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The removal of arsenic from the technological circulation of metallurgical enterprises is a technologically
necessary process, leading from year to year to the formation of new volumes of arsenic-containing objects.
One of the forms of extracting arsenic from the production stage is arsenates of various metals, which are
difficult and poorly soluble compounds. This approach also does not solve environmental issues in general. Thus,
titanium arsenates under storage and burial conditions are subject to hydrolysis, which leads to gradual pollution
and poisoning of the environment with arsenic-containing compounds. The practical value of titanium and its
compounds in economic activities forces us to look for ways to rationally use arsenic-containing titanium compounds.

The article is the first to carry out a thermodynamic analysis of the behavior of arsenic and titanium based
on potential-pH diagrams and partial pressures. The course and directions of chemical reactions in titanium-
and arsenic-containing systems, the conditions for the stability of their constituent phases, the thermodynamic
parameters of the behavior of the participating components, their compounds, the range of their stability, and the
redox processes of the formation of chemical products have been studied.

The regions of existence of titanium arsenate are determined, and chemical and electrode reactions for the
production of titanium arsenate from titanium and arsenic compounds are considered. The results of the work
confirm both the effectiveness of using titanium compounds to remove arsenic from solutions in the form of
poorly soluble manganese arsenate, and the possibility of regenerating titanium in the form of oxides and bases.
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E-pH MEH IAPIIMAJIJIbI KACBIMJIAP TUATPAMMAJIAPBI HETI3IH/IE Ti,
As - KYPAMJIBI ;KYWEJIEP JIH TEPMO JUHAMMKAJIBIK, TAJIIAYJIbI
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MeTauty prusiblK, KOCIHOPBIHAAPIBIH TEXHOJIOTHSUIBIK, aiHAIBIMHAH MBIIIbSIKTHI IIbIFapy OyJ1 OHIiPiCTIK KaxkeT-
Ti Tipouiecc Gobin TaObUTaabl. Bipak Oyi1 mapa XbUiaH KbUFa KYPAaMBIHAQ MBIIIbSIK 0ap OOBEKTUICPIOiH kKaHA
KeJIeM/IepiHiH KAJIBIITACYbIHA OKeJie/li. OHAIPIC CaThICHIHAH MBIIIBSIK aTyIbH Oip Typi HAIIap koHE HAlIap epu-
TiH KOCBITBICTAp OOJIBIN TaOBUIATHIH SPTYPIli METAIAAPABIH apceHaTTaphl OOJbII TaOblIagbl. By Tocin ne xasmsl
9KOJIOTUSUTBIK, Maceenepi memmnenai. Ocpuiaiiiina, TUTaH apceHaTTaphl CAaKTay XKoHEe KoMy KaFIalbIHIa THAPOIN3-
re YIIBIpaii/pl, OyJ1 KOpIIaraH OpTaHbl KYPaMbIH/A MBIIIbsIK 6ap KOCHLIBICTAPMEH OipTiH/E JJacTaHybIHA JKeNe .
TUTaHHBIH kOHE OHBIH KOCBUIBICTAPBIHBIH IIAPYaIIbUIBIK KbI3METTET1 MPAKTHKAIBIK, MAHBI3BI Oi3]1i KYPaMbIH/A Mbl-
IIbSIK OAp THTAH KOCHUTBICTAPBIH YTHIMIBI AJAJIaHy KONAPHIH i37ieyre MakOYp eTesi.

Makanana notennuan-pH auarpaMmanapsl MeH napLyasibl KbICHIMAAP HEeri3iH/e MBIIIbSIK IIeH TUTAHHBIH MiHE3-
KYJIKbIHa TEPMOAMHAMUKAJIBIK, TAJIJAy KacairaH OipiHIN mMakana. KypamblHIa TUTaH jKoHE MBIIIbSK Oap Kyie-
Jlepaeri XUMUSUTBIK, peakUsUIapIbIH KYPYi MeH OarbITTaphl, ONapAbH Kypamaac (a3aapbiHbIH TYPAKThUTBIFbIHBIH
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IIapTTapbl, KATHICYIIIEI KOMITOHEHTTEP/IiH, ONAPIBIH KOCBUTBICTAPHIHBIH dPEKETiHIH TePMOIUHAMUKAJIBIK, TapaMeTp-
JIepi, OJapabIH TYPAKTHUIBIK, JUATA30HBI KOHE TOTHIFY-TOTHIKCBHI3IaHy IIPOLieCTepi. XUMUSIIBIK, OHIMIEPAiH TY31Tyl
3epTTeNIi.

TurtaH apceHATHHBIH TIPIILTIK €Ty allMaKTaphl AaHBIKTAIBII, TUTAH JKOHE MBIIIbSIK KOCBUTBICTAPBIHAH THTAH ap-
CEHATBIH ATyAbIH XUMUSIIBIK, KOHE IEKTPOATHIK, peaKkLUsIapbl KapacThpbuIaIbl. 7KYMBICTBIH HOTHIKENEpl Hamap
€pUTiH MapraHell apceHaTsl TYpPiHJeri epiTiHAIEpIEH MbIIIbAKTHI KO0 YIIiH TUTaH KOCBUIBICTAPBIH KOJIAHYABIH
TUIMALTITIH JIe, TUTAHIl OKCUITEP MEH Heri3jiep TYpiHJeri pereHepanusiiay MyMKIHJIITIH JIe pacTaibl.

Tyiiinai ce3aep: TepMOAMHAMHUKAIIBIK KYienep, AuarpaMMaap, MbIIIbSIK KOCBUIBICTApBI, TUTAH KOCBUIBICTA-
Pbl, TUTAH apceHaThl.

TEPMOIII/IHAMI/I‘IECKI/IIQ/I AHAJIN3 Ti, As - COAEPZKAIIINX CUCTEM HA
OCHOBE IUATPAMM E-pH 1 ITAPIIMAJIBHBIX IIABJIEHI/Iﬁ
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BbIBoz MBIIIBSIKA U3 TEXHOJIOTMYECKOTO 000POTa METAIULYPriUeCcKUX MPeIIpUATHIA 9TO TEXHOIOTMYECKH HE0O-
XOZIMMBII NIPOLIECC, BEAYIIHUIA 13 Tofia B TOJ K 00pa30BaHMI0 HOBBIX 0OEMOB MBIIIbSKCOAEPXKAIHUX 00beKTOB. Of1-
HOM 13 (hOpM U3BJICUEHU S MBIIIbSAKA U3 IPOU3BOACTBEHHOTO Nepe/iesia SBISIOTCS apCEHAThl Pa3IMYHbIX METaJUIOB,
TIpeICTaBIISIOIE COO0H TPYAHO- M MaJIOPACTBOPHMBIE COeMHEHNs1. Takol Moaxod Takxke He pellaeT B LeJIOM
9KOJIOTMYECKUE BOMpPOCHL. Tak apceHaTsl TUTAHA B YCJIOBUAX XPaHEHUs U 3aXOPOHEHHs MOABEPXKEHBI MPOLECCY
TU/POJIN3a, UTO BEZIET K MOCTETIEHHOMY 3ar PSI3HEHUIO U OTPABJIEHUIO OKPYKAIOIIEH CPefibl MBIIIbKCOAEPKAIMH
coepuHeHUAMU. [IpakTveckas [IEHHOCTh THUTaHA M €r0 COEMHEHNI B XO3sIICTBEHHO! JEATEIbHOCTH 3aCTaBIsIeT
HCKAaTh MyTH PAIllMOHAJIBHOTO UCIIOJIb30BAaHM S MBIIIBAKCOAEPKAIIMX COSJUHEHUI TUTaHa.

B cratpbe BIIEPBBIC [TPOBENCH TCpMO,Z[I/IHaMI/I‘ICCKI/Iﬁ aHaJIM3 NMOBEACHMS MbIIIbsAKa U TUTaHA Ha OCHOBE JUarpaMm
HOTCHLII/IaJ'I—pH 1 napuraJIbHbIX ﬂaBHeHHﬁ. UccnenoBaHbl MPOTEKAHNE W HAITPaBJICHUA XUMHWYCCKUX peaKuMﬁ B
THUTAH- U MBIIIBbAKCOACPKAIINX CUCTEMAX, YCIIOBUA CTaOMJILHOCTH COCTaBJIAIOIIUX HUX (ll)a3, TEPMOANHAMHUYCCKHUEC
napamMeTpbl NOBEACHNA YIACTBYIOIINX KOMIIOHCHTOB, UX COC,HI/IHCHHI?I, 001acTi ux YCTOfI‘IHBOCTH, OKHUCJIIUTECIIBHO-
BOCCTAHOBUTEJIbHBIE ITPOLIECCHI 06pa3OBaHI/IH XUMHYCCKUX IMTPOAYKTOB.

OHPCHCHCHLI obmacru CyHIECTBOBaHMA apC€HaTa TUTaHa, pACCMOTPEHbI XUMUYECKUE U JIEKTPOAHBIE pEAKIIUN
TNOJIy4Y€HH A apCeHaTa TUTaHaA U3 COCHI/IHCHI/Iﬁ TUTaHa U MBIIIbsAKA. PeSyJII)TaTI)I pa60TI)I MOATBEPKAAIOT KaK 3(1)(1)61(—
TUBHOCTb HCIIOJIb30BaHUA COCI[I/IHCHI/Iﬁ TUTaHA UIA BBIBOAA MBIIIbAKA U3 PAaCTBOPOB B BHUAE MaJIOPACTBOPUMOIO
apceHaTa MapraHia, Tak 1 BO3MOXXHOCTb pEreHepaliii TUTaHa B BUAE OKUCIIOB U OCHOBaHUIA.

KiroueBble ciioBa: TEPMOANMHAMHWYCCKHEC CUCTEMBI, IUAlr'PAMMBbI, COCIMHEHU A MbIIIbSAKA, COCANHCHWA TUTAHA,
apceHat TuTaHa.

Introduction. Metallurgical enterprises, including problem. Due to the accumulation of huge quantities of

producers of non-ferrous metals, are the main sources
of environmental pollution with toxic substances. Thus,
arsenic in the exhaust gases and wastewater of these
enterprises violates environmental stability.

The problem of protecting the environment
from industrial pollution in non-ferrous metallurgy
is especially acute for copper enterprises, where
significant amounts of arsenic are transferred into
process gases and waste solutions during the production
process. Disposing of arsenic in the form of sparingly
soluble compounds does not solve the environmental

arsenic-containing waste in dumps and tailings ponds,
the issue of their processing into popular products
is becoming increasingly important. The scope of
application of arsenic-containing compounds is wide
and covers such areas as chemotherapy, agriculture,
production of alloys, catalysts, dyes and paints, cement
and concrete, coating technologies for metals and alloys,
wood preservation, synthesis of various compounds and
polymers, corrosion protection, semiconductors and
other areas [1-2].

Thus, to reduce industrial emissions and reduce
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the migration of arsenic from tailings, it is necessary
to expand the range of arsenic-based products. This
requires the development of effective integrated
technologies for processing waste arsenic-containing
waste into target products. Titanium compounds remain
effective arsenic sorbents [3-4] and, if case of their
regeneration, their use for purifying solutions from
arsenic will be technically advantageous.

Materials and methods. In order to substantiate
the physicochemical laws of the process of
hydrolytic deposition of arsenic from a copper
electrolyte by titanium-containing compounds and
its further behavior under equilibrium conditions, a
thermodynamic analysis of the Ti-As-H,O system
was carried out by calculating and constructing an
E-pH diagram and a partial pressure diagram of the
system Ti-O,-SO, -As,. This technique determines the
conditions for the occurrence of chemical reactions in
titanium- and arsenic-containing systems, the stability
of their constituent phases, the thermodynamics of the
possible behavior of the participating components, their
compounds, the region of their stability, the chemical
nature of the oxidation and reduction products.

When calculating E-pH diagrams, general methods
recommended in works [5, 6] were used. The values of
G,y were taken from reference data [7-9].

The calculation and construction of partial pressure
diagrams is based on well-known methods [5, 10, 11]
and generally accepted reference data [7-9].

Results and discussion. For the first time, we
calculated and constructed the E-pH diagram of the Ti-
As-H,O system under standard conditions (25°C and
1 atm total pressure) taking into the particular E-pH
diagrams of the As-H,O and Ti-H,O systems (Figure
1). Calculations determined for the first time the value
of the isobaric-isothermal potential equal to -593,38
kcal/mol for titanium arsenate (Ti;(AsO,),).

All line numbers on the E-pH diagram of the Ti-As-
H, O system strictly correspond to the numbers of the
chemical equations given in Table 1.

Analysis of the diagram shows that metallic titanium,
Ti%*, Ti3+, Ti(OH); coexist in a reducing atmosphere of
titanium compounds and ions. It has been established
that in the oxidative region within the pH range of
0-2,19, the main form of arsenic is undissociated
H;AsO,. The existence of the anionic form of H,AsO*
corresponds to a pH range from 2,19 to 6,79, HAsO,*

ion - pH values from 6,79 to 11,51, ASO43' anion -
pH values> 11,51. Arsenous acid (H;AsOs;) is stable
in an acidic reducing environment, but with increasing
pH it is replaced by H,AsO;", HAsO;%, and AsO;*
ions. When the potential values change, arsenous acid is
oxidized, resulting in products of H;AsO,, H,AsO," or
HAsO,? ions. Under certain conditions, H,AsO;" can
be oxidized to HAsO,> and AsO,*"

In the area of water TiO,, TiO;, Ti3* are present.
TiO,, TiO;, TiO,* are stable in an oxidizing
environment.

By interacting with arsine, titanium hydroxide
(Ti(OH)3) can form titanium arsenate in a reducing
environment.

In an oxidizing environment, arsenic acid and its
derivatives also form titanium arsenate with TiO,
oxide.

Thus, titanium arsenate is stable in a wide pH range
from 2 to 14.

The volumetric diagram of partial pressures of the
Ti-0,-S0O,-As, system was constructed by us for the
first time and is presented in Figure 2. The line numbers
on the partial pressure diagram of the Ti-O,-SO,-As,
system correspond to the numbers of the chemical
equations presented in Table 2.

At alow partial pressure of oxygen, metallic titanium
and titanium oxide (II) interact with gaseous arsenic to
form titanium arsenate Ti;(AsO,),, with an increase in
the partial pressure of oxygen, and also in the aqueous
region, titanium arsenate forms titanium oxide (II).
With an increase in the partial pressure of oxygen, the
region of existence of titanium arsenate increases by the
interaction of gaseous arsenic with titanium (II) oxide
TiO, and titanium (IV) oxide TiO,.

Titanium (IV) oxide (TiO,) is most stable in the
reducing region, but it can also exist together with water
and some of it goes into an oxidizing environment.
Titanium (II) oxide (TiO) is stable in aqueous and
oxidizing environments.

Titanium oxides and titanium metal interact with
SO, gas to form titanium sulfate Ti(SO,),. This
titanium sulfate is highly stable in both the reducing and
aqueous and oxidizing regions and occupies a large area
of existence.

Analysis of the partial pressure diagram shows that in
the studied system Ti-O,-SO,-As,, titanium arsenate is
a stable compound.
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Fig. 1- E-pH diagram of the Ti-As-H,O system
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Table 1 - Reaction equations for the E-pH diagram of the Ti-As-H,O system

Reac | Chemical reaction Electrode reaction
tion
Ne
1 2H20(x) = O2(r) + 4H+(x) + 4e E =1,23-0,059 pH
2 H2(r) = 2H+(k) + 2e E =-0,059/2 1gH2 - 0,059pH
E=-1,630 +
3 Ti(t) = Ti 2+(x) + 2e
+ 0,02951g[Ti2+]
4 TiO(t) + 2H20(x) = Ti (OH)3(T) + H+(k) + € E =-0,849 - 0,0591 pH
5 Ti2+(x) = Ti3+(k) + e E =-0,368
6 Ti2+ (k) + H20(k) = TiO(1) + 2H+ Ig [Ti2+] = 10,91 — 2pH
7 Ti(t) + H20(x) = TiO(T) + 2H+(x) + 2e E =-1,306 -0,0591 pH
E =-0,248 - 0,1773pH -
8 Ti2+(x) + 3H20(x) = Ti(OH)3(T) + 3H+(k) + ¢
-0,0591 1g [Ti2+]
3Ti(OH)3(t) +2AsH3 (r) =Ti3(As04)2 (1) +H20(x) +
9 E =-0,79 - 0,059 pH
+13H+(x) +13e
3Ti2+(x) + 2AsH3(r) + 8H20(x) =Ti3(As04)2(T) +
10 E=-0,21-0,08 pH
+22H+ (k) +16¢
3Ti3+(x) + 2AsH3(r) + 8H20 (k) = Ti3(AsO4)2(T) +
11 E=0,09 - 0,1349 pH
+16H+(x) +7¢
Ti3(AsO4)2(t) + 6H20(x) =3TiO2(t) +2H3AsO4(x) +
12 E =2,36 - 0,059 pH
+ 6H+(x) + 6e
13 Ti3(AsO4)2(t) +6H20(k) =3TiO2(r) +2H2AsO4- (x) + | E=2,37-0,078 pH
+8H+(x) +6¢
14 Ti3(AsO4)2(t) +6H20(x) =3TiO2(t) +2HAsO42-(x) + | E=2,51-0,098 pH
+10H+(x) +6e
15 Ti3(As04)2 (1) +4H20(x) =3TiO2(t) + 2H2AsO3-+ +4H+(x) | E = 6,38 - 0,059 pH
+2e
Ti3(AsO4)2(t)+ 6H20(x)= 3TiO2(T) +2As043- (k)+
16 E=2,74-0,188 pH
+12H+(x) +6¢
17 Ti3(AsO4)2(t) + 4H20(kx) =3TiO2(t) +2HAsO32-(x)+ | E=2,57-0,059 pH
+6H+(x) +2¢
Ti3(AsO4)2(t) + 4H20(x) = 3TiO2(t) +2As033-(k) +
18 E=2,67-0,08 pH
+8H+ (k) +2e
Ig[H2As04-] =2,2 — pH;
19 H3As04 (x) = H2AsO4- (k) + H+(k)
pH=1,2
20 H2AsO04-(x) = H2As042-(k) + H+(x) 1gKp=-—pH; pH=6,99
1g[H2AsO3-]= 9,25 — pH;
21 H3AsO3(x) = H2AsO3-(x) + H(x) +
pH = 8,25
22 HAsO42(x) - = AsO43-(x) + H+(x) IgKp=-pH; pH=11,5
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Fig. 2 - Diagram of partial pressures of the system Ti-O,-SO,-As,

Table 2 - Reaction equations for the partial pressure diagram of the system Ti-O,-SO,-As,

Reac | Reaction equation AG?®, kcal/mol | [ gP 02 lgP S2 lgP AS2
tion

1 Ti+02=TiO2 -79,82 -58,52 | - -

2 TiO2=Ti+0,502 -37,07 -54,34 | - -

3 Ti+2S02+202=Ti(S04)2 -1701,99 -623,89 | -623,85 | -

4 TiO2+2S02+02= Ti(SO4)2 -1614 -1183 -591 -

5 TiO+2S02+1,502= Ti(S04)2 -1992 -973 =730 -

6 3Ti+As2+402= Ti3(S04)2 -557,44 -102 - -408,68
7 3TiO + As2 +2,502=Ti3(As04)2, -618,69 -181,43 | - -453,58
8 3TiO 2+ As2 +02=Ti3(As04)2, -389,86 -285,82 | - -285,82
9 3Ti(SO4)2 + As2 =Ti3(As04)2 + +6S02 +202 | 4476,65 - 547 -3282

Conclusions. Based on the analysis of E-pH arsenate is a stable compound with a wide range
diagrams and partial pressures of systems involving of existence, including the stability range of water,
arsenic and titanium, it was established that titanium hydrogen, and oxygen. This confirms the effectiveness




of the process of extracting arsenic from copper- and arsenic-containing system provides the basis for
containing acidic solutions using titanium compounds experimental work on the regeneration of arsenic
(up to 95%). Thermodynamic analysis of a titanium- deposits in order to obtain titanium oxides.
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