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Abstract

The paper presents a new thermodynamic approach to studying mixed ligand
complex formation reactions in multicomponent two-phase systems “solid phase -
saturated aqueous solution” under real conditions.

The quintessence of developed approach consists in the thermodynamic analysis of
concurrent reactions in the system Cu (11)-NH3-S2032-H20 under real conditions on
the basis of the introduced notion of the generalized reaction equation. The
formation of mixed ligand complex  species Cu(OH);(NH3)(S203) is

characterized by certain peculiarities in the behavior of studied two-phase
heterogeneous systems. The new feature is to focus on the chemical description of
the overall process of complex formation consisting of a series of concurrent
reactions, where the nature and ratio of the concentrations of chemical species,
formed in such reactions, depend on the ratio of the concentrations of the metal Cu?*
and ligands, temperature and other factors (thermodynamic parameters).
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Introduction

The use of cyanide CN™ was the dominant method used to extract gold from its ores
for many years. However, cyanide is extremely toxic to organic environments and
biological creature (Xu et al 2017, Zhang & Senanayake 2016). Significant efforts
candidate. This is mainly due to the fact that thiosulfate is nontoxic, inexpensive,
has a good selectivity to gold with limited interference from foreign cations and high
gold recoveries from a wide range of gold minerals such as ores copper, carbon
blacks and sulfide ores (Abbruzzeseet al 1995, Aylmore & Muir 2001a, Grosse et al
2003, Liu et al 2017). Additionally, thiosulfate has been used as a fertilizer for many
years due to its relatively low impact on the environment. Various oxidants for the
thiosulfate system, including oxygen, amine complexes of Cu (lI), Co (lIl) amine
complexes and several Fe (I11) complexes (Aylmore & Muir 2001b, Liu et al 2018,
Muir & Aylmore 2005, Senanayake & Zhang 2012) have been recommended. But
the Cu (I1) amine complexes have been studied most intensely, potentially leading to
enhancement of copper concentrations in solution. Additionally, as the leach
solutions should be alkaline in order to avoid thiosulfate decomposition, the addition
of ammonia is required to stabilise the copper (I1) as a copper (II) — ammine
complex (Breuer & Jeffrey 2003).
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The overall reaction of gold leaching is Au + Cu (1) = Au(l) + Cu(l). Oxidation of
metallic gold in Au* in ammonium thiosulfate solution in the presence of Cu(ll)
takes place at the potential of ~ 0 V (relative to the standard hydrogen potential) and
can be represented by the following equations (Wan 1997):

2AU +10S,027 +2Cu(NH3)2* — 2Au(S,03)3™ +8NH;4 +2Cu(S,03)3” )
4Cu(S,03)3” +16NH3 + O, + H,0 — 4Cu(NH3)3" + 40H ™ +125,02~ @

However, the mechanism of reduction of Cu(ll) in Cu(l) illustrated in equations (3),
(4), (5) and (6) is much more complex and involves the formation of mixed
compounds in the Cu(ll)-NHz-S203%, Cu(l)-NH3-S20s* and Au(l)-NHs-S203*
systems and their adsorption on the surface of gold with the simultaneous oxidation
of gold and thiosulfate (Senanayake 2004, Senanayake 2005, Choo & Jeffrey 2004).
It has been shown recently that the presence of Cu (Il) in the thiosulfate leach
solution does not only act as an oxidant, but in addition considerably enhances the
gold oxidation reaction (Breuer & Jeffrey 2003). Despite considerable research in
the thiosulfate —copper — ammonia leaching system, the lack of important formal
chemical thermodynamics has delayed the use of the thiosulfate process as an
alternative to cyanidation. The paper presents a developed thermodynamic approach
to studying mixed ligand complex formation reactions in multicomponent two-phase
systems “solid phase - saturated aqueous solution” under real conditions.

Its quintessence consists in the thermodynamic analysis of concurrent reactions in
the system Cu (I1)-NHs-S203%-H20 under real conditions on the basis of the
introduced notion of the generalized reaction equation (GRE). The formation of
mixed ligand complex species Cu(OH);(NH3) j(S203) is characterized by certain

peculiarities in the behavior of studied two-phase heterogeneous systems. The new
feature is to focus on the chemical description of the overall process of mixed
complex formation consisting of a series of concurrent reactions, where the nature
and ratio of the concentrations of chemical species, formed in such reactions,
depend on the ratio of the concentrations of the metal Cu?* and ligands, temperature
and other factors (thermodynamic parameters).

Materials and Methods

The overall process, e.g. possible homogeneous chemical equilibria, considering all
potential Cu(ll) species (parent and mixed hydroxo complexes of readily
hydrolysable copper ions, tris complexes in the case of large ligand excesses,
precipitation etc.), can be described by the following GRE equation (the quantity fijk
denotes the partial molar fraction of the respective species) (Povar et al 2018):

cu+y s 3 ifijxkH20+% ¥ Z quk(fNH3+fNH+JNH3+

i=0j=0k=0 i=0j=0k=0
3
[Z >z X kfukj[zleI3203j=_z 2 2 fiCu(OH);(NH3)(S203)k + ®)
i=0j=0 k=0 1=0 i=0j=0k=0
X2 X Ifuk )
i=0j=0k=0

where ¥ 3 z fije =10 fapg +f 0 =1 and y f;H,S,05 =1
i=0j=0k=0 4 1=0
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GRE is the generalization of a set of common chemical equations, taking into
account the simultaneous formation of several different chemical species.

The mass balance equations for the investigated system are as follows:

cguh T X 3 [Cu(OH) [NH5]; (5,031 =[Cu g,
1=01=0k @)
g =[NHS]+[NH; T+ £ 3 5 j[CU(OH), [NH,],[8,0;

O (5)
c;’ o0 =[8,0371+[HS,031+[H,8,05]+ ZOZ Zok[CU(OH) i[NH31;[S203]¢  (6)
i=0j=0k=
where the alpha coefficient is calculated with the deduced expression:
o T T flH T INHG) (5,087 W)

i=0j=0k=

On the other hand, the precipitation-dissolution heterogeneous process of the
slightly soluble CuOs) oxide in the thiosulfate — copper — ammonia leaching system
can be described with the following GRE:

CUO(S) +E: JZ > ( _ifijk )H * +i§)j§0k2:20 Jfljk (fNH3 + fNHZ )NH3 +

(Z > kfl]k}(z f|H|5203J= > 2 X fijCu(OH);(NH3) ; (S;03)¢ + ®)
i=0j=0k=0 =0 i=0j=0k=0

P L-ify H20,

i=0j=0k=

The varlatlon in Gibbs energy of the heterogeneous process (8) was calculated by
means of the expression (Povar & Rusu 2012); (Povar & Spinu 2014); (Spinu 2014):

0 -2
AG=-RT InKgag 2+ +RT InCCu2+[H+] 9)
where Ks is the equilibrium constant of the reaction:
CuO(s) +2H* =Cu®" +H,0,  Kg =[Cu® J/[H*]?

Results and Discussion

Based on the equations (1)-(9), a thermodynamic study was carried out to determine
the copper (Il) species during gold extraction and recovery of the copper -
thiosulfate - ammonia systems. The equilibrium constants of all the possible
reactions in the investigated system are summarized in Table 1. The distribution of
soluble and insoluble copper species in the system Cu(ll)-NH3-S203% was
investigated as a function of pH, copper, ammonia and thiosulfate concentrations
using the thermodynamic analysis and the repartition diagrams for heterogeneous
system (Povar & Rusu 2012). The area of thermodynamic stability of the solid phase
CuOs) and relative amounts of each species depend on the [NHz]: [S205?] ratio in
solution. Figure 1 shows that CuOgs) is precipitated at pH = 12.64 at high
concentrations of ligands NHz and S20s% (curve 1). Our calculations showed that the
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domain of stability of solid cupric oxide is expanding to lower and higher pH values
with increasing Cu (1) concentrationin the manner predicted by thermodynamic
modelling. The area of thermodynamic stability of cupric oxide substantially
extends also with decreasing the concentrations of both ligands NHs and S203% at
the same initial concentration of Cu®* (curves 2 and 3). The thermodynamic
speciation of copper species shown as a function of pH in figure 2 and figure 3 was
calculated based on the thermodynamic method and diagrams of heterogeneous
equilibria developed by (Povar & Rusu 2012, Spinu 2014). The cupric oxide
becomes the dominant species up to pH 8 at lower concentration of NHsz and high
concentration of S203%, prevailing over the mixed species Cu (NH3)2(S203)2*
(Figure 3).

The thermodynamic analysis has proved that the mixed-ligand complexes
Cu(NH3)2(S203)2% and Cu(NH3)3(S203)2° are more stable and dominant than other
species Cu(S203)k>%, Cu(NHs)?* at high concentrations of ammonia and/or
thiosulfate (Figure 2 and Figure 3). These results should be mandatorily taken into
account at studying the redox processes of the ammoniacal thiosulfate leaching of
gold.

1. CY(Cu™) = 0.1 moliL; C°(NH,) =4 mol/L; C(S,0,”) = 2 mol/L
2. C(Cu™) = 0.1 mol/L; C°(NH,) = 0.1 mol/L; C(S,0,”) = 2 mol/L
3. C(Cu™) = 0.1 mol/L; C(NH,) = 0.1 mol/L; C°(S,0,”) = 0.1 mol/L

AGI2.3RT
"
.

-
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Figure 1. The variation of Gibbs energy versus pH in the heterogeneous system
Cu(I1)-NH3-S203%-H-0.
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Table 1. The equilibrium constants of all the possible reactions in the investigated

system
Species log K Source
Cu(NH3)(OH)* 0.9 Senanayake 2004*
Cu(NH3)5(OH), -12.3 Senanayake 2004*
Cu(NH3)(OH)3 -25.7 Senanayake 2004*
Cu(NH 3)2+ 4.2 Vazquez-Arenas et al 2007
Cu(NH 3)%+ 7.75 Vazquez-Arenas et al 2007
Cu(NH3)3* 10.6 Vazquez-Arenas et al 2007
cu( NH3)421+ 12.9 Vazquez-Arenas et al 2007
cu( NH3)§+ 12.43 Vazquez-Arenas et al 2007
Cu(NH3)2(S203) 13.17 Senanayake & Zhang 2012
Cu(NH3)3(5,03) 13.65 Senanayake & Zhang 2012
Cu(NH3), (5203)37 15.06 Senanayake & Zhang 2012
Cu(S,03) 2.4 Senanayake & Zhang 2012
CU(5203)§7 5.2 Senanayake & Zhang 2012
NH I 9.4 Vazquez-Arenas et al 2007
HS,03 1.68? Aylmore & Muir 2001°
H,S,03 1.98 Aylmore & Muir 2001°
CUOH™* 1.7 Smith &Martell 1976°
Cu(OH) p(aq) -15.2 Smith &Martell 1976°
Cu(OH )§ -27.5 Smith &Martell 1976°
Cu(OH)2 -404 Smith &Martell 1976
CuO(s) 8.49 Plyasunova et al 1997
Cu(OH) os) 9.1 Plyasunova et al 1997

*Recalculated for the reaction: Cu®" +iNH, + jH,0 =Cu(NH,),(OH), + jH"
PRecalculated from the AGY (i) values from CODATA recommendations.
°Recalculated for the reactions of hydrolysis.
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Figure 2. Thermodynamic speciation diagram of Cu(ll) species as a function of pH
in the homogeneous system  Cu(ll)-NH3-S203%-H20.  Concentrations,
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Figure 3. Thermodynamic speciation diagram of Cu (11) species as a function of pH
in the heterogeneous system Cu  (I11)-NHs-S20s*-H20.  Concentrations,
. ~0 . ~0 . ~0
mol/L: CCuZ* =0.1; CNH3 =0.1,c82032, =2
Conclusions
An original thermodynamic approach to complex chemical equilibrium analysis was
used, taking into account complex reactions in multicomponent heterogeneous
systems under real conditions. Its principle consists in the thermodynamic analysis
of the conditions of realization of different processes based on the global
thermodynamic characteristics. The reciprocal relations of thermodynamic
characteristics for technological processes with different physicochemical properties
constitute the basis of the systematization of the experimental material, the
fundamental search for the optimal conditions of technological processes or the
suppression of unwanted processes.
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The generalized equations of the soluble and insoluble species involved in the
complex homogeneous and heterogeneous process and the equation for calculating
the Gibbs energy variation of the precipitation-dissolving process of the less soluble
CuOs) oxide were deduced.

A thermodynamic study was accomplished to determine the copper (Il) species
during gold extraction and recovery with the copper - thiosulfate - ammonia
systems. It has been shown that mixed complexes containing two ligands
Cu(NH3)2(S203)2 and Cu(NH3)3(S203) are more stable than other species as
Cu(S203)i#% and Cu(NHs)j?* at high concentrations of ammonia and/or thiosulfate.
The relative quantities of each species depend on the ratio [NH3]:[S203:%*]in the
solution.

The thermodynamic stability of the solid phase CuOs) depends greatly on the pH
and concentrations of ammonia and thiosulfate.

The obtained results are useful for optimization of the overall scheme of thiosulfate
leaching for gold hydrometallurgy. The speciation of copper in such complex
system can have a detrimental effect on the environment as well as in the industrial
processes. The precipitation of cupric oxide above a critical pH can be used in the
treatment of Cu2*-containing wastewater.
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