferrosilicon-manganese and refractory slags [3].
Another share of ferrosilicon manganese smelting is
accounted for ore-thermal furnaces [4-8]. The main

containing components are metal additives, pellets,
iron chips, etc. [1, 9].

In 2020, Kazakhstan produced 122797 tons of
ferrosilicon manganese, which was obtained in the
Zhambyl region, Karaganda, Pavlodar and the city
of Shymkent [10]. Half of the ferrosilicon
manganese produced goes to the Russian market
(28% of the ferrosilicon manganese imported by
Russia comes from Kazakhstan alloy) [11].

An unavoidable waste in the production of
ferrosilicon manganese is dust formed as a result of
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evaporation and sublimation of the main elements
and their volatile compounds, as well as due to
mechanical entrainment of the charge components
[12-14]. For the purpose of processing and
utilization of ferrosilicon manganese dusts, they are
usually included in the composition of the charge
for reuse in the technological process [15], and
hydrometallurgical processing is also proposed [16].
The results of thermodynamic studies and
exploratory experiments on dust processing by
«Taraz Metallurgical Plant» LLP were published
earlier [17, 18]. The article presents the results of
research on the effect of time, the amount of steel

chips and coke on the electric melting of
ferrosilicon manganese dusts to produce a
ferroalloy.

Experimental part

The studies were carried out by the method
of rotatable planning of the second order (Box-
Hunter plans) and electric melting of dust in a
laboratory ore-thermal arc furnace.

Electric melting of the charge was carried out
in a single-electrode arc furnace lined with
chromomagnesite bricks. The hearth electrode was
made of a graphite block. A graphite crucible
(d=6cm, h=12cm) was placed on the plate. The
space between the crucible and the lining was filled
with graphite chips. The furnace in the upper part
was closed with a removable lid with holes for the
graphite electrode (d = 3 cm) and the gas outlet.
Before melting, the crucible was heated with an arc
for 20-25 minutes at a current of 250-300A and a
voltage of 45-55V. After that, the first batch of
charge (200 — 230g) was loaded into the crucible. It
was melted for 3-5 minutes, then the remaining
part of the charge (200 — 250g) was loaded and
melted for the required time. During the melting
period, the current was 350-450A, the voltage was
25-30V. The electric power was supplied to the
furnace from the transformer TDZhF-1002. The
required power was maintained by a thyristor
regulator. The current was monitored with a
Tangen 42L6 ammeter (accuracy class 1.5), and the
voltage was monitored with a Chint 42L6 voltmeter
(accuracy class 1.5). After electric melting, the
furnace was cooled for 6 hours. The graphite
crucible was removed from the furnace and broken.
The ferroalloy was weighed and analyzed using
scanning electron microscopy and atomic
adsorption method on the AAS-1 device (Germany)
for silicon, manganese, and iron.

Before melting, the dust was pelletized with
a 5% solution of bentonite clay. Drying of "wet"

pellets was carried out at 250 °C for 30 minutes.
From Table 1, it can be seen that from a height of
0.5 m, the pellet does not collapse with 11 drops, 7
times-from a height of 1m, 2 times - from a height
of 2m.

Table 1 - Dynamic strength of granules

Drop height, m 0,5 1,0 (15|20 25

Number of non- 11,0 70(130(20]|1
destructive drops

During the research, dust from the
production of ferromanganese of «Taraz
Metallurgical Plant» LLP was used with the content:
53,3% MnO, 24,0% SiO,, 5,4% MgO, 9,6% CaO,
3,8% Al,0s3, 1,5% Fe;0s, 1,8% ZnO, 0,6% PbO, as
well as coke (85,7%C, 5.2%Si0;, 2.1%Fe;0;,
2.0%Al,03, 1.6%Ca0, 0.4%MgO0, 0.8%H,0, 5.0%Fe0)
and steel chips containing 2,1%C, 0,4%S, 97.1%Fe,
0.4% others.

Discussion of results

Figure 1 shows the effect of the time of
electric melting of dusts together with 25% of coke
and 7% of steel chips (from the mass of dust) on
the degree of extraction of manganese and silicon
into the alloy.

90 -

20 30 40 50 60
T, min

Figure 1 - Effect of time on the degree of extraction of
Mn and Si in the alloy

It can be seen that, regardless of the time
aMn>asSi. In 60 minutes, the degree of transition of
silicon to the alloy was 64,0%, and aMn-84,2%.

Figure 2 provides information on the effect
of the melting time and the amount of steel chips
on the aMnandasSi, which shows that the aMn and
especially theaSiare greatly influenced by the
amount of steel chips. At 60 minutes of melting, an
increase of 3 to 9% of the steel chips increases
theaMnfrom 82,4 to 86,0%, and theasSi -from 56,0
to 72,0%.

— 44 ——



Complex Use of Mineral Resources. Volume 3, Issue 318, 2021

ISSN-L 2616-6445, ISSN 2224-5243

80 -~
2 90
70 - 80 1
60 - 70
R 0 BN
=50 - <60
E :
40 - 50
30 4 , 40
T, min
20 T, min
30 T T T 1

20 30 40 50 60
30 40 50 60

1-3% steel shavings 2-9% steel shavings

Figure 2 - Effect of the melting time and the amount of
steel chips on the degree of Si and Mn recovery in the
alloy

To determine the optimal time of electric
melting, the amount of steel chips at aMnand
aSithe studies were carried out by the method of
rotatable planning of experiments (Box-Hunter
plan), followed by the construction of three-
dimensional and planar images [19]. Table 2 shows
the planning matrix and the experimental results of
the influence of steel chips (Ch., %, by weight of
dust) and coke (Coke, %, by weight of dust) on the
degree of extraction of Mn and Si in the alloy.

Table 2 - Planning matrix and results of electric melting
of ferrosilicon manganese dust on the effect of steel

chips and coke on the degree of extraction of
manganese and silicon in the alloy

Variables
No Encoded view Natural look Otsi, o,

X1 x2 |chw |COke | % |

%

1 -1 -1 3,9 17,9 42.6 | 60.7
2 1 -1 8,1 17,9 50.6 | 74
3 -1 1 3,9 32,1 71.7 | 86.3
4 1 1 8,1 32,1 77.7 | 94.1
5 1.41 0 9 25 59.3 | 91
6 -1.41 0 3 25 54.4 | 76.3
7 0 1.41 6 35 79.8 | 93
8 0 -141 | 6 15 33.3 | 59.4
9 0 0 6 25 66 83
10 | O 0 6 25 64.7 | 83.8
11 |0 0 6 25 64.1 | 84
12 |0 0 6 25 62.8 | 84.6
13 |0 0 6 25 62 84.9

Based on the data in the table, the regression
equations aSi=f (Ch, Coke) and aMn= f (Ch, Coke):

aSi=-56,477+9,015-Ch+5,022-Coke-5,776-10"%-Ch?-
5,535-10%-Coke?-3,353-102-Ch-Coke (1)

aMn=42,07+6,139-Ch+6,377-Coke-1,111-10"*-Ch?-
8,376-102-Coke?-9,222-10°2-Ch-Coke (2)

On the basis of relations (1) and (2) according
to [20], volumetric and planar images of the
dependences aSi=f (Ch, Coke) and aMn= f (Ch,
Coke) are constructed (Figure 3, 4).

A B

A- volumetric images, B- planar images
Numbers on the lines- aSi, %

Figure 3 - Influence of steel chips and coke on the degree
of silicon recovery in the alloy

& ' i

A- volumetric images, B- planar images
Numbers on the lines- aMn, %

Figure 4 - Effect of steel chips and coke on the degree of
manganese recovery in the alloy

Figure 3 shows that within 60 min aSi from
60 to 80,3% (shaded area) 3-9% of steel shavings
and 22.7-35% of coke from the mass of dust are
noted. Manganese is reduced better thansilicon
(Fig. 4). aMn 85-93.1% (shaded area) is possible
with 3-9% steel shavings and 21.6-35% by weight of
dust. Table 3 shows the experiment planning matrix
and their results on the effect of time (t, min) and
steel chips (Ch, % of the dust mass) on the degree
of extraction of manganese and silicon into the
ferroalloy. This series of experiments was
conducted in the presence of 25% coke.
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Table 3 - Planning matrix and results of electric melting
of ferrosilicon manganese dust on the effect of steel
chips and time on the degree of extraction of manganese
and silicon into thealloy

Variables

Ne | Encoded view Natural look ;Si' ;M"'
. (1] 0

X1 X2 T,min | Ch, %
1 -1 -1 34 3,9 32,5 | 56.8
2 1 -1 56 3,9 56.4 | 82.5
3 -1 1 34 8,1 27.7 66.7
4 1 1 56 8,1 67.2 85.0
5 141 0 60 6 64.8 | 84.2
6 -1.41 0 30 6 21.7 | 41.6
7 0 1.41 45 9 59.0 | 83.3
8 0 -1.41 45 3 49.3 75.0
9 0 0 45 6 54.0 | 79.0
10 | O 0 45 6 549 | 81.9
11 |0 0 45 6 55.4 | 79.5
12 | 0 0 45 6 55.2 | 81.4
13 |0 0 45 6 56.0 | 82.0

Using the data in Table 3, the regression equations
aSi=f (Ch, t) andaMn=f (Ch, 1):

aSi=-90,063+5,32-1-3,26-Ch-5,463-10%-1%-2,64-10

1.Ch+1,68-10"-t-Ch; (3)
aMn=-148,039+7,986-1+6,05-Ch-7,023-10%-*-
8,48-:10%-Ch?-8,008-10-t-Ch. (4)

Based on equations 3 and 4, volumetric and
horizontal images of the dependence [20] aSi=f (Ch,
T) and aMn=f (Ch, 1) are constructed (Figure 5, 6).

A- volumetricimages, B- planar images
Numbers on the lines- aSi, %

Figure 5-Effect of steel chips and time on the degree of
silicon recovery in the alloy

oy e

[
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A- volumetricimages, B- planar images
Numbers on the lines- aMn, %

Figure 6-Effect of steel chips and time on the degree of
manganese recovery in the alloy

Figure 5 shows the effect of the melting time
and the amount of steel chips on the aSiin the
alloy. It can be seen that in order to achieve
aSi270% the process in the presence of 25% coke
must be carried out for 55.8-60 minutes in the
presence of 8.1-9% steel chips, and in order to
achieve aMnin the alloy of 80-85% (Figure 6
(shaded area), the process must be carried out in
the presence of 25% coke, 5.7-9.0% steel chips
from the dust mass for 41.2-54.4 minutes.

The mass of the ferroalloy obtained by
melting 665g of the charge for 60 minutes (Figure
7, Table 4), containing 500g of dust, 125g of coke,
40g of steel chips, was 258g (38.8% of the charge
weight or 51.6% of the dust weight). The degree of
extraction of manganese in the alloy was 82.3%,
silicon 66.1%. The ferroalloy contained 65%Mn,
14,9%Si, 3,6%C, 14,1%Fe and 1,3% others.
According to [21], the resulting ferroalloy belongs
to ferrosilicon manganese of the FeMnSil12 brand.

Figure 7 - Photo of a ferroalloy sample

Table 4 - Elemental composition of a ferroalloy sample
obtained by a scanning electron microscope

Element C F Na |Mg| Al Si S
Weight class, % | 2.79 | 1.3 | 0.56 |0.74| 1.25 |14.50/0.80
Element K Ca | Ti |[Cr| Mn /| Fe
Weight class, % | 1.21 |0.69| 0.26 |1.27|61.06|13.57

Conclusions

Based on the results obtained on the study of
the influence of the time of electric melting, the
amount of steel chips and coke on the electric
melting of dusts produced by ferrosilicon
manganese, the following conclusions can be
drawn:

- to achieve aSi>70% the process must be
carried out in the presence of 25% coke and 8.1-9%
steel chips from the dust mass for 55.8-60 minutes,
and to achieve an aMn of 80-85% alloy, the process
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must be carried out in the presence of 25% coke,
5.7-9.0% steel chips for 41.2-54.4 minutes.

- when melting a charge containing 75.2% of
dust, 18.8% of coke, 6% of steel chips, for 60
minutes, the mass of the ferroalloy was 258 g
(38.8% of the mass of the charge or 51.6% of the

manganese in the alloy was 82.3%, silicon 66.1%.
The resulting ferroalloy belongs to the ferrosilicon
manganese of the FeMnSil12 brand.
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TYWIHAEME

Makanaga ¢eppoKopbiTna anbliHaTbiH  GeppoCcMNMKOMapraHeLTi  WaHAAPAbIH,  3N1EKTP
6ankbimacbiHa YaKbITTbiH, 60MaT KOHKANapbl MEH KOKC MeAwepiHiH, acepi 6oMbiHWA
3epTTeynepaiH, HaTuKenepi KenTipinreH. 3epTTeynep ekiHWi peTTi potoTabenbai ocnapnay
aaicimeH (BoKc-XaHTep Kocnapnapbl) KoHe 3epTXaHasblK KeH-TePMUANbIK [OoFanbl newTe
WwaHAabl 3NeKTpAi BanKpiTy apKbLibl Kyprisingi. 3eptreynepai »Kyprisy 6apbicbiHga «Tapas
MeTanNypruanbik 3aybite» MLUC-HiH, deppomapraHey, eHaipiciHaeri waH, KOKC kaHe 6onar
JKOHKAnNapbl KongaHbingpl. YpaicTi yprisreHae aSi270% eTy yLWiH WaH maccacbiHbiH, 25,8%
KOKC KaHe 8,1-9% 6onaT yriHginepiHeH TypatblH Mmenwepi 55,8-60 MUHYT iwiHae
6ankbITblNATLIHLI, an aMn KopbiTnackl 80-85%-fa »eTy yWiH ypaicti 25% Kokc, 5,7-9,0% 6onat
KOHKanap KatbicybimeH 41,2-54,4 MuHYT iWiHAEe >KYPri3y Kepek eKeHAiri aHbIKTangpl.
KypambiHaa 75,2% waH, 18,8% KoKc, 6% 60saT »oHKacbl 6ap wwuxtaHbl 60 MUHYT iwiHae
6ankbITKaH Kesae GeppoKOPbLITNAHbIH, CaiMafbl 258 r-Abl Kypaap! (LUMXTaHbIH canimarbiHaH 38,8%
Hemece LWaHHbIH, canmafbiHaH 51,6%). MapraHeuTiH, KopbiTnafa ety gJapexeci 82,3%,
KpeMHUigiH - 66,1%  6onabl.  AnbiHFaH  deppokopbitna  FeMnSil2  mapkanbl
deppocuankomapraHeLKe xaTtagpl.

TyiiiH ce30ep: waH, deppocmankomapraHew, 601aT XOHKaNap, KOKC, 31eKTpAi 6anKkbITy.
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MonyueHune dpeppocnnasa U3 nbineit NponssoacTsa GeppocMIMKoMapraHua

! Wesko B.M., 2Alitkynos [.K., 'bagukosa A.L., 'Tynees M.A.

LHOmHo-KazaxcmaHckuli yHusepcumem umeHu M. Ayazoea, LLbimkeHm, KazaxcmaH
2HayuoHanbHelIl yeHmp no KomnaeKcHol nepepabomke MUHepPanbHo20 cbipba Pecrybauku KazaxcmaH, Aamamel, KasaxcmaH

AHHOTALUMUA

B cTaTbe NpMBOAATCA pe3y/bTaTbl UCCAEAOBAHUIA MO BAMAHUIO BPEMEHM, KOAUYECTBA CTa/IbHOM
CTPYKM M KOKCa Ha 3M1EeKTPOMNNaBKy nbiaei ¢eppocuankomapraHua ¢ nosydeHuem
deppocnnasa. MccnefoBaHUA NPOBOAMAN METOAOM POTOTAbENbHOrO MAaHUPOBAHWA BTOPOrO
nopsaka  (nnaHbl  Bokca-XaHTepa) W 3/MeKTponnaBKoW  Nbineit B nabopaTopHoit

MNoctynuna: 09 utoHa 2021 pyaHOTEpMMUYECKOM Aayrosol neun. Npu nNpoBeaeHUMM UCCAef0BaHWUA MCMONb30BAaAW Mblib
PeueH3nposaHue: 14 urona 2021 npoussoacTea ¢eppomapraHya TOO «Tapasckuii MeTannypruyeckuin 3aBog», KOKC U CTaNbHYO
MpuHAaTa B Nneyatb: 03 ageycma 2021 CTPY!KKY. YCTaHOBNEHO, YTO ANA AOCTUXeHua aSi270% npouecc HeobXxoauMmo NpPoOBOAUTL B

npucyTcTBun 25% Kokca u 8,1 - 9% cTanbHOM CTPYXKKM OT MAcchl Mblin B TeyeHue 55,8-60 MUHYT,
a ans poctmxkeHusa aMn B cnnas 80 - 85% npouecc He06XxoAMMO NPOBOAUTL B NpUCYTCTBUU 25%
KoKca, 5,7 - 9,0% cTanbHOW CTPYXXKM B TeyeHune 41,2 - 54,4 muH. Tpu NnaBKe LUNXTbI,
cogeprawen 75,2% noinn, 18,8% Kokca, 6% CTanbHOM CTPY)KKM, B TeyeHne 60 MWH macca
deppocnnasa coctasuna 258r (38,8% OT macchbl WKXTbl MAM 51,6% oOT macchbl nbiau). CTeneHb
M3BNEYEHWUA MapraHua B cnnaB coctaBuna 82,3%, KpemHusa 66,1%. MonyyeHHbI deppocnnas
OTHOCUTCA K heppocuIMKoMapraHuy mapku FeMnSil2.

Kniouesbie cnoea: nbinb, peppocunmkomapraHell, CTanbHasa CTPYXKKa, KOKC, 3/1eKTPOonaaBKa.
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ABSTRACT

Iron compounds are widely used in many industries and engineering, and even in medicine. The
existing methods of obtaining iron compounds are multi-stage and complex. The purpose of this
work is to obtain iron (ll) hydroxide and oxide from metal waste under alternating current action
using one and two half-cycles. For the first time, the electrochemical behavior of iron electrode was
studied by electrolysis method during alternating current polarization of industrial frequency in
sodium chloride solutions. The iron polarization was carried out in pair with titanium, while the
current density on the iron electrode varied in the range of 200-1200 A/m?, and on the titanium is in
the range of 20-100 kA/m?. It is established that in the anode half-cycle of alternating current, iron is
oxidized to form divalent ions. At this moment, the titanium electrode is in the cathode half-cycle,
hydrogen is released on it, hydroxyl ions are formed in the cathode space. In the solution, ions
interact with iron (l1) ions to produce iron hydroxide. At temperatures above 60°C, iron (Il) hydroxide
is dehydrated with the production of iron (ll) oxide. The electrolysis was carried out in two
electrolyzers connected to each other in parallel with the immersion of pair of “titanium-iron”
electrodes into each electrolyzer. The iron dissolution occurs simultaneously in two half-cycles of
alternating current and this approach is proposed for the first time. The process productivity
increases by more than 1.5 times.

Keywords: iron, titanium, electrode, alternating current, two half-cycles, hydroxide, iron oxide.
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AHHOTAUMA

CoeauHeHWs enesa HaxoAAT LUMPOKOE MPUMEHEHMe BO MHOMMX OTPacAAaX MPOMbILAEHHOCTU U
TEXHUKW, U Aaxe B mefuuuHe. CyliecTBylolMe CNocobbl MONYYEHUs COeAMHEHWI Kenesa
MHOTOCTaAUiiHbl U CNOXHbI. Llenblo AaHHOM paboTbl ABAAETCA MONy4YeHUe TMAPOKCUAA U OKCMAA
»enesa (Il) U3 mMeTanNMyeckux OTXOAOB Mo AENCTBUEM MEPEeMEHHOro TOKa C MCMO/b30BaHWEM
OHOTO W ABYX €ro MosynepuofoB. BnepBble WUCCNEfOBAaHO 3/1EKTPOXMMUYECKOe MoBeAeHne
YKEeNesHOro 3/1eKTpoja MeTOAOM  3/1eKTPOaM3a MpW  MOAAPU3ALMM  NMEePeMEHHbIM  TOKOM
MPOMBbILLNEHHOM YacTOTbl B BOAHbLIX PAaCTBOPax x/10puaa Hatpus. Monsapusaumio kenesa npoBoanau
B nape C TUTAaHOM, NP 3TOM MIOTHOCTb TOKA Ha YKE/Ie3HOM I/IeKTPOAE U3MeHsAach B UHTepBase
200-1200 A/m?, a Ha TuTaHoBOM — B npegenax 20-100 KA/m?. YCTaHOB/NIEHO, YTO B aHOAHOM
nonynepuoae nepemeHHOro TOKa »Kesfe3o OKUCAAETCA ¢ 06pa3oBaHNeM ABYXBaNeHTHbIX MOHOB. B
3TOT MOMEHT TUTAHOBbIM 3/1EKTPOS, HAaXOAMTCA B KaTOLHOM Mosynepuose, Ha Hem BblaenseTca
BOAOPOA, B MPMKATOAHOM MPOCTPaHCTBE 06pasytoTcs rMAPOKCUA-UOHBI. B pacTBope ruapokcun-
MOHbI B3aMMOZAEWCTBYIOT C MoHamu xenesa (Il) ¢ obpasosaHnem ruapokcuaa. Mpu TemnepaTtypax
Bbllwe 60°C NnpoucxoauT Aernapataumsa rmapokenaa kenesa (I1) c popmmposaHmem okcnaa Kenesa.
MpoBeaeH 3NeKTPOaM3 B ABYX 3/1EKTPOAN3EPax, COEAMHEHHbIX MexAay Coboi mapannenbHo ¢
MOrpY)XEHMEM B KaXKAbll 3/1EeKTPO/NM3ep Mapbl INEKTPOAOB «TUTaH-xeneso». [lpu 3Tom
pacTBOpeHMe Kese3a NPOUCXOAUT OAHOBPEMEHHO B ABYX NOAYNepuoaax nepemMeHHOro Toka — 3ToT
noaxoa, npeanaraercsa Brnepsble. [1PoU3BOAUTENBHOCTbL MpoLiecca nosbiwaeTcA 6onee, yem B 1,5
pasa.

Kntoyesble cnosa: xeneso, TUTAH, 3N1eKTPOA, NMEePeMeHHbI TOK, ABa Nonynepuoda, rmapoKcua,
oKcug, Xenesa.
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BBegeHue
B HacTosALee Bpems npou3BOACTBO
XUMUNYECKUX COE/J,MHeHMﬁ B KasaxcraHe B
OCHOBHOM cBoauTcAa K BbIMYCKY npoaykuunmn
6a3oBoi XUMUn. BHUMaHue yOenaetca
nponssoacTey HeopraHN4YecKmnx KNCNoT n

OCHOBaHMUN, KOTOpbleé MUCNOJIb3YHOTCA B MNpoLeccax
/.'l,O6bI‘-IM n nepepa60TKM noNne3HbIX NCKoNaemblX, B

NONIYYEHUN  Pa3ANYHBIX BUAOB  MUHEPANbHbIX
yaobpeHuii. Kpome Toro, npoAayKTbl 6a3oBoit
XMMUU NPMMeEHsAIoTCA B NNaKOKPaCo4HoW

NPOMbIWLNEHHOCTN, B NMPOU3BOACTBE B3PbIBYATbIX

Beuwecrs, morwwnx cCcpeacrts. B 1O e BpemAa
NMPOMbBIWNEHHOCTD U Apyrne CEKTOPbl 3KOHOMUKU
HYX0a0TCA B Pa3/INYHbIX conax, OKCnAaax,
TMAapoKkcnaax  MeTannos, B TOM 4ucne, B
coegunHeHunAX xKenesa.

CoepnHeHna Kenesa Haxo4AaT LWNPOKoe

NPpUMeHeHUEe B CaMbIX PA3HbIX OTPAC/IAX TEXHUKU U

NMPOMbILLNEHHOCTU M Aaxe B MeanunHe. CynbdaTsl,
xnopuabl Kenesa MOryT OblITb NPUMEHEHbl B
KayecTBe KOarynfHTOB MNpPM OYUCTKE CTOYHbIX
3arpsasHeHHbIXx BoAd. Xnopua xenesa (lll) wupoko
NCNOo/b3yeTcA B OPraHMYeCKoM CUHTe3e B KavecTse
naeanbHOM KUCNOTbl  JlbloMca, MOCKO/IbKY OH
ABNAETCA HEAOPOTUM, 3PPEKTUBHBIM, CTAOUIBbHBIM,
3KOJIOTMYECKM YUCTBIM U YAO0OHbIM areHTom Ans
HECKO/IbKMX  MO/e3HbIX peakuui, TaKUx Kak
NnonMmepusauna,  OKUCNEHUE,  OKUCAUTE/IbHble
coeAnHeHuns, BOCCTAHOB/IEHMEe,  0bpasoBaHue
ceaseit C-C cBA3eM M B KayecTBe peareHTa Ha
KNOYEBbIX CTaAMAX CUHTE3a NPUPOAHbIX MPOAYKTOB

[1]. B nocnepHee BpemA MHOFO BHUMAHWA
obpaliaeTcA Ha  CUHTE3  TeTepouMKNOB  CO
CTPYKTYPHbIM pa3Hoobpasuem, KoTOpble
KaTanusupytotca xnopugom enesa (lll). AsTopbl
ob3opa [2] oTmeuatoT, u4TO KenesHble
KaTanmM3aTtopbl ABAAOTCA OAHWMM U3 CaMbIX
JeweBblX W Nerko  AOCTYMHbIX B CUHTe3e
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reTepOLMKINYECKUX COeAMHEHUIA. BaxHOCTb 3TMX
CWMHTE30B 3aK/lo4eHa B TOM, YTO  FeTepOLUKbI
ABNAIOTCA Pa3HOOOPA3HbIM M BaXKHbIM KJaccom
MOJIEKY/, KOTOpPble MOBCEMECTHO BCTPEYAOTCA B
pPasINYHbIX CUHTETUYECKMX NleKapcTBax,
6MONOIMYECKN aKTMBHbBIX MPUPOAHBIX MPOAYKTAX,
bapmaLLeBTUYECKUX MpenapaTax U arpoxXmMmmKaTax.
He MeHee LWWPOKO WCNONL3YIOTCA OKCUMAbI W
rmapokcuabl Kenesa. Iumapokeng xkenesa (ll),
NPUMEHAETCA B KayecTBe WCXOAHOro MaTtepwuana
ONA NONYYEHUA KeNe300KUCHbIX MUTMeHTOB. OKecng,
enesa y4yactByeT B AOMEHHOM  rpouecce
BbIN/JABKM 4yryHa. lNpumeHseTcs Kak KOMMOHEHT
KepaMMKM M MUHepanbHbIX KPacoK. B nuwesol
NPOMBILWAEHHOCTU  WMPOKO  MUCMNOAb3yeTcA B
KayecTBe NULEBOro Kpacmutena nod Homepom E172
[3-5].

TpagMUMOHHbIe cnocobbl NOyYEHUS OKCMA0B
Kenesa npesycmMaTpuBaloT NMpPUMeEHeHME BbICOKMX
TemnepaTtyp, BPegHbIX rasoB MAM Bakyyma u ap. B
K/TaCCMYECKUX  UCTOYHMKaxX  auTepaTypbl  [6-8]
npuBOZATCA cnepgytowme cnocobbl  NoayyYeHus
oKkcnpaa xkenesa (ll): HarpeBaHue »Kenesa npu
HM3KOM MapuUMaNbHOM  A3ABAEHUM  KUCA0POA3,
pasfoXkeHne okcanata kenesa (ll) B Bakyyme,
B3aMMOAENCTBME  KeNesa C OKCMAOM  Kesesa
(1) nnm okempom xkenesa (l,11l), BoccTaHoBNEHME
okcnaa kenesa (lll) yrapHbim rasom, Tepmuyeckoe
pasnoxeHue okcuaa Kenesa (ILIIl), Tepmuyeckoe
pas3noxeHue ruapokcmaa Kenesa (ll) 6e3 gocryna
BO34yXa, TEPMWYECKOe pas3/ioKeHMe KapboHaTa
xenesa (ll) 6es pgoctyna Bo3ayxa. Kak BuAHO,
M3BECTHble CNocobbl OTIMYALOTCA TEM, YTO YC0BUA
Nosy4YeHUA OKCUOO0B Kefe3a TPebytoT BbICOKMX
TemnepaTtyp, NPUMEHEHMSA BaKyyma U T.4,.

CywecTsytowme cnocob6bl nosyyYyeHus
CoeaMHEHUN Kenesa MHOFOCTaAUMHbI U CIOXKHbI.
TpaAnUMOHHBIM XUMUYECKUM TEXHOJIOTUAM
npucywmn MHOrMe HepocTatku: obpasoBaHue
60nbLWworo KoJiIMyecTBa CUNbHO3ArPA3HEHHbIX
CTOYHbIX  BOJA;  HAKOMJEeHWe  3HauyuTesbHOro
KO/IMYecTBa  TPYAHOYTUAM3MPYEMbBIX  OTXOLOB
MWHEpPaNbHbIX COMEN, A TaKXKe  C/NOXKHOCTb
C034aHMA  YHUPUUMPOBAHHBLIX MPOM3BOACTB C
ObICTPON CMEHOM aCCOPTUMEHTa MPOM3BOAMMbIX
MaNOTOHHA)HbIX  NPOAYKTOB,  0bycnoBneHHas
pa3Hoobpasnem HeobXoAMMbIX OKUCAUTENEN WM
BOCCTaHoBUTENEM [9]. ITW HemOCTATKM NPUBOAAT K
CEPbE3HbIM 3KONOTMYECKUM NOCNeaCTBUAM. B aTolM
CBA3M BeAyTCA MCCNefOBaHUA, HanpaB/ieHHble Ha
pa3paboTKy HOBbLIX CNOCOOOB MOAYYEHUA OKCUAOB
Kenesa. Hanpumep, HaHOYACTMLbI OKCUAA Kenesa
6blIN  yCNEewHo nosy4yeHbl MNyTEM CMEeLUMBAHUS

conn xnopuaa kenesa (lll) (FeCls) c akcTpakTOM
JIUCTBEB XHbl MPOCTbIM XMMUYECKMM METOAO0M C
npumeHeHnem n 6e3 NPUMEHEHWA WMMMYAbCHOM
nasepHon abnsaumm (PLA) (Nd-YAG) [10].

Lenbio Hawei paboTbl ABASETCA MOAyYeHUue
rmapokcnga uW  okcuga kenesa  (ll) u3
MeTaNINYecKNUX  OTX0A0B nog  Aewnctenem

NepemeHHOro ToKka C MCNoAb30BaHWEM OAHOIMO U
ABYX MNONYNepuoaoB NepemMeHHoro ToKa.

INEeKTPOXMMUYECKMe Cnocob6bl nmetoT
npemmyLLecTBa nepesg XMMn4yeckumu. NMpumeHeHue
3/1IEKTPOXUMUNYECKMUX npoL,eccos, no3BoNAT
OTKasaTbcA oT npPUMeHeHus XMMMYECKNX
OKUCAUTENEN U BOCCTAaHOBUTENEN, CYLEeCTBEHHO
COKpallatoT nUnu NONIHOCTbIO NCKAtoYatoT
obpa3oBaHMe OTX0A40B MWHEPA/IbHbIX  COJMEN,
cnocobcTBytoT bonee adpeKkTnBHOMY
WCMNONb30BaHMUI0 UCXOAHOMO CbiPbA U MaTepuanos.
3ameHa XUMUYECKNX cTagui Ha
3/IeKTPOXMMMNYECKMEe B MpoLLeccax  CUHTe3a
HEOPraHMYeCKMX M OpraHMYECKUX  BelLecTB
no3BonseT:

- pa3pabaTbiBaTb YHUOMUMPOBAHHbIE
TEXHO/IOTMYECKME CXeMbl NPOU3BOACTBA PA3/INYHbIX
BellecTs (scneacrtsue YHUBEpPCANbHOCTH
OKUC/IUTENA U BOCCTAHOBUTENSA — 3JIEKTPUYECKOIO
TOKa);

— CEeNeKTMBHO  OCYLLeCTBAATb MNpoLecc,
6naropapsn BO3MOXHOCTHU yCTaHOB/EHUA
Tpebyemoro 3Ha4yeHus NoTeHLMaNa 3N1eKTpoaa;

— CHMMKaTb KO/MYECTBO CTOYHbIX BOA W
OTXOO0B 33 CYET CO34AHUSA  TEXHONOMMK ¢
3aMKHYTbIM LUMKIOM BOAOMNO/1b30BaHMUA n
UCKNIOYEHNA  XMMMUYECKUX  OKUCAUTENen  uau
BOCCTAHOBUTESIEN.

—  OCYLLecCTBNATb
coeIHEHNN.

OpgHako

cuHTe3s 6onee  YUCTbIX

BO MHOIMMX cCay4d4aax npumeHeHue
INEKTPOXMMUNYECKUX NpoueccoB OrpaHMYMBaroTCA

TEM, 4yTO 4acTo npouncxoaunT naccmBauuAa

3/IeKTPOAO0B M MPOU3BOAUTENBHOCTb CTAHOBUTCS
HU3KOMW.

B [AaHHOM pabote OPUFMHANbHBIM
pe3ynbTaToM ABASETCA TO, 4YTO OAHOBPEMEHHO
MCMONb3YIOTCA ABa 3/1EKTPO/an3epa, CoeauMHEHHbIe
APYr C Apyrom napannenbHo (C TOYKM 3peHus
CO3[aHnNA 3NEKTPOoXMMMYecknx uenein). lMpouecc
OpraHn3oBaH TakMm 06pa3om, YTO pacTBOpPeEHUe
enesHblXx 3/NEeKTPOAOB MNPOTEKAET B  KaXKAOoM
3/1eKTPOAN3Eepe M B aHOAHOM, W B KaTOAHOM
nonynepuoae, T.e. MPOUCXOAUT WMHTEHCUUKaALMA
npouecca. B Ka)aom aneKkTponunsepe nNponcxoamt
0bpasoBaHMe ’MAPOKCMAA »Kesle3a, KOTopbln Janee
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nogsepraetca AgerngpaTtauum ¢ GopmupoBaHUEM
oKcmnpga kenesa (ll) B 3aBMCMMOCTM OT YC/IOBWIA

3N1EKTPO/IN3a. Takue pe3yabTaTbl nosy4yeHbl
Bnepsble, T.€. OHU ABNAKOTCA HOBbIMU n
OPUTNHANbHbIMMU n Nno3BONIAKOT pa3pa60TaTb

NPUHLUMNNANBHO HOBBIM  YNpPOLLEHHbIA cnocob
noslyyeHna coeduMHeHWn Xxenesa. OTmevaem, 4To
OCYLWEeCTB/IEHME LeleHanpaB/ieHHOro 3/1eKTpoan3a
noa AeicTBMeM NepPeMeHHOro TOKa C NoayYyeHuem
NPOAYKTOB 3/1eKTPO/IM3a C BbICOKMM BbIXOAOM MO
TOKY, ABNAETCA HOBbIM Pe3yNbTaToM.

3KcnepumeHTaanaﬂ Y4acTtb

UccnepoBaHue npouecca 31eKTposinsa Benu B
CTEKNIAHHOM aNleKTponnsepe. dneKkTpoaaMMU
CAYXUNU Keneso U TUTaH. Bblan MCno/ib30BaHbI
YKenesHble 3NeKTPoAbl MapKU «CTaNb-3» C YNCTOTOM
97,1% wn xeneso «ApMKO» C uuctoton 99,2%.
Pe3ynbTaTbl NPaKkTUYECKM He OoTAnYanucb. B aToi
CBA3W NpuBeAeHbl Pe3ynbTaTbl, MNOAYYEHHble NpU
NPUMEHEHWNN XKEeNe3HOTo 3NEKTPOAa MAaPKMN «CTaslb-
3». TUTaHOBbIA 3NEKTPOA, W3roToBAEH M3 JUCTa
TUTaHa mapku BT1-0 ¢ umctoTtomn 99,7%. B KauecTBe
3/IeKTPO/INTa BblOpaH BOAHbLIM pacTBOP Xxnopuaa
HaTpuA. DNIEKTPOAU3 BeAW Npu  nonapusaunu
nepemeHHbIM TOKOM MPOMbILWNEHHOM YacToTbl (50
fu). MpuHUMNMaNbHaAs CXema YCTAaHOBKW AA
pacTBOpPeHMA Kefnesa B OAHOM nonynepuoge
nepemeHHOro ToKa nNpeAcTaB/ieHa Ha pucyHke 1.

BTopas 4yacTb 3KCNEPUMMEHTOB, MOCBALLEHHbIX

npoueccy pPacTBOPEHMA Kenesa B  pacTBope
XJAopuaa  HaTpuAa  ocyllecTBasnacb B ABYX
3/1EKTPONN3EpaX, COEAMHEHHbIX Mexay coboi

napannenbHo. B aTom cnyyae pactBopeHue Kenesa
NPOUCXOAMIO W B aHOAHOM, W B KaTOLHOM
nonynepuoaax nepemeHHoro TOKa. Ona
npoBeAeHMA TaKMX NPOLECCOB HamMu BhepBsble
MCMO/b30BaHa  YCTaHOBKa, NpuBeAeHHas  Ha
pUCYHKe 2.

B Kaxabl 3NeKTpoaunsep norpy»KaeTca napa
SNEKTPOAOB «TWTaH U  XKeneso». TWTaHOBbLIN
3NEeKTPOA, UCMONb3YEeTCA B BUAE TOHKON NPOBOJIOKM,
YKeNe3Hbll 3N1eKTpoa — B BUAE NAACTUHbLI. [opaaok
pacnonoKeHus 3NeKTponoB B OBYX
3NEeKTPOIN3epax pasnnyaeTca.
dNneKTpoamn3epbl YCI0BHO Ha3blBaeM «MeEpPBbIA» U
«BTOPOM», TAKXKe 3N1eKTPOAbl YCNOBHO Ha3blBaeM
«MNepBbIA 3/M1EeKTPOA» WU «BTOPOM 3neKTpoa». B
NnepBOM 3/1eKTpOaM3epe NEepBbIM  3/IEKTPOLOM
CNYXKMUT »Keneso, BTOPbIM — TuUTaH. Bo BTOopom
3N1EeKTPO/IN3E 3NEKTPOAbl pacnosaaratoT HaoboporT,
T.e. MepBbIM 3NEKTPOAOM ABAAETCA TUTAH, BTOPbIM

—  Xeneso. MNopaya nepemeHHOro  TOKa
OCYLLECTBNAETCA W peryimpyetca ¢ MOMOLLbIO
nabopatopHoro asToTpaHcdopmaTopa JIATP. Mpwm
NponycKaHuu nepemeHHoro TOKa yepes
SNEKTPOXMMMYECKYIO LeNb KaxKAbIM 31eKTpos B
ABYX 3N1eKTponM3epax nonepemeHHO HaxoauTca To
B aHOAHOM, TO B KaTOAHOM noaynepuoae.

® 3

[

oy

PucyHoK 1 - MpuHunnmnanbHaa cxema yCTaHOBKM ANA
pacTBOPEHMA Kenesa B aHOAHOM nosiynepuosae
nepemeHHOro Toka.
1-an1eKkTponunsep; 2- }KenesHblii 31eKTPos,; 3 — TMTAHOBbIN
anekTpoa; 4 — amnepmeTp; 5- JIATP; 6-knto4

D . e
NATP = 7
o
5 5.3 '
2
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PUcyHOK 2 - lMpuHUMnmnanbHaa cxema yCTaHOBKU ANA
pacTBOpeHMA ¥enesa n B aHOAHOM, U KaTOAHOM
nonynepuoaax NPOMbILW/IEHHOro NepeMeHHOro Toka: 1 u
2 — nepBbliA U BTOPOW 31EKTPOM3EPDI; 3 — KenesHble
3/1eKTpOoabl; 4 — TUTAHOBbIE INEKTPOAbl; 5 — UCTOUHUK
nepemeHHOro ToKa; 6 —amnepmeTp; 7 — ka4

CornacHo npuseaeHHoOW cxeme (pPUCYHOK 2), B
nepBomM 3/sieKkTposivsepe (1) nepsbiM 3/71EKTPOSOM
ABNSAETCA eneso (4), BTOpbIM 3/1EKTPOLOM — TUTAH
(3). Bo BTOpOomM 3nekTponusepe (2) nepsbim
3NEKTPOLOM SIBAAETCA TUTaH (3), BTOPbIM — »Keneso
(4).

dneKTponusepsbl 3anonHANU pacTtsopom
xnopuaa HaTpuA. 3atem nonApu3oBanm
NPOMbILWAEHHbIM NepemMmeHHbIM TOKOM 4Yepes JIATP
(5). DNeKTpoNn3 nNpoBOAUAU NPU  PA3AUYHbBIX
NAOTHOCTAX TOKa Ha TUTAHOBOM W KeNe3HOM

—— 54 ——
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371eKTpodax. Bbixo4 Mo TOKY pacTBOpPeHUn enesa

paccynTbIBaNM Ha aHOAHbIN nonynepuog,
nepemMeHHOro TOKa OTAeNbHO A/1A  Kaxaoro
a/1eKTpoaunsepa.

B npouecce  3N1EKTpPoau3a B o0bowux

3NEeKTpoNmu3epax nNpu Temnepatypax Huke 50°C
Habnogaetca obpasoBaHMe TMAPOKCMAA Kenesa
(I1), a Bbiwe 3TOM TEMNEpPATYypPbl — OKcKUA Xenesa (I1).

O6cyxaeHune pe3ynbratos

Mpn npoBeAeHUM 3NEKTPoaAn3a B BOAHOM
pacTBope x/n0puaa  HaTpua nNpu noaapusauuu
YeNesHoro 3/eKTpoa B Nape C TUTaHOBbIM
3N1EKTPOAOM MepemMeHHbIM TOKOM NPOMbILLAEHHOM
yactotel 50 Tu Habnwopgaetca WHTEHCUBHOE
pacTBopeHue enesHoro aNeKkTpoaa C
nocregyrowmm o6bpasoBaHMeM TMAPOKCMAA M
oKkcnpaa enesa (ll) B 3aBMCMMOCTM OT YC/IOBWIA

anekTponnsa. PacTBopeHue Kenesa Bean B
anekTponmnsepe 6e3 pasgeneHus INeKTPOAHbIX
NPOCTPaAHCTB CHavana npu KOMHaTHOM
Temnepatype u pganee npu 6osee  BbICOKUX

TemnepaTtypax npuv noaapusaumMmM nepemeHHbIM
TOKOM.

B npouecce 3nekTpoan3a B Hayane aHO4HOro
nosynepuoga nepemMeHHoro ToKka Ha NoBePXHOCTH
TUTAHOBOIO 3/1€KTPOAA Cpa3sy e ¢opmupyercs
OKCUAHanA nneHKa, obnapatowwasn
No/lynpoBOAHNKOBLIMU (BEHTMABLHBIMM)
CBOMCTBAMM, KOTOpPasa MNPUBOAMUT K MPEKPaLLEHUIO
npoTeKaHus 3/1EKTPUYECKOro TOKa B
3/1EKTPOXMMMYECKOM LEeNn B 3TOM HanpasaeHuu. B
3TOT MOMEHT Ke/Ie3HbI 3/1EeKTPO HaxoAuTcA B
KaToOAHOM MoAynepuoAe W, COOTBETCTBEHHO,
HUKaKMe 3N1EeKTPOXMMMUYECKME NPOLLECCHI Ha HEM He

npotekatwT. A B TOT MOMEHT, Korga
TUTAHOBbIN 3/IEKTPOL, HaAxoAUTCA B KaTO4HOM
nosynepuoge nepemMeHHOro TOKa, Ha Hem
BOCCTaHaB/ANBAOTCA MOIEeKYNbI BOApbI 7]
BblAenAeTca BoOA0POA:

2H,0 + 2e = H,+ 20H" (2)

B 3TOT MOMEHT Ke/ie3Hbl 3N1eKTPoa HaxoamTcA
B aHOAHOM Mo/aynepuode W pacTBopseTcA C
obpasoBaHMem MOHOB Kenesa (ll):

Fe’—2e — Fe?* E°=-0,448B (2)

B obbeme pactBOpa MOHbI enesa u
rMMAOPOKCMA-MOHbI, 06pa3oBaBLIMecA NO peakuuam
(1) v (2), B3aMmogencTBylOT Mexay coboit n B
pesynbtate popmupyeTtca ruapokcug xenesa (ll)
no peakuuu (3):

Fe?*+20H— Fe(OH), (3)

Cnegyer OTMETUTb, YTO MNpPU  MOBbIWEHUN
TemnepaTypbl (Bbiwe 50°C) ruapokcupa xenesa

MoO3KeT noagepratbcs aervapataumnm n,
COOTBETCTBEHHO, MOXeT 06pa3oBaThCA OKCUA,
»enesa (I1):
t
Fe(OH), >FeO + H,0 (4)

Mpu npoBeAeHWU 3NeKTPOM3a B [AaHHOM
cny4yae Npou3BOAMTENbHOCTb nNpouecca 6Hbina
[OCTAaTOMHO HM3KadA, 3TO CBA3aHO C TeMm, Y4TO
rmapokcug, xenesa (ll) obpasyercs TONbKO B 04HOM
nonynepuoge (B aHOAHOM) NepemMeHHOro TOKa M
BbIXOZ, N0 TOKY He npesbiwaeT 80%.

NccnepoBaHo BAMAHME MJIOTHOCTM TOKa Ha
TUTAHOBOM " xKenesHom aNeKTposax,
KOHUEHTPaUuM xJopuaa Hatpusa M Temnepatypbl
3/IEKTPO/INTA Ha BbIXOA MO TOKY pPacTBOPEHUA
KenesHoro aNekTpoaa. Kak noKasanm
3KCNepMMeHTa/IbHble JaHHbIE, B PacTBOpE XJ10pMaa
HaTpuA C  KOHueHTpauuen 200 r/a  npu
WCMOJIb30BaHNWN SNEKTPOAA M3 XKenesa C NAoWwaabio
NoBEpXHOCTM, paBHo 10 cm? U NPOBOSOYHOrO
TUTAHOBOMO 3N1EKTPOAA, MPOUCXOANT MHTEHCUBHOE
pacTBOpEeHMe KenesHoro anekTpoga. U3 pucyHka 3
BUAHO, YTO MPU WM3MEHEHUM MJOTHOCTU TOKA Ha
TUTaHOBOM 3neKTpode B npegenax 5-20 KA/m?
HabntofaeTca NoBbILEHWE BbIX04a No TOKY Ao 70%,
W panee B WHTepBane naoTHocTel Toka 20-100
KA/M? BbIXOZ, NO TOKY cHuKaetca 10 40%.

Ha pucyHke 4 npuseaeHa 3aBUCMMOCTb BbIX0Aa
Mo TOKY PacTBOPEHMA Kesie3a OT NJOTHOCTU TOKa Ha
enesHom anektpoge. lMpu nnoTHocTM ToKa 200
A/M? BbiIXO4 MO TOKYy pacTBOPeHWs Kenesa
npakTMyeckn cocrasnser 100% u panee B
WHTepBane nNnoTHocTel Toka 200-1200 A/m? Bbixos,
MO TOKY CHUKaeTcA.

TIIL %%
70
] (._—q__.ﬁ_\\mh.
60} / \\.
so-]
20
0 20 40 60 80 100 i seAsar?

PUCYHOK 3 - BAnAHME NNOTHOCTM TOKa Ha TUTAHOBOM
3N1EKTPO/IE Ha BbIXOZ, MO TOKY PaCTBOPEHMA KeNe3HOoro
3/1EKTPO/1a B BOAHOM PacTBOPE X/10pMaa HaTPUA Npw ire

=1000 A/m?, C(NaCl)=200r/n, t= 0,5 vac.
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PUCYHOK 4 - BAnAHME NAOTHOCTU TOKA Ha XKefie3HOM
3/IEKTPOAE Ha BbIXOA, NO TOKY PacTBOPEHMUA Kene3a B
BOAHbIX pacTBOpax xnopuaa Hatpusa npu it = 20 KA/m?,
C(NaCl)=200r/n, t=0,5 yac.

KoHueHTpauusa xnopuaa HaTpuA OKasbiBaeT
CYLLECTBEHHOE BAMSHME Ha BE/IMYMHY BbIXOAa MO
TOKY pacTBOpeHMA enesa. Haubonee BbicoKoe
3HauyeHWe 3Toro nokasatena (100%) Habnopaetcs
Npu KOHLEHTPaUMn xaopuaa HaTpuaA, pasHon 200
r/n. [JanbHeiwee nMoBblWEHME KOHLEHTPaLMK
3N1EeKTPOINTA NPUBOAMT K YMEHbLLEHUIO BbIXOAa MO
TOKY pacTBopeHus xenesa ot 100% o 45% (pwuc.5).
3TO MOHO OBBACHUTbL TEM, YTO, MO-BUAMMOMY, C
yBe/IMYEeHMEeM KOHLEHTPaLUKN XJ0pUAa HaTPUA Ha
NOBEPXHOCTU TUTAHOBOIO 3/IEKTPOAA HayMHaoT
bopmMUpPOBaTLCA OKCUAHbIE NaeHKK TuTaHa (TixO,) ¢
6onee cnabbiMn BEHTU/IbHbIMU CBOMCTBaMM.
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PUCYHOK 5 - BanAaHne KOHUeHTpaumn xnopmaa HaTpua Ha
BbIXOZ, MO TOKY PacTBOPEeHMUsA enesa npu iti = 20 KA/M?,
ire = 1000 A/m?, = 0,5 uac

N3y4yeHO BAMAHME NPOAONKMUTENBHOCTU OMNbITA
Ha BbIXOA4, MO TOKY pPacTBOpEeHUA Xenesa. Bpemsa
3/IeKTPO/IN3a U3MmeHanocb B npegenax 0,25 - 1,5
yac. U3 pucyHKa 6 BMAHO, YTO KpUBAsA 3aBUCMMOCTHU
NPOXoauT 4epes MaKCMMyM. B paHHbIX ycnosuax
3KCNePUMEHTa MaKCMManbHbIM BbIXO4 MO TOKY
PacTBOPEHMUA Kenesa AOCTUraeTcA NpaKkTUYecKn 3a

1 yac un poxogut npumepHo p[o 115%. [pwu
NPOAOMKEHUN  3neKTponmsa bonee 1  yvaca
NPOUCXOAUT YMEHbLUEHWE BbIxoAa MO  TOKY
pacTBopeHua enesa U B TevyeHue 1,5 vac BT
cHUXaeTca ao 81%. 3710, NO-BMAMMOMY, CBA3AHO C
naccvBaLmelt NOBEPXHOCTU Kese3HOro 3/eKTpoaa
NPOAYKTaMM 3/1eKTPON3a.
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PUCYHOK 6 - BivaHue npofo/iKMTeNbHOCTU 3/1eKTPO/IM3a

(4ac) Ha BbIXoA NO TOKY PACTBOPEHUA Kese3a B BOAHbIX

pacTBopax xs0puaa Hatpua npu it = 20 KA/M?, ire = 1000
A/m?, C(NaCl)= 200 r/n, t=20°C

Ha pucyHke 7 npuBeaeHa  KpuBsas
3aBMCMMOCTM BbIXOAA MO TOKY PacTBOPEHUA Kenesa

OoT Temnepatypbl. Cnegyetr OTMETUTb, 4YTO Npwu
TemnepaTypax 50-60°C u Bblle, HauMHaIOT
dopmmMpoBaTbCA  OKCUAbI  Kesiesa  COrnacHo

peakuun (4). B uHTepBane temnepatyp 20-80 °C
KaXKyLLMNCA BbIXOA MO TOKy npesbiwaeTt 100%. 3To
ABneHMe 0O6BbACHAETCA TeM, YTO B Hayase aHOAHOro
noaynepuoga nepemeHHOro ToKa Ha MOBEPXHOCTU
»Kesie3a YaCTUYHO OKUCIAKTCA MOJIEKY/bl BOAbI MO
peakuuu:

2H,0 —2e —» 0, + 4H* (5)
nMpuM 3TOM  3MEKTPOSIUT B MPUINEKTPOAHOM
MPOCTAaHCTBE MNOAKUCNAETCA U B 3TON CBA3M

NPOUCXOAUT XMMMUYECKoe
Kpome TOro, Kucnopoa, ob6pasoBasliMiica no
peakumm  (5), MOXKET  OKUCNATbL  XKeneso,
NOBEPXHOCTb KOTOPOrO CTana 60/1ee aKTUBHOM:

pacTtBOpeEHNE Xenesa.

Fe + 30; = 2Fe,03 (6)

Bce aoTO B UuenoOM nNpUBOAUT K KaxyliemycA
NOBbIWEHNIO BbIXOA4a NO TOKY. C uenbio noBbiWEHNA
npon3soanTeNbHOCTU nNnpouecca Mmbl npoBoAUNU
IKCNEPUMEHTDI C MCnosib30BaHNEM AByX
nonynepmnoaos nepemeHHOro Toka.
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PuUcyHOK 7 - BAnAHne TemnepaTtypbl pacTeopa
Ha BbIX0O, MO TOKY PacTBOPEHMA Kese3a Npu
nonapusaLmumn nepemeHHbIM TOKoM (iti = 20 KA/M?, ire =
1000 A/m?, C(NaCl)= 200 r/n)

ddodeKkTMBHOCTL  npouecca  obpasoBaHusA
rMMAPOKCUAA *Kenesa yBeAMUYMBAETCA BCNeACTBME
TOrO, YTO B 3/IEKTPOXMMMYECKOW LLenu K nepBomy
3NEeKTPONIN3epy NapasfenbHo NpucoeguHAeTCs
BTOPOMN 3/1IEKTPO/IM3EeP W MUCMOJ/b3yeTca BTOPOM
noaynepuos nepemeHHoro ToKa.

B TOoM cnyyae, Korga B NepBOM 3N1EKTPOIN3epe
enesHblt anekTpos (3) Haxoautca B aHOAHOM
nonynepuoge, OH pacTBopseTcAa ¢ 0b6pa3oBaHWEM
WOHOB Kefesa No peakumu (2). B 3ToT MOMeHT
TUTAHOBbIN  3/1EKTPOA, HAXOAUTCA B KaTOLHOM
nosynepnoae M Ha ero NMoBepPXHOCTU BblAenseTcs
BOZOPOA Mo peakumn (1), a B NpUaNeKTPoLHOM
NpocTpaHcTBe  00pasyloTcad  FMAPOKCUJI-UOHDI.
CooTBETCTBEHHO, B MEXK3IEKTPOAHOM
NPOCTPaHCTBE MOHbI Kenesa (1) n rmapoKcna-noHbl
B3aMMoAeNCcTBylOT ¢ obpa3oBaHMEM TMAPOKCMAA
Kenesa no peakumm (3).

OTmeyaem, 4YTO MO  UENM  MpoTeKaeT
nepemeHHbIn ToK ¢ Yyactotoi 50 'y, B 3TON CBA3MK
NMOCTOAHHO MPOUCXOAUT CMEHa HanpaB/JeHMA TOKa.
N B TOM cny4yae, Korga B NepBOM 31eKTposmM3epe
JKeNesHbli 3/M1eKTPOL HaxoauTCA B KaTOAHOM
nonynepuoge, a TWUTAHOBbIM — B aHOAHOM, Ha
NoBepxXHOCTH NPOBOJIOYHOrO TUTAHOBOTO
3NEeKTpoAa MNpU  BbICOKMX  MNAOTHOCTAX  TOKA
MrHOBEHHO PopmMpyeTca TOHKMA OKCUAOHbIA CloW,
umetowmn coctaB TixO,. DTa OKCMAHaAA NAeHKa
obnajaetr nonynpoBOAHMKOBLIMM CBOMCTBAMM U
NnpoTeKaHMe TOKA B 3TOM HanpaB/ieHUN Yepes 3ToT
3NEKTPONN3Ep NpeKpawaeTca. B sTOT MOMEHT TOK
HauMHaeT NPOTeKaTb Yepes BTOPOW 3NEKTPOanN3ep
W, TaK KaK B NapannesbHO COeguMHEHHOM BTOPOM
3NEKTPONN3epe XKenesHblil INeKTPoa HaxoamuTcs B
aHOAHOM Monynepuose, OH pacTBopsAeTca ¢
obpasoBaHMem MOHOB Kenesa (lI) no peakummn (2).

TUTaHOBbIN 3N1EKTPOA, B 3TOT MOMEHT HaxoAmUTCA B
KaTogHOM nojaynepuMoae W Ha ero MoBepXHOCTM
BblaensieTcA BoAopoA Mo peakuum (1). 3atem no
XMMMYECKON peakummn (3) obpasyeTca rMapokcus
»enesa (I1).

OnucaHHbIA  UMKN noBTOpsAeTcA B ABYX
3NEeKTpoAM3epax B KaxgomM MOAHOM nNepuoge

nepemeHHoro ToKa C 4actotoi 50 Ty ¢
obpasoBaHUeEM rmapokcunaa Xenesa (.
CooTBeTCTBEHHO, NoBblLLAEeTCs
npousBoAUTENbHOCTL  Mpouecca obpasoBaHuA

[aHHOro coeanHEeHus.

NccnepoBaHO BAMAHME MNIOTHOCTM TOKA Ha
TUTAHOBbBIX W KENEe3HbIX 3NEKTPOAAX B KaXKAom
3/1IEKTPOIN3EPE Ha BbIXOA, MO TOKY PaCTBOPEHMUA
Kenesa.

Ha pucyHKe 8 npmBeaeHbl KpMBble 3aBUCMMOCTH
BbIXOA4Aa MO TOKY PacCTBOPEHUA  XKene3Horo
3/1eKTpOoAa OT MJIOTHOCTM TOKAa Ha TUTAaHOBOM
3/IeKTPOAE NPU MNONAPM3aALUMM NaApbl 31EKTPOA0B
«TUTAH-}Eenes3o» nepemMeHHbIM TOKOM B ABYX
3/IEKTPO/IN3EpPaAX B pPaCTBOpe Xaopuaa HaTpuA.
BennumHbl Bbixoga MO TOKY PAaCTBOPEHUA KarKaoro
JKeNesHoro  3/71eKkTpoda  MNPaKTUYECKN  UMeRT
OAMHAKoBble 3Ha4yeHuA. CyMMApPHbIM Kaxywmmncs
BbIXO4, MO TOKY BO3pacTaeT C MNOBbIWEHNEM
NAOTHOCTM TOKA Ha TUTAHOBOM 3NEKTpode M
pocturaet 181,1%. B gaHHOM cny4ae TaKKe, Kak 1 B
onbiTax, NPOBEAEHHbIX B OAHOM 3/IEKTpO/IN3EpE,
MMeeT MeCTO XMMMUYECKOe PacTBOPEHME XKenesa U

KaXkyLMica BbIXo4, NO TOKY MMEEeT BbICOKOE
3HauyeHue.
3aBMCMMOCTH, NpPUBEAEHHbIE HA PUCYHKe 9

OTpPaXKaloT XapaKTep BAUAHWMA NNOTHOCTU TOKa Ha
)Kesle3HOM  3/IeKTpoJe Ha  BbIXxod NO  TOKY
pacTBopeHuAa xenesa. B uHTepBane nnotHocTel
Toka 20-120 A/M? nNpoucxoauT yMeHblueHue
BbIXOZa MO TOKY pPacTBOpPeHMA Kese3a, Kak
OTAEe/IbHO B3ATbIX 3/IEKTPOAOB, Tak U B CYMMapHOM
Buae.

Kak nokasbiBaloT pesynbTaTbl UCCNeOOBaHWW,
Be/IMYMHA BbIXOAa NO TOKY PacTBOPEHMUA Kesie3a B
KaXXOOM 3N1eKTpoaM3epe 3aBUCUT OT NAOTHOCTU
TOKa Ha TUTAHOBOM U Xe/le3HOM 3/IeKTPOoaaXx.
XapaKkTtep BANAHWUA NJOTHOCTU TOKA Ha TUTAHOBOM U
eNe3HOM 3/1eKTpofax Ha BbIXxo4 NO  TOKY
pacTBOpPEHMA XKese3a B KaXKA0M 3N1eKTpoam3epe n B
CYMMapHOM BUAEe oTpaxKeH rpaduyecku (pucyHku 8
n9).

Kak BMAHO M3 3aBMCUMMOCTEN, NPUBEAEHHbIX Ha
pucyHkax 8 ©n 9 B ONTUManNbHbIX YCAOBUAX
9KCMEPMMEHTOB BbIXO4, MO TOKY pacTBOpPeHUA
Xene3HblX 3NeKTpogoB, T.e. BbIXOA MO TOKY
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obpasoBaHuA rugpokcmaa xenesa (ll) B Kakaom
anekTponmsepe npesbiwaeTt 70%. ITa sBennymHa BT
HabnogaeTca Npu NJIOTHOCTAX TOKA, paBHbix 80-120
KA/M? Ha TUTAHOBOM 3/1EKTPOAE M NPMU NAOTHOCTAX
TOKa Ha KenesHom anekTpoae, pasHbix 800-1000
A/M2.
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1- (x) -BbIXOA, N0 TOKY PacTBOPEHMUS Kenesa B
nepBOM 3/1eKTpoau3epe
2- () -BbIXOZ, MO TOKY PAaCTBOPEHMA }Kenesa Bo
BTOPOM 3/IeKTpO/IM3epe
3-( ®) - cymmapHblit BbIXO, MO TOKY
PaCcTBOPEHMA Xese3a B ABYX 3EKTPOIn3epax
ire = 1000 A/m?, C(NaCl)= 200 r/n, t= 0,5 yac

PUcyHOK 8 - BanAHME NNOTHOCTM TOKA Ha TUTAHOBOM
3/1EKTPOAE Ha BbIXOA MO TOKY PaCTBOpPEHUA XKene3a npu
nonAapusaumnm napbl SNEKTPOAO0B KTUTAH-XKene3o» B ABYX

3/1eKTpoOIn3epax

Cnegyer OTMETWUTb, 4YTO MNpPWU NPOBEAEHMUAX
BbllLEeYKa3aHHbIX UCCef0BaHUI HAMKW OBHapPYKeHO
Takoe ABfieHMe. Pe3ynbTaTbl, MNOJy4YeHHblE NpwU
3N1EeKTPO/IN3e TONIbKO B OJHOM 3/1eKTpOaM3epe,
NoKasa/u, YTO C MOBbILIEHWEM MJOTHOCTU TOKa Ha
TUTAHOBOM 3n1eKTpode B npegenax 20-120 kKA/m?
BbIXO4, MO TOKYy pPacTBOPEHMA Kenesa C
obpasoBaHuem rmapoKcnaa enesa (1
ymeHbluaeTcAa. A Npu NpoBeAeHWN 3N1eKTPoan3a B
OBYX NapannesibHO COeAMHEHHbIX 3/IeKTPOAn3epax,
HaobopoT, AaHHbIM NOKas3aTeNb yBenuuusaeTca. B
OaHHbIN  MOMEHT  3aTpyaHAemcA  OODBACHUTH
OobHapyKeHHoe ABNEHME, BUAUMO Heobxoaumbl
[ONONHUTE IbHbIE NCC/IeJ0BaHMA.

Takum obpasom, Hamu Bnepsble NpeanaraeTca

ncnonb3oBaHUe OA4HOBpPEMEHHO AByX
nonynepunoaos nepemeHHoOro TOKa anAa
3NNIEKTPOXNMUNYECKOTO pacTeBopeHnA Kene3HblX

3/1eKTPOA0B C nocaegylowmm ¢GopmMUpoBaHNEM

rmgpokcuaa xenesa (Il), 4to No3sonAeT NoOBbICUTb
NpPon3BOANTENBbHOCTb CMHTe3a OAHHOro
coeanHeHna 6Gonee, yem B 1,5 pasa, T.e.
Kaxywmnca BT pacTBopeHua Xene3a B LEIOM
npesbiwaet 160 %.
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1-(x) -BbIXOA, NO TOKY pacTBOPEHMA Kenesa B
nepBOM 3/1EKTPO/IM3Epe
2-(*) -BbIXO4 NO TOKY PACTBOPEHMA Xeie3a Bo
BTOPOM 3/1eKTPOIM3EpPE
3-( ®) - cymmapHbIit BbIXOZ MO TOKY
pacTBOPEHMSA Kefle3a B ABYX 3/1eKTPOAn3epax
iti = 20 kKA/m?, C(NaCl)= 200 r/n, T= 0,5 uac

PUCYHOK 9 - BAMAHME NNOTHOCTM TOKA Ha XenesHblx
3NEeKTPOoAAX Ha BbIXOA, N0 TOKY PacTBOPEHMUA Kenesa npu
noaApu3aLmnm Napbl 31EKTPOA0B «TUTAH-XKeNne3o» B ABYX

3/IeKTPOAIM3epax B pacTBOpe XN0puaa HaTpuma.

Mbi nonaraem, 4yTo Ha OCHOBaHUHN
npmueeadeHHbIX pe3ynbTaToB MOXHO  NOJy4aTb
OKCUAbl U TMOAPOKCHAObI Kenesa U3  0TxXxoaos

NPOMbILLUIEHHOCTU B BUAE IOMa, KYCKOB U1 T.4.

9pPEeKTUBHOCTb M SKOHOMMYHOCTb PE3YNbTATOB
MOXHO 060CHOBaTb C/leAyWUMU NPUMEPAMMU:
CTOMMOCTb /lIoMa ¥enesa cocrasnsaeTr 50-60 Tr/kr,
pacxos,  3NEKTPO3HEpPrMn  Mpu  MoaapusaLmu
nepeMeHHbIM TOKOM MOXHO OLLEHUTb CAeayloLmnm
obpasom: Ans pactBopeHus 1 Kr xenesa (npw
3/IEKTPOXMMUYECKOM 3KBMBAJIEHTE peakuumn Fe — 2e
— Fe?, pasHoit 1,05 r/A-uac, Heo6xoaAMMO 1 KBT-u,
T.e. cTouMocTb He 6onee 30 TeHre. B To ke Bpems B
HacTosiLee BPemMsi CTOMMOCTb COeAMHEHUI Kenesa
Konebnetca B npeaenax 3000 Tr/kr u 6onee (B
3aBMCMMOCTU OT YWUCTOTbl peareHTa. B aton cBsAsm
CYMTaeM, 4YTO CO3[aHME TEXHO0TMM NOAydYeHUus
COeMHEHU Kenesa ¢ UCNO/Ib30BaHMEM AELLEeBOro
NPOMbILLNIEHHOIO NEPEMEHHOr0 TOKa MOXET CTaTb
[0CTaTOUYHO peHTabenbHbIM.
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B HacToAwee BpemAa M3BECTHbl Ccnocobbl,
KOTOpble OCHOBaHbl Ha aHOAHOM PaCTBOPEHMUM
enesa. Hanpumep, Ana TOro, 4tobbl NOAYYNTb
OKCUAbl U TUAPOKCUAbI Xefnesa M3 ero /oma,
TpebyeTcA nepBOHa4YaNbHO aHOAHO PacCTBOPUTb
eneso B CONAHOKUCABIX WAN  CEPHOKUCAbIX
pacTtBopax. lMpn 3TOM npouecc OCyLLecTBAAeTCA B
3NeKTpoNn3epax C pasaeNeHHbIMU 3N1eKTPOAHbIMM
NpocTpaHCTBaMM MOf4  AeWCTBMEM MNOCTOAHHOIO
TOKa. [nAa pasgeneHus npumeHsaeTca membpaHa.
Kak BuAHO, AnA nposedeHMA TaKoro npouecca
HeobxoaMMbl BbINPSIMUTENb TOKa, MembpaHa (3To
BneyeT 3a coboit AONONHUTENbHblE pacxodbl M
TpebyeT AONONAHUTENbHYIO Naolwaab). Kpome Toro,
ecTb cnocob, npeaycmaTpuBaloWuniAi UsmenbyeHne

JIoMa  Xefesa M pacTBOpeHMe ero B
KOHLIEHTPUPOBAHHbLIX  pPacTBOpax KWUCAOT  npwu
BbICOKOW  Temnepatype. [lanee Moay4YeHHble

pacTtBopbl HeobxoaMmo HenTpanmsosBaTb A0 pH
rmapaToobpasoBaHMa U T.4. Kak BUAHO, 3TO OYeHb

CNOXKHbIN 7 MHOTOCTaZMMNHbIN npovecc.
MpumeHstoTcs arpeccMBHasA cpefa, BblCOKasA
TemnepaTtypa, LONOJHUTE/IbHbIE peareHTbl.

B paHHOM paboTe  BhepBble  NOKa3aHa
BO3MOHOCTb npYMeHeHun B KayecTse
3NeKTpoNnUTa pactsopa xnopuaa HaTpwuA

(Hepopororo, HearpeccMBHOro peareHTa). Kpome
TOro, npouecc npPoBOAUTCA MNog AencTeuem
nepemeHHoro ToKa (HeT HeobxoauMmocTM B
BbiNpAMUTENE) 6e3 pasaeneHus  3NeKTPOAHbIX
NPOCTPaHCTB (MembpaHa He HyKHa) M npu
KOMHaTHOM TemnepaTtype (HeT pacxogoB Ha
Harpes). lMpu 3TOM W3 METaNANYECKOro JIoMa
Kenesa MOMHO MOSYYUTb YUCTble COEAMHEHUS:
rmapoKcuabl M okcugpl. Cnegyer  OTMETUTL:
Hanpumep, NpU NPUMEHEeHUM pacTBopa cynbdata
HaTpMA NpW NONAPU3aLMM  MOCTOSSHHbIM TOKOM
aHOZLHOE pacTBOPEHMUE Kesfe3a He MNPOUCXOAMT,
3/1eKTPOA, naccveupyeTcs. A B pacTBope x/iopuza
HaTPUA »Kefes3o PacTBOPAETCS C HU3KUM BbIXOLOM
no TOKYy W Janee, C TeYEHWEM BPEMEHMU TaKxke
naccusupyetcs. OTmeyaem, 4YTO peWwnTb TaKue
npobaembl  MO3BOAAET TO/MbKO  MPUMEHeHUue
nepemMeHHOro ToKa.

Cnocob MOXKeT NpeacTaBAATb MHTEPeC U Kak
«3e/IeHan TeXHO/MOrMA», TaK KaK MpPUMMEeHAtoTcA
abconotHo  6e3BpeaHble  peareHTbl M B
OKpY)KaloWylo cpedy He BblAENATCA BpegHble
rassbl.

B Tabnnue 1 npuBeaeH 3/1eMeHTHbIM cocTaB
0ocCajKa, NoNy4YeHHOro nMpu TemnepaType pacTeopa
60°C. OTmeyaem, 4YTO NpM  NOBbIWEHUN
TemnepaTypbl 3anekTponuta Ao 60°C npoucxoaut
aermgpataums  rmgpokeuaa  kenesa  (Il) ¢
obpasoBaHnem okcuaa kenesa (l). Tmapokena u
oKkcug, kenesa (Il) otmensoT oT  pacTBopa
dunbTpaumen B MHepPTHOM cpeae. A B MPUCYTCTBUM
KMcnopofa BO3AyXxa  MPOUCXOAMT  YacTUYHoe
okucnenue xenesa (ll) go »xenesa (lll). B aToin cBszn
0CaAKM Noc/ne 3NeKTPosM3a, MOJlyYeHHble B
atmocodepe BO34yxa NAEHTUDULMPOBAHDI
peHTreHo$a3oBbIM U 3/IEMEHTHbIM aHaNM3aMKN KaK
Fes04. B Tabnnue 3 npuBeaeH 3/1eMeHTHbIA COCTaB
0CafKa, NONYYEeHHOro MpM TemnepaType pacTBopa
60°C.

Kak BMAHO M3 TabaunLbl, NONYYEHHbI 0CafOoK B
OCHOBHOM COCTOWUT M3 »Kejesa M Kuciopoaa.
CpeaHee coaep»KaHue Kenesa coctasnset 71,04%,
Knucnopoga 27,90%, u4TO COOTBETCTBYET
CTEXMOMETPUYECKOMY COCTaBYy marHeTuTa - FesOs ¢
y4yeToM npumecei, MPUCYTCTBYHOLMX B Npeaenax
0,16-0,32%.

PesynbTathbl peHTreHo¢pa3oBoro aHanusa
ceugetenbcreytor (pnc.10) o Tom, uTOo nNpwu
nonspusauum nepemeHHbIM TOKOM B OCHOBHOM
dopmupyetca marHeTut FesOs M Kpome TOro
npucyTcTeyeT B ocagke a-FeO (OH).

Ha pucyHke 11 npuBegeHa mukpodoTorpadus

MOPOLLKOB, MOJIYYEHHbIX MOC/AE  3/7EKTPOAU3a.
PesynbTathl n3yyeHun MUKpodoTorpadpum
NOKas3blBaloT, yTo nocne 3/1eKTPONN3a
dbopmMMpylOTCA  OKCUAbl Kefesa C  pasmepammu

yactuy, 1-3 mkm. umetowme chepudeckyro popmy.

g
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PucyHok 10 - PeHTreHOrpamma oKcuaa *Kenesa
Noly4EHHOTO NOC/Ie 3N1EKTPOIN3a NepeMEHHbIM TOKOM
NPOMbILLNEHHOM YacTOTbl (0BHapyXKeHbl pedieKcbl
Fes0s4 marHeTuT (ASTM 19-629), n pednekcol a-FeO(OH)
(ASTM 29-713), pedpnekc NaCl (ASTM 5-628)

Ta6nm|,a 1 - D1eMeHTHbIN cocTaB OCajKa, NoNy4eHHOro nocne aNeKTposim3a U3 pactBopa Xx1opuga HaTpua npm

Temnepatype pacrtsopa 60°C

Cnektp o Na Al | Si

| cl Mn Fe Utor
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Cnektp 1 28,48 0,22 0,09 0,16 0,34 0,28 70,43 100,00
Cnektp 2 27,29 0,07 0,15 0,24 0,11 0,22 71,92 100,00
Cnektp 3 27,92 0,18 0,15 0,24 0,27 0,47 70,77 100,00
CpegaHee 27,90 0,16 0,13 0,21 0,24 0,32 71,04 100,00

*MNapameTpbl 06paboTKM (BbIMOAHEH aHANN3 BCEX 31EMEHTOB (HOPMaN30BaH)

Bce pe3ysibTaTtbl B BECOBbIX %

WO1imm SS30

SEI 20kV
Sample

PucyHok 11 - 9n1eKkTpoHHaa mukpodoTorpadpusa okcmnaa
»Kenesa, NoJly4eHHOro B PacTBOPE X/Iopuaa HaTpua npwm
TemnepaType pactsopa 60°C.

TakMm obpasom, oTmeyaem, YTo B nocnegHee
BpeMA NPOMbILAEHHbIN NepemMeHHbI TOK LWMPOKO
npumeHaeTca AnAa nonyyeHus Pa3NYHBIX
HEOpraHMYeCcKUX COeaMHEHUI pAgda MeTansoB
[11-13], ogHako nNpu 3TOM WCMNONb3YETCA /ULLb
OOVH  nojaynepuosg NepemMeHHOro ToKa. B
npeanaraemom Hamm cnocobe BrnepBble
MCNONb3YOTCA OAHOBPEMEHHO ABa No/synepuoaa
NnepemMeHHOro TOKa A/ PacTBOPEHUA Kenesa ¢
nocineayrowmm  GopMMPOBaAHMEM  TMAPOKCMAA,
okcuga xenesa (ll) m okcupa xenesa (lll). B
onpeaeneHHbIX YCOBUSAX MOXKET GOpMMPOBATLCA U
marHeTtut Fes0a.

BbiBOoAbI

BnepBble UCCNeAOBAHO  3EKTPOXMMMYECKOE
nosegeHMe »KeNe3HOro 3/IeKTpoga B nape ¢
TUTAHOBbLIM  3/IEKTPOAOM  MpU  noaapu3auun
nepemMeHHbIM TOKOM MPOMbILIIEHHON 4acToTbl B
BOZHbIX pacTBOpax xJopuaa HaTpus.

YcTaHOBNEHO, 4TO MpW nonapusauMm napbl
9NIeKTPOA0B  «XKenes3o-TUTaH» B WHTepBane
NIOTHOCTEN TOKAa Ha XenesHom 3nekTpoge 200-
1200 A/mM? 1 Ha TuTaHoBOM — B npeaenax 20-100
KA/M?,  NPOMCXOAMT MHTEHCUMBHOE  OKUC/IEeHMe

)Kenesa B aHOAHOM MoJiynepuoge MnepemMeHHOoro
TOKa C obpasoBaHMEM TUAPOKCMAA W OKcuAa
»enesa (ll). BbixoZ Mo TOKY pacTBOPEHMA Kesesa
pocturaet 70%.

lpoBeaeH 3/1eKTPONN3 B ABYX I/IEKTPOIN3epaXx,
COeIMHEHHbIX Mexay coboil napannenbHo c
NorpyeHWem B KaxKAblA 31eKTposaM3ep napbl
3/IeKTPOAOB «XKene3o-TuTaH». [loKkasaHo, 4To B
[AHHOM C/ly4ae pacTBOpEHME XKenesa NpoucxoguT
OHOBPEMEHHO ] OBYX nonynepuoaax
nepemeHHOro TOKa. Bnepsble npepnaraerca
NCNosib30BaHMe 0OHOBPEMEHHO OBYX
nonynepuoaos nepemeHHoro TOKa ana
3/IEKTPOXMMMUYECKOTO  PacCTBOPEHUA  KeJsie3HbIX
3NeKTPOAO0B C nocnegyowmm GopmMmnpoBaHUeEM
rmgpokcnaa m okcnga xenesa (Il), yto nossonser
NoBbICUTb NPoOW3BOAUTENbHOCTb npouecca
3/IeKTPOXMMMNYECKOTO CUHTEe3a 3TUX COeAMHEHUM
6onee, yem B 1,5 pasa. YcraHoBNEHO, uTO
KaXKYLLMNCA BbIXOA, MO TOKY PacTBOPEHUA Kenesa
pocturaet 160 %.

Mony4yeHHble Mocne 3/1eKTpoaM3a CoeAUHEHUA
6blM  UAEHTUOMLUMPOBAHbI  PEHTreHO(hA30BbIM,
3/IEMEHTHbIM aHa/M3aMK, a TaKXKe MOoayYeHbI
MuUKpodoTorpadmm Ha 31EKTPOHHOM MUKPOCKOME.
MokasaHo, u4To npu Temnepatypax 20-50°C
dopmupyeTtca rugpokeua kenesa (), a npwm
Temnepatypax 60°C u Bbiwe o6pasyloTca OKCMAbI
Kenesa.

KoHGAMKT  uHTepecos.
OTCYTCTBYET.

KOHOAMKT  MHTepecoB

bnazodapHocme. Boipaxcaem 6s1a200apHOCMb
pyKogooumesnto nabopamopuu ¢husuyeckux
memoooe uccnedosaHus MTK3 umeHu [.B.
CoKonbcKoeo bpodckomy A.P. u e2o compydHUKam
30 OKO3QHHYH NOMOUWb.

CmameA HAMUCAHA CO2/10CHO KA/aeHOapHOo20
naada npoekma, guHaHcupymozo MOH PK: UPH
AP 08856929. «Pa3pabomka 31eKmpoxumu4ecKux
€rnocobo8 nosayyeHus Heop2aHU4ecKux nuameHmos
0714 IOKOKPACOYHOU NpOoMbIUAEHHOCMU HA OCHO8e
8MOPUYHO20 MEMANYP2UYECKO20 CbIPbA»
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TemipaiH HaTpuh xnopupai epiTiHaiciHae aitHbIManbl TOKNEH NoAApU3aLmanay

KesiHge epyi

! baewosa A.K., 2baewos A., 'Kagup6aesa A.C., ! })kymabai1 ©.M.

IKEAK «9n-®apabu ameiHOarel Ka3ak ¥ammeoik yHusepcumemi», @U3uKa-xumMusbiK GHAAU3 HaHe 3epmmey opmaneiFel, Aamamel, Kazakcmax

2¢/1.B.CokonbcKul amolHOarbl MaHapmatli, KAManu3 ¥aHe 31eKmpoxumus uHcmumymel» AK, , Anmamel, Kazakcmaw

TYAIHAEME

Temip KOCbINbICTapbl BHEPKACINTIH, KOHE TeXHUKAaHbIH, KenTereH cananapbiHAa, TiNTi meauuvMHaga Aa
KeHiHeH KongaHblnaapl. Kasipri kesge Temip KOCbIIbICTapbIH any a4icTepi Ken caTbiibl XaHe Kypaeni
60nbIN Keneai. byn *KymbICTbIH MaKcaTbl Temip (1) rMAPOKCUAIH XKOHE OKCUAIH MeTann KanaplKTapblHaH
aliHbIMasbl TOKTbIH, Bip »KoHEe eKi »apTblnalk nepuoATapbiH KoAAaHa OTbipbin any 6osbin Tabblnagpl.
ANFall peT eHAIPICTIK XWinikTeri alHbIManbl TOKNEH NOASPU3aLMANay apKblabl XKYpPri3ineTiH 3neKkTponms

Makana kengj: 16 mayceim 2021 dficiMeH HaTpUI XNOPUAIHIH, CyNbl epiTiHAINEPIHAE TeMip 3N1eKTPOAbIHbIH, 3NEKTPOXUMUANBIK KAaCUETI
CapantamagaH eTTi: 22 winge 2021 3epTTengi. Monapusauua Temipdi TUTAHMEH JKYNTacTblpy apKblibl Kyprisingi, 6yn Kesge Temip
Kabblnganabl: 04 mameiz 2021 3N1EKTPOAbIHAAFbI TOK ThiFbi3ablFbl  200-1200 A/m? uHTepBanbiHaa, an TmtaHga — 20-100 kA/m?

apanbiFblHaa  60n4bl. AMHbIMANbI TOKTbIH, @HOATHIK KapTbliak NepuoabiHAa Temip eKi BaneHTTi
MOHAAPbIH Ty3e TOTbIFaTbIHbI aHbIKTaNAbl. Byn Kesae TMTaH 3N1eKTPoAbl KaTOATLIK KapTblnai nepuoata
6onaabl, oHbIH beTiHae cyTeK GeniHedi, KAaTOATbIK KEHICTiKTe rMapoKCUN-uoHaap Tysineai. EpitiHgioe
rmapokcua-noHaap temip () MoHAapbIMEH rMAPOKCUA Ty3e apeketTeceai. Temnepatypa 60°C-taH
JKoFapbl bonFaHaa Temip (II) ruapokeuai aervapataumsaFa ywblpaindbl, Temip okcuai Tysineai. Bip-
bipimeH napannenb TypAe KanfaHFaH eKi 3/1eKTPONU3epAiH 9PKANCbICbIHA «TUTaH-TEMIP» KYOblIH
OPHaNACTLIPbIN, 3NEKTPONU3 XKyprisingi. byn xafaanpa TemipaiH epyi 6ip yakbiTTa aliHbIManbl TOKTbIH,
eKi JKapTblnak nepuoablHAA Kypeai — 6yn Tacin anfaw pet ycbiHbIAbIN OTbIp. MpouecTiH, Tuimainiri 1,5
ecefleH aca apTaTblHbl KepceTingi.

TyiiiH ce30ep: Temip, TUTaH, 31EKTPOA, alHbIManbl TOK, €Ki »apTblnai nepuoa, Temip rMApOKcUAi,
oKcKa.
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ABSTRACT

The outcomes of studying epoxy-based composite materials supplemented with microsilica are provided in
the article. Microsilica was used as a filler. The samples were produced on the epoxy ED-20 basis
supplemented with 2, 5 and 10 mas. % of microsilica. The structure and size of finely dispersed filler
particles were defined. The obtained composites were tested for resistance to the effect of variable
temperatures, corrosive, and abrasion. The study outcomes proved that samples supplemented with 2% of
microsilica are more resistant to acid and alkali as well as to petrol than those ones supplemented with
25% of microsilica. Besides the amount of the filler from 2 to 10% doesn’t sufficiently affect the resistance
to variable temperatures. When microsilica is added to epoxy resin, it causes scuff resistance increase. The
conducted testing proved that the developed composite materials are resistant to the effect of variable
temperatures, corrosive, and abrasion. This enables to use these materials as coatings and anti-corrosion
protection during machine maintenance.

Keywords: epoxy resin, microsilica, filled composite material, chemical resistance, composite material,
corrosive, abrasion, coating.

Serekpayeva Mira Amangeldinovna

Information about authors:
Doctoral student of the Department of Standardization, Metrology and Certification, S. Seifullin Kazakh
Agro Technical University, Nur-Sultan, Kazakhstan. E-mail: mika82.02@mail.ru

Kokayeva Gulnara Aitikenovna

Candidate of Technical sciences, Associate professor of the Department of Technological machines and
equipment, S. Seifullin  Kazakh Agro Technical University,
GAKokaeva@mail.ru, https://orcid.org/0000-0001-9571-5081

Nur-Sultan, Kazakhstan. E-mail:

Niyazbekova Rimma
Kalmanbayevna

Doctor of Technical sciences, Associate professor of the Department of Standardization, Metrology and
Certification, S. Seifullin Kazakh Agro Technical
rimma.n60@mail.ru, ORCID ID: 0000-0001-8688-1408

University, Nur-Sultan, Kazakhstan. E-mail:

Kardybai Sauatbek

Assistant of the Department of Technological machines and equipment, S. Seifullin Kazakh Agro Technical
University, Nur-Sultan, Kazakhstan. E-mail: sautbek_kz@mail.ru

Increasing demands to the quality and rate of

Introduction

Technology for applying hardening coating
including composite ones plays an important role
for upgrading farming machinery, as they
contribute to durability of individual elements,
parts, and entire machines during their
maintenance. Polymer composite materials are
used during machines maintenance for restoring
the size of worn-out parts, for filling cracks and
holes, for reinforcing threaded joints and stationary
fits, for anti-corrosion protection, for bonding parts
and materials, and also for parts production.

equipment repair operations require a wide range
of highly-efficient systems capable to restore metal
surfaces and different structures damaged from
wear, abrasion, blows and corrosion. In this
connection, production of composite materials
based on epoxy oligomers that are highly adhesive
to many materials is relevant and demanded in
practice in different spheres.

Polymer matrix for composite material is
chosen taking into account the conditions of
maintenance. Composite properties depend on the
matrix of polymer material. These properties are
resistance to corrosive, thermal resistance,
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strength, moisture resistance, as well as the
method of item production.

Epoxy binders take an important place in the
world industry due to their production output and
consumption level. They are widely used in
different fields of application [1-6]. At the same
time, they have some negative properties: high
fragility, fire risk, low resistance to climatic factors
[4-9].

One of the basic directions for development of
epoxy composites with improved operational
properties is to introduce different fillers into their
compositions (basalt, talcum, chromite, metallic
oxides, technogenic wastes from industrial
enterprises). The fillers enable to decrease cost
price of finished products considerably due to
decreasing the cost of expensive binders and to
impart different functional properties [2-9, 10].

Technogenic wastes from industrial enterprises
are often used as dispersed fillers of epoxy resins.
The authors of works [11-13] suggest to use fly ash
which is a by-product of coal combustion at
thermal power plants, as a filler for epoxy
composites. The filler content ranged from 10% to
50%. The conducted researches proved that when
fly ash is added into epoxy composite, tension
strength increased as the amount of the filler was
increased to the critical point (30%), and then
decreased considerably.

Composite  materials supplemented with
microsilica have improved strength characteristics
in comparison with polymer composites without
the filler [14]. Eastomers introduction into epoxy
resin increases their strength characteristics [15-
16]. Literature analysis proved that due to fillers
addition [17] into epoxy resin it is possible to
improve some of its parameters.

The goal of the research is to study the impact
of dispersed microsilica addition on chemical
resistance  of ED-20 epoxy-based polymer
composite material, as well as on abrasion capacity
and resistance to variable temperatures of ED-20
epoxy-based composite materials.

Experimental procedure

Epoxy-diane resin ED-20 (GOST 10587-84) was
used as a binder for the produced compositions, as
this resin is characterized by stability of dielectric
and physical and chemical properties. Along with
high thermal resistance, ED-20 is very fragile that
can be improved by introducing special modifiers
and solidifiers into composition.

Polyethylenepolyamine (TU 2413-010-75678843-
2012) produced by research and production
company “Astat” (Dzerzhinsk, Russia) was used as a
solidifier. It is intended for solidifying epoxy resins
at room and low temperatures under humid
conditions. Solidifier appearance is as follows: a
liquid, color is from light-yellow to dark-brown,
without mechanical impurities.

To fill polymer compositions, microsilica was
used («Tau-Ken Temir» Silicon Plant, Karaganda).
Microsilica is formed in the process of silicon alloys
(ferrosilicium) smelting. After oxidation and
condensation some silicon monoxide form
extremely small product in the shape of round
particles with high content of amorphous silica [14].

Microsilica in the amounts 2, 5, 10 mas. % was
added into epoxy resin and thoroughly blended for
5-10 minutes until uniform mass. Then the solidifier
was added (resin: solidifier ratio is 1:10) and
blended for 2 minutes. The resulted mass was
applied by several thin layers on substrate in order
to avoid bubbles in the samples. The check sample
was made without adding the filler. It was solidified
at room temperature for 24 hours. All the tests
were carried out on samples of steel substrate
70x150 mm in size. Coating thickness was defined
in compliance with ST RK GOST R 51694-2007.
(Coating materials. Definition of coating thickness).
Inaccuracy is + 2 um. Table 1 provides coating
samples thickness data.

Table 1 - Coatings thickness

Ne Sample name Thickness, um

1 ED-20 16

2 ED-20 + 2% of microsilica 18

3 ED-20 + 5% of microsilica 17

4 ED-20 + 10% of microsilica 18
Chemical and elemental composition was

defined on an x-ray fluorescent spectrometer
produced by PANalytical, model Axios Max (Rh
2.4kW). Filler surface morphology was studied with
scanning election microscope TM 3030 (Hitachi).
Filler particles size was defined with laser particle
size analyzer Mastersizer 3000 with attachment
Hydro MV (120 ml), water was used as dispersive
medium.

X-ray diffraction was measured with the X-ray
diffractometer SmartLlab produced by Rigaku
Corporation.  X-radiation source is x-ray tube Cu
Ka-radiation (1.54059). Current and voltage of the
tube are set at 50 mA and 40 kW respectively. One-
dimensional detector (D/teX Ultra, Rigaku) with

— g4 ——
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filter KB. Step-and-shoot technology was used for
measurements under conditions that measurement
angles range is 20 = 5-90°, pace (A26) = 0,1°
scanning rate - 2°/min. Phases are identified by
comparing the obtained data with reference
database, the most complete one is maintained by
ICDD.

Samples resistance to corrosive impact was
defined in compliance with GOST 9.403-80 method
A. Decorative and protective properties [18] of
coatings are defined after the tests in acid solutions
(25% H,S04), alkalies (25% NAOH) and petrol.
Samples resistance to corrosive impact was defined
in compliance with GOST 20811-75 method A.
Samples resistance to variable temperatures impact
was defined in compliance with GOST 27037-86 in a
climatic chamber BINDER of MK series for testing
with heating and cooling in the range from -40°C
to +60°C for 60 minutes.

Discussion of the results

The researches enabled to find out that
microsilica mainly consists of Si, K, Ca, Fe oxides,
and contains a small amount of impurities such as
Mg, Mn oxides (Table 2).

Table 2 - Chemical composition of microsilica

Element Concentration Unit
Mg 3454 ppm

Si 39.677 %

K 0.294 %

Ca 0.857 %
Mn 204.8 ppm

Fe 0.126 %

"1ppm = 0.0001%

Fraction composition of microsilica is characterized
by biomodal distribution and represented by
particles from 0.1 to 100 um with average particles
size 2-6 um and 7-14 um (Figure 1), which is also
proved by SEM data (Figure 2).
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Figure 1 - Distribution of microsilica particles size

Figure 2 - SEM images of microsilica

It can be seen from Figure 2 that microsilica
particles have smooth surface and spherical shape.
The powder practically consists of loose
agglomerates of silicon with very low bulk density.

Laser particle size analyzer data shows that 9
pMm microsilica particles volume ratio is 90% (Figure
3).
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Figure 3 - Distribution of microsilica particles size

According to XRF data, microsilica is
represented by two structures: Fe,O; - 88% and
SiO2 - 12% (Figure 4). XRF of particles showed that
they have orthorhombic lattice structure.

;;;;;
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Figure 4 - X-ray diffraction pattern of microsilica (XRD)

One of possible application areas of the
developed compositions is automobile industry
where materials are affected by different
aggressive factors: high temperatures, moisture,
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coldness, freeze-thaw temperatures, chemical
agents (acid, alkaline solutions in the compound of
cleaning means etc.).

So it was critical to study resistance of the
developed materials to the impact of variable
temperatures, corrosive and abrasion. To study
chemical resistance, samples were dipped into 25%
solutions of H,S04, NaOH and petrol at temperature
(20+£2) °C for 24 hours. The following characteristics
were defined as resistance criteria for the tested
epoxy coatings: the change of bond strength of
coating to metal, appearance and kind of samples
damage. Testing of resistance to corrosive showed
that the samples supplemented with 2% of
microsilica are more resistant to acids and alkalies
impact in comparison with the check sample
(Figure 5).

a) b)

Figure 5 - Epoxy resin samples supplemented with
microsilica after holding in 25 % solutions for 24 hours:
a) NAOH (left-to-right 0, 2, 5, 10%),

b) H2SO4 (left-to-right 0, 2, 5, 10%)

After holding the samples in petrol for 24 hours
there were no visible changes in them. When they
were examined, surface staining and splotches
were recorded. (Figure 6).

Figure 6 - Epoxy resin samples supplemented with

microsilica after holding in petrol for 24 hours
(left-to-right 0, 2, 5, 10%)

Table 3 provides the results of epoxy resin

chemical resistance indexes. Epoxy resin has
different mass content of filler. Coating thickness
reduction wasn’t found out after corrosive impact.

Table 4 provides the results of coating

resistance to abrasion indexes and indexes of
resistance to epoxy resin variable temperatures
impact. Epoxy resin has different mass content of

filler.

Table 3 - Indexes of chemical resistance of epoxy resin with different mass content of filler

Chemical resistance

Epoxy resin Resistance to static effect at | Resistance to static effect at Resistance to static effect
Ne name t = (20+2)°C for 24 hours in t = (20+2)°C for 24 hours in at t =(20+2)°C for 24 hours
25% solution H2504 25% solution NAOH in petrol
1 ED-20 Surface dimmed, splotches Valid flaking is observed on Splotches are hardly

are observed

edges no more than 10 mm,
surface dimmed

observed, surface dimmed

2 ED-20 + 2%
of microsilica

Splotches are observed,
surface dimmed

Splotches are hardly

observed, surface dimmed,
valid flaking is observed on
edges no more than 10 mm

Surface dimmed, splotches
are observed

3 ED-20 + 5%
of microsilica

Splotches are hardly
observed, surface dimmed

The sample surface became
dull, the defect of porosity
and coating flaking has been
found out

Splotches are observed,
surface dimmed

4 ED-20 + 10%
of microsilica

Splotches are observed,
surface dimmed

Surface dimmed and became
dull, coating flaking is
observed

Splotches are observed,
surface dimmed
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Table 4 — Indexes of coating resistance to abrasion and resistance to variable temperatures impact of epoxy resin with different

mass content of filler

Ne Epoxy resin name Coating resistance to Resistance to variable temperatures impact
abrasion
1 ED-20 Brightness and colour variations, flaking from the surface
0.056 at temperature from (40+2)°C below zero up to (60+2)°C
above zero (for 60) minutes haven’t been found out
2 ED-20 + 2% of microsilica Brightness and colour variations, flaking from the surface
0.044 at temperature from (40+2)°C below zero up to (60+2)°C
above zero (for 60 minutes) haven’t been found out
3 ED-20 + 5% of microsilica Brightness and colour variations, flaking from the surface
0.052 at temperature from (40+2)°C below zero up to (60+2)°C
above zero (for 60 minutes) haven’t been found out
4 ED-20 + 10% of microsilica Brightness and colour variations, flaking from the surface
0.036 at temperature from (40+2)°C below zero up to (60+2)°C
above zero (for 60 minutes) haven’t been found out

The results provided in Table 4 indicate that
appearance changes of epoxy resin samples with
different mass content of fillers were not found out
during their examining after variable temperatures
impact: coating on the substrate is even, there is no
flaking from the substrate, no visible defects and
cracks. The test on coating resistance to abrasion
showed that the samples supplemented with 2% of
microsilica are mostly resistant to abrasion.

Conclusions

As it can been seen from the obtained data,
after corrosive impact the samples supplemented
with 2% of microsilica got the best indicators of
preserving appearance and change of bond
strength of coating to metal. Besides the amount of
the filler from 2 to 10 mass % is insufficiently
reflected in the resistance to variable temperatures

impact. When tests were completed, appearance
changes weren’t observed during epoxy resin
samples examination after variable temperatures
impact: homogeneous mass, coating on the
substrate is even, there is no flaking from the
substrate, no visible defects and cracks. When
microsilica is added into epoxy resin, it causes the
improvement of resistance to abrasion.

Thus, microsilica usage as a filler enables to
produce epoxy materials with good chemical
resistance, with high resistance to abrasion and
variable temperatures impact.
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MuKpokpemHesem Kocnanapbl 6ap anoKcMATi Waiblpnap HerisiHgeri

KOMMNO3ULUANBIK MaTepuangapabliH, KacueTtepiH septrey

CepeknaeBa M.A., Kokaesa ll.A., Huas6ekosa P.K., Kapabi6aii C.

C. CelipynnuH ameiHdarbl Kazak AepomexHuKasnslK YHusepcumemi, Hyp-CyamaH K, KazakcmaH

TYWIHAEME

MaKanaga 3nOKCUATI Wanblp HerisiHAeri KOMMO3ULMAIbIK MaTepuangapapl 3epTrey HaTukenepi

KenTipinreH. TONTbIPFbIW peTiHAe MUKPOKpeMHe3em KongaHbinapl. Yarinep 3/[-20 anoKcuaTi Wwakibip
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KypambiHa 2, 5, 10 mac. % MUKpPOKpeMHe3emM KOCYy apKbl/ibl Kacanabl. ¥CaK AMCMIepCTi TONTbIPFbIW

Makana kengi: 29 mayceim 2021 6enweKTepiHiH, KypbiAbiIMbl MEH e/nwemaepi aHblKTangbl. ANblHFAaH KOMMO3WLUMANAp aybicrnabl
CapantamagaH eTTi: 16 winge 2021 TemnepaTtypara, arpeccuMBTi OpTafa KaHe YMKenicke Tesimainikke Tekcepingi. 3epTrey HaTtvkenepi
Kabblnganabl: 06 mameiz 2021 KepceTKeHaeW, 2% MUKPOKpemMHesem Kocnanapbl 6ap yarinep 25% KbIWKbIA MEH CINTiHIH, acepiHe,

COHAa-aK b6eH3UHHIH, acepiHe Te3imai. Byn kafmanaa TOATbIPFLIWTLIH, Menwepi 2-aeH 10 mac. %
6onfaHAa alHbIManbl TemMnepaTypaHblH, acepiHe, Te3iMAiNiKKe alTap/ibikTal acep eTnenai. InokcuAaTi
WwalblpFa KpemMHe3emai eHrisy yiKenic TesimainiriH apTTbipagbl. OTKIi3iNreH cblHaKTap a3ipaeHreH
KOMMO3MLMANBIK, MaTepUanaapablH aybicnanbl TeMnepaTypafa, arpeccusTi opTaFa, YilKenic acepiHe

Te3iMAINIriH KepceTTi, 6yn onapapl MalMHaNapAbl KeHAey KesiHae KabblH aHe Koppo3uaFa Kapchbl
KOpFaHbIC peTiHAe nakganaHyra MyMKiHAK 6epeai.

TyiliH ce3pep: dnoKcuATI Walblp, MUKPOKPEMHe3eM, TONTbIPbIIFAH KOMMO3MLMANBIK MaTepuan,
XUMUANBIK TO3IMAINIK, KOMNO3UUMANBIK MaTepuan, arpeccusTi opTa, YKesic, KabbiH.
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UccneposaHue CBOMCTB KOMNO3ULUUNOHHDbIX MaTepunasioB Ha OCHOBe SNOKCUAHDbIX
cmon C AOGaBKOﬁ MUKPOKpemMHesema

CepeknaeBa M.A., Kokaesa IlN.A., Huas6ekosa P.K., Kapapbi6aii C.
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AHHOTALUMUA

B cTaTbe npuBeaeHbl pe3ynbTaThl UCCNEA0BAHMI KOMMNO3ULMOHHbBIX MaTepManoB Ha OCHOBE 3MOKCUAHOM
cMosibl. B KauecTBe HamonHWUTENA UCNONb30BaNM MUKpOKpemHesem. O6pasupl 6bian M3roToBeHbl UX
anokcuaHo cmonbl 3[-20 ¢ pobasneHnem 2, 5 u 10 mac. % MUKpoKpemHesema. OnpepeneHbl
CTPYKTYpa M pasmepbl YacTUL, Me/IKOAMUCNEePCHOro HanonHutens. [lonyyeHHble KOMMo3uuuu

Moctynuna: 29 uroHa 2021 nccnefoBasuM Ha YCTOMUYMBOCTb K BO3AEWCTBUIO MEpPEMEHHbIX TeMnepaTyp, arpeccuBHbIX cpes U
PeueH3nposaHue: 16 urona 2021 MPOYHOCTM K WCTUPaHWIO. Pe3yabTaTbl MCCNEA0BaHMI MOKasanu, 4Yto obpasupl ¢ gobaskamu 2%
MpuHATa B Nneyatb: 06 aseycma 2021 MWKpOKpeMHe3ema bonee CTOMKM K BO3AEUCTBUIO 25%-HbIX KMCAOTbI U LLENOYN, a TaKXKe K OelCTBUIO

6eH3nHa. Mpu 3TOM KOAMYECTBO HanosHuUTena oT 2 Ao 10% mac. HecywecTBeHHO OTpakaetca Ha
YCTOMYMBOCTU K BO3AEMNCTBMIO NEepeMeHHbIX TeMnepaTyp. BeeageHne MUKPOKpeMHe3ema B SMOKCUAHYHO
CMOAY NPUBOAMUT K POCTY CTOMKOCTU K UCTUPAHUIO. MpOoBEAEHHbIE UCMbITAHUA NMOKas3ann ycToMYnBOCTb
pa3paboTaHHbIX KOMMO3WULMOHHbLIX ~MaTepuanoB K BO3AEMCTBUMIO MEPEMEHHbIX TemnepaTtyp,
arpeccuBHbIX Cpea, CTOMKOCTM K UCTUPAaHWIO, YTO AaeT BO3MOMKHOCTb WMCMO/b30BaTb WMX B KayecTse
NOKPbITUM U aHTUKOPPO3UOHHOM 3aLUUTbLI MPU PEMOHTE MaLUWH.

Kntoyesbie cn08a: snOKCMAHAA CMOMA, MUKPOKPEMHE3EM, HAaNONHEHHbI KOMMO3ULMOHHbBIV MaTepuan,
XMMUYECKan YCTOMYMBOCTb, KOMNO3ULIMOHHBIN MaTepuan, arpeccMBHan cpesa, UCTUpaHue, NOKPbITUe.
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ABSTRACT

In this work the issue of processing of dross with preliminary separation of the metal part from the oxide one
is reviewed. Based on a comparative analysis of the results of known works it is shown that this approach can
be quite effective if a technology is developed for the separate processing of the oxide part to obtain a
commercial product. The authors of this work proposed carrying out chlorinating roasting under oxidizing
conditions with various chlorine-containing reagents as one of the effective ways of processing the oxide part
of the dross. Based on the thermodynamic analysis of the reactions of interaction between the components
of the oxide part of the dross and calcium and ammonium chlorides, the principal possibility of obtaining pure
zinc oxide, suitable for use as mineral additives in animal feed has been shown. As a result of thermodynamic
calculations of the reactions of interaction of impurity metals with calcium chloride and ammonium chloride,
the values of Gibbs free energy and reaction rate constants were determined in the temperature range 973
and 1373 K. It has been established that under the conditions of roasting the oxide part of the dross with both
calcium chloride and ammonium chloride, a high degree of sublimation of impurity metals from the dross in
the form of their chlorides into dust is achieved. It has been shown that roasting the oxide part of the dross
using ammonium chloride is more efficient than with calcium chloride.

Key words: Dross, metallic zinc, zinc oxide, roasting, thermodynamics, impurity metals, Gibbs free energy,
calcium chloride, ammonium chloride.
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Introduction dross. The output of dross is from 0.5 to 3.5% of the

mass of the passed products. Dross in its composition is

The problem of metal protection against corrosion  represented by zinc oxide. It contains 30-40% of metallic
is one of the most important technical problems allover  Zinc [2]. The complex chemical composition of the dross
the world. Among the large number of known methods ~ makes it difficult to further usage of it. Its main
of protecting steel structures from corrosion the hot-dip ~ Processing in practice is about extraction of the metal
galvanizing is effective, technological and fairly cheap. ~ Part of zinc, which due to its low quality is not
Zinc coating has a good appearance and allows commercial product and is used in the process of
increasing the service life of products by 2-3 times and ~ 8alvanizing products. At the same time, the non-metallic
reliably protects them from atmospheric and other  part of the dross remaining after the separation of zinc

types of corrosion [1].

is accumulated and stored at enterprises and plants,

The high prices for zinc, which make up the main occupying large territories, due to the significant
part of the cost of galvanizing, require the economical ~ content of lead and other impurity metals in it and the
use of zinc and the disposal of its waste, one of whichis  lack of rational processing technology on the other
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hand. Well organized work of the galvanizing section
gives an opportunity of minimizing the amount of waste
and creating own production of their processing with
the production of additional marketable products.

Currently, pyrometallurgical methods of processing
substandard zinc-containing polymetallic products are
widely used in practice. The known methods are
characterized by large material and capital costs and do
not provide a high complex extraction of zinc and other
valuable metals [3, 4, 5]. Hydrometallurgical methods
have been developing in recent years [2, 6-8].

The most common ways of processing dross are
their heating in cylindrical drums or retorts of various
designs to a temperature higher than the melting point
of zinc [9]. The disadvantage of these methods is the lack
of sealing the internal volume of the drum. The second
significant drawback is the absence of direct contact of
the walls of the heated combustion chamber with the
raw material loaded into the drum.

The patented pyrometallurgical methods of
processing of dross with the use of various reagents
(acids, alkaline methods, the addition of sodium and
aluminum fluorides, etc.) have become widespread [10-
15]. The main disadvantages of these works include: the
laboriousness of the separation of the metal fraction,
the formation of a large volume of wastewater requiring
additional purification and evaporation to obtain zinc
chloride; energy costs associated with the use of
additional equipment, an increase in the number of
workers. Organization of an additional site for
processing zinc dross; the need for additional transport
equipment to move the liquid metal into the hot-dip
galvanizing bath; additional costs for evaporation of zinc
chloride solution; the high cost of some reagents used in
the processing of dross.

One of the most effective methods for processing
the dross can be the preliminary separation of the metal
and oxide parts of the dross with further separate
processing of each of them [16]. The metal part is
melted in an induction furnace under a layer of
ammonium chloride and charcoal. Metallic zinc is
obtained from the metal part with the composition, %:
95.9 Zn; 1.54 Pb; 0.9 Fe; 0.4 Cu.

The oxide part of the dross is subjected to roasting
at 800-900 °C and zinc oxide is obtained, which is used
for the preparation of whitewash. At the same time, due
to the high content of lead (1.2%) and iron (0.95%) in the
dross, the quality of the produced whitewash is low.

The disadvantages of this method include: the
difficulty of separating the metallic and non-metallic
oxide fractions; zinc oxide remains in the metal drops of
zinc, which greatly impacts the quality of the produced
zinc whitewash.

Despite the indicated disadvantages, the approach
proposed in [16] for the preliminary separation of the
metal and oxide parts of the dross with further separate
processing of each of them seems to be quite effective.
At the same time, if the metal part can be used as a
material for secondary use in galvanizing, then the
investigating the ways to process the non-metallic,
oxide part of the dross containing such impurities as Pb,
Fe, As, Sb requires additional research.

It has a fundamental importance to study the
behavior of lead and iron, in the vision of their high
concentrations in the oxide part of the dross which can
reach 1.2 and 1%, respectively. The high content of
metal impurities in the dross hinders their further sale
and use, and leads to accumulation. The results of well-
known works on the processing of dross do not give an
unambiguous picture of removing impurities.

In this work, based on the study of the behavior of
zinc and accompanying impurities (Pb, Fe, As, Sb) under
the conditions of chlorinated roasting of the oxide part
of the dross with calcium and ammonium chlorides, the
fundamental possibility of obtaining pure commercial
zinc oxide suitable for use as mineral additives in animal
feed is substantiated.

Research methods

The study of the behavior of zinc and
accompanying  metals-impurities under the
conditions of roasting the oxide part of the dross was
carried out based on a thermodynamic analysis of
the reactions occurring between the components of
the dross and calcium chloride and ammonium
chloride.

The probable direction of the reactions was
estimated from the change in the thermodynamic
values of the system. Calculations of thermodynamic
analysis were carried out taking into account the
dependence of the Gibbs free energy of reactions on
temperature. The change in Gibbs free energy (AG2;)
was calculated by the formula: in (1).

AGer = AHEr — AS x T (1)

where, AH?;, AS2; — standard values of enthalpy
(J) and entropy (J/T) of the system,

T —temperature, K.

During calculating the Gibbs energy (AG2;) of the
reactions the standard state of metals and
compounds present in dross, as well as quartz, iron
oxide and chlorinating reagents (CaCl,, NH4CI) is
taken as their solid state. For gaseous compounds
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obtained as a result of reactions, gases are taken as
the standard state.

The calculations used reference data from [17]
and the NIST-JANAF Thermo chemical Tables
website (http://kinetics.nist.gov/janaf).
Thermodynamic calculations were carried out using
a special program developed by the authors of the
work. The change in the reaction equilibrium
constant (Kp) depending on temperature was
determined based on the expression: in equation

(2).
AG% = - RT InKp =-19.155xT IgKp  (2)

where, R — universal gas constant (R = 8.31
J/K-mol).

Results and discussion

The main purpose of oxidative roasting is the
deep sublimation of impurities in the form of
chlorides into dust to obtain pure zinc oxide in the
condensed phase (cinder). This will give an
opportunity already at the initial stage of joint
processing of the oxide part of the dross with
chlorine-containing reagents, to obtain dust
concentrated with lead chloride, which is sent for
the further processing to extract lead by known
methods, and to isolate pure zinc oxide into a
commercial product suitable for use as a mineral
additive in animal feed [18].

The study of the behavior of zinc and
accompanying metals, as well as their compounds
under the conditions of roasting the oxide part of
the dross, was carried out using calcium chloride and
ammonium chloride.

Thermodynamic analysis of the reactions of
interaction between the components of the oxide
part of dross and calcium chloride in an oxidizing
atmosphere.

In the oxidative roasting of the oxide part of the
dross together with CaCl,, the general chemistry of
the process is described by a system of reactions in
equation (3) - (8).

Zn0 (5 + CaCly 5) = ZnCly 5 + CaO ), (3)
Zn0 (s) + CaC|z(5) = ZnC|2(g) + Ca0o (s), (4)
Zn (s) + O.SOz(g) =7n0 (s) (5)

Zn ) + CaCl; § + 0.50; g = ZnCl; g +Cal (),
(6)

Zn () + CaCly 5) + SiO; (5) + 0,50, (g) = ZNCl; (g) + CaSiOs(),

(7)

ZnCl; (g) + 0.502 () = ZnO 5) + Cly (g). (8)

The temperature dependence of the calculated
values of the Gibbs free energy and rate constants of
reactions (3) - (8) is shown in Figure 1.

.
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Figure 1 - Dependence of Gibbs free energy (A) and
rate constants of reactions (2) - (8) on temperature (B)

It can be seen that the occurrence of reactions
(3) and (4) between zinc oxide and CaCl, in the entire
investigated temperature range is not possible, due
to the positive values of the Gibbs free energy.

The presence of metallic zinc in the oxide part of
the dross makes it necessary to conduct a
thermodynamic analysis of its behavior during
roasting. As can be seen in Figure 1, under the
conditions of an oxidizing roasting atmosphere,
metallic zinc can undergo active oxidation according
to reaction (5) with the formation of solid zinc oxide.
This is confirmed by the high value of the Gibbs free
energy at a roasting temperature of 1373 K, which is
AGi373¢=-209.36 kJ/mol. It is necessary to note that
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the values of the Gibbs free energy of reaction (3) in
the temperature range 973 and 1373 K practically
coincide with the values of the Gibbs free energy of
reaction (7).

During roasting the active chlorination of
metallic zinc with calcium chloride according to
reaction (6) should be expected. Large negative
values of Gibbs free energy, varying with increasing
temperature (from 973 to 1373 K) and constituting
AGg73 K = -165.07 kJ/moI and AG1373 K = -123.79
kJ/mol, indicate the possibility of the formation of
gaseous chloride zinc and solid calcium oxide in the
cinder. Reaction (6) is enhanced in the presence of
quartz and is described by reaction (7). The Gibbs
free energies of reaction (7) at 973 and 1373 K,
which are AGQ73K = -247.5 kJ/moI and AG1373K = -
208.92 kJ/mol indicate the possibility of the
formation of gaseous zinc chloride and solid
wollastonite obtained in as a result of the binding of
free calcium oxide by silica.

Gaseous zinc chloride released as a result of
reactions (6) and (7), interacting with atmospheric
oxygen according to reaction (8), forms solid zinc
oxide, which is concentrated in the cinder. Despite
the decrease in Gibbs free energy values with
increasing temperature from AGg73¢ = —197.5 kJ/mol
to AGiszk = —128.6 kJ/mol, its high values show a
high probability of a reaction towards the formation
of solid zinc oxide with the release of gaseous
chlorine.

Thus, it can be assumed that under conditions of
joint roasting of the oxide part of the dross with
CaCl, in an oxidizing atmosphere, favorable
conditions are created for the conversion of metallic
zinc into oxide. From a practical point of view, this
means an increase of the content of zinc oxide in the
final product, on the other hand, an increase of the
quality of the resulting zinc oxide.

The mechanism of the behavior of lead and its
oxide during the roasting of the oxide part of the
dross with CaCl, can be represented by a system of
reactions in equation (9) - (13).

Pb () + 0.50; g = PbO ), (9)

Pb ) + CaCl; 5y + 0.50; (g = PbCl, g + CaO ),
(10)

Pb (5 + CaCly (5)+ SiO3 (s) + 0.50; (g) = PbCl; (g) + CaSiOsxs),

(11)

PbO (5) + CaCl; (s = PbCl; (g + CaO ), (12)

PbO (5) + CaCl; (5 + SiO; (5) = PbCl; () +

CaSiOs (). (13)

The calculated values of the Gibbs free energy
and the rate constant of reactions in equation (9) -

(13) in the temperature range 973 and 1373 K are
presented in Figure 2.
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Figure 2 - Dependence of Gibbs free energy (A)
and rate constants of reactions (9) - (13) on
temperature (B)

At the roasting temperature (1373 K) all
reactions are characterized by negative values of the
Gibbs free energy, and reactions (10) - (13) with
increasing temperature show insignificant increase
in the values of the Gibbs free energy. Reaction (9) is
undesirable due to the formation of solid lead oxide,
which being concentrated in the cinder, degrades
the quality of zinc oxide. However, at a roasting
temperature of 1373 K solid lead oxide formed
according to reaction (9) interacting with CaCl,
according to reaction (12) can promote the
formation of gaseous PbCls. In this case, the value of
the Gibbs free energy at a temperature of 1373 K is

— 74 ——
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AGis73¢ = =15.07 kl/mol. In the presence of quartz,
this reaction is activated, as confirmed by an
increase in the Gibbs free energy, the value of which
at a temperature of 1373 K is AGis7sk = —101.95
kJ/mol.

The course of reactions (10) - (13) favors the
deep sublimation of lead in the form of its gaseous
chloride which will have a significant effect on the
quality of zinc oxide. The presence of free quartz
enhances the effect of lead sublimation from the
dross by reaction (9) with the formation of gaseous
PbCl; and CaSiOs. The obtained results show that in
the process of roasting the oxide part of the dross
jointly with CaCl, favorable conditions are achieved
for the deep sublimation of lead in the form of its
gaseous chloride.

From a practical point of view, this means the
possibility of obtaining pure zinc oxide, which does
not contain lead, under the conditions of
chlorinating roasting of the oxide part of the dross
with calcium chloride.

100
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Figure 3 - Dependence of Gibbs free energy (A)
and rate constants of reactions 14), (15) on
temperature (B)

The behavior of iron under conditions of
chlorinating roasting can be represented by the
course of reactions in equation (14) and (15).

Fe (s + 1.5 CaCly(s) + 0.75 O3 (g = FeCls g +1.5 CaO (),
(14)

Fe (s) + 1.5 CaCl, (s) t+ 0.75 0O, g T SiO; (s) = FeC|3(g) +
1.5CaSiO03s). (15)

The probability of reaction (14) is unlikely, due
to the positive value of the Gibbs free energy at the
roasting temperature, which is AGisz;sx = 43.73
kJ/mol (Figure 3).

The ability to remove iron from the dross is
sharply intensified in the presence of quartz,
according to reaction (15). The Gibbs free energy of
reaction (15) at the roasting temperature increases
sharply and is AGiszsx = —588.22 kJ/mol, which is
seen on Figure 3. The high value of the Gibbs energy
indicates the possibility of deep sublimation of iron
in the form of its chloride.

Considering that insignificant amounts of
arsenic and antimony may be present in the dross
their behavior during roasting was analyzed. The
possibility of removing arsenic and antimony from
the oxide part of the dross under the conditions of
chlorinating roasting can be represented by the
reactions in equation (16) and (17).

2As s) + 3CaCly s) + 1.50, (8 = 2AsCls g t+ CaO(s),
(16)
ZSb(S) + 3CaC|z(s) + 1.502(g) = 25bC|3 @ * CaO(s),
(17)

In contrast to iron, reactions (16), (17) are
characterized by high values of the Gibbs free energy
in the entire investigated temperature range (Figure
4). Under the conditions of the roasting process
(1373 K), the Gibbs free energy values for reactions
(16) and (17) are: AG1373K =-105.0 kJ/moI and AG1373|(
= —157.3 kJ/mol, respectively, which indicates the
deep sublimation of arsenic and antimony from
dross in the form of their trivalent chlorides.

When analyzing the behavior of impurity metals
under roasting conditions, it is necessary to take into
account the possibility of interaction of gaseous zinc
chloride formed by reaction (8) with impurity metals
by reactions in equation (18) - (21).

ZnCly g + Pb () + 0.50; (g) = ZnO (5) + PbCl; (g),
(18)
3ZnCl; (g) + 2Fe () + 1.50; (g) = 3Zn0 (5 + 2FeCls

(), (19)
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3ZnCl; (g + 2As (5) + 1.50; (g = 3Zn0 (5) + 2AsCl; (g),
(20)

3ZnCl; gt 2Sb s+ 1.502 (5 =3Zn0 5 + +
2SbCl3 g). (21)
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Figure 4 - Dependence of Gibbs free energy (A)
and rate constants of reactions (16), (17) on
temperature (B)

The established higher values of the Gibbs free
energy and rate constants of reactions (18) - (21) and
their growth with increasing temperature (Figure 5)
indicate their priority over reaction (8) and reactions
(9) - (17), which describe the direct chlorination of
metal impurities with calcium chloride. The course
of reactions (18) - (21) promotes deep sublimation
of impurity metals and an increase in the quality of
zinc oxide.

Thermodynamic analysis of the reactions of
interaction between the components of the oxide
part of dross and ammonium chloride in an oxidizing
atmosphere.

The chemistry of the process of roasting the
oxide part of dross with ammonium chloride in an
oxidizing atmosphere can be represented by a
system of the following reactions in equation (22) -
(28).
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Figure 5 - Gibbs free energy dependence (A)
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temperature (B)
Zn (5) + 2NH4Cl (5 + 0.50, (8 = ZnCl, @ * 2NH3 g +
H20 (g, (22)
Zn0O (s) + 2NH4C| (s) = ZnClz i ha 2N Hg(g) + +
H20 (g), (23)
Pb s) + 2N HaCl (s) +0.50; g = PbCl, @t +
2NHs (g + H20 (g, (24)
PbO (5)+2NH4C| (s) = PbClz(g)+2NH3(g)+ +
H20 () (25)

Fe + 3NH4Cl + 0.750; ) = FeCls g + 3NH3 (g +
+ 1.5H,0 (8), (26)

As (s) + 3NH4Cl (5) + 0.750; (g) = AsCl3 () + +
3NHs3 (g + 1.5H,0 (g), (27)

Sb 55 + 3NH4Cl ) + 0.750; (g = ShCly (4 +
+ 3NHj3 g + 1.5H,0 (g). (28)

The temperature dependence of the calculated
values of the Gibbs free energy and rate constants of
reactions (23) - (28), shown in Figure 6, shows a high
probability of their occurrence.
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The course of reactions (8) and (18) - (21)
compensate for the growth of gaseous zinc chloride
formed by reactions (22), (23) and contribute,
together with reactions (24) - (28), to obtain high
purity zinc oxide due to deep sublimation of metal
impurities into dust.
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Figure 6 - Gibbs free energy dependence (A)
and rate constants of reactions (22) - (28) on
temperature (B)

The values of Gibbs free energy and rate
constants of reactions (18) - (28) in the entire
investigated temperature range are much higher
than the values established for roasting the oxide

part of dross together with CaCl, and show an
increase with increasing temperature. The obtained
results indicate the preference and better efficiency
of the chlorinated roasting of the oxide part of the
dross with ammonium chloride than with calcium
chloride.

Conclusions

1. Based on the thermodynamic analysis of the
reactions of interaction between the components of
the oxide part of the dross and various chlorine-
containing reagents the possibility of obtaining pure
zinc oxide has been shown. The results of
thermodynamic calculations of Gibbs free energy
and rate constants of chlorination reactions of
metallic zinc and metal impurities with calcium and
ammonium chlorides in the temperature range 973
and 1373 K are presented.

2. It was found that under the conditions of
oxidative roasting the reactions of interaction of
impurity metals (Pb, Fe, As, Sb) present in the oxide
part of the dross with calcium and ammonium
chlorides proceed with the formation of their
chlorides and sublime. The high Gibbs free energies
of chlorination of metals with ammonium chloride
show better roasting efficiency than roasting with
calcium chloride.

3. It is shown that the use of calcium chloride,
even it is safer than the usage of ammonium
chloride, the best technical and economic indicators
of roasting, ensuring the production of pure zinc
oxide, should be expected in the chlorination of
dross with ammonium chloride.
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Kyiinaidi xnopnan Kyigipy npoueci KesiHae MbIpbILWTbIH, }K9He Kocna-
meTangappabliH TapanybliH 3epTrey

KowwuHa .M., ongac6aii E.E., KypmaHceiitoB M.B., Taxkues E.B. ApfbiH A.D.

Camb6aes yHugepcumemi, Aamamsi, KazakcmaH

TYAIHAEME

KymbicTa anablH ana metangplk 6eniriHeH okcuaTi 6eniriH 6enin KyWiHAHI KaliTa eHaey maceneci
KapacTblpaFaH. benrini XymbiCTapAbiH HITUNKENEPIH CanbICTbipMasbl TanAay HerisiHae, erep Tayapbik,
eHIMAj any ywiH oKkenaTi 6enirin 6enexk eHAey TEXHONOMMACHI ¥Kacanca, byn Tacin ete TMimai 6onybl
MYMKIH eKeHAir KepceTinreH. by }KyMbICTbIH, aBTOpPAapbl KYWiHAiHIH, OKcUATI 6eniriH eHaeyAiH TMimaj
a4icTepiHiH Bipi peTiHAe TOTbIKTbIPY KafaalblHAA 9P TYPAi X210p/bl peareHTTepMeH xopnan Kynaipyai

Makana kengi: 05 mameip 2021 ycbiHaabl. KyHiHAiHIH, oKkcuaTi 6eniriHiH, KOMMNOHEHTTEepPi MeH KanbLUMi MeH aMMOHWIA Xaopuai
CapantamagaH eTTi: 21 maycbim 2021 apacbiHAafFbl  ©3apa  JpeKeTTecy  peakumAanapblH  TEPMOAMHAMUKANbIK — Tangay  HerisiHge
Kabblnganabl: 06 mameiz 2021 JKaHyapaapablH, *KeMiHe MUHEPaNabl KOCnanap peTiHAe NakanaHyFfa Kapamabl Tasa MblpbILll OKCUAIH

anyaplH, NPUHLMNWANAbI MYMKIHAIT KepceTinreH. MeTann KocnanapbiHbiH, KaibLUMii xnopuai meH
aMMOHWIA  XNOPUAIMEH 9pEKeTTecy peakuuanapbiHblH, TEPMOAUHAMMKANbIK — ecenTeynepiHiH
HaTMXKeciHAe TMB6CTIH, epKiH SHepruacbiHbIH, MaHi XXaHe 973.-1373 K TemnepaTtypasnblk apanbiKTafbl
peakuMANap KblNAaMAbIFbIHbIH, KOHCTaHTaNapbl aHblkTanabl. KyhiHAiHIH okcnaTi 6enirii Kanbuui
XN0pUAIMEH Ae, aMMOHUI XNopuaiMeH ae bipre Kynaipy *KafaanblHAA KOoCna-meTanaapapl KyniHaiaeH
0N1apablH, XNopuAaTepi TypiHAe WaHFa algayablH KoFapbl AIpeXKeciHe KON XeTKIi3iNeTiHi aHbIKTanabl.
AMMOHUI XNOpUAJH KONZaHa OTbIpbIn, KYWiHAIHIH OKcuAaTi 6eniriH Kynaipy Kanbuuit xnopugiHe
KapafaHAa TMIMAj eKeHAiri KepceTinreH.

Tyiiin ce3dep: KyiiHAj, MeTanablK MbIpbIl, MbIPbIW OKCUA, KYWAipY, TepMOAMHAMMKa, Kocna-
meTangap, M66CTiH epKiH 3HEePrUAChl,KanbLyi XA0pUAI, aMMOHMUIA X10pUA|.
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NcchepoBaHue noBeaeHUA UMHKA U CONYTCTBYIOLWMX METaNN0B-NPUMecei B
npouecce xaopupyouiero o63kura usrapm

KoiwwuHa .M., }ongac6aii E.E., KypmaHceirtoB M.b., Taxkues E.B., AprbiH A.A.

Satbayev University, Anamamei, KazaxcmaH

AHHOTALMUA

B HacToAwei paboTe paccmaTpuBaetcA BONPOC nepepaboTKM u3rapu € NPefBapUTE/IbHbIM

pasfeneHvem MeTaNAMYecKolM 4YacT OT OKCMAHOW. Ha OCHOBaHWM CPaBHUTENLHOTO aHasiu3a

pe3yNbTaToB M3BECTHbIX PAabOT NOKA3aHO, YTO AAHHbIN NOAX04 MOXKET 6biTb BNOHE 3GPEKTUBHBIM B

TOM cniyyae, ecnu byaet paspaboraHa TEXHONOMMA pPasfesibHOM nepepaboTKM OKCMAHOM 4YacTu C
Noctynuna: 05 mas 2021 noslydeHMeM TOBApHOMO NPoAyKTa. ABTOPbI HacToAWEelN paboTbl B KayecTse 04HOro U3 3GPEKTUBHbIX
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PeueHsupoBaHue: 21 utona 2021 nyTei nepepaboTKM OKCUAHOM YacTW M3rapu NpeanaraloT NpPoBefAeHME XNOPUPYIOLLEro o6Kura B

MpuHAaTa B Nneyatb: 06 aseycma 2021 OKUC/IUTENIbHBIX  YCNOBMAX  PA3/IMYHbIMK  X/JI0pCOAEPXKaWMMM  peareHTamn. Ha  ocHOBaHWM

TEPMOAMHAMMUYECKOTO aHaNN3a peakuuit B3aMMOAENCTBUA MEXAY KOMMNOHEHTaMMU OKCUAHOMW YacTu
M3rapu v x10puaammn KanbLMAa U aMMOHMA MOKasaHa MPUHLMNNANBHAA BO3MOXHOCTb MOAyYeHUA
YUCTOrO OKCMAQA LIMHKA, NPUrOAHOrO ANA UCNOMb30BAaHUA B KaYecTBe MUHEPaNbHbIX J06aBOK B KOPM
JKMBOTHbIX. B pesynbTaTe TepMOAMHAMMYECKMX PacyeToB peakuuii B3aMMOAEWCTBMA MeTasoB-
npumecei ¢ X10PUAOM KanbLmA U XNOPUAOM aMMOHUA onpeaeneHbl 3Ha4YeHUA cBO6OAHON aHeprum
'b6ca 1 KOHCTAHT CKOPOCTM peakuuii B TemnepaTypHom MHTepsane 973-1373 K. YcTaHoB/IEHO, YTO B
yCNnoBuAx 06XKMra OKCUAHOW YaCTU MU3rapu COBMECTHO KaK C X/I0PUAOM KanbLMA, Tak U X10pUa0oM
aMMOHMA [OCTUTAEeTCA BbICOKAA CTENEHb BO3rOHKUM METANNOB-NPUMECEN U3 M3rapu B BUAE WX
XN0pPUA0B B MNblib. MOKa3aHO, YTO OBGXKWUI OKCMAHOW YacTM M3rapu C MUCMONb30BaHWEM XNopuaa
ammoHua 6onee apdeKTUBEH, YEM C XIOPUAOM KaNbLUA.

Kniouesbie cnosa: N3rapb, METANNNYECKUIA LIMHK, OKCUA, LIUHKA, 0BXKUT, TEPMOAMHAMMUKA, MeTan bl-
npumecu, csobosHan sHeprua Mmb6ca, xnopua, KanbLua, X10pUL, aMMOHUA.
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ABSTRACT

The results of heat transfer mathematical model calculations in the “U02-BeQ” pellet are presented. The fuel
pellet consists of uranium dioxide (UO2) and beryllium oxide (BeO) ceramics. Modeling of heat transfer was
carried out by a system of generalized heat conduction equations with variable thermophysical properties.
The calculated data of the temperature field in the fuel pellet were obtained using the COMSOL Multiphysics
software code. The results of temperature calculations were compared with the data of other authors. The
agreement of the calculated data shows the mathematical model and the COMSOL Multiphysics code
algorithms correctness. Various arrangements of beryllium oxide ceramics BeO in a fuel pellet are considered.
The arrangement of the BeO ceramics in the centre of the fuel pellet showed a noticeable decrease in
temperature in the energy release zone. Calculations have shown that the composite fuel “U02-BeQ” is the
most effective for regulating the thermal regime of fuel elements.
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Introduction

Currently, in many countries, work is underway
to create a tolerant fuel ATF (Accident Tolerant Fuel)
[1], since the increased resistance of the fuel to
emergencies becomes more relevant, in particular,
the prevention of the superheated steam and
zirconium shell interaction reaction with the release
of explosive hydrogen. A solution to this problem
can be achieved by modifying the zirconium cladding
or fuel, by replacing the cladding material or using a
new fuel.

As a nuclear fuel in the most nuclear reactors,
among which the most widespread are water-
moderated reactors PWR, BWR, VVER, etc., pellets
of sintered uranium dioxide UO; enriched in isotope
235y within 2-5% are used. Despite such advantages

of uranium dioxide as a nuclear fuel, a high melting
point, chemical stability, satisfactory compatibility
with fuel element cladding materials, radiation
stability, technologically convenient crystalline
properties, its significant disadvantage is its low
thermal conductivity, which decreases with
increasing temperature. This feature leads to the
appearance of high-temperature gradients in the
fuel pellets, which leads to cracking of the fuel, the
interaction of the fuel with the cladding and the
release of gaseous fission products [2-4].

Reducing the fuel temperature can be achieved
by doping the uranium dioxide material with high
thermal conductivity and compatibility with the fuel
element materials. The main additive candidates are
SiC, BeO, Cr,0s. Modified fuel with increased
thermal conductivity due to lower thermal
expansion and low thermal stresses will experience
less interaction with the cladding [5-9]. In addition,
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lower temperatures reduce the mobility of fission
products, thereby reducing fission gas evolution,
grain boundary swelling and stress corrosion
cracking. This would increase fuel burnup and
improve reactor safety due to faster thermal
response, less grain storage at fission product
boundaries, and less thermal energy in the fuel rods.

Studies to increase the thermal conductivity of
UO; were carried out by adding to the composition
of such compounds as BeO and SiC [10-26]. UO,-BeO
composite has better temperature stability
compared to UO,-SiC. BeO was chosen as the high
thermal conductivity material for UO; because it was
found that, BeO is most compatible with UO; fuel as
a thermal conductivity enhancing additive in nuclear
fuel materials. BeO is one of the highest
temperature ceramic elements and can withstand
radiation environments and does not react with UO,
up to 2200°C. Most of the UO,-BeO fuel
developments were carried out to determine the
thermal conductivity of UO»-BeO when the content
of BeO in the composition (0.3; 0.6; 0.9; 1.2 and 13.6
wt.%) [21]. The results showed a significant
improvement in the thermal conductivity of UO,-
BeO with the addition of BeO with a continuous
distribution in the composition of UO.,.

The article [27] presents the design of a fuel
pellet “U0,-BeO fuel sandwich”. The pellet was a
combination of UO; fuel and beryllium oxide
ceramics BeO. Three types of UO, and BeO zone
locations were considered. A quantitative advantage
of the UO;-BeO fuel sandwich in a light water reactor
has been obtained using multiphysics simulation.
The authors consider the results as preliminary
study of sandwich fuel with increased thermal
conductivity [27].

This article discusses thermal modeling in a
pellet consisting of UO, fuel with beryllium oxide
ceramics BeO.

Physical model

In fuel rods, fission of heavy 23°U or #°Pu nuclei
occurs, accompanied by the release of thermal
energy, which is then transferred to the coolant. The
fuel element provides heat removal from the fuel to
the coolant and prevents the spread of radioactive
products. The fuel element is a sealed tube made of
steel or zirconium alloys with an external diameter
of about a centimetre and a length of hundreds of
centimetres, filled with UO, tablets [28]. Uranium
dioxide tablets with a height of 11.9 mm and a
diameter of 8.2 mm are placed in a tube with a gap
of 0.08 mm in diameter. The length of the fuel rod

tube is 3800 mm, the position of the fuel pellets is
fixed by stainless steel rods and a spring.

We are studying the design of a “UO, fuel with
BeO ceramics” pellet in a fuel element (see Fig. 1) to
determine its efficiency in comparison with a “UQ,-
BeO fuel sandwich” [27].

Mathematical formulation

There are more than 200 fuel pellets in the fuel
element, periodically located one after another.
Therefore, we consider the problem statement for
one pellet (Fig. 1).

Because of the process symmetry, a region is
considered, along the length, limited with the length
/, and along the radius ro from the central axis of the
rod to the zirconium cladding. In the UO; fuel, fission
of heavy uranium nuclei occurs with the release of
thermal energy with a density of go. On the outer
wall of the zirconium cladding, water is cooled with
a temperature T;.

It is required to determine the temperature
distribution over time in the “U0; fuel with BeO
ceramics” pellet.

Consider the generalized heat equation in a
cylindrical coordinate system:

aT; 0 aT;
pi(Ti)cpi (T}) 6_tl =5 [Ai(Ti) a—zl] +

19 oT; .
+ ;E [T‘/L' (Tl) a__rl] + qi, I=1;2/31 (1)

The generalization of equation (1) is that in fuel,
the density, heat capacity, thermal conductivity is
equal to the UO; parameters. In ceramics, they are
similar to the BeO parameters and the annular gap
to the parameters. The temperature dependences
of the thermophysical properties of UO,, BeO, He
were found from experimental data [29]. For
example, Figs. 2 - 4 show the dependencies of the
thermophysical properties of UO, and BeO. It is easy
to notice a significant difference in the thermal
conductivity of UO; and BeO (see Fig. 2).

The density of the heat flux of energy release in
the fuel zone is g1 = qo, and in the zones of ceramics
and helium is equal to 0.

The system of equations (1) is solved under the
initial and boundary conditions.

At the initial moment t = 0, the following
conditions are set:

T(z,r,0)=Ti(r) inthe domain of UO;
T(z,r,0)=Txr) inthe domain of BeO; (2)
T(z,r,0)=Ts(r) inthe domain of He.
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Fig. 1. The layout of the “UO: fuel with BeO ceramics” pellet and the computational domain

Symmetry conditions are set on the axis of the
computational domain:

aTl'_ A
E—O,atr—o, (3)

Heat transfer conditions are set on the wall of
the zirconium cladding [29]:

-3 o = k(T; — Tf), atr=ro (4)

Where As is the thermal conductivity of helium,
k is the heat transfer coefficient, T is the cooling
water temperature.

The periodic arrangement of fuel pellets in the
fuel element can lead to the absence of heat transfer
at the contacts along the length. Then the boundary
conditions along the length of the computational
domain are as follows:

aTi_ _ _
E—O,atz-Oandz-l (5)

On the contact surface of UO,/BeO and
BeO/helium, the conditions of conjugation of the
heat fluxes and temperature equality are satisfied:

2, 6Tl-_/1 6Tj

iﬁ_ fﬁ'Ti =Tj,i=1,Zandj=2,3 (6)
Where n is normal to the interface.
The system of equations (1) with conditions (2)-
(6) and empirical formulas for the thermophysical
properties of UO,, BeO, He was solved numerically
using the COMSOL Multiphysics code.

ik, . A i " e
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Fig. 2. Dependences of thermal conductivity of UO2 and
BeO on temperature [29].
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Fig. 3. Dependences of the heat capacity of UO2 and BeO
on temperature [29].
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Fig. 4. Dependences of the density of UO2 and BeO on
temperature [29].

Comparative calculations with the data of
other authors

To assess the correctness of the model and
calculation methods, relative calculations with the
data of other authors were carried out.

Fig. 5 shows comparisons of calculations with
the data of [30] when the pellet consists only of UO,
fuel. The calculations were carried out at two values
of the heat flux density g1 = 200 W/cm, 400 W/cm
and other identical operating parameters [30].

At a heat flux density g1 = 400 W/cm, the
temperature in the core increases to 2360 K, and at
g1 =200 W/cm —to 1340 K. The difference between
the calculations at g1 = 400 W/cm is 2.5%, and at g:
=200 W/cm the temperature calculations practically
coincide (Fig. 5).

The next series of comparative calculations were
carried out according to the article's data [27]. Table
1 shows operating parameters [27]: power source,
gas pressure, coolant temperature, etc.

Fig. 6 shows the calculation of the temperature
of a fuel pellet consisting only of UQO,. These
temperature calculations [27] are designated as
actual data in the helium zone and the centre of the
tablet.

Table 1 - Operating parameters of the pellet calculations [27]

Figs. 7 and 8 show the calculations of the
temperature of the “U0,-BeO fuel sandwich” [27]
when the BeO ceramics are located in the central
part (c) and the middle part of the pellet (a). In the
calculations, the BeO ceramics occupies 36.4 vol.%
of the pellet volume. It also shows the calculated
temperature [27], as actual data, in the helium zone
and the centre of the pellet (Figs. 7 and 8).

It can be noted that our calculations of the “UO,
- BeO fuel sandwich” in key areas of the pellet
coincide with the actual data [27].

o

Fig. 6. Temperature distribution in the UO> fuel pellet

Linear average power (W/cm) 200
Coolant pressure (MPa) 15.5
Coolant temperature (K) 530
Coolant convection coefficient (W/m? K) 7500
Rod fill gas Helium
Fill initial gas pressure (MPa) 2.0

—— g4 ——
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Fig. 7. Temperature distribution in the pellet “UO.-
ceramic BeO fuel sandwich” option (c) [27]

Fig. 8. Temperature distribution in the pellet “UO: fuel
sandwich - BeO ceramic” option (a) [27]

Composite fuel consists of uniformly mixed
particles of uranium dioxide UO; and beryllium oxide
BeO. Fig. 9 shows the calculations of the
temperature of the composite fuel 63.6 vol.% UO,
and 36.4 vol.% BeO.

Fig. 9. Temperature distribution in a pellet of composite
fuel UO2-BeO [27]

Calculations show that when the fuel pellet
consists only of uranium dioxide UO; the
temperature in the core due to the release of energy
reaches 1293.7 K (see Fig. 6). Radial temperature
decreases to 841.6 K due to heat removal by highly
heat-conducting helium. In the helium annular gap,
the temperature drops to 640.1 K. Heat transfer
through the zirconium cladding wall results in a
coolant temperature of 615.8 K.

Calculations of the UO,-BeO fuel sandwich pellet
temperature show a decrease in the core to 1035.2
K (Fig. 7) and to 1115 K (Fig. 8).

Composite fuel calculations show that the core
temperature drops to 964.5 K (Fig. 9).

As shown in Fig. 6-9, the calculated data agree
with the actual calculation data [29]. The settlement
agreement is no more than 2.5%.

Discussion of calculations of the “UO; fuel
with BeO ceramics” pellet

The calculations were carried out by the pellet
“U0; fuel — BeO ceramics” (Fig. 1). Such a design can
be technologically advantageous for the
manufacture of a tablet.

The operating parameters were selected in the
same way as in Table 1 for ease of comparison with
the results of [27].

Ceramics BeO occupies 36.4 vol.% of the pellet
volume, and fuel U0, — 63.6 vol.%. Fig. 10 shows the
temperature distribution along the radius of the
pellet “U0; fuel with BeO ceramics”.

The temperature in the zone of the BeO
ceramics changes insignificantly. In the UO, energy
release zone, the temperature rises from 865.1 to
1349.3 K (Fig. 10).

Fig. 10. Temperature distribution in the “UO; fuel with
BeO ceramics” pellet
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Calculations show that such a design of heat
removal from the core turns out to be ineffective
compared to the design of heat removal “U0,-BeO
fuel sandwich” [27].

Conclusions

Generalized heat conduction equations carry
out modeling of heat transfer in a fuel element pellet
with nonlinear coefficients of thermophysical
properties UO,, BeO, He.

Numerical calculations of the mathematical
model were obtained using the COMSOL
Multiphysics software code.

The validation of the mathematical model and
the calculation method were compared with the

calculations [27], [30]. The agreement of the
calculated data expresses the correctness of the
model and the calculation method.

Among the design of pellets "UO2-fuel with
BeO-ceramics", the arrangement of the ceramics in
the centre of the fuel pellet turned out to be
effective. This result is consistent with the data [27].

In the pellet with the composite fuel "UO,-BeQ",
the greatest temperature decrease was obtained,
which shows that such a fuel is promising.

Acknowledgement. This work is funded by the
Science Committee of the Ministry of Education and
Science of the Republic of Kazakhstan (Grant
#AP08855521) for 2020-2022.

Cite this article as: Zhapbasbayev U.K., Kudaibergen A.D. Modeling of heat transfer in a fuel pellet based on uranium dioxide
and ceramics (beryllium oxide). Kompleksnoe Ispol’zovanie Mineral’nogo Syr’a. = Complex Use of Mineral Resources = Mineraldik
Shikisattardy Keshendi Paidalanu. 2021, Volume 3, Issue 318, pp. 81-89. https://doi.org/10.31643/2021/6445.31

YpaH guoKcupai meH KepamukKa (6epunnuit okcuai) HerisiHgeri oTbiH
TabneTkacbiHAAFbI XKbl/ly TaCbiMangayabl mogenbaey

’an6ac6aes ¥Y.K., Kynaitbeprex A.A.

K.U. Cambaes ambiHOarbl Kazak ¥ammeoiK TexHuKanelk 3epmmey YHusepcumemi, Aamamel, KazakcmaH

TYAIHAEME

Makanaga "UO,-BeO" TabneTKacblHAafbl b1y TacbiMangayablH, MaTeMaTUKa/bIK MOAENIH ecenTey
HaTMXenepi KentipinreH. OTbiH Tabnetkacbl UQO; ypaH AMoKcugiHeH xaHe 6epunnuii BeO
KepamuKacbiHaH Typaabl. HKblay TacbiManaayibl MOAENbAEY aybiCnanbl Xblny GU3MKaNbIK KacneTTepi
Ky3ere OTbIH

6ap KannblnaHFaH Kby OTKI3MIWTIK TeHAeynep KyihecimeH acbipbliagpl.

Makana kengi: 12 mamelp 2021 TabneTKacbiHAaFbl TeMNepaTypanblK epicTiH ecenTik aepekTepi COMSOL Multiphysics 6afgapnamansbik,
CapantamagaH eTTi: 26 maycbim 2021 KOAbIH NaifganaHa oTbIpbiN anbiHAbl. TemnepaTtypaHbl ecenTey HaTwukenepi 6acka asTopnapabiH,
Kabbinganabl: 09 mameiz 2021 JepeKTepimeH canbiCTblpbingpl. Ecentey aepektepiHin, kenicimi COMSOL Multiphysics 6afgapnamansik,
KOZbIHbIH, MaTeMaTUKaNbIK MOAENT MEH aNropuTMAEPIHIH AYpbICTbIFbIH KepceTeai. BeO 6epunnuii
OKCUAj KepaMUKaCblHbIH, OTbIH TabaeTKacbiHAQ OPHaNacyblHbIH, dPTYPAI HYCKanapbl KapacTblpblifaH.
BeO KepamuKacbl OTbIH TabneTKacblHbIH, OPTacblHAQ OPHANACKaHAA SHEepruA LWbifapy almarbiHAa
TemnepaTypaHblH, akTap/blKTalh TemeHaereHiH Kepcetti. Ecenteynep kepcetkeHgen, " UO-BeO "
KOMMO3ULIMANBIK OTbIHbI blly PEXUMIH peTTey YLWiH eH, Tuimai 6onbin Tabbinagpl.

TyliiH ce3dep: blny TacbiManzayAbl MoAenbAey, OTblH TabneTkacbl, ypaH Auokcugi, 6epunnuit

OKCUAiHIH KepammKachl.
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MoaenuposaHue TenonepeHoca B TONJIMBHOM TabneTKe Ha OCHOBe AUOKCMAa

ypaHa n Kkepamuku (oKkcug, 6epunnus)

Manbac6aes Y.K., KygainbepreH A.A.

Kasaxckuli HayuoHanbHelli uccnedosamesnsckuli mexHuveckul yHusepcumem umenu K. M. Camnaesa, Aamamel, KazaxcmaH

AHHOTALMUA

MpuBoAATCA pe3ynbTaTbl pacyeToB MaTeMaTUYeCKol mogenu TennonepeHoca B Tabnetke «UO,-BeO».
TonnveHaa Tabnetka coctouT M3 aAuokenga ypaHa UO: u Kepamuku okcnpa 6bepunnva BeO.
MogaenunposaHue TennonepeHoca NpoBeAeHo CUCTEMO 0606LLEHHbIX ypaBHEHMIT TENONPOBOAHOCTY C
nepemeHHbIMM  TennopU3MYeCKUMU CBOMCTBAMU. PacuyeTHble [JaHHble TemnepaTypHOro nona B
TONAMBHOW TabneTke MOAy4YeHbl C MCMOAb30BaHMEM NporpammHoro koga COMSOL Multiphysics.

Moctynuna: 12 masa 2021 Pe3ynbTathl pacyeToB TemnepaTtypbl 6blM CpaBHEHbI C AaHHbIMU APYrMX aBTopoB. Cornacue pacyeTHbIX
PeueHsupoBaHue: 26 utona 2021 [AQHHbIX MOKa3blBaeT KOPPEKTHOCTb MaTemMaTU4YecKoW MOAE/NN U afropuTMOB MPOrpamMHOro Koga
MpuHAaTa B Nnevatb: 09 aseycma 2021 COMSOL Multiphysics. PaccmMoTpeHbl pasnuyHble BapuaHTbl PACMONIONKEHUA KepaMWKM OKcuaa

6epunnua BeO B TonnusHoM Tabnetke. PacnonoxerHue kepamuku BeO B LEeHTpe TONIMBHOM TabNeTKn
MoKasano 3aMeTHOe CHWXeHWe TemnepaTypbl B 30He 3HeprosblAeneHuA. PacyeTbl Mokasanu, 4To
KomnosutHoe Tonanso «UO2-BeO» asnaeTca Hanbonee 3dpPeKTUBHLIM A7 PErynmpoBaHnUa Tena0Boro
pexkmma TBI/1a.

Knroyesble cnoea: mogenvpoBaHue TenaonepeHoca, TONAnBHaA Tabnetka, AMOKCUA ypaHa, KepamuKa
okcuaa bepunnus.
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ABSTRACT

The article presents a mathematical model of coal self-heating in the stack in which the heat exchange and
gas exchange processes are described by a system of two non-linear differential equations of the second
order with respect to the temperature t of coal self-heating and the volume fraction C of oxygen in the voids
of the stack with boundary and initial conditions. The differential equations took into account that self-
heating of coal in the stack and appearance of spontaneous combustion are observed in a relatively small
layer adjacent to the surface of its contact with the air and called the zone of oxygen influence. In the
mathematical model, the influence on the process of coal self-heating of parameter F- specific heat release
power was taken into account, which in addition characterises the stability of coal during storage. When
compiling the differential equations, such physical parameters as thermal conductivity, diffusion coefficient,
specific heat capacity of coal in the stack, bulk density, thermal effect of oxidation, stack voidness,
temperature coefficient of exponential growth of heat release power were also used. For numerical
implementation of the mathematical model, dimensionless variables and criteria were introduced, which
allowed us to apply the net method. Analysis of the obtained results allowed to get: change in the stack
temperature profiles with time; change in the stack oxygen concentration profiles with time; influence on the
stack temperature profile of the specific heat release power; influence on the stack temperature profile of
the parameter characterizing exponential growth of heat release intensity with temperature increase. It has
been determined that the dynamics of coal self-heating in the stack is mostly influenced by the Lykov
criterion, proportional to the diffusion coefficient, and the Nusselt criterion related to the effective thermal
conductivity and to the effective thermal diffusivity of coal. The obtained results suggest that self-heating in
the stack is due on the one hand to intensive penetration of air oxygen and on the other hand to a weakened
heat transfer. Self-heating and the transition of self-heating into ignition are associated with the occurrence
of turbulent diffusion in the stack, arising from increased thermal blowing, whose impact can be enhanced
by directing it perpendicular to the surface of the stack.
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Introduction chemical kinetics, diffusion, filtration, convective

motion, thermal conductivity, moisture exchange.

The theory of heat and mass transfer considers ~ These equations together with initial and boundary
a number of mathematical models in the form of  conditions, determining uniqueness of their
ordinary differential equations and equations of  solution, to a greater or lesser extent reflect those
mathematical physics derived from the laws of  real physical conditions, under which the process
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under study proceeds. This measure, obviously,
depends on the number of considered factors and
details in description of geometry and boundaries of
the environment, in which the process is considered.
The number of considered factors must be sufficient
for the corresponding mathematical model to reflect
essential regularities and features of the process; on
the other hand, the number of considered factors
must not be burdensome for the solution of the
arising problem and visibility of the results of its
solution. This last circumstance is associated with
the so-called simplifying assumptions, which are
accepted in the compilation of mathematical models
and consist in neglecting some factors and
circumstances, the influence of which on the studied
process is either negligible or is such that it does not
change the regularities of the process in principle.

Experimental part

Development of recommendations for
preventing self-heating of coal in stacks requires the
study of heat and gas exchange processes arising
from the chemical reaction of coal oxidation, heat
transfer, diffusion of oxygen and oxidation products.

Figure 1 - Calculation diagram for the heat transfer
equation

It is known [1, 2, 3], that self-heating of coal in
the stack and occurrence of self-ignition s
observed in a relatively small layer adjacent to the
surface of its contact with the air, called the zone of
oxygen influence. Based on the observed values of
coal temperatures in the stack at great depths
obtained in practice, it can be assumed that at a
considerable distance from the surface of the stack
the coal temperature is constant. It gives a reason
to consider the fields of temperature and oxygen

concentration in the stack as one-dimensional,
depending only on the distance x from the surface of
the stack, considered flat (Fig. 1). If we neglect the
influence on the temperature and oxygen
concentration in the zone of oxygen influence of the
values of these values at sufficiently distant points,
we will consider the stack to be unlimitedly
extended in the direction perpendicular to the
bounding surface under the above and some other
natural simplifying assumptions.

The dynamics of the changes in the self-heating
temperature t of the coal and the volume fraction C
of oxygen in the stack cavities are described by a
system of differential equations:

at %t 1 C
=a =+ (o -C—0d>0 exp[S(t—ty)], (1)
aC_ 9*°C 1 C

el DW—H—qPC—O‘Do exp[d(t — to)],

Here a, D are effective thermal diffusivity,
diffusion coefficient respectively, Mm% /c; Cy is specific
heat capacity of the coal in the stack, J /(kg - K); p -
bulk density of coal in the stack, kg/m3; q - thermal
effect of oxidation, J/m?; N - stack voidness; D -
the specific heat release power corresponding to the
initial temperature to and oxygen concentration Co,
W /kg; &8 is temperature coefficient of exponential
growth of heat release power, K. It is common to
characterise the stability of coals during storage by
value @, measured at temperature 70°C [2, 10]. This
value is related to the oxygen sorption rate constant,
known in the theory of self-ignition of industrial
materials, by the simple combination of = C - u q).

Assuming that at the initial moment =0 the
temperature at all points in the stack is the same and
equals t,, we get the initial condition for the
temperature

t/T —0="Y (2)

The boundary condition for temperature is
naturally assumed to correspond to the free heat

transfer between the stack surface and the
environment:
ot _alt—tp) _
Ags /x=0=0 (3)

where A is effective thermal conductivity of coal
in the stack, W / (m - K), ais external heat transfer
coefficient, W /(m? - K).
The second boundary condition is:
t/x — o0 =t (4)
If the volume fraction of oxygen in the ambient
air is Co, the boundary condition for it is

Ce=0="Co (5)
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As for the initial condition for the oxygen
concentration, it would be obviously unnatural to
suggest that it is the same at all distances from the
surface of the stack at the initial moment of time. As
the initial values of the oxygen volume fraction, we
should obviously take those values that are
established in the voids, at the initial temperature
t=to. Such a stationary distribution is described,
under the assumptions made earlier, by the
differential equation derived from the second
equation (1), if there will be assumed t=to, % =0;

d%c
ﬁ—pl'[‘1 A7l q7iC - Cilog =0

A bounded solution of the equation satisfying

condition (5) is the function:

1
C(x) = Coexp[— (pdol™ - A1 - g7 - €5 1)ax]
Thus, we obtain the initial condition for the
oxygen volume fraction:

C/T — o = Coexp[— (»0‘1’01_[_1 Ateqt
1

co-l)zx]. (6)

System (1) under conditions (2) - (6) is solved by
the numerical net method.

When calculating the temperature and oxygen
concentration fields in the stack using the developed
programme, the following parameter values were

recorded:
- initial temperature of coal in the stack

to = 10°C;
- thermal conductivity of coal in the stack 1 =
0 3&.
) (mK)'
- thermal diffusivity of coal in the stacka = 1,7 -
1077 ™,
C )

- stack voidness MN=0,2;
- stack density of coal py, = 1200 kg/m3;
- specific heat capacity C;, = 1400 //(kg - K );
- thermal effect of oxidation g = 12,6 - 106#;
- (oxygen volume fraction) in the ambient air
Co =0,2.
The variables whose influence was studied
varied in the following intervals:
- - ambient air temperature t, =15+
359C;
- - specific heat release rate ®, = 0,02 —
0,10 W/kg;
- exponential rate § = 0,04 +~ 0,09K™%;
- diffusion coefficient D = 0,18 -107% — 0,90 -
10~*m? /c;
- external heat transfer coefficient @ = 2,5 +
250 W/(m? - K).

Figure 2.a - Changes in stack temperature profiles
over time

Figure 2.a. shows changing in stack temperature
profiles over time: 1,2,3,4,5,6,7,8 -T =
5,10,15,20,25,30,40,50 day.

Results and discussion

An analysis of the solutions obtained with the
parameter values typical for brown and bituminous
coals has shown that, in the presence of only
molecular diffusion (D=~0,2:10'm?/s) the self-
heating intensity fades with time, after 30-40 days a
stationary temperature field is established which
remains practically unchanged over time. On fig.1a
shows how the temperature profile in the stack
changes every 5 days (©0=0,06 W/kg, §=0,06 K1,
t, = 15°C).

While at the beginning of the process the
maximum daily increase is 2K, after 15 days it is only
0.4K and on the 30th day it is less than 0.1K. During
the last 30 days, the maximum temperature
increases by no more than 2K. The temperature at
other points in the stack changes even less. The
maximum temperature is set at a distance of 0.4-0.5
m. As the heat release specific power @ and the
temperature coefficient increases § the stationary
maximum temperature rises and shifts slightly
towards the surface of the stack.

XM
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3.0 X u

Figure 2.b - Change in stack oxygen concentration
profiles

Figure 2.b. shows a change in stack oxygen
concentration profiles over time: 1,2,3,4,5,6; T =
5;10; 15; 20; 25; 30 day.

Similarly, a steady-state profile of oxygen
concentration is established, characterised by a
monotonic decrease with distance from the surface
of the cluster (Fig. 2), where the profiles are shown

for ease of comparison C£ The boundary of the
0

oxygen-affected zone is quite clear from the given
profiles. From the given profiles the boundary of the
oxygen influence zone is clearly visible, which in this
case is located at a distance of 0.8 m from the
surface (beyond this boundary the oxygen fraction
does not exceed 1%).

The temperature profile in the stack is most
strongly influenced by variations in the diffusion
coefficient D, which is usually related to wind
influence. Wind blowing on the stack surface leads
to filtration flows, the influence of which on mass
transfer can be accounted for by introducing the
concept of turbulent diffusion. It is known [4, 8] that
turbulent diffusion coefficient can exceed the
molecular diffusion coefficient by tens and even
hundreds times. When considering mass transfer in
porous media it is reasonable to introduce an
effective diffusion coefficient [O,, determining the
cumulative effect of molecular and turbulent
diffusion.

t.C

60

/

j:lf\\\ 13
30V/\\)X// =
Y%M—J

20

10 &s = |
0 1,0 2,0 3,0 XM
Figure 3 - Steady-state self-heating temperature
profiles
Figure 3 is a steady-state self-heating

temperature profiles at different diffusion
coefficients: 1-5D — 1,8,;3,6;5,4;7,2;;9 -
10~*m?/s. It shows the steady-state temperature
profiles at different values of the diffusion
coefficient. In calculating the curves, it is taken into
account that wind blowing on the stack surface
simultaneously with an increase in the diffusion
coefficient leads to an increase in the a external heat
transfer.
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Figure 4 - Diagram of maximum self-heating
temperature variation
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Therefore, with an increase of diffusion
coefficient by a factor of 2, 3, 4, 5 the external heat
transfer coefficient (based on known empirical data
[5, 7] increases by a factor of 5, 15, 40, 100
respectively. Despite such sharp increase of heat
transfer, maximum temperature, as seen from
figure, strongly increases with increase of diffusion
coefficient.

1, 2, 3, 5- D=18;54;7,2,9-10"*m?/
s,ata = 2,5;25;125;2,5(W/m? - K), 4—-D=

-4 2
541" ¢ =15W/m?-K, 6-D=15

—4 2
™. g =2,5W/m?-K.

When the stack surface is exposed to wind, it is
also possible that an increase in the effective
diffusion coefficient occurs without a corresponding
change in the external heat transfer coefficient.
Some of the resulting graphs of the change in

maximum self-heating temperature are shown in
Figure 4. The figure shows that at a < 2,5 % and De

2
>5,4-1074(M /C) there is a progressive increase in
temperature, which is known to be associated with
the transition [6, 9] from self-heating to combustion.

Conclusions

The given results testify to the decisive influence
of wind impact on self-ignition of coal in stacks and
to the effectiveness of fire prevention measures
based on preventing the penetration of air oxygen
into the stack and enhancing heat transfer from its
surface. This explains the measure known from
practice consisting in orienting the long side of the
stack along the heating of the prevailing wind.
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LUtabenbaeri Kemipai e3a4iriHeH Kbi3ablpyablH MaTeMaTUKaNbIK moaeni

AxmeTtos K.M, LLanxosa I'.C, }Xypos B.B, Xmbiposa E. H, ApynnuHa A.P

KaparaHObl mexHuUKanolK yHugepcumemi, KaparaHobl Kaaacsl, Kazakcma

TYWNIHAEME

Byn makanafa lekapanbik kaHe 6actankpl afganapga wrabenbdid, KybiCTapbliHAafbl OTTeriHiH, C

Kenempaik yneci MeH KemipAiH e34iriHeH Kbi3yblHbIH, t TeMnepaTypacbiHa KaTbICTbl Kbly XaHe ra3 aamacy

npouectepi eKiHwWi peTTi CbI3bIKTbl emec eki AuddepeHUManabik TeHAeyNep XKyheciMeH cunaTTanaTbiH

KeMIpAiH, e34iriHeH Kbi3yblHbIH, MaTemaTUKanblK mogeni KenTtipinreH. AubdepeHumanabik TeHaeynepai

Makana kengi: 20 cayip 2021
CapantamagaH eTTi: 23 maycbim 2021
Kabbingangpbl: 11 mamerz 2021

KypacTbipy Ke3iHae wrabenbaeri Komipain e34iriHeH Kbi3ybl KaHe e34iriHeH XaHyAblH, naiaa 60aybl, OHbIH,
ayameH YKaHacy beTiHe YKaKblH OpHaNacKaH »KaHe OTTeriHiH, acep eTy ailimafbl Aen aTanaTbiH KaTapablH,
MeALepiMeH canbiCTbipFaH4a CcanbiCTbipManbl TypAe a3 Kabatra 6aiikanaTtbiHAbIFbl eckepineai. byn

MaTemaTUKanblK MOAEeNbAe KypacTblpy KesiHAe KeMipAiH, OPHbIKTbIIbIFbIH CUMMATTANTbIH @ - Kby

WbIFAPYAbIH, MEHLUIKTI KyaTbl MapameTpiHiH, KemipaiH, e3iHAiK Kbi3Ablpy npoueciHe acepi eckepingi.

OnddepeHumangplk TeHAeynepai KypacTblpy KesiHAe Temnepatypa MeH OTKI3riwTiK, auddysun

K03bduumeHTi, wTabenbaeri KOMIPAiH, MEHLUIKTI ¥KblNy CbIAbIMAbINbIFbI, CYCbIMabl TbIFbI3AbIK, TOTbIFYAbIH,

by acepi, KaTapAapblH, 60C 60YbI, XKbiNy WbIFAPY KyaTbiHbIH, SKCNOHEHLMANAbI OCYiHiH TemnepaTypanbik

KO3bPUUMEHTI cuaKTbl GU3MKaNbIK NapameTpaep KongaHbiigbl. Ocbl mMaTemaTMKablK MOAENbAi icke

acblpy YWiH enwemci3 aiHbiMmanblnap eHrisingi, 6yn Top a4iciH KongaHyfa MyMKiHAIK 6epeai. AnbiHFaH

HOTUXKenepai Tangay Keneci HaTwKenepai anyfa MYMKIHAIK 6epai: yakbIT eTe Kene TemnepaTtypa

npodunbaepiHiH, e3repyi; KaTapAafbl OTTEr KOHLEHTPAUMACBIHbIH, NPOodUAbAEPiHiH, YaKbIT eTe Kene

o3repyi; Kby LWbIFAPYAblH, MEHWIKTi KyaTblHblH KaTapblHAafbl TemnepaTtypa npoduniHe acepi,

TemMMepaTypaHblH, YKOFAapbIMAybIMEH Kby LWbIFAPY KaPKbIHABIIbIFbIHBIH, SKCMOHEHUMANABIK  ©CYiH
CUMNATTalTbIH NapameTpaiH, TemnepaTypa npoduniHe acepi. JIbIKOBTbIH, AMbdy3ua KoaddUUMeHTIHe

nponopLuoHanabl Kputepuiinepi kaHe HyccenbTTiH, TUIMAI KblNy OTKI3riWTIriMeH XaHe KemipaiH, Tnimai

TemnepaTypasnbik

oTKi3riwTirimeH

6aNNaHbICTbl  KPUTEpPUINEpPi  KeMIipAiH, ©34iriHEH  Kbl3ybIHbIH,

AVHAMUKacblHA €H, Ken acep eTeTiHi aHbIKTanAbl. ANbIHFAH HITUXKeNep KaTapAblH, ©3iHAIK Kbl3ybl 6ip

)KafblHaH aya OTTEriCiHiH, KapKblHAbI €HYIMEH, an eKiHWi afblHaH 3/CipereH Kbliy KabblngafbillKa

6aiinaHbICTbl Aen aluTyFa MYMKIHAIK 6epegi. O3iHAIK Kbi3AbIpYy KaHe ©3iHAIK Kbl3ablpyAblH, OTKa aybiCybl

—— g4 ——
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MKbINYy COKKbICbIHbIH, Kylletoi KesiHge naipa 6onatbiH TypbyneHTTi aAnddysuaHbiH naiga 6onybimeH
6aiinaHbICTbl, OHbIH, acepi WTabenbaiH, 6eTiHe nepneHanKynap 6arbITTa Kywwenyi MymKiH.

TyiiiH ce30ep: e3airiHeH TyTaHy, wWTabenb, WwWTabenbaeri ©34iriHeH Kbidy, Xblly a/iMacy KaHe ra3 aamacy
npouecrepi, KOMIpAiH 634iriHeH Kbiybl.
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MaTtematnueckaa mogenb caMoHarpeBaHuA yrna B wrabene

AxmeTtos K.M, LLanxosa I'.C, }Kypos B.B, Xmbiposa E. H, AAipynnuHa A.P

KapazaHduHckuli mexHu4eckuli yHusepcumem, Kazaxcma

AHHOTAUMUA

B AaHHOI cTaTbe MPMBOAMTCA MaTemMaTUYecKas MOLEe/b CaMoHarpeBaHus yras B8 wrabese, B KOTOPOit
Ten1006MeHHble 1 ra3006MeHHbIE NPOLLECCh OMMUCaHbI CUCTEMOW ABYX HENMHENHbIX AnddepeHLmanbHbIX
ypaBHEHWI BTOPOro nopsjKa OTHCUTEIbHO TemnepaTypbl t camoHarpeBaHusa yraa u obbemHoi gonm C
KMcnopopa B nyctoTax lWTabens C rpaHUYHbIMKM M HayanbHbIMM ycioBuAMMU. [pU  cocTaBneHUU
anddepeHumanbHbIX YpaBHEHUI YYUTLIBASIOCh, YTO CaMOHarpesaHue yras B WwWrabese v BO3HUKHOBEHUE

MNoctynuna: 20 anpensa 2021 04YaroB CamoBO3ropaHua Hab1lAAETCA B CPABHUTENIBHO HEGO/IbLLIOM MO CPaBHEHMIO C pasmepamu Wwrtabens
PeueH3nposaHue: 23 urona 2021 CNoe, MPUMbIKAIOWEM K MOBEPXHOCTU  €ro COMPUKOCHOBEHMSA C BO3AYXOM M HA3blBAEMOM 30HOW
MpuHAaTa B Nneyvatb: 11 ageycma 2021 KUCNOPOAHOrO BAWAHWA. B AaHHOW MaTemaTUyeckoW MOAEeNM Y4YuTbiBaNoCb BAMAHME Ha npouecc

camoHarpeBaHusa yrna napametpa ®-yaenbHONW MOLLHOCTU TEM/OBbIAENEHUA, KOTOpas K TOMy e
XapaKTepusyeT yCTOMYMBOCTb YrAA Npu xpaHeHuw. MNpu coctasneHnn anddepeHumanbHbIX ypaBHEHWU
MCMONb30Ba/IUCh TaK¥Ke Takue du3nyYeckne napameTpbl Kak TemnepaTypo-npoBOAHOCTb, KO3bPULMEHT
onddysnu, yaenbHas TENN0EMKOCTb YA B WTabesie, HacbiMHas NA0THOCTb, TeN10BOW 3GGEKT OKMUCEHMS,
NyCcTOTHOCTb  WTabens, TemnepaTypHbld  KOIGUUMEHT  IKCMOHEHLMANbHOMO  POCTa  MOLLHOCTM
TennosbiaeneHuna. [ina YUCNeHHOW peanusaumy AAHHOM MaTeMaTUyeckon mopenn 6biav BBeAeHbl
6e3pasmepHble NepemMeHHbIE U KPUTEPUU, YTO NO3BOANNO NPUMEHUTL METOA, CETOK. AHANIU3 NONYYEHHbIX
pesynbTaToB NO3BOMMA MONYYUTb: M3MeHeHue npoduneit Temnepatypbl B WTabene co BpemeHem;
n3MeHeHne npoduneit KOHUEHTpaumMn Kucnopofa B wTabene co BpemeHeMm; BAMAHWE Ha MNpodunb
Temnepatypsl B WTabene yaenbHON MOLWHOCTU TENNOBLIAENEHUSA; BAUAHUE HA NPodUnb TemnepaTtypbl B
wrabene napameTpa, XapaKTePU3YIOLLEro SKCMOHEHLMANbHDBIA POCT MHTEHCMBHOCTU TENNOBbIAENEHUA C
poCTOM TemnepaTtypbl. YCTaHOBNEHO, YTO HaMbONbLIOE BAUAHWE HA AMHAMUKY CAaMOHArpeBaHus yria B
wrabene OKasblBAOT KpuTepuit JIbIKOBa, NPOMNOPLMOHaNbHbIA KO3IpdUUMEHTY anddy3umn, U Kputepuit
HyccenbTa, CBA3aHHbIN c 3ddeKTnBHOM TEN0NPOBOAHOCTbIO " c abdeKTnBHOM
TEMNepaTyponpoBOAHOCTbIO  yraA.  [MonyyeHHble  pe3ynbTaTbl  MO3BOAAIOT  YTBEPNKAATb,  4TO
camoHarpeBaHue B LuTabene CBA3AHO C OAHON CTOPOHbI UHTEHCUMBHBIM MPOHWKHOBEHUEM KUCA0POAa
BO34yXa, a C APYrol CTOPOHbl — ocnabneHHbim TennooTsogom. CamoHarpeBaHMe W Mepexog,
CaMOHarpeBaHWs B BO3ropaHWe CBA3aHO C BO3HUKHOBEHMeM B lTabene TypbyneHTHoOU Auddysum,
BO3HMKAlOWEN NpU ycuneHun Tennosoro obayBa, BAMAHWE KOTOPOrO MOXKeT ObiTb yCWneHo npu
HanpaB/AIeHHOCTU NepneHAMKYAAPHO K NOBEPXHOCTM WTabens.

KnioueBble cnoBa: camoBosropaHusa, lwTabenb, camoHarpesBaHve B LTabene, TennoobmeHHble U
razoobMeHHble NpoLLecchbl, CaMOHarpeBaHua yraa.
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Recovery of niobium from wastes generated in titanium production by
cation exchange sorbents
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ABSTRACT
This article presents the technology of niobium recovery by processing of chloride residues generated
during the chlorination of titanium slags. For waste processing, a two-stage leaching technology is

Received: 25 May 2021 proposed. Water is used at the first stage of leaching and hydrochloric acid 4.0 M is used at the second
Peer reviewed: 14 July 2021 stage. For the purpose of sorption of niobium from the solution composition obtained during leaching,
Accepted: 17 August 2021 cation-exchange sorbents Purolite-C104 and KU-2-8 H were used. By the usage of Purolite-C104 ion

exchange resin the sorption efficiency of niobium from a solution with a concentration of 2 g/l was
about 71.0 % (0.071 g/g) in 3.5 hours, while for KU-2-8 H ion exchange resin, sorption efficiency was
about 89.0 % (0.089 g/g).

Keywords: chloride wastes, leaching, niobium sorption, cation exchange sorbents.
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TYWNIHAEME

Makanaga TMTaH WAaKTapblH XJ0paay NpoueciHae Ty3ineTiH XA0pAblK KanablKTapabl eHaey apKbibl
HWOBMUI KOHLEHTPATbIH any TEeXHOMOrUACbl cunaTtTanFaH. KanapikTrapabl eHAey YWiH eki caTtbiibl
Wwalrmanay TeXHONOrMACbl YCbIHbINAAbI, WakmanayablH, GipiHWIi caTbiCblHAA@ Cy KOALAHbINCA, eKiHLWi
catbiga 4,0 M Ty3 KblWKblIbl KOngaHblnaapl. LWaimanay npoueciHae anblHFaH epiTiHAi KypambliHaH
HWobuiai copbumanay makcatbiHga Purolite-C104 xaHe KU-2-8 H KaTMOH anmacywbl copbeHTTepi
KongaHbiiabl. Purolite-C104 voH anmacy WanbipblH KOMA4aHY KesiHAe 2 /A KOHUeHTpaumsbl
epiTiHAIAEeH HMOBWIA copbumACbIHbIH, KepceTkiwi 3,5 caratta 71,0 % (0,071 r/r) wamacbiHaa 6onca, KU-
2-8 H voH anmacy Wwaiibipbl KoNaHbFaHAa 6yn kepceTkiw 89.0 % (0.089 r/r) wamacbiHga 6ongpl.
TyliiH ce30ep: xNOpPUATI KaNAbIKTap, Wamanay, HIObU copbLMACHI, KATUOH anmacy copbeHTTepi.
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Kipicne

Hnobuin - Kep KbIpTbiCbIHAAFbI Maccachl

KasakcTaHga  TUTaH  KOHLEHTpaTTapblH
eHaey YLWiH MarHui TEPMUABIK
TOTbIKCbI3AaHAbIPyFa HerisgenreH Kponb agici

2:10° % KypaitTbiH, 6asKy TemnepaTypachl }ofapbl
meTann [1, 2]. 9onemaeri eHaipineTiH HHo6buMAiH, 90
%-Fa Kyblfbl 60NAT BHAiPICI YWIiH nakganaHbliagbl.

CoHbIMeH KaTap, HMOBMIA] paKkeTa KypacTbipy,
fapblll  KaHe aye TexHMKanapbiHAa, aTom
3HepreTUKacbiHAa, paguoTexHnKaaa,

3/IEKTPOHUKAAA KIHE XUMMUANDIK BHAiIpicTe KeHiHeH
narganaHagsbi.

Huobuinaiy, 150-aeH actam mMuHepangapsbl
6enrini. H1obMit meTanbiHbIH, MaHbI3abl epeKLiniri —
OUBUKA-XUMUANDBIK KacMeTi TUTaHFa KaKblHAbIFbl
KoHe TUTaHMeH reTepoBaneHTTi usomopdusmre
KabinetTiniri 6onbin Tabblnagbl. byn TMTaHmeH bGipre
KesgeceTiH HMOBWI MUHepangapbiHbIH, Ty3inyiHe,
COHbIMEH KaTap TUTaH MMHepangapbiHAa HUOOWI
KOCManapblHblH, Nnanga 6onybiHa ceben 6onaapi.
TexHMKanblK-24ebn aepeKkTepre camkec, HMOOUM
eHAipiciHe 3KOHOMMKAbIK, TMimai 60/1bIN
CaHanaTtblH TeK eKi MWHepangblk Ton 6ap, onap
TUTaHOHWOGaTTap TaHTasoHMobatTap) [2, 3]. Con
cebenTi, TWUTaH MMHepangapbl KoHe TUTaH
OHAIpICiHIH KanablKkTapbl HAOBWUI eHAipiCiHiH, Heri3ri
LWMKi3aT Ke3aepiHiH, 6ipi 6onbin Tabblnagpl [3, 4, 5].

Ko/i4aHblnaabl. ATanfaH a4icTi KongaHy 6apbicbiHAA
Ken meswepae Kanablk Ty3ineai, TuUTaHHbIH 1
TOHHacblH eHAipy bapbicbiHAA  WamameH 2
TOHHagam xnopuaTi KanablikTap Ty3ineai. OcblfaH
6ainaHbICTbI, xnopug, KaNAablKTapbIH
3aMancbi3faHabIpy KakeTTiniri TybiHAanuawl [6,7].
OPTYpAi xnopuaTiK KangblkTap (nanganaHbiifFaH
3/IeKTPONNTTEP, 6ankbpimanap, wnamaap)
KanAablKTap MNOJIMTOHbIHA@ NaKTbIpblbIM, LWWKI3aT
peTiHae  KOA4aHbIIMAWUTbIHABIKTAH  KOpluafaH
opTafa 3uAHbIH Turizeai. byn KangblKTapabliH,
3MAHbIH HaKTbIPaK TYCiHAIPY YLWiH Kenecigen mbican
Kentipyre 6onagpl: TUTAH  X10PATOPNAPbIHbIH,
KangblKTblK, OanKbimanapbliHbIH, CyMeH KaTblHachbl
1:2 meswepiHae lWarmanafaHHbIH, e3iHae
aNblHATbIH epiTiHAiHIH pH-b1 1.0-1.2 menwepiHgeri
KbILKbIA epiTiHginep anbiHagbl. Ocblg4aH KeniH-akK,
Tabwusun Kafganpa MblHAAFaH TOHHA KaagblKTapablH,
YCTiHe »KayaTblH *KaHOblp MeH Kap Cy/apbiHbIH
9CepiHeH Ty3iNeTiH KbIWKbIA epiTiHainepAaiH, 3UAHbIH
Wwamasnayfa bonaabl.

TuTaH  ©HepKacCibiHiH,  KanablKTapbIH
KeleHai KanTa eHaey mMaceneci — y3aK yaKbITTaH
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6epi TanKkblnaHbin Kenepi. Kanablktapabl HUMOGWUIA
OHAIpICiHIH WKKi3aTbl peTiHae naiiaanaHy 6afbiTbl
Y/IKeH KbI3bIFYLUbIAbIK  TyAblpagbl. Cebebi,
KYpamblHAQ HUMOOMNAIH KETKiNikTi menwepi b6ap
TUTAH OHAIpPICIHIH, KanablKTapbl b6eTTiK KabaTTta

Kesmeceni aHe cyAa XKakcbl epupai. ATanfaH
MaHbI3abl  cunaTTamanap  eHAipicTiH,  e3iHAiK
KYHbIHbIH, TeMeHaeyiHe aKenepqi. OcblfaH

6aliNaHbICTbl TUTAH - OHAIPICIHIH KanAbIKTapbIH
KalTa eHaey - MEepPCrneKTUBTI YKaHEe ©3eKTi
6afbIT 601bIN TabblNAAbI.
Huobuiai eHgipy npoueciHae TyHAbIpy [8]
KOHe 3KCTpakuuanay agictepi KongaHblnagbl [9,
10]. bipak, HMObBMKAi wWaMmanay npOLECiHiH,
epiTiHAINepiHEH TYHABIPY K3He 3KCTpaKkumanay
aaicTtepi apKbiabl 6enin any KbiMbaT »KaHe TUimcis
aaictep. CoHAbIKTaH, HMOBMIA] epiTiHAiNepaeH
copbuma apicimeH 6enin any npoueci - 6Hacka
9/iCTEPMEH CanbICTbipFaHAa Y/IKEH MaHblI3fa Me.
MoHanmacy npouecTepiHiH, ap3aHAblfbl,
cenektusTiniri [11], CcUAKTbI apTbIKWbIIbIKTapbliHA
6ainaHbICTbl 0N HNOBUIAT Benin any ywiH Konannbl
aaic 6onbin caHanagpl. MoH anmacy npouecTepiH
3KCTPAKUMAMEH  canbiCTbipfaHaa  ¢asanapabiH,
beniHy OapbicbiHAA  €WKaHAan  KUbIHAbIKTap
60NMANTBIHABIKTAH XoHe YWiHWi dpasza Ty3inmenTiH
apPTbIKWbIbIKTAPbIHA ~ BalinaHbICTbl  epiTiHaigeri
KOHLEHTPAUMACbI TeMeH MmeTangapabl 6enin any
yWwiH eTe Tuimgi oapic 6Honbin  ecentenep,.
Copbumsanbik npoLecTepaiH, aTanfaH
APTbIKLWbINbIKTAPbIHA  6alinaHbICTbl, 34ICTI TUTaH
OHAIpICiHIH  KanablKTapblHaH  HMOBWIK  eHAajipy
MaKcaTblHAA 3epTTey KaxKeTTiniri TybIHaanabl.
Huobuinai copbuuanay 6oliblHLWa
XKYPri3inreH KenTereH 3epTTey KYMbICTapbIHbIH,
bacbim benirinae Mmoaenbaik epiTiHainep
KOoNZaHblnagbl [22]. CoHAbIKTaH, OoHAam
3epTTeynepaid  Kenuwiniri  eHaipicte  wekTeyni
KOoNAaHblnaapl, cebebi eHaipicTe anblHFaH
Wwarmanay nNpoUECiHiH,  epiTiHainepi  Kypambl
6oibiHLWa KypAaeni }aHe bipHelle meTann MoHAAPbI
meH 6acKka JfacTaywbl 3atTapgaH Typagbl. Con
cebenteH HuMobWMMAai any ywWiH copbumanbIK

Kecte 1 - TuTaH KangplKTapblHbIH, XUMUANLIK Kypambl

NPOLLECTiH, KONAAHbINY aACbIH KBPCETY MaKCcaTblHAQ,
HaKTbl Wwanmanay epiTiHainepiH KongaHyfa
KaTbICTbl 3epTTeyfaep XKyprisy KaxeT. TyblHAafaH
OCblHAAN KaKeTTifikTepre 6alnaHbICTbl,  TUTaH
OHAipiCiHiH KanablKTapblHaH HWMOOMNAI KaTWUOH
asimacyLwbl copbeHTTEpMEH copbumanay
KapacTbipbl/ibin, 3epTTeneTiH copbeHTTep peTiHae
Purolite-C104 xxoHe KU-2-8 noH anmacy copbeHTTepi
TaHganapl. [pouecke oacep eTeTiH  epiTiHAi
KOHLEHTPALMACbI MEH YaKbIT CUAKTbl 2pTYpAi
Kynenik  napameTpnepaiH  acepi  3epTrTenin,
HaTUKenepi TaNKblAaHAbI.

KonpaHbinFaH matepuangap

3epTTey *KYMbICTapbIHAA HUOBUINAiH,
WWKi3aTbl peTiHae TUTAH 6HAIPICIHIH KangblKTbIK,
6ankbiManapsl KON4aHbINAbI. KanapIKTbIK,
maTepuangap KypamblHAAFbl  KOMMOHEHTTEPAiH,
bacbim 6eniri xnopuartik ¢dopmaga Kesgeceqi.
Wanmanay npoueciHiH, anablHAa  TaHAaNfaH
CblHAMafa XMMUANbIK Tanaay KyMbICTapbl XKyprizinin
KYPamMbIHAAFbl MeTann-aNeMeHTTepAiH, Naibi3ablK,
menwepi aHbIKTaNAbI. Xumuanelk,  Tangay
KYMbICTAPbIHbIH, HITUXKECI TemeHaeri 1-
KecTeae KepceTiareH. Kangplk KypamblHAaFbl HEri3ri
3/IeMeHTTep peTiHAe HATPWI, Kaauih, KemipTeri,
TEMIP KoHe KpemHuiai aTayfa 6onaabl. bactankpl
KangblK KypamblHAafbl HMO6MI menwepi 0.009 %-
AObl Kypagbl.

LWalimanay xaHe copbuma npouectepiHeH
KeMiH anblHfaH epiTiHginep KypambliHAAFbl HMOOWI
KoHueHTpaumacbl  «Kas®eppoCranb»  KLIC-ge
KO/N4aHblNATblH, 31eMeHTTepai Tangayfa apHanfaH

iCAP 7000 Series ICP  cneKtpomeTpi apKbl/bl
TangaHapl.
LWanmanay NPOUECIHIH epiTiHAiciHeH

HMobunai copbumsnay ywiH  KU-2-8 H KaHe
Purolite-C104 KaTWMoOH anmacylbl copbeHTTep
KoNgaHbinabl. WMOH anmacy  walblpaapbliHbIH,
OUBNKA-XMMUANBIK KAaCMETTEPI MEH CMMaTTamaiapsbl
2-WWi KecTeae KepceTinreH.

Ne dnemeHT Kypambl,% Ne | dnemeHT Kypambl,% Ne SnemeHT Kypambl, %
1 Nb 0.009 6 K 10.7 11 Mn 1.80
2 Ta 0.001 7 Mg 4.61 12 Al 0.71
3 Ti 1.85 8 C 6.53 13 Cr 1.62
4 Fe 7.42 9 Si 5.18 14 Sc 0.014
5 Na 19.1 10 Ca 0.85 15 Cd 1.12
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Kecte 2 - MoH animacy waibipaapbiHblH, GU3NKO-XMMUANBIK KacMeTTepi MeH cMnaTTamanapbl

NoH . CbllbIMAbIN
Oprawa besweKTiH,
A/IMaCTbIPFbIL . . bIfbl,
o Typi e/wemi, Matpuua TbIFbI3AbIfbl,
LWanbIpAblH, aKB/n
MM r/mn
aTaybl
MakpokKeyekTi ancis Ctupon-
Purolite-C104 Heri3aik 0.6 -0.85 AVBUHUNBEH30N 1.04 1.30
KaTMOHA/IMACTbIPFbILU cononmmepi
MakpoKeyekTi KyLuTi 0315 Ctvnpon-
KU-2-8 H Heri3aik '1 25 ANBUHUNBEH30N 0.75-0.8 1.9
KaTMOHA/IMACTbIPFbILL ) conoanmepi
TumaH xriopamopbIHbIH KasiobiK
b6anKbpimMachl
CymeH watmanay
(T=25-30 C, K:C =1:4, t =20 muwn, 400 atin/ymun )
| Cysy |
]
Ualmanay npoyeciHiH HuobutimeH 6atisimsirraHd
©HIMOI epimiHOici Kekx
(Na,Mg,K,Ca, Fe, Al, Cd, Sc, Cr, Mn) (Nb, Ta, C, Si, Ti)
CkaHOultdi akcmpakuusinay KblwkbinimeH waumanay
JKOHEe KapHasi/ium cuHmesi (T= 80 °C, K:C =1:2, t =60 run, 400 adirdriun )
I Cyay |
Lagmanay ripoyeciHiH ¢
©HIiMOi epimiHici DT
(Nb,Ta) (C, Si, Ti)
Nb,Ta copbyusicbi! |
Cypert 1 - EKi caTbinibl CyMeH LWanmanay nNpoLeciHiH, TeXHONOrMANbIK cynbachl
OHiMAiK Wwamanay epiTiHAiciH AaubIHAAY CymeH waimanay npoueciHeH  KeWiH,

KypambiHaa HMOBUN  Bap  epiTiHAjHI
hanblHAAY YWiH €Ki caTbinbl Walkmanay npoueci
Kyprisingi. EKi caTblNibl WwarimanayabiH
TEXHONIOTUANDBIK, cynbachl 1-Wi cypeTre KOpCeTiareH.
BipiHwi catbiga (> 0,5 mm) enwemre aenin
yCaKTaffaH TUTaH X10PATOPNAPbIHbIH, KaAAbIKTbIK
6ankbiManapbiHblH, CbiHamanapbl (100r) cymeH
Wwanmananabl. Warimanay Taxkipubenepi 500 mn
acTbl AeHreneKk Konbanapaa *Kyprisingi. LWanmanay
npoueci 252C-ta, K:C KaTbiHacel 1:4 menwepiHae
oHe apanactblpy Xblngamapiebl 400 aitH/mMuH
KesiHae Xyprisingi.

lanmanay epiTiHaici MeH HUObUiire 6alt KanaplKTbl
6enin any ywiH nyabnaHbl cy3y NpoueciHe xibepaiK.
AnblHfaH WaMMmanay epiTiHAici CKaHAWI  KaHe
KapHanauT any npoueccrepiHe xibepingi. Epimeren
KEK KypaMblHaH KbIWKbI KandblfblH O YLWiH
OVUCTUNAEHTEH CYMEeH LWaMbIn, KenTipin, maccacblH
aHbIKTafaHHAH KeWiH apbl Kapalh eKiHwi caTblga
KbILKbIIMEH LaMManay npoueciHe Kibepinai.
EKiHWI caTblAafbl KbIWKbIAABIK WaiManay KesiHge
TY3 KbILWKbIIbIHbIH, KOHUEHTpauuacel 4,0 monb/n
6onabl.  Walimanay aHaaumukaaelK masa Ty3
KbIWKbIIbIMEH KaHe AUCTeNAEHTeH CyAbl KONAaHy
APKbI/Ibl Ky3€ere acblpblaabl.

— 100——
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KbIWKbINABIK, lwanmanay 6oMbIHLWWA
XYPrisinreH skcnepumeHTTep 6ynaHyablH, acepiHeH
WbIFbIH 60IMAC YUWiH TOHA3bITKbIWbI 6ap MarHUTTI

apanacTblpFbiLL navtaga TemnepaTtypachl
peTttenetiH Konbaga (cobiibimapinbiFbl 250 mn)
Kyprisingi.

LWakmanay yakbiTbl 6ipiHWi caTblAa anblHFaH
KeK NeH Ty3 KbIWKbINbl €PITIHAICIHIH YATICIH blAbICKA
canfaHHaH bactan ecentengi. Wanmanay npoueci
blabicTa 80°C TemnepaTypaHbl TypaKTbl ycTan
TYpPaTblH Cy/bl TepMOCTaTTa XKyprisingi. Wanmanay
npoueciHae C:K KatblHacbl 2:1 KoHE arutaumAanblK
apanacrtbipy KblNgaMAaplfbl 400 anH/MUH
Xblngamabikta 6ongbl.  Mpouecc asKTanfaHHaH
KeMiH bICTbIK €epiTiHAI Ccy3rigeH eTKisinin, KatTbl
KangblK  TypakTbl Canmak,  anblHFaHwa 70°C
TemnepaTtypacbiHAa KenTiping,.

Hatuxkenep meH Tankbinay

EKiHWI caTblgafbl KbIWKbIIMEH LWalkimanay
epiTiHainepiH Tanpay HaTwkenepi epitiHaigeri
HUMOBUINAIH, KOHueHTpauuacbkl 2.0 © /n  eKeHiH
KepceTTi. Hnobuiaix, epitiHgire ety aspexeci 94 %
mesnlwepiHae 6onabl.  Huobuin (V)  xnopupg
WOHAAPbIHbIH,  3KCTPAKLMACbIH 3epTTey KesiHae,
astopnap HCI<5 Mmonb/n KafoalbiHaa HWMOBWIA

KaTuoHAbIK Typae, an HCI>5 monb/n »afaainbiHaa

HMOOMN  aHWOHAbIK  Typae  60naTbiHAbIFbIH
aHbikTafaH [13]. OcbifaH 6alnaHbIcTbl, 6i34iH,
*KaFganaa epiTiHaigeri Ty3 KbILWKbINbIHbIH,
KOHUeHTpauuackl 4,0 monb/n  6onFaHAbIKTaH,

KaTUOH a/iIMacyLibl MOHUTTEP KOAAAHbIAAbI.

Mpoyecc y3akmoirbiHbiY, acepi. KU-2-8 H
oHe Purolite-C104 wvoH anmacy LwWanblipaapsl
6oMbIHLWA HMOBUIMAH, copbuuncel benme
TemnepaTtypacbiHAa, NpOLECTiH, apTypAi
y3aKTbifbiHAa (0,5-3,5 caF) }kaHe HMoBUIAiH, apTYpAI
6acTankbl KoHUeHTpauuacbiHaa (1,0, 1,5 xaHe 2,0
r/n) wyprizingi. AnbiHFaH HaTUKenep 2-cypetre
KepcetinreH. Copbuma  nNpoueciHiH,  TUiMmAiniri
NMPOLIeCC Y3aKTbIFbl MeH epiTiHAiHiH, 6acTankbl
KOHLLEHTPALMACHIHbIH, ecyiHe 6annaHbICTbI
apTaTbiHAbIFbl 6alikanabl. Purolite-C104 noH anmacy
LanbIPbIH KOonaaHy KesiHae 1,0 r/n
KOHUEHTPAUMACHl KesiHae copbumsanay Aspereci
50,0 % (0,025 r/r), 1,5 r/n KoHUEHTpaLMACHI KesiHae
59,0% (0,045 r/r) »kaHe 2 r/n KOHUEHTpauuAChHI
KesiHae, HMobunaiH, copbuMACbIHbIH, KepceTKilli
71,0 % (0,071 r/r) wamacbiHaa 6onapl. KU-2-8 H noH
aZimacy wWanblpbl YWiH COPOUMAHbIH, KepceTKilli
TuiciHwe 65,1 % (0.033 r/r), 78,1 % (0.059 r/r) xaHe
89.0 % (0.089 r/r) wamacbiHaa 6onabl.
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Cypert 2 - Purolite-C104 (a) »koHe KU-2-8 H (b) KaTMOHAbI MOH aimacy LWanbipAapbiHbIH, HUOBUIAAIH,
aacopbumAChbIHA YaKbITTbIH, acepi

CoHbIMeH KaTap KOHLeHTpaumanap ap TypAi
60nca fa yKcac TeHAeHUMAHbI KepceTTi, copbuusanay
TMimginiri 6actankbl 1 cafaTTa KypT ecyimeH
cunaTtangbl. CofaH KelliH 0N canbICTbipManbl TYpae
TOMEeH TUIMAiNiK KepceTin, COHbIHAA 3 caFfaTTaH
KeliH copbumanay JspexkeciHae anTapbiKTai
e3repic bakanmagpbl.

byn CbIPTKblI
anddysuaHbiH - 6eTki

beTKke bafbiTTanfaH
KabaTTaH MOH AApPOCbIHA

b6arbiTTanfaH guddysmnsaaH Kblagam KypeTiHAiriH
KepceTes,.
KopbITbIHAbI

WyprisinreH  3epTTey  XKYMbICTapbIHbIH,
HITU}KeCIHAEe TUTAH OHAIPICIHIH, KanablKTapbliHAH
HMOOMNAI  rMOpPOMETANNYPrUA/bIK — 34icTepMeH
6enin any TeXHONOMMUACHI Kacangbl.

— 10—/
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*acanfaH TEeXHO/10runs
NUPOMETANNYPIUANDBIK NPOLECTEePAiH, OKTbIFbIHA
oHe ¢Top KbIWKbIIbIH KONAAHOANUTbIHAbIFbIHA
balinaHbICcTbl  TMiMAI  aaic  6onbin  Tabblnagpl.
Copbums npoueciHiH, 94 % - [4blK KoFapbl
KepceTKiliHe 6ainaHbICTbl, »KacaafaH A4iCTi TUTaH

eHAipiciHiH 6acka [Aa KanablKTapblH eHaeyre
Ko/i4aHyFa 6bonagpl.

Myapnenep KalLWbINbIfbl. BapnbliK,
aBTOp/apAblH, aTblHAH  KOPPECMOHAEHT  aBTOp
Mmyagenep KauwbinbiFbl  (KOHPAMKT) KoK Aen

manimaenai.
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M3BneueHne HMobuAa us oTXoA40B TUTAHOBOIO NponsBoACTBa C NOMOLbIO

KaTMOHOOOMeHHbIX copbeHTOoB
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AHHOTALMA

B cTaTbe onucaHa TEXHONOMMA NOAYYEHUA HUOBMEBOrO KOHLEHTPaTa NyTem nepepaboTku XN0pUAHbIX
0TX04,0B, 06Pa3yHOLMXCA B MPOLECCE XNIOPUPOBAHUA TUTAHOBBIX LWAKOB. 18 nepepaboTKM 0TX0L08
npegnaraeTca ABYXCTyrneHYaTas TEXHO/OMMA BbllefaynmBaHuA. Ha nepBoit cTaguu BbllenaymMBaHun
ncnonb3yetca Boga, Ha BTopoit — pacteop 4,0 M consHol kKncnotbl. C Lenbio nposegeHns copbumn
HMOBMA M3  pacTBOpa, MONYYEHHOrO B MPOLECCE  BbllenaynBaHusa, 6biAM  UCMO/b30BaHbI
KaTMOHOOBbMeHHble copbeHTbl Purolite-C104 n KU-2-8 H. Mpu ncnonb3oBaHWM MOHOOBMEHHOM CMOAbI
Purolite-C104 nokasatenb copbuum H1MOBMA U3 pacTBopa C KOHLEeHTpauueit 2 r/n 3a 3,5 yaca coctasnsan
okosno 71,0 % (0,071 r/r), ans noHoobmeHHom cmosnbl KU-2-8 H 3TOT nokasaTenb coctaBasa okoso 89,0
% (0,089 r/r).
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