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Synopsis

A hydrometallurgical route was developed to extract metals such as gold,
silver, copper, and selenium from anode slime from Sarcheshmeh Copper
Complex in Iran. For the extraction of copper by leaching, the anode slime
was heated and stirred with 4 M sulphuric acid in the presence of oxygen.
Optimal conditions for recovery of copper were temperature 80°C, mixing
time 5 hours, and oxygen flow rate 2 L/min, resulting in a copper recovery
0f 94.47%. Silver and selenium were dissolved by leaching anode slime
from which the copper had been removed with nitric acid. For gold
extraction, anode slime was heated with aqua regia at 90°, and the gold
then extracted with 2-ethyl-hexanol at a concentration of 0.5 M and phase
ratio of 4. The extract was then stripped with soda solution at pH=10.5 and
a phase ratio of 5. Finally, gold was recovered by precipitation with oxalic
acid at a ratio of mass to volume 10 g/L. Total gold recovery was 80%.

Keywords
solvent extraction, leaching, copper, gold, anode slime, Sarcheshmeh
Copper Complex.

Introduction

During the electrorefining of copper, some
metals are accumulated in the byproduct anode
slime, which is an important source for
recycling and recovery of these metals
(Petkova, 1994). In this paper, a hydrometal-
lurgical route is described for the recovery of
precious metals from copper anode slime of
Sarcheshmeh Copper Complex, which is
located in southeastern Iran .

Copper anode slime is black or gray
powder with a particle size less than 200
mesh. Approximately 2 to 20 kg of anode
slime is produced per ton of copper cathode.
The slime is characterized by higher amount of
Ag, Se, Pb, and Cu compared to other metals
and a very low Au content (Khaleghi and
Ghader, 2013).The copper anode slimes are
composed of 11.69% selenium, 3.93% copper,
5.26% silver, 0.13% gold, and 45% barite,
plus lead, tellurium, antimony, sulphur, and
silica with small amounts of nickel, iron, zinc,
and bismuth. Gold is one of the most
important noble metals due to its wide
applications in industry and economic
importance, so recovery of gold from slime is
more appealing than that of other metals.
According to the World Gold Council (2013),
the demand for gold has increased during the
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last decade. This increase is due not only to
the increasing demands of the jewellery
market, but also to the increasing demand for
gold in industrial as well as medical
applications (Ranjbar et al., 2014).

Different methods to extract valuable
metals like gold exist, but hydrometallurgical
methods are more affordable. Hydrometallurgy
consists of leaching - transferring desirable
components into solution using acids or
halides as leaching agents, purification of the
leach solution to remove impurities by solvent
extraction, adsorption, or ion exchange, then
recovery of base and precious metals from the
solution by an electrorefining process,
chemical reduction, or crystallization (IvSic et
al., 2009).

Several methods, such as resin adsorption
(Donia et al., 2007; Nguyen et al., 2010) or
activated carbon have been investigated for
recovery of gold from slimes, waste, and other
sources. Cyanidation is currently the conven-
tional gold recovery method, but researchers
are looking for alternative methods that do not
employ cyanide (Ranjbar et al., 2014).

Rice et al. (1988) studied the leaching of
coppet, silver, and gold from anode slime and
non-representational compounds CuSe, Ag,Se,
and CuAgSe with nitric acid. Dutrizac and
Chen (1990) also studied slime leached with
Na(l addition, and the main difference in the
leach residue was found to be that silver
occurs mainly as silver chloride instead of
sulphate, although silver sulphate is also
insoluble in sulphuric acid.

Luo et al. (1997) reported a method for
treating anode slime in several operations,
including removal of copper and nickel by
leaching with dilute sulphuric acid, leaching of
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selenium, silver, and tellurium with dilute HNO; (2-8 M),
recovery and recycling of HNO;, selective solvent extraction
of silver, and finally separation and recovery of selenium and
tellurium from the Ag-free solution by reduction with SO,
under different conditions (acidities).

Hait et al. (2002) described the role of MnO, and NaCl in
sulphuric acid leaching of copper anode slime. They found
that at atmospheric pressure, leaching recovery of Cu with
sulphuric acid is low and addition of MnO, is beneficial for
leaching copper, selenium, and tellurium. A combination of
MnO, and NacCl was also investigated, which gave even
higher recoveries of these metals and gold removal but was
not successful for removing Ag.

Yavuz and Ziyadanogullari (2000) studied the recovery
of gold and silver from copper anode slime. The slime
contained Cu, Te, and Se in addition to Ag and Au. Pressure
leaching with sulphuric acid in an autoclave was used to
remove Cu. Selenium and tellurium were extracted by Na,SO5
or Na,S solutions and the remained selenium was removed
by roasting. They found that if the roasted samples are
leached first with concentrated sulphuric acid in an autoclave
at 350°C under 800 kPa oxygen pressure, and then with 0.1
M sulphuric acid followed by 3 M ammonia solution, most of
the silver can be dissolved. Gold was recovered by thiourea
leaching (Khaleghi and Ghader, 2013).

Paatero and Haapalainen (2013) described a method for
extracting gold selectively from acidic chloride-based aqueous
solution or solid-containing slurry by solvent extraction to
produce pure gold. A di-ester of 2,2,4-trialkyl-1,3-
pentanediol was used as the organic extraction reagent. The
gold-bearing organic solution was scrubbed with an acidic
aqueous solution, after which gold was stripped into water
and then reduced to form pure gold.

Pan et al., (2013) reported a new method specifically for
silver separating residues of the copper anode slime. Sodium
thiosulphate was subjected to mixing and ball milling, and
the ball-milled material and a solvent were treated in a
hydrothermal reaction still. The product solution was filtered
and thiourea dioxide reductant was added to produce coarse
gold and silver powders .

Ranjbar et al. (2014) studied the recovery of gold from
copper anode slime by means of a novel process utilizing
magnetite nanoparticles (MNPs) that were first synthesized
by a co-precipitation method. All the gold content of copper
anode slime was dissolved in thiourea solution and a
positively charged complex of gold and thiourea was obtained
as a result. The gold complex adsorbed on the negatively
charged MNPs. Ammonia was added to the gold-MNP
suspension to precipitate the gold in metallic form.

The purpose of the present research is the efficient
recovery of copper and gold from anode slime by solvent
extraction and leaching. This process has to be carried out at
the optimum operating conditions, and also economically, for
possible scale-up.

Materials and methods

The copper anode slime of Sarcheshmeh Copper Complex was
used in this study, and the reagents (sulphuric acid 88%,
nitric acid 55%, hydrochloric acid 28%, oxalic acid 99.7%,
soda 98%, 2-ethyl-hexanol 97%, and benzene) were supplied
by Iranian companies. X-ray diffraction (XRD) and X-ray
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fluorescence (XRF) spectroscopy were used for chemical and
mineralogical analysis of the copper anode slime. The XRD
and XRF equipment models were Phillips and ARL 8410,
respectively.

Leaching of gold in the anode slimes is affected by some
elements such as silver, copper, iron, and selenium. The
anode slime was first washed with 4 M sulphuric acid to
remove all the copper. Sulphuric acid was then added to
anode slime in a 1:10 (solid to liquid) phase ratio and the
mixture heated on a hotplate in the presence of oxygen while
being stirred with a magnetic stirrer. In this stage the
effective parameters were temperature, mixing time, and
oxygen flow rate.

The precipitate from the previous step was washed with
water. Then 4 M nitric acid was added with phase ratio 1:10
(solid to liquid). The mixture was stirred with a magnetic
stirrer at 450 r/min and heated on a hotplate directly at 90°
for 3 hours. As a result, gold and residual barite were
deposited, and silver, selenium, and other light metals were
dissolved.

The residual solids that were produced after washing the
copper anode slime with nitric acid were leached with agua
regia at a solid to liquid ratio 1:10 and the mixture was
stirred and heated at 80 for 1 hour. After filtering the
mixture, a solution containing gold was obtained.

For recovering gold from the mixture of gold-containing
copper anode slime a two-stage method was used. Gold was
selectively extracted from the mixture with an alcohol, and
stripped from the alcohol with soda solution. Metallic gold
was then precipitated using oxalic acid. All the above
processes were carried out at room temperature.

To establish the effect of process parameters on the
extraction of gold and copper from anode slime, the Taguchi
experimental design method was used. For extraction of
copper the three variables are temperature, mixing time, and
oxygen flow rate. These variables were studied at two levels.
For extraction of gold, the four variables are the phase ratio
of alcohol to acid, phase ratio of aqueous phase to alcohol, pH
of the NaOH solution, and concentration of alcohol. These
variables were studied at three levels. The key variables and
levels were selected based on previous research.

Results and discussion

Analysis

The anode slime was collected from the electrolytic cells at
Sarcheshmeh Copper Complex. XRF spectroscopy was used
for mineralogical characterization of the slime, and the results
are shown in Table I. The anode slime analysis by the ICP-
MS method is shown in Table II. The anode slime contained
approximately 3.5% copper and 0.14% gold.

Design of experiments

The experimental conditions for the extraction of copper and
gold from anode slime are shown in Tables IIl and IV
respectively.

Effect of temperature on extraction of copper

The mixing temperature is the parameter that has the greatest
effect on copper extraction from anode slime. The results
(Table V) show that at the same oxygen flow rate, copper
recovery increased significantly with increasing temperature.
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Table |

XRF analysis of copper anode slime (%)

ICP-MS analysis of anode slime

Cu Se Ag Au As,05 BaS04 PbO Sh,0; Si0, SrO
3.56 11.62 5.04 0.138 1.44 64.28 4.31 5.05 2.19 0.91
Table Il

Element Concentration (ppm) Element

Concentration (ppm)

Element Concentration (ppm)

Ag 5088 Ca
As 13570 Cu
Au 1402 Fe
Ba 847.4 Mg
Bi 1498.2 Ni

1084.4 Pb 54658

35078 S 24424

2354.8 Sb 35818

225.4 Se 116542
291.8 Sn 1729.2

Table Il

Factors and levels identified for the extraction of
copper

Factor Level

80
10

Temperature (°C)
Mixing time (h)
Oxygen flow rate (L/min)

(%]
N A s

Table IV

Factors and levels for the extraction of gold

Factor Level

Phase ratio of acid to alcohol 2 4
Extractant concentration 0.5 0.2
Phase ratio of aqueous to alcohol 3 5
pH of NaOH solution 8.5 10.5

Table V

Taguchi design for extracting copper from anode
slime and results

Recovery (%) | Temperature (°C) | Time (h) | Oxygen (L/min) | Test

72.83 60 4 2 1
95.47 80 10 2 2
89.13 60 4 4 3
67.23 80 10 4 4

Figure 1 shows the signal-to-noise ratio for the temperature
factor. At the higher temperature, where a higher signal-to-
noise has been obtained, recovery is higher than the first
level. In Figure 2, copper recovery is plotted against
temperature for each test. The highest recovery was reached
at 80°.

The Journal of the Southern African Institute of Mining and Metallurgy

31.9-

31.84

31.74

31.6

Mean of SN ratios

31.54

31.4-

31.34

Temp(c)

Figure 1 - Signal-to-noise ratio for the temperature factor

-

Persentage of copper recovery
cBEEBE8B838ES8

&0 B0
Temperature (°C)

Figure 2 - Effect of temperature on copper recovery

Effect of mixing time on extraction of copper

The results in Table VI show that a significant increase in
copper recovery was obtained with longer mixing times.
Figure 3 shows the values of the signal-to-noise ratio for the
time factor. It can be seen that after 5 hours, the recovery
remained nearly constant, and thus the best mixing time was
considered to be 5 hours.

Effect of oxygen flow rate on extraction of copper

The main purpose of injecting oxygen into the system is
oxidation of the copper sulphide within the anode slime to
1155 4
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Table VI
Effect of mixing time on copper recovery
10 9 8 7 6 5 4 3 Time (h)
2.68 2.65 2.65 2.61 2.58 2.6 2.35 1.98 Copper concentration (g/L)
97.59 95.49 96.49 95.04 93.94 94.49 85.53 75.33 Recovery (%)

il Effect of aqueous-to-alcohol phase ratio

38.124 . . .

A solution of NaOH was used for gold stripping from the

14 loaded organic (alcohol) phase. The effective parameters were
g 3819 the aqueous-to-alcohol (phase ratio of S/0) and the pH of the
= 38091 NaOH solution, which were studied at two levels. According
< 38.08 to the results in Table VIII, by increasing the phase ratio of
§ 38074 aqueous to alcohol at the same pH, gold recovery was
S increased. As a result, the higher phase ratio was chosen.

38.05. This is due to the complete mixing of the extractant in the

' presence of soda.
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Figure 4—Effect of mixing time on copper recovery

copper oxide. Dissolution of gas in the solution is slow,
therefore increasing the gas flow rate did not affect the
recovery of copper. Figure 5 shows the values of the signal-
to-noise ratio for the oxygen flow rate factor. As shown, the
slope is negative and the lower oxygen flow rate was chosen.

Effect of acid-to-alcohol phase ratio

According to the results in Table VII, by increasing the phase
ratio of acid to alcohol (A/O) with the same extractant
concentration, the gold recovery was increased. As a result,
in this research the higher phase ratio was chosen. However,
by increasing this ratio, the results were reversed. This is due
to the lack of sufficient extractant.

Effect of alcohol concentration

The extractant concentration is the most significant
parameter for extraction of gold from anode slime. According
to the results shown in Table VI, at the same A/O, gold
recovery was increased significantly with increased alcohol
concentration. At the best recovery, the phase separation time
was 23 seconds.

VOLUME 116

» 1156 DECEMBER 2016

38.44

38.34

38.2

38.14

38.0

Mean of SN ratios

02(/min)

Figure 5—Signal-to-noise ratio for the oxygen flow rate

Table VI
Solvent extraction test results

Test A/O Ce Recovery (%)
1 2 0.5 75.23

2 2 0.2 36.78

3 4 0.5 89.30

4 4 0.2 45.77
Table VIII

Stripping results

Test S/0 pH Recovery (%)
1 3 8.5 45.50

2 3 10.5 83.67

3 5 8.5 58.72

4 5 10.5 94.97
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Effect of pH of soda solution

The pH of soda solution is the most significant parameter in
the stripping gold from the loaded organic. According to the
results shown in Table VIII, at the same ratio of S/0, by
increasing the pH, gold recovery was increased significantly.
Figure 6 compares the signal-to-noise values for both
parameters. For both parameters the signal-to-noise were
increased with the change from the first to the second levels,
but, the slope of the line for the pH parameter is greater than
that for phase ratio (S/0). This shows that adjustment of the
pH of the NaOH solution is very important in gold stripping.

Reduction

Oxalic acid was used to precipitate metallic gold from the
NaOH solution. The amount of oxalic acid required for the
reduction of the dissolved gold was established experi-
mentally. Approximately 10 g of the acid per litre of solution
resulted in almost complete reduction of gold. This process
was carried out at room temperature. Under the best
conditions, a gold recovery of about 81% was obtained.

Conclusions

The maximum copper recovery of 95.47% was obtained at a
temperature of 80°C, mixing time of 5 hours, and oxygen
flow rate of 2 L/min.

For gold extraction, the best conditions were an acid-to-
alcohol phase ratio of 4 and extractant concentration of 0.5
M. For stripping of gold the best condition were an aqueous-
to-alcohol phase ratio of 5 and pH 10.5, with reduction to
metallic gold using 10 g/L oxalic acid. The gold recovery was
81%.
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