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Study of the material composition of raw materials
and the thermodynamic analysis of ore sulphidization

This research is aimed at a complex solution of two problems — increasing the efficiency of processing of
oxidized copper ores and utilization of sulfur-containing waste from oil and gas processing. By the methods
of chemical, mineralogical and granulometric analyzes the composition of the Sayak ore and waste sulfur was
examined. It was found that the total copper content in the ore made 2.7 %, 1.8 % of which is represented by
oxidized minerals. The main ore minerals are malachite, azurite, brochantite and chrysocolla. A thermody-
namic analysis of the interaction of oxidized copper minerals with dissolved elemental sulfur possessing the
properties of nanoparticles was carried out. The possibility in principle of copper sulfidization was estab-
lished. Based on the obtained data on the thermodynamic properties of polysulfide systems, AfHozg&w,
SO298.15> A_/‘Gozgg_w, Cp0298.15 of elght polysulﬁdes — CaS2, CaS3, CaS4, CaS5, CaSG, CaS7, CaSg u CaS() WEre
defined. The temperature dependences of the standard Gibbs energy of the reaction of dissolved sulfur with
oxidized copper minerals — malachite, azurite, brochantite and chrysocolla — were defined. The possibility
in principle of sulfidization of oxidized copper minerals with dissolved elemental sulfur possessing the prop-
erties of nanoparticles was established. It is shown that in the temperature range 298.15-500 K the formation
of copper (II) sulfide and sulfur (IV) oxide in the interaction of oxidized copper minerals with elemental
nano-sized sulfur is most likely. As the standard Gibbs energy of the sulfidation reaction increases, the min-
erals can be arranged in a row up to 400 K: azurite; malachite; brochantite; chrysocolla, after 400 K: azurite;
brochantite; malachite; chrysocolla. In these rows, the probability of interaction with sulfur decreases.

Keywords: oxidized copper ore, sulfidization, polysulfides, sulfur-containing waste.

The problem of processing oxidized copper ores is urgent in the copper industry of Kazakhstan. It is
caused by the lack of cost-effective technology for concentration of this type of raw materials. Relatively
cheap flotation methods of concentration, which are traditional in the processing of sulphide raw materials,
are ineffective in view of the natural hydrophilicity of oxidized copper minerals. As a result, about 20 % of
the total volume of mined copper mineral products that fall to the share of oxidized ores accumulate in the
form of dumps and are on the balance sheet of the corresponding enterprises, requiring maintenance costs,
which leads to an increase in the cost price of the final product of these enterprises [1].

The problem of sulfur utilization is caused by the excess of supply over demand in the elemental sulfur
market. This is caused by the increase in the production of associated sulfur in the processing of constantly
increasing volumes of sulfur-containing oil and gas raw materials and deeper purification from sulfur of the
off-gases and flue gases of the coke-chemical, metallurgical and energy industries, which is dictated by the
toughening of requirements for environmental protection. Forced storage of non-distributed surplus com-
modity sulfur, as well as storage of sulfur-containing waste in the form of dumps require large areas of terri-
tory and financial costs for maintenance by oil and gas processing enterprises. In addition, these warehouses
and dumps are sources of soil and air pollution [2, 3].

The solution of the problem of oxidized ores concentration is seen in the change in the properties of ox-
idized minerals towards the hydrophobization of the surface, which would improve the efficiency of the flo-
tation method. One of the methods of solving the problem is chemical modification of minerals by means of
sulphidization, as a result of which oxidized minerals are converted to sulphide minerals with the hydropho-
bic surface. For this transformation nanosized element waste sulfur can be used. In addition to the sulfiding
role, nano-sulfur, depositing on the mineral surface, plays an additional hydrophobization role [4].

To determine the principle possibility of the sulfidation of oxidized copper minerals, a thermodynamic
analysis of their interaction with sulfur was carried out.

Chemical composition of Sayak ore

The technological sample of Sayak deposit ore, according to mineralogical composition and genetic
characteristics, also falls to the oxidized type of copper ore. The main ore minerals are malachite, azurite and
chalcopyrite, the secondary ones are pyrite, magnetite, hematite, iron hydroxides.
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The chemical composition of the studied ore samples was determined by chemical and spectral analysis
methods. The results are shown in Table 1.

Table 1
Chemical composition of copper ore of Sayak deposit
Component Content, % Component Content, %

Cugen, 2.7 CaO 2.79
ClUouen, 1.80 MgO 2.40

Si0, 56.60 Pb 1.01

AlLO; 14.42 Zn -

FeonA 6.18 So6mA 0.13

In the ore, the content of oxidized copper made 66.7 % of its total amount. In terms of copper, the ore is
mixed.

Thermodynamic analysis of the interaction of ore components with elemental sulfur

Thermodynamic analysis of the interaction of ore components with elemental sulfur was carried out.
When preparing the investigated ores for flotation concentration, their preliminary sulphidization was pro-
vided. The main sulphiding chemical is dissolved elemental sulfur, which possesses the properties of nano-
particles. The possibility in principle of interaction of this sulfur with the raw materials oxidized copper min-
erals is considered in the thermodynamic analysis of possible sulfidization reactions and calculation of the
temperature dependence of the standard Gibbs energy of the reaction.

Initial thermodynamic data

The temperature dependences of the standard Gibbs energy of compound formation is calculated ac-
cording to the equation
AGr= AH — TA, D%, (1)

on the basis of the data [5—8] for the reduced Gibbs energy and the standard enthalpy of formation at 0 K
(Tables 2, 3).

Table 2
Temperature dependence of the change in the reduced Gibbs energy of the formation of compounds
T,K
Substance 298.15 300 350 400 450 500
A®*;, J-mol K
S 22.9 22.9 223 22.1 22.1 20.2
H,0 -164.7 —164.7 —164.5 -34.5 -37.1 -39.7
SO, 19.5 19.5 18.0 16.7 14.9 13.1
SO; —63.9 —64.0 —66.3 —69.6 -71.0 —74.9
CO, 4.1 4.1 4.0 3.8 3.7 3.5
Si0, —165.7 —165.8 -166.9 —-170.1 -169.2 | -172.6
Cu,S 13.2 13.3 13.5 15.1 16.9 17.4
CuS 20 2.0 2.0 1.8 1.1 0.4
Table 3
Standard enthalpy of formation of compounds at 0 K
Substance AH’, kJ-mol” Substance AH’, kJ-mol”
S 13.2 CO, —393.1
H,0 —286.3 Si0, —906.0
SO, —294.3 Cu,S —81.1
SO4 —390.1 CuS —55.0
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The required values of the standard enthalpy of formation at 298.15 K [8, 9] for calculating the tem-
perature dependence of the standard Gibbs energy of formation by the equation are given in Table 4.

AfGOT: Afﬂozoms - TAfSOZ%AlS - TMA_prozoms-

Standard enthalpy of formation of substances at 298.15 K

Substance A,-Hozg&l 5, kJ ‘mol’
Cu,CO3(OH), —-1051.0
Cu3(CO3),(OH), -1631.3
CuSiO3-2H,0 -1747.3
CuySO4(OH)g -2179.9

(2)
Table 4

The values of the standard entropy of the formation of substances calculated using the data [8] are given
in Table 5.

The standard heat capacity of compound formation was calculated using the data [8]. Its values are giv-
en in Table 6. Data on the chrysocolla standard heat capacity are taken from [10]. The standard heat capacity
of the formation of azurite, malachite and brochantite was calculated through the standard heat capacity,
which was estimated using the Kumok’s heat capacity increment system [11, 12] by the formula

Cp0298.15(AmBn) = mcpi298,15(An+) + nCpiZ‘)SAlS(Bmi)' 3)

Table 5
Standard entropy of formation of substances

Substance Afsozgg 15, ‘mol T-K!
Cu,CO;(OH), -503.5
CU3(CO3)2(OH)2 -671.5
CuSi0;-2H,0 -629.3
CuySO,4(OH)e —1211.0

Standard heat capacity of formation of substances

Substance A,-C,,Ozg&l 5, J ‘mol T-K!
CU2CO3(OH)2 -4.5
CU3(CO3)2(OH)2 4.2
CuSiO3-2H,0 45.3
Cu,SO,(OH), 214

Table 6

On the basis of the obtained data, the temperature dependence of the standard Gibbs energy for the for-
mation of all participants in the investigated interactions was calculated by the formulas (1, 2). The results
are given in Table 7.

Table 7
Temperature dependence of the standard Gibbs energy of formation of substances
T,K
Substance 298.15 300 350 400 450 500
AGr, kJ-mol!

1 2 3 4 5 6 7

S 6.4 6.4 54 4.4 3.3 3.1
H,0 -237.2 -236.9 —228.7 —225.1 —222.1 -219.1
CO, -394.4 -394.4 —394.5 -394.7 —394.8 394.9
Si0, —856.6 —856.2 —847.5 -837.9 —829.8 —819.7
SO, -300.2 -300.2 -300.6 -301.0 =301.1 -300.9
SO; -371.1 -370.9 -366.9 -362.3 —358.2 -352.7
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Continuation of Table 7

1 2 3 4 5 6 7
Cu,S —85.0 —85.0 —85.8 —87.1 —88.7 —89.7
CuS -55.6 —55.6 =55.7 =55.7 =555 —55.2
Cu,CO5(OH), —900.9 —900.0 —874.8 —849.5 —824.3 —799.0
Cu;(CO5),(0OH), —1431.1 —1429.9 —1396.3 -1362.7 —1329.0 -12954
CuSiO;2H,0 —1559.7 —1558.5 —1527.2 —1496.3 —1465.6 —1435.2
CusSO4(OH) —1818.8 —1816.5 —1755.9 -1695.1 -1634.2 -1573.1

The temperature dependences of the standard Gibbs energy of the reaction of dissolved sulfur with oxi-
dized copper minerals — malachite, azurite, brochantite and chrysocolla — were defined.

Thermodynamic analysis of the interaction of sulfur with brochantite

The following four interactions of dissolved sulfur with brochantite were considered:

Cu,SO4(OH)s + 4S = 2Cu,S + SO; + 280, + 3H,0 @)
3Cu,SO4(OH); + 10S = 6Cu,S + 7SO; + 9H,0 5)
Cu,SO4(OH)s + 68 = 4CuS + SO, + 2S0, + 3H,0 (©6)
3Cu,SO4(OH); + 16S = 12CuS + 7SO; + 9H,0 (7)

The probability of these interactions was judged by the change in the standard Gibbs energy:
A,G’r=2AG*(Cu,S) + AG*(SO;3) + 2A,G°(SO)+ 3AG*(H,0) —

— AG"H(CusSO4(OH)e) — 4A/G (S); (®)
A,G’r = 6AG*(Cu,S) + TAG (SO5) + 9AG*(H,0) —
—3A/G"(CusSO4(OH)g) — 10AG°K(S); 9)
AG’r = 4AG (CuS) + 1AG"(SO5) + 2A,G°(S0,) + 3AG*(H,0) —
— AG"H(CusSO4(OH)e) — 6A/G (S); (10)
AG’r=120G°(CuS) + TAG"(SO;) + 9IAG’ (H,0) —
— 3A/G"{(Cus(Cu,SO4(OH),) — 16A,G «(S). (11)

Substituting the values of the corresponding quantities from Table 7 to the equations, we obtained the
temperature dependence of the standard Gibbs energy of the reactions (4—7). By the formula

1gKp(ry=—A,G"/(2,303RT) (12)
the temperature dependence of the reaction equilibrium constant was calculated. The results are given in Ta-
ble 8.

Table 8

Temperature dependence of the standard Gibbs energy and the equilibrium constant of the reaction
of dissolved sulfur with brochantite

Reaction |7, K 298.15 300 350 400 450 500
A, G, kJ-mol -59.9 —61.1 —91.5 ~136.3 ~183.1 -230.5
4 Equation AG’r=—0.843T + 195.8
1gKp 10.5 10.6 13.6 17.8 21.2 24.1
A,G%, KJ-mol ™ 50.0 49.0 24.1 —14.4 ~56.3 ~96.9
5 Equation AG’r=—-0.727T+271.0
1gKp 8.8 -85 3.6 1.9 6.5 10.1
A, G, kJ-mol ~125.1 ~126.3 ~153.5 ~193.7 —234.3 —278.1
6 Equation AG’r=-0.753T +103.2
1gKp 21.9 22.0 22.9 25.3 27.2 29.0
A, G, kJ-mol ~15.2 ~16.2 -37.9 ~71.8 ~107.5 —144.5
7 Equation AG’r=—0.637T+178.5
1gKp 2.7 | 2.8 | 5.6 | 9.4 | 125 | 151

Based on the data in Table 8, the temperature dependences of the standard Gibbs energy of the reaction
of dissolved sulfur with brochantite are shown in Figure.
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Figure. Temperature dependences of the standard Gibbs energy
of the reaction of dissolved sulfur with brochantite

According to the temperature dependence of the standard Gibbs energy of the reaction, the formation of
copper (II) sulphide and sulfur (IV) oxide is most likely in the interaction of brochantite with elemental
nano-sized sulfur. Temperature rise increases the probability of this interaction.

The probability of reactions (4) and (7) is also high. Reaction (5) is likely with a temperature of 100 °C
and higher.

Conclusions

The studies of the chemical, mineralogical and granulometric composition of the copper ore of Sayak
deposit have been carried out. It has been established that the examined ore with the content of
Cuyoyox=2.7/1.8 is oxidized by 67 %.

According to the mineralogical analysis in the Sayak ore, the main ore minerals are the oxidized miner-
als of copper — malachite and azurite. Iron is represented in the form of minor minerals — pyrite, magnetite,
hematite and iron hydroxides. According to the X-ray diffraction analysis, silicon and aluminum form non-
metallic minerals in the form of quartz, feldspar, chlorite and mica.

The results of thermodynamic analysis indicate a possibility in principle of sulfidization of oxidized
copper minerals — malachite, azurite, brochantite and chrysocolla, dissolved by elemental sulfur, which pos-
sesses the properties of nanoparticles.
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IIuKi3aTTBIH 3aTTHIK KYPAMBIH 3epTTeY #KJHe KeH/i CyJIbpuaTeyain
TePMOAUHAMHUKAJBIK TAJIAAYbI

Makana TOTBIKKAH MBIC KEHAEPiH OalBITYIBIH THIMIUIITIH apTTHIPY >KOHE MYHAaH MEH ra3 KaJJbIKTapbIH
OHJIey Ke3IHJer1 KYKIPTKYpaM/Ibl KaJIBIKTap bl KoJleTe xKapaTy MaceleIepiH KelleH Al Menryre OarbITTanFaH.
XUMHSUIBIK, MHHEPATOTHSUIBIK JKOHE TPaHYJIOMETPHSUIBIK Tajiay odaicrepi OoifbiHia Cask KEHiHIH jKoHE
KaIIbIK KYKIPTTIH Kypamzaapbl 3eprrennai. Kenpmeri xammsl MBICTBIH Kypamsl 2,7 %, onbly iminge 1,8 %
TOTBIKKAH MUHEpaJIiap eKeHJIri aHbIKTanabl. Herisri keH MHHepangapbl Malaxur, a3ypuT, OPOLIAHTHT JKOHE
XpHU30K0JIa 00BN Tabbu1agsl. TOTHIKKAH MBIC MHHEPAAAPbIHBIH, HAHOOOJIIEKTIK KACHETTepre ue, epireH
JNIEMEHTTIK KYKIPTIICH oCepIIeCcyiHiH TepMOIMHAMUKAIIBIK TalAaybl KYPri3ingi. Meic cynbhuATEHYIHIH
6acTel MYMKiHZIIri aHbikTanael. [lonucyabQuATIK sxylenepaiH TepMOAMHAMHKANIBIK KacHeTTepi OoifbiHIIa
aNbIHFaH HOTIOKelNep HeriziHge CaS,, CaS;, CaSy, CaSs, CaSg4, CaS;, CaSg xone CaSy momucynbGuarepiniyg
A/Hozgg’ls, 50298’15, A,G0298,15, Cp0298’15 KOpCeTKIITepi anblHIbl. EpireH KyKIPTTiH TOTBHIKKAH MBIC
MHHEpaJlIlapbl — MaJIaXuT, a3ypuT, OPOIIAHTUT JKOHE XPU30KOJUIAMEH ocepiiecy peakuusIapbl OOHbIHIIA
cTaHmapTTel ['mOOC SHEPrUsACHIHBIH TeMIepaTypanblK —Toyenmimikrepi Oenrimenmi. TOTBIKKaH MBIC
MHHepaJIapbIHbIH, HAHOOOIILEKTIK KACHETTepre He, epireH AEeMEHTTIK KYKIpTHeH CyJbQUATeHYiHIH Heriri
MyMKiHgikTepi 3eprrengi. 298,15-500 K temmneparypa MHTEpBajiblHAA TOTHIKKAH MBIC MHHEPAIIAAPHIHBIH
JNIEMEHTTIK HaHOMeJILepili KykipTmen ocepiecyi kesinge mbic (II) cympduai men kykipr (IV) oxcuai
TY3UIyiHIH MYMKIHIIrI KOFapsl ekeHi aHblkranasl. Cynbduarey peakiusuiapblHIAFBl CTaHAAPTTHL [ HO0C
SHEPTUSNIapbIHbIH apTysl OoifbiHma 400 K-re neifin MplHamalf KaTapra OpHaJacThIpyFa Oonaiabl: a3ypwuT,
Manaxur, Opomantur, 400 K-HeH keifiH: a3ypur, OpomraHtur, Majaxurt, xpusokoimra. Ocwl Karappaa
KYKIPTIICH OPEKETTECY bIKTHMANABLIBIFI a3asi/Ibl.

Kinm co30ep: TOTBIKKaH MBIC KeHi, CyIbQUATEY, MOTUCYIbOHUATED, KYKIPTKYPaMIIBI KATIBIKTap.

I'. Bypkutcerepksizbl, ['.JI. KatkeeBa, .M. OckembekoB, /[.P. 'm3arymnuna, A.M. XKyHycos

I/I3yqe}me BEHICCTBCHHOTO0 COCTaBa ChIPbA
Hu TepMOHHHaMH‘{eCKHﬁ aHaJIu3 CyJIL(l)HI[l/ISaHI/II/I PYABI

Crathsl HalpaBjeHa Ha KOMIUICKCHOE pelIeHe JBYX HpoOieM — MOoBbIeHHe 3P PEKTHBHOCTH 000TalleHHUs
OKHCIICHHBIX MEIHBIX Py ¥ YTHIN3ALHIO CEPOCOIEPIKAIINX OTXO0B IepepaboTky He(TH U raza. MeronamMu
XHMHYECKOT0, MUHEPAJIOTHYECKOT0, TPaHyJIOMETPUIECKOTO aHAIN30B MCCIICIOBAHEl COCTABBI CAsIKCKOH PyIIbI
M OTXOJHOH cepbl. YCTaHOBJIEHO, YTO colepxkaHue odmeit Meau B pyae 2,7 %, u3 aux 1,8 % npeacraBieHo
OKHCIICHHBIMU MUHEpaJIaMH. [ JIlaBHbIC pyIHBIC MUHEPAIBI IPEICTABICHEl MaJlaXUTOM, a3ypPUTOM, OpOIIaHTH-
TOM M XpH30KO0JUION. IIpoBeien TepMOAMHAMUYECKUN aHAIU3 B3AMMOJCHCTBHS OKUCIIEHHBIX MEIHBIX MUHE-
paJioB C paCTBOPEHHOH 3JIEMEHTHOHN cepol, oOiamaromield CBOHCTBAMI HAHOYACTHL. Y CTAaHOBJICHA MTPHUHIM-
MHaNbHas BO3MOXHOCTh CynbGuau3auu Meau. Ha ocHOBe MONTydeHHBIX JaHHBIX MO TEPMOIMHAMHUYECKUM
CBOIfCTBaM MOJHCYIIbGHUIHBIX CHCTEM OINPEACIICHBI A/H0298‘15, 5’0298,15, A/G0298‘15, C,,Ozgg,w BOCBMH MOJHCYIb-
¢dbumoB — CaS,, CaS;, CaS,, CaSs, CaSg, CaS;, CaSg u CaSy. Kpome TOT0, yCTaHOBJICHBI TEMIIEpATYPHBIC 3a-
BHCHMOCTH CTaHIAPTHOI sHeprun ['nb0ca peaknuy pacTBOPEHHON Cephl ¢ OKUCICHHBIMU MEAHBIMHA MHHEpPa-
JaMH — MaJIaXUTOM, a3ypHUTOM, OpOIIAHTUTOM M XPHU30KOJUIOH. YKa3aHa HMPUHIMIHANBEHAs BO3MOXKHOCTH
Cynb(GUIM3AMN OKHUCICHHBIX MEIHBIX MUHEPAIOB PaCTBOPEHHON 3JIEMEHTHOH cepoi, 00Iaaromei cBoiCT-
Bamu HaHouactull. IToka3zaHo, uTo B TemnepaTypHoM uHTepBane 298,15-500 K npu B3auMoaeicTBUM OKHUC-
JIEHHBIX METHBIX MHHEPAJIOB C 3JIEMEHTHON HaHOpa3MepHOU cepoil Hauboliee BEPOSITHO 0Opa3oBaHUE CYilb-
¢una menu (II) u oxcuna cepsr (IV). Ilo Mepe Bo3zpacranus cranaapTHO# sHepruu ['n60ca peakiuu cynbdu-
JTUPOBAHUST MHHEPAJIbl MOXXHO PacmosiokuTh B pan o 400 K: a3yput, manaxur, OpOLIaHTHT, XPU30KOIIA,
nocine 400 K: a3yput, OpOLIaHTHT, MalaxWuT, XpU30KOJIAa. B HaHHBIX psAgax yMEHbIIAETCs BEPOSTHOCTH
B3aMMO/ICUCTBUS C CEpOH.

Kniouesvie crosa.: oOKUCICHHAS MEIHAS pyaa, CyIII)q)I/II[I/I?’aHI/ISI, HOIII/ICyIII)(i)HIIbI, cepocoepiKalue OTxXoabl.
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