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Thermodynamic analysis of oxidized copper minerals interaction
with modified reagent

Practicality of preliminary sulphidization of oxidized copper minerals for the purpose of oxidized ore concen-
tration is shown in the paper. For the first time the thermodynamic analysis was carried out for interaction of
modified sulphidizing reagent with major components of oxidized copper ore — malachite, azurite and chrys-
ocolla. Ammonium polysulfide formed in the solution of sodium polysulfide and ammonium sulfate was used
as modified sulphidizing reagent. Temperature dependence of standard Gibbs energy for the reaction of ammo-
nium polysulfide with oxidized copper minerals was determined. It was noted that standard Gibbs energy for
malachite and azurite interaction with modified reagent has negative values in the temperature range of 298,15—
373 K, thus showing high probability of interaction, which grows together with temperature. Interaction with
chrysocolla is less active than with malachite and azurite but is still possible at mentioned temperature, with
interaction probability again proportional to temperature. Thus, the possibility of oxidized copper minerals
sulphidization with modified sulphidizing reagent is determined in the research.

Keywords: oxidized minerals, chrysocolla, malachite, azurite, modified sulphidizing reagent, sulphidization,
thermodynamic analysis, Gibbs energy.

Introduction

Cheap flotation enrichment methods, conventional for sulfide ore, are less effective for oxidized ore due
to natural hydrophilicity of oxidized copper minerals surface [1-3].

One of feasible solutions is chemical modification of minerals via sulphidization resulting in transfor-
mation of oxidized minerals into sulfidized ones, which can improve the flotation enrichment efficiency
[4-9].

The thermodynamic analysis of possible reactions with determination temperature dependence of stand-
ard Gibbs energy has been carried out in order to assess the possibility of sulphidization with modified reagent.

Ammonium polysulfide formed in the solution of sodium polysulfide and ammonium sulfate was used as
modified sulphidizing reagent.

The objective of work was to find the temperature dependence of ammonium polysulfide interaction with
major components of oxidized copper ore, such as malachite, azurite and chrysocolla.

Experimental

Three types of interaction of modified reagent with copper compounds — malachite, azurite and chryso-
colla have been studied:

Cu2CO3(OH)2solidy + 2(NHa)2Sss01id) = 2CUSsolid) + 8S¢solid) + (NH4)2COssolicy + 2NH4OH liquia); (1)
Cus3(CO3)2(OH)z(solia) + 3(NHa)2Sssoticy= 3CUS(solid) + 12Ssotia) + 2(NH4)2COs(s0idy + 2NH4OHliquiay;  (2)

CuSiO3(H20)2sotidy+ (NHa)2Ss(soticy= CUS(sotiay+ 4Ssotidy+ (NHa)2SiOs(soliay+ 2H20liquid). (3)

Probability of reactions was estimated by alteration of standard Gibbs energy.
Calculation of temperature dependence of standard Gibbs energy is based on Hess law [10] and was made
using the formula

AG %t = Y A¢Gr (products) + S A¢GOr (init.), (4)
where A:G% — standard Gibbs energy at temperature (T), > A«G% (products) — sum of standard Gibbs energy

of reactions products formation at temperature (T), > A:Gr (init.) — sum of standard Gibbs energy of initial
components formation at temperature (T).
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Temperature dependence of reaction velocity constant was calculated using the next formula:
Ig Kem = ,AfGOT/(2_303RT), (5)

where R is the universal gas constant.
Temperature dependence of standard Gibbs energy of reactions products formation was determined by
approximated method of Temkin-Schwartzman [11, 12], taking ACp0 = const, by the formula

AG®r = AH%05.15 — TA1S%08.15 — TMA{C) 20815, (6)
where AfH%agg 15 is the standard enthalpy of compound formation at 298.15 K; AtS%ags 15 is the standard entropy

of compound formation at 298.15 K; AtC,%ss.15 is the standard heat of compound formation at 298.15 K; M is
the coefficient, equal to

M =298,15/T — 1 + In(T/298.15). (7)
Standard entropy was determined by formula
AiS%aos,15 = S%aos,15 — > S%05 15(€lementary substance), (8)

where S%aqs 15 is the standard entropy of compound at 298.15 K; 3'S%aos 15(elementary substance) is the sum of
standard entropies of substances forming the compound at 298,15 K.
Standard heat capacity of compound formation was determined by the formula:

ACpl29815 = Cp208.15 — Y Cpl208 15(€lementary substance), (9)
where C, 20815 is the standard heat capacity of compound at 298,15 K; 3 C,%0s 15(€lementary substance) is the
sum of standard heat capacities of substances forming the compound, at 298.15K.

In case of insufficiency of the available literature data, the necessary values have been determined by
proximate methods.

Standard heat capacity was estimated by the Kumok method [13] based on heat capacity increments sys-
tem:

Cp208,15(AmBn) = MCp'208,15(A™) + NCp'208.15(B™), (10)
where C,'208.15(A™) is the increment of cation heat capacity; C,'29s,15(B™) is the increment of anion heat capac-
ity.

Results and Discussion
The standard enthalpy values of compound formation at 298.15 K are given in the Table 1. Values for
H20Oiquid)y, NH4OHiquid), (NH4)2COs¢so1id), CuSesolic), Cu2CO3[OH]2¢sotia), Cus[CO3]2[OH]2s0ticy COMpounds are
from [6-8]. Sisoligyequals to Sg(g) with enthalpy data by [14]. Standard enthalpy for (NH4)2Sssoiig), (NH4)2CO3¢solia)
and (NHa4)2SiOssoligy Was calculated by Kassenov method from ionic increments [12]. Lacking data on incre-

ment of S5 SiOz> ions were found by evaluation method using standard enthalpy of sodium pentasulfide and
silicates of First Group metals [16]. Data for CuSiOsnH2Osiiq) are from [18].

Table 1

Standard enthalpy of compound formation

Substance — AfH%gg 15, kJ-mol?
H2Oqiiquig) 285.829
NH1OH{iquid) 361.271
Sisolid) 12.735
(NH4)2Ss(solid) 94.9
(NH4)2COs3(soticty 821.1
CuSsolid) 53.136
(NH.)2SiO3(solid) 1251.6
Cu2CO3[OH]2(solic) 1051.020
Cu3[CO3]2[ OH]2(solid) 1631.341
CuSiO3nH20¢solid) 1747.3

There are standard entropy values of compound formation at 298.15 K in the Table 2.
Data for H:Ogiquiayy NH4OHgiquia), Ssotid), CUSsotia), CU2CO3[OH]2sotia), Cus[CO3]2[OH]2sotia), Cu-
SiOsnH2Os0iiqy Were calculated by formula (8) based on [14-17]. For chrysocolla accepted n = 2. Standard
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entropy at 298.15 K for (NHa)2Sssolid), (NH4)2CO3sotia), (NH4)2Si03(s01iqy Was determined using entropy data
found by Kumok method [13].

Table 2

Standard entropy of compound formation

Substance AtS%gg.15, J-mol 1K
H2Oliquid) -162.955
NH4OH iguid) —359.004
Sisolid) 23.567
(NH4)2Ss(solid) -579.1
(NH4)2CO3(solicy —841.3
CUS(solid) 1.453
(NH4)2SiO3solid) —-857.5
CuCO3[OH]2(solic —503.504
Cu3[CO3]2[OH]2solid) —671.479
CuSiOz'nH20slid) —629.305

Standard heat capacity of compounds formation at 298,15 K is shown in the Table 3.

For H2Oiquid), NH2OH iquid), Ssotid), CUS(sotia), CU2CO3[ OH]2solidy COMpounds the data were taken from [14—
17]. Values for (NH4)2Sssotia), (NH4)2CO3solic), (NHa4)2Si03(s0licy COmpounds were found using Kumok method
[13], those for CuSiOz'nH2Osolig) are from [19].

Table 3

Standard heat capacity of compounds formation

Substance ACy%298.15.J-mol - K
H2Oiquid) 31.793
NH1OH{iquid) 53.576
S(solid) —2.594
(NH4)2Ss(solid) -17.633
(NH4)2CO3s0lic) -14.3
CuS(sotid) 0.712
(NH4)2SiO3soliq) -18.8
Cu2CO3[OH]2(solid) -5.309
Cus[COs]o[ OH]a(solic) 4.203
CuSiOz'nH20solid) 45.288

By means of the equation 6 the temperature dependence of standard Gibbs energy for every interacting
compound have been calculated. The results are given in the Table 4.

Table 4
Temperature dependence of standard Gibbs energy of compounds formation
T, K
Substance 20815 | 313 | 328 | 343 | 38 | 313
AsG°, kJ-mol?
H20iquia) —237.244 —234.836 —232.426 —230.038 —227.67 —225.323
NH4OH iiquid) —254.234 —248.922 —243.595 —238.305 —233.05 —227.828
Sisolid) 5.708 5.359 5.009 4.660 4.313 3.967
(NHa)2Sssolid) 77.759 86.365 95.070 103.788 112,517 121.258
(NH4)2CO3(s0tid) —570.266 —557.768 —545.133 —532.488 -519.834 -507.171
CuSsolid) —53.569 —53.591 -53.614 -53.637 —53.66 —53.684
(NH4),Si03(solid) —995.936 —983.196 -970.313 —957.417 -944.509 —931.589
Cu2CO3[OH]2solic) —900.9 —893.423 —885.869 —878.301 —870.736 —863.167
Cus[COs]2[OH]2(solid) —1431.139 —1421.166 -1411.09 -1401.01 —1390.928 —1380.843
CuSiO3-2H20 soliay —1559.673 —1550.344 —1540.953 —1531.594 —1522.264 -1512.963
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Using respective data from Table 4 in the equation (4) the temperature dependence of standard Gibbs
energy for the reactions (1-3) was determined. Formula (5) was used to calculate temperature dependence of

equilibrium constant for the reaction (Table 5).

Table 5
Temperature dependence of standard Gibbs energy and equilibrium constant
Reaction T, K 298.15 313 328 343 358 373

—AG%.kJ-mol*? 394.826 399.229 403.75 408.367 413.048 417.808
10 Equation AGr =-0.307T — 303.1

IgKp 69.25 66.70 64.37 62.26 60.34 58.58

—AG%.kJ-mol*? 543.349 547.774 552.31 556.931 561.615 566.377
11 Equation AGr = -0.307T — 451.5

IgKp 95.30 91.52 88.06 84.91 82.04 79.41

—AG%.kJ-mol*? 19.247 21.044 22.86 24.684 26.51 28.346
12 Equation AGr =-0.121T + 16.99

IgKp 33 | 352 | 364 | 376 | 387 | 397

Based on Table 5 data, the temperature dependence diagrams were built for interaction of malachite,
azurite and chrysocolla with modified reagent (Fig. 1).
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Figure 1. Temperature dependence of standard Gibbs energy for interaction of copper minerals with modified reagent

As follows from Figure 1, standard Gibbs energy for malachite and azurite is negative in the whole tem-
perature range, indicating high probability of interaction, growing with temperature. Interaction with chryso-
colla is less active than with malachite and azurite but is still possible at mentioned temperature, with interac-
tion probability again proportional to temperature growth.

Interaction of a modified reagent with chrysocolla in interval of 298.15-373 K is lower than for malachite
and azurite. But also it can proceed in this temperature interval. Raise of temperature also is able to increase
the probability of interaction.
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Conclusions

Based on the results of thermodynamic analysis the modified reagent is recommended as oxidized copper
minerals sulphidizer for flotation enrichment of oxidized copper ore. In particular, the possibility of sulphidiz-
ing the ore containing malachite, azurite and chrysocolla as major components, is demonstrated in the study.

Financial support of scientific research was carried out under the project AP 05130454 «Development
of an effective technology for the processing of oxidized copper ores using a modified reagent» of the Ministry
of education and sciences of the Republic of Kazakhstan.
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I'.JI. Katkeesa, I'. Bypkitcerepkpizsl, FO.I1. Mopo3sos, E.M. XKynycos

ToThIKKaH MbIC MUHEPAJIIAPbIHBIH MOAM(PHKANMSAIAHFAH PeareHTIeH
dpeKeTTeCYiHiH TePMOIMHAMMKAJIBIK TAJI1aybl

TOTBIKKAH MBIC KeHIEpiH OaiibITy Ke3iH/e TOTHIKKAH MBIC MHHEpAIIapbIH allIbIH alla CyJIbQUATEY KePEeKTiri
KOPCETIIreH. AJIFalll peT TOTHIKKAH MBIC KEH/IEPiHIH HETi3iH KypayIibl — MaJlaXHT, a3y PUT )KOHE XPHU30KOILIa-
HBIH MOIU(UKANMSIIAHFAH CYIb(QUATEYII PearcHTIIeH oPEeKeTTECYiHIH TePMOIHHAMHUKAIIBIK TalJaybl )KYpPTi-
3inai. Monudukanusnanran cynbQUATEYIII peareHT peTiHae HaTpui MONUCyIb(GUAI MEH aMMOHHI Cylbda-
TBIHBIH epITiIHAICIH/E Naiia 00JFaH aMMOHHI TTOMUCYIbGUII KONAAHBULABL. AMMOHHN MOMUCYNbGHUIIHIH TO-
TBIKKAQH MBIC MHHEpaJIIapbIMEH PEaKIMsChIHBIH CTAaHAAPTTHI [ MOOC SHEPTUSCHIHBIH TeMIIepaTypajbIK Tyel-
niniri aiikeiHAanaspL. Manaxut neH a3yput yiuid 298,15-373 K apansirbinaa MoaubuKaysIaHFaH peareHTIeH
peaKnusChl Ke3iHae CTaHAapTThl [ MOOC SHEPTHSCH Tepic dcep KOpPCeTeTiHAIr aHbIKTanAbl. COHIBIKTaH MOJIH-
(hUKaIHsITaHFaH PEareHTTiH MaJaXxuT KIHe a3yPHUTIICH dPEKETTECy BIKTHMAIIIBIFBI )KOFaphl. TemieparypaHbiy
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JKOFapblIaybl ©3apa 9Cep €Ty bIKTUMAJIbIFbIH apTThpabl. MoauduKaMsIaHFaH peareHTTiH XPU30K0JUIaMeH
OpeKeTTecyi MalaXuT IeH a3ypHTKe KaparaH/aa dJIci3 KepceTuireH. Anaiiia ocbl TeMIiepaTypa HHTEpBaIbIHAA
aFbIll KeTyi MyMKiH. TeMrepaTypaHbIH XKOFapbliaybl COHBIMEH KaTap e3apa acep €Ty bIKTHMMAaJbLIbIFbIH apT-
TeIpanbl. OckiFaH OaliIaHBICTHI, TOTBIKKAH MBIC MUHEPAIIAPBIHBIH MOAU(HKAIMSUIAHFaH CYyJIbQUATEYIII pea-
TeHTI — aMMOHUH TTONHCYIbGUIIMEH CyIbGUITEHYIHIH MYMKIHIITI KOPCEeTIreH.

Kinm ce30epi: TOTBIKKaH MUHEpaIaap, XpU30KOJIa, MAIAXUT, a3ypuT, CyIb(UATEeYNI MoIu(pUKAIMIaHFaH
p b el b b
peareHt, cyiabhuITey, TEPMOANHAMUKAIBIK Tanay, [ M00c SHeprHscH.

I'.JI. Katkeesa, I'. Bypkutcerepksizbl, FO.I1. Mopo3zos, E.M. XKynycos

TepMoauMHAMHUYECKUN aHAJIU3 B3aUMOJACHCTBUS OKMCJICHHBIX MUHEPAJIOB MeIH
¢ MOAM(PUUMPOBAHHBIM peareHTOM

Tloxasana HEOOXOAMMOCTh TNPEABAPUTENBHON CYJIb(QUIN3AIMN OKHCICHHBIX MHHEPAIOB MEIW NpH
o0oraieHny OKUCICHHON MeIHO! py sl BriepBrie poBeneH TepMOIMHAMUYECKUH aHAIN3 B3aUMOJICHCTBHUS
MOIMGHUINPOBAHHOTO CYIb(OUINUPYIOIIETO PeareHTa ¢ OCHOBHBIMH COCTAaBILIOIIMMH OKHCICHHON MemHOMN
PYABI — MaJaxUTOM, a3ypPUTOM U XPH30KOIIOH. B kauecTBe MomudUIIMPOBaHHOTO CyIbGUINPYIOLIEro pea-
TeHTa IPHUMEHEH MOINCYIIBL()HIT aMMOHUS, 00pa30BaHHBIN B PACTBOPE MOJIHCYNIb(GHIA HATPUS U cyIbdaTa am-
MoHus. OmpezeneHa TeMiepaTrypHast 3aBHCUMOCTD CTaHIapTHOI sHeprun [ mb0ca peakuny nonucyiabduaa am-
MOHHS C OKHCJICHHBIMH METHBIMH MUHepanaMu. [1oka3aHo, 4To H3MEHEeHHe CTaHAapTHOIT sHepruu I'ub6ca pe-
aKIMH Ul MaJlaxuTa U a3ypura ¢ MOAUGHIUPOBAHHBIM peareHToM B uHTepBane 298,15-373 K npunumaer
oTpHLarebHble 3HaYeHHs1. ClieJoBaTENbHO, BEICOKA BEPOSITHOCTD B3aUMOICHCTBUS MOTHU(DUIIHPOBAHHOTO pe-
areHra ¢ MaJaXUTOM U a3ypuToM. [1oBbIIIeHHEe TeMIIepaTypsl CIOCOOCTBYET YBEIMYECHHIO BEPOSITHOCTH B3au-
MozelcTBus. CBA3b MOAU(UIIMPOBAHHOIO PEareHTa ¢ XpU30KOJUION BBIpaXKEHa ciabee, YeM MallaxuTa u asy-
puta. OgHAKO OHA MOXKET IPOTEKATh B TAHHOM TeMIIepaTypHOM HHTepBaie. [IoBbIIIeHHe TeMIepaTyphl TakkKe
CIIOCOOCTBYET YBEIIMYECHHIO BEPOSTHOCTH B3anMojeicTBusl. TakiuM oOpa3oM, yCTaHOBJIEHA MPUHIUIIHATIBHAS
BO3MOXKHOCTD CYJIb(DPUIH3AIMH OKHUCICHHBIX MEIHBIX MUHEPAJOB MOAUGHUIMPOBAHHBIM CYJIb()UIUPYOIIUM
pEareHTOM — IMOJIUCYIb(GUIOM aMMOHHSL.

Knrouegvie ciosa: OKUCICHHBIE MUHEPANIBI, XPU30K0JUIA, MaJaXHT, a3ypHUT, MOAUGHUIMPOBAHHEIN CyIb(OH M-
pYIOUINI peareHt, cyabpuIn3anys, TepMOITHAMIUECKUN aHamu3, sHeprus ['nboca.
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