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Abstract: The enrichment of copper from copper—cyanide wastewater by solvent extraction was investigated using a quaternary ammonium
salt as an extractant. The influences of important parameters, e.g., organic-phase components, aqueous pH values, temperature, inorganic an-
ion impurities, CN/Cu molar ratio, and stripping reagents, were examined systematically, and the optimal conditions were determined. The
results indicated that copper was effectively concentrated from |low-concentration solutions using Aliquat 336 and that the extraction effi-
ciency increased linearly with increasing temperature. The aqueous pH value and concentrations of inorganic anion impurities only weakly
affected the extraction process when varied in appropriate ranges. The CN/Cu molar ratio affected the extraction efficiency by changing the
distribution of copper—cyanide complexes. The difference in gold leaching efficiency between using raffinate and fresh water was negligible.
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1. Introduction

Cyanide has been most widely used as a lixiviant in the
gold industry because of its high efficiency and low cogt;
however, a large amount of cyanide wastewater is dis
charged during the production process. As a common asso-
ciated mineral, copper is dissolved as copper—cyanide com-
plexes during the cyanidation process. These complexes can
form insoluble copper—cyanide complex coatings on the
surface of gold minerals, which decreases the gold leaching
speed and substantially increases the consumption of cya
nide [1]. Consequently, the copper-containing cyanide solu-
tion cannot be reused without first being treated.

Natural degradation is the most common approach to
treating copper—cyanide wastewater [2-3] even though it is
highly toxic to the environment [4]. Other technologies for
the decomposition of cyanide, such as the SO,/air method [5]
and the alkaline—chlorine process [6], have been devel oped
to treat copper—cyanide wastewater in the gold industry.
Among these techniques, electrowinning has been success-
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fully used to recover metal from electroplating cyano-
gen-containing wastewater [7]; however, the loss of cyanide
via anodic electrochemical oxidation is inevitable. Although
membranes and sacrificidl materials have been used to
mitigate the damage of cyanide [8-10Q], the high cost of
membranes and reagents leads to high operating costs,
which limits the wide application of this approach in indus-
try. As an effective technique for the separation and recov-
ery of copper and cyanide, acidification, volatilization, and
recovery (AVR) represents a typical route used to treat cya
nide wastewater [11]. However, in the AVR process, valu-
able metals are removed as a complexing precipitates that
require further trestment to recover metals; in addition, the
natural degradation of tals is also necessary to damage re-
sidua cyanide in wastewater. Furthermore, the blockage of
pipes by precipitated calcium sulfate is a potential problem.
Generaly, an economical and effective treatment ap-
proach can be redized through increasing the concentrations
of reactants. Activated carbon [12] and ion-exchange resins
[13] have been developed to concentrate valuable metals
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from cyanide wastewater; however, the suitability of this
approach for industrial applications is severely diminished
by low adsorption efficiency and poor adsorption capability.
As one of the most promising alternatives, solvent extraction
has been widely used as an effective method for separating
and recovering valuable metals from wastewater [14]. It is
regarded as an ideal technology for enriching metals from
copper—cyanide wastewater. Alonso-Gonzdez et al. [15-16]
comparatively studied copper extraction from cyanide solu-
tions using Quartamin TPR, Adogen 464, and Aliquat 336.
Xie and Dreisinger [17-19] reported that copper could be
effectively extracted from cyanide solution using guanidine
and a modified amine extractant. Unfortunately, their ex-
periments were carried out using solutions with a copper
concentration considerably lower than that of actual gold ef-
fluents.

In this paper, we present the results of our investigation
of copper extraction from copper—cyanide solution using a
quaternary ammonium salt (Aliquat 336). We confirmed the
optimum composition of the organic phase via extraction
experiments. The performance of a new stripping reagent,
ammonium thiocyanate, was compared with the perform-
ance of sodium hydroxide. Potential influencing factors such
as pH values, temperature, inorganic anion impurities, and
CN/Cu molar ratio were investigated. Furthermore, we re-
used the extraction raffinate to investigate the influence of
the cyanide leaching.

2. Experimental

Aliquat 336 (BASF Co., Ltd.) was used as an extractant
and was dissolved in sulfonated kerosene to obtain the de-
sired concentration. 2-octanol (Sinopharm Chemical Re-
agent Co., Ltd.) was used as a modifier to prevent the for-
mation of athird phase. The aqueous solution was prepared
by dissolving NaCN and CuCN in deionized water; sodium
hydroxide and sulfuric acid were used to adjust the pH value,
which was measured using a pHs-3C (INESA Instrument
Co., Ltd.) pH meter. Inorganic anion impurities were intro-
duced into the copper—cyanide solution in the form of NaCl,
N&S0,;, NaSCN, and Zn(CN),. All the chemicals were of
analytica reagent grade. The particle size in the gold con-
centrate used for cyanidation was 83% below 74 um. The
chemical composition of the gold concentrate is shown in
Table 1.

Tablel. Chemical composition of the gold concentrate

Au/ (gth Ag/(gth) Cu/wt% Pb/wi% Zn/wit% Fe/wt%
450 140.2 0.34 179 161 3048

Extraction experiments were carried out in Erlenmeyer
flasks using a stable temperature shaker. Equal volumes (50
mL) of organic and agueous phases (O/A = 1) were mixed
and stirred for 10 min to achieve extraction equilibrium. The
phase separation was conducted in a separatory funnel. The
copper in the agueous phase was andyzed by atomic ab-
sorption spectrophotometry (AAS), and the free cyanide
was measured by titration with silver nitrate using potassum
iodide as an indicator. The copper in the organic phase was
calculated by mass balance.

The cyanide leaching of gold concentrate was conducted
in amechanicaly stirred tank; the leaching time was 72 h at
room temperature. The pH value of the solution was peri-
odically adjusted to 13 using calcium oxide during the ex-
periments. The concentration of free cyanide was stabilized
at 0.4wt% and measured by titration with silver nitrate. The
gold and silver contents in the residues were determined by

fire assay.

3. Reaultsand discussion
3.1. Effect of organic phase composition

Fig. 1 and Fig. 2 show the effects of 2-octanol and Ali-
quat 336 concentrations on the copper extraction efficiency,
respectively. Synthetic copper—cyanide solution containing
10 g/L copper was used to achieve obvious differences in
extraction efficiency; the initial pH value of the cop-
per—cyanide agueous solution was maintained at 13, and the
molar ratio of total cyanide to copper was 4:1.

Fig. 1. Copper extraction efficiency vs. 2-octanol concentra-
tion in thediluent (O/A = 1).

The 2-octanal is a strong polarity modifier that can en-
hance the polarity of the diluent and depolymerize the qua
ternary ammonium to improve the solubility of the extracted
complexes. As shown in Fig. 1, the Cu extraction efficiency
substantialy increased with increasing 2-octanol concentra-
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tion and reached a maximum value when the 2-octanol con-
centration was 20vol% in the diluent. However, the aqueous
phase emulsified when the 2-octanol concentration was
grester than 20vol%, which led to a sharp decrease in the
extraction efficiency. Moreover, a third phase appeared
when the 2-octanol concentration in the diluent was greater
than 30vol%.

Fig. 2. Copper extraction efficiency vs. concentration of Ali-
quat 336 (O/A = 1).

Fig. 2 shows the relationship between the extraction effi-
ciency of copper and the concentration of Aliquat 336 in the
organic phase. The extraction efficiency increased linearly
with increasing Aliquat 336 concentration when the concen-
tration was less than 240 g/L. When the Aliquat 336 con-
centration exceeded 240 g/L, the extraction efficiency in-
creased slowly, indicating that the utilization ratio of extrac-
tant was reduced. Because precipitates appeared when the
concentration of Aliquat 336 reached 240 g/L in the subse-
quent test, the optima component concentrations in the or-
ganic phase were confirmed to be 200 g/L Aliquat 336 and
20vol% 2-octanol in sulfonated kerosene.

The results of isothermal copper extraction from cyanide
solution using the optimal component concentrations are
shown in Fig. 3. The maximum extraction capacity was
greater than 13 g/L, which indicates that the copper was ef-
fectively extracted from the copper—cyanide solutions by
Aliquat 336. The extraction equilibrium reaction is ex-
pressed by the following equation:

XCU(CN); +YCU(CN); + (2 + 3y)RiN(org =

XCU(CN)S(R4N)2(org) + yCU(CN)4(R4N)3(org) (1)
The molar ratio of RyN* to Cu(CN); was measured on
the basis of the saturation capacity, which was approxi-
mately 2:1. A possible explanation for this ratio is that the
charge density of the Cu(CN); complex is lower and the
number of molecules required to combine with Cu(CN); is
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less than the required quantity of Cu(CN);, which resultsin
less steric hindrance, thus, preferential extraction of the
Cu(CN); complex by Aliquat 336.

Fig. 3. Isothermal copper extraction with Aliquat 336 (O/A = 1).
3.2. Effect of initial pH value and temperature

Fig. 4 shows the extraction of copper from cyanide solu-
tion at different initial pH levels. As shown in this figure,
the extraction efficiency was greater than 90% when the pH
value of the copper—cyanide solution was less than 13.7 and
it decreased substantially when the pH value was greater
than 13.7; this decrease was caused by a side reaction be-
tween hydroxyl ions and the extractant. The hydroxyl com-
peted with the copper—cyanide complexes to coordinate with
extractant molecules at higher pH levels. In the leaching
process of industrial gold minerals, the pH value of the
copper—cyanide wastewater is commonly less than 14; thus,
a high extraction rate can be attained. Fig. 5 shows the &f-
fects of temperature on copper extraction. The results indi-
cate that the copper extraction from cyanide solution was
sensitive to and increased linearly with increasing tempera-
ture; it also shows that the extraction is an endothermic
process.

Fig. 4. Cu extraction efficiency at different initial pH levels
(O/A =1, initial [Cu] =8 ¢d/L, and n(CN)/n(Cu) = 4).
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Fig. 5. Effect of temperature on Cu extraction efficiency (O/A
=1, initial [Cu] =10 g/L, and n(CN)/n(Cu) = 4).

3.3. Effect of inorganic anion impurities

Sulfate, chloride, and thiocyanate are the principal anion
impurities in copper—cyanide wastewater. The anions poten-
tially affect copper extraction because of competition with
the copper—cyanide complexation. As shown in Fig. 6, the
sulfate positively influenced the copper extraction within a
certain range because the strong ion hydration effect of sul-
fate produced a salting-out effect, which promoted the ex-
traction of copper—cyanide complexes. The effect of chlo-
ride was negligible, and the copper extraction efficiency de-
creased with increasing thiocyanate concentration, although
it was till acceptable even when the concentration of thio-
cyanate was 0.1 mol/L.

Fig. 6. Effect of other anion impurities on Cu extraction effi-
ciency (O/A =1, initial [Cu] =5g/L, and n(CN)/n(Cu) = 4).

Fig. 7 shows that the zinc—cyanide complex was effec-
tively extracted by Aliquat 336 from cyanide solutions with
different initial zinc concentrations; thus, the recovery of
zinc with solvent extraction is feasible. As a cyanide com-
plex in copper—cyanide wastewater, zinc is extracted more
easily than copper from the cyanide solution because

Zn(CN); has a lower charge density than Cu(CN); as a
consequence of itslarger geometric size [17].

Fig. 7. Zn extraction efficiency from cyanide solutions with
different initial zinc concentrations (O/A = 1).

3.4. Effect of CN/Cu molar ratio

Fig. 8 shows the relation between the copper extraction
efficiency and the CN/Cu molar ratio at different initial
concentrations of copper. As evident in this figure, the ex-
traction efficiency of copper decreased substantially when
the copper concentration was 10 g/L. compared to that when
the copper concentration was 2 g/L. Fig. 9 shows that obvi-
ous differences in the extraction efficiency were caused
mainly by variations in the concentration of free cyanide.
The free cyanide concentration was consistently relatively
low and increased more slowly at the lower copper concen-
tration than at the higher copper concentration, especially
when the CN/Cu molar ratio varied from 4 to 5; thisresult is
a consequence of the maximal copper-to-cyanide coordina-
tion number being 4. Because of competition with cop-
per—cyanide complexation, the free cyanide decreased the
extraction efficiency substantially.

Fig. 8. Cu extraction efficiency vs. initial CN/Cu molar ratio
at initial copper concentrationsof 2and 10 g/L (O/A =1).
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Fig. 9. Initial concentration of free cyanide as a function of
initial CN/Cu molar ratio at initial copper concentrations of 2
and 10g/L (O/A =1).

3.5. Stripping of the loaded or ganic phase

NaOH and NH,SCN were investigated as stripping
agents at various concentrations. The copper concentration
in the loaded organic phase was 13.75 g/L for stripping, and
the temperature was maintained at 25°C. The copper con-
centrations of the stripping solutions are shown in Table 2.
The loaded copper could not be stripped effectively by
NaOH solutions, whereas NH,SCN was a suitable agent for
stripping copper from the organic phase, resulting in a strip-
ping efficiency greater than 80%. The addition of NaCN did
not increase the stripping efficiency. When the concentra-
tion of NH,SCN reached 1.5 mol/L, the stripping copper
concentration in the aqueous phase was over 29 g/L. These
results indicate that copper can be easily enriched from cya
nide solution via solvent extraction and NH;SCN stripping.

Table2. Stripping of theloaded organic phase (O/A =5:2)

Cu concentras  Cu strip-

Stripping solution fion/(gLY) ping/%
1 mol/L NaOH 0.34 0.99
3mol/L NaOH 0.50 145
3 mol/L NaOH + 0.01 mol/L NaCN 0.79 229
1 mol/L NH,SCN 2461 7159
1 mol/L NH,SCN + 0.01 mol/L NaCN 2511 73.04
1.5 mol/L NH,SCN 29.12 84.71
2mol/L NH,SCN 30.07 87.48

3.6. Cyanide leaching using extraction raffinate

The recycling of extraction raffinate is an important as-
pect of recycling copper—cyanide wastewater. Leaching ex-
periments were performed to compare the differences be-
tween raffinate and fresh water. The copper content of the
raffinate was less than 0.1 g/L. Similar results were obtained
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for the raffinate and fresh water, as shown in Table 3. The
recycling of reffinate did not adversely affect the cyanida
tion process, which suggests that the raffinate can be directly
used to leach gold after the removal of copper by solvent
extraction.

Table3. Cyanideleaching using raffinate and fresh water

Sample Resduegrade/ (gt %)  Leaching efficiency / %
Au Ag Au Ag
149 65.6 9.7 53.2
Retffinate 122 62.3 97.3 55.6
144 65.9 9.8 53.0
131 60.1 97.1 57.1
Fresh water 117 64.2 974 54.2
140 62.7 9.9 55.3

4. Conclusions

(1) Copper—cyanide complexes were effectively extracted
from a high-concentration solution using Aliquat 336. The
maximum extraction capacity was greater than 13 g/L using
the optimal concentrations of the organic-phase components.
The free cyanide remained in the raffinate, which could be
used to leach gold.

(2) The stripping of copper was effectively conducted
using 1.5 mol/L NH,SCN solutions; the stripping rate ex-
ceeded 80% when the copper concentration of the solution
was approximately 30 g/L.

(3) The solvent extraction method devel oped in this work
could be used as a simple and efficient separation—concen-
tration method for the treatment of copper—cyanide waste-
water.
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