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Abstract: A new hydrometallurgical route for separation and recovery of Cu from Cu—As-bearing copper electro-
refining black slime was developed. The proposed process comprised oxidation acid leaching of Cu—As-bearing slime
and selective sulfide precipitation of Cu from the leachate. The effects of various process parameters on the leaching
and precipitation of Cu and As were investigated. At the first stage, Cu extraction of 95.2% and As extraction of 97.6%
were obtained at 80 °C after 4 h with initial H,SO,4 concentration of 1.0 mol/L and liquid-to-solid ratio of 10 mL/g. In
addition, the leaching kinetics of Cu and As was successfully reproduced by the Avrami model, and the apparent
activation energies were found to be 33.6 and 35.1 kJ/mol for the Cu and As leaching reaction, respectively, suggesting
a combination of chemical reaction and diffusion control. During the selective sulfide precipitation, about 99.4% Cu
was recovered as CuS, while only 0.1% As was precipitated under the optimal conditions using sulfide-to-copper ratio
of 2.4:1, time of 1.5 h and temperature of 25 °C.

Key words: copper electrorefining black slime; oxidation acid leaching; selective sulfide precipitation; leaching

kinetics; copper recovery

1 Introduction

Almost all copper from primary or secondary
resources is deposited electrolytically at its final
stage of production [1,2]. The -electrolysis is
performed to refine the impure copper anodes to
produce pure copper cathodes. Although smelting,
converting and refining greatly reduce the content
of impurities, a small quantity of impurities still
remain in the copper anodes. During the electrolytic
refining of copper, the impurity elements such as
As, Sb and Bi gradually dissolve and concentrate in
the electrolyte [3—5]. When the concentrations of
impurity elements reach a concentration detrimental
to the electrolytic production of high-purity copper,

continuous withdrawal and treatment of the refinery
electrolyte is required to maintain the requisite
electrolyte purity. During the decopperization of
electrolyte by electrowinning, the arsenic deposits
as a black slime along with copper. Such a Cu—As-
bearing copper electrorefining black slime (Cu—As-
bearing slime, for short) is characterized by high
contents of copper and arsenic in the form of
Cu—As compounds, such as Cu;As and Cu(HAsO,)
[6,7]. Because of the toxic elemental arsenic and
valuable elemental copper, the cleaning treatment of
Cu—As-bearing slime is becoming important for
copper smelters from the perspective of both
resource utilization and environment protection.
Traditionally, the Cu—As-bearing slime is
returned to the copper smelter to recovery copper
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because of its high copper content. However, this
will lead to increased arsenic circulation in the
smelting processes. With increasing stringent
environmental regulation, this traditional treatment
method is gradually being eliminated, and storage
seems to be the only approach for managing
Cu—As-bearing slime. On the other hand, the
impurity content, especially arsenic grade, in
copper ores has tended to increase year by year, and
therefore the arsenic grade in copper concentrates
obtained from copper ores is becoming increasingly
higher. Thus, an increasing amount of Cu—As-
bearing slime will be produced. As a result, the
Cu—As-bearing slime has become a major problem
in smelters in which the concentrates that contain
arsenic are being processed.

Generally, materials containing arsenic can be
treated by  either = pyrometallurgical  or
hydrometallurgical processes [8—11]. In the
pyrometallurgical processes, arsenic is readily
volatilized as As,O; and collected in the flue
dust [12,13]. Hydrometallurgical processes are based
on acid leaching [14], alkaline leaching [15—17],
pressure leaching [18],
leaching [19], and so on. However, the existing
methods for treating Cu—As-bearing slime are less
than satisfactory, which presents many drawbacks,
e.g., long treatment process, low efficiency,
environmental pollution and high cost. An ideal
process for the treatment of Cu—As-bearing slime
should be a hydrometallurgical process, operating at
low temperature and atmospheric pressure, with
few unit operations and low energy costs, by which
arsenic removal and copper recovery can be
achieved simultaneously.

This work presents a hydrometallurgical route
that consists of oxidation acid leaching and
selective sulfide precipitation for processing
Cu—As-bearing slime. The effect of various process
parameters on acid leaching of Cu and As from
Cu—As-bearing slime and subsequent separation
and recovery of Cu from the leachate were studied.
In addition, the leaching kinetics of acid leaching
was also studied.

mechanical activation

2 Experimental

2.1 Materials
The Cu—As-bearing slime used in this study
was supplied by the Tongling Nonferrous Metals

Group Co., Ltd., Anhui of China. The as-received
material was crushed using a laboratory vibration
mills to pass through a 75 um sieve. This was
followed by splitting of the crushed product to get
representative samples for chemical analyses and
mineralogical study. Chemical analysis of the
Cu—As-bearing slime was performed by ICP-AES
(IRIS Intrepid II XSP) after digestion, and the result
is listed in Table 1. The contents of Cu and As in the
Cu—As-bearing slime were 44.2% and 15.4%,
respectively. As shown in Fig. 1, the main mineral
components of the Cu—As-bearing slime are
geminite (Cu(AsO;OH)(H,0)), copper sulfate
hydrate (Cu(SO4)(H,0)), nantokite (CuCl) and
domeykite (Cu;As). The presence of CuCl is due to
the use of HCl as an additive to the electrolyte.

Table 1 Main elemental composition of Cu—As-bearing
slime (wt.%)
Cu As S Sb Bi Pb
44.2 154 4.72 0.11 0.57 0.053
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Fig. 1 XRD patterns of Cu—As-bearing slime

2.2 Experimental procedure

The experiment procedure is shown in Fig. 2,
which mainly consists of two unit operations, that
is, oxidation acid leaching and selective sulfide
precipitation. The operations for
processes are described below.
2.2.1 Oxidation acid leaching

All leaching experiments were performed in a
500 mL 3-neck and round-bottom flask, as shown
in Fig. 3. Magnetic stirring was used for mixing
with a fixed speed of 400 r/min. The temperature
was controlled by a thermostatic water bath. In each
experiment, 20 g of the Cu—As-bearing slime was

these two
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Fig. 3 Reactor of oxidation acid leaching

mixed with a known quantity of sulfuric acid
solution in the flask. Reaction conditions were
manipulated individually to identify the optimum
leaching conditions, i.e., concentration of sulfuric
acid (0.5-3.0mol/L), reaction temperature
(50-90 °C), liquid-to-solid ratio (L/S ratio,
6—14 mL/g), and reaction time (1-5 h). The sulfuric
acid solution was first heated to the set reaction
temperature. Then, the Cu—As-bearing slime was
added to the reactor. Finally, air with a flow of
0.8 m*/h was fed to the solution and mixing was
started. After leaching, the product solution was
filtered and the solids washed with distilled water,
yielding a leachate and a black leach residue.
2.2.2 Selective sulfide precipitation of copper
Selective sulfide precipitation of copper was
conducted by introducing H,S into the diluted

leachate, the feasibility of which was confirmed in
our previous study by theoretical calculation as well
as experiments using solutions with copper
concentration of 600mg/L  and  arsenic
concentration of 2000 mg/L [20]. The entire
experimental process was carried out in the
apparatus that was divided into two parts, as
shown in Fig. 4. The left part was used to generate
H,S by the reaction between FeS and HCI, and
sulfide precipitation occurred in the right part. A
small hole was drilled in the partition to maintain
the pressure balance on both sides. H,S was passed
into the gas inlet of the jet device, and the leachate
was pumped into the liquid inlet of the jet device,
reacting and continuously circulating. After reacting
for a certain period, the liquid sample was taken out
and 1-2 mL of polyacrylamide solution (10 mg/L)
was added to facilitate the separation of precipitate
from solution. The effects of sulfide-to-copper ratio,
reaction time and temperature on precipitation and
separation of Cu from leachate were investigated. A
stirring speed of 400 r/min was applied with a
magnetic stirrer in all the experiments.

Separating funnel

Sulfide
precipitation device ) ]

Magnetic stirring Peristaltic pump
Fig. 4 Experimental apparatus of selective sulfide

precipitation

2.3 Characterization and chemical analyses

The Cu and As concentrations in the solution
were determined by ICP-AES. The leaching rates of
Cu and As were calculated as previously described
in Ref. [21]. The precipitation rates (R) of Cu and
As were calculated according to Eq. (1):
R:%XIOO% D

1

where C; was Cu (or As) concentration in leachate
obtained from the process of oxidation acid
leaching, C, was Cu (or As) concentration in the
solution after sulfide precipitation.
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The crystallographic composition of the
precipitates were identified by X-ray diffraction
(XRD, D/max2550 VB+ 18 kW), and the elemental
compositions were analyzed by SEM—EDS (Nova
NanoSEM 230).

3 Results and discussion

3.1 Oxidation acid leaching of Cu—As-bearing

slime
3.1.1 Effect of initial H,SO, concentration

The effect of initial H,SO4 concentration on
the leaching of Cu—As-bearing slime was
investigated at 80 °C for 4 h with L/S ratio of
10 mL/g. As shown in Fig. 5, the leaching rtes of
Cu and As exhibited the same variation tendency
with the variation of initial H,SO,4 concentration.
These increased remarkably as H,SO,4 concentration
increased from 0.5 to 1.0 mol/L, with a change
from 60.9% to 95.0% for Cu and from 68.3% to
97.5% for As. In contrast, with enhancing acid
concentration between 1.0 and 3.0 mol/L, the
leaching rates were virtually constant. These
remained stable at approximately 98% for As and
95% for Cu. Thus, the optimal initial H,SO,
concentration was determined to be 1.0 mol/L, and
all the subsequent experiments were performed
under this condition.

100
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S 70t
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Initial H,SO, concentration/(mol-L™")
Fig. 5 Effect of initial H,SO, concentration on leaching
rates of Cu and As

3.1.2 Effect of temperature

The effect of temperature on the leaching of
Cu—As-bearing slime was studied at the initial
H,SO, concentration of 1.0 mol/L, L/S ratio of
10 mL/g, and leaching time of 4 h. It can be seen
from Fig. 6 that temperature was observed to have a
significant effect on the leaching rates of Cu and As.

The leaching rates of Cu and As increased from
68.8% to 95.5% and from 76.4% to 98.0%,
respectively, when the temperature was elevated
from 50 to 80°C. However, there were no
significant changes in the leaching efficiencies of
Cu and As at an elevated temperature of 90 °C.

Therefore, the optimal temperature was chosen to
be 80 °C.
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Fig. 6 Effect of temperature on leaching rates of Cu and

As

3.1.3 Effect of liquid-to-solid ratio

Figure 7 presents the effect of the L/S ratio on
the leaching of Cu—As-bearing slime at the initial
H,SO, concentration of 1.0 mol/L, temperature of
80 °C, and leaching time of 4 h. The leaching rates
of Cu and As elevated rapidly as L/S ratio increased
from 6 to 10 mL/g. When the L/S reached 10 mL/g,
the leaching rates of Cu and As were 95.3% and
98.0%, respectively. However, further increase in
L/S ratio was found to have no remarkable effect on
the leaching rates of Cu and As. Hence, the optimal
L/S was selected as 10 mL/g.
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Fig. 7 Effect of liquid-to-solid ratio on leaching rates of

Cuand As



Mei-qing SHI, et al/Trans. Nonferrous Met. Soc. China 31(2021) 1103—-1112

3.1.4 Effect of leaching time

The effects of leaching time on the leaching
rates of Cu and As at initial H,SO,4 concentration of
1.0 mol/L, temperature of 80°C and L/S of
10 mL/g are presented in Fig. 8. It can be seen that
the leaching was efficient and fast with 64.4% of
Cu and 75.4% of As extracted within 1 h. Thereafter,
with prolonged leaching time, the leaching rates of
Cu and As reached 95.6% and 98.1%, respectively,
after 4 h. Further increase in the leaching time
resulted in a gradual increase in the levels of Cu
and As leaching rates, indicating that the leaching
reaction gradually reaches equilibrium. Thus, 4 h
was regarded as the optimal leaching time.

100
L 90Ff
2
2
s
2 80r
=
Q
B
—
70
60 L . . . .
1 2 3 4 5
Leaching time/h

Fig. 8 Effect of leaching time on leaching rates of Cu and
As

3.1.5 Optimum conditions

Based on the above results, the most suitable
leaching conditions were determined to be an initial
H,SO, concentration of 1.0 mol/L, with L/S of
10 mL/g at 80 °C for 4 h. Under these conditions,
confirmation experiments were conducted five
times. The results and corresponding average
values are shown in Fig. 9. It can be seen that the
results of parallel experiments were similar with
small standard deviation. Therefore, it was
appropriate to choose these optimum conditions.
Under the optimum conditions, the average
leaching rates of Cu and As were 95.2% and 97.6%,
respectively, and the average concentrations of Cu
and As in the leachate were (43.8+0.2) and
(15.1£0.1) g/L, respectively.

3.2 Kinetics of oxidation acid leaching

In order to undertake kinetic analysis of the
oxidation acid leaching of Cu—As-bearing slime,
the leaching rates of Cu and As as a function of

1107

time were examined at 50, 60, 70, 80 and 90 °C,
respectively. The results are shown in Fig. 10.
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Fig. 9 Results of repeated experiments under optimal
conditions
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Fig. 10 Effect of temperature on leaching rates of Cu (a)
and As (b)

The leaching reaction of Cu and As is a
solid—liquid heterogeneous reaction taking place at
the liquid—solid interface. The unreacted shrinking
core model is most widely used to describe the



1108 Mei-qing SHI, et al/Trans. Nonferrous Met. Soc. China 31(2021) 1103—-1112

solid-fluid heterogeneous reaction and determine
the rate-controlling step [22,23]. However, a
satisfactory fit was not obtained in this work when
applying various shrinking core models to the
experimental data. The regression coefficients (R°)
for the chemical reaction control model and the
diffusion control model are shown in Table 2.

Table 2 Regression coefficients (R?) for chemical
reaction control and diffusion control shrinking core
models at different temperatures

oc 1-(1-x)" 1-2/3x—(1—x)**
As Cu As Cu
50 0.9824 0.9778 0.8981  0.8314
60 0.9818  0.9799 09177  0.8891
70 0.9437  0.9472 0.9347  0.9204
80 0.9641 0.9523 0.9551  0.9423
90 0.9011 0.9121 0.9372  0.9355

It can be seen that the regression analysis
showed poor linearity. When fitted with chemical
reaction control model, the linearity was good at
low temperatures and became poor at high
temperatures, and the fitting results with the
diffusion control model was opposite. Therefore,
the oxidation acid leaching kinetics of Cu—As-
bearing slime could not be analyzed by single

chemical reaction control or diffusion control model.

It seemed to be controlled by a mixture of chemical
reaction and diffusion. Considering the leaching
rates of Cu and As as a function of time shown in
Fig. 8, we inferred that the kinetics of such a
liquid—solid reaction was in accordance with the
Avrami model [24,25]. The kinetic equation of
Avrami model is

—In(1-X)=kt" 2)
where X is the leaching rate, k& is the reaction rate
constant and ¢ is the reaction time. The parameter n
is a function of properties and geometry of the solid
particles and independent of process conditions.
The value of n has been classified to three levels:
for n<1, the initial rate is infinite but decreases with
increasing time; for n=1, the initial rate is finite and
the leaching process is controlled by chemical

reaction; for n>1, the initial rate is close to zero [26].

Further, for 0.5<n<1, the leaching process is a
mixed type of chemical reaction and diffusion
control; for n<0.5, it is controlled by diffusion

process.

Based on the results of Fig. 10, the variations
of In[-In(1-X)] with Inz were plotted for the
reaction temperatures in Fig. 11. The good straight
lines in Fig. 11 indicated that the leaching of Cu and
As can be described by the Avrami model. The
values of the regression coefficients and Ink
calculated at various temperatures are given in
Table 3. The average values of n for Cu and As
leaching were calculated to be 0.7148 and 0.6641,
respectively.

The apparent activation energies of the
reaction were determined from the Arrhenius plot
(Fig. 12) to be 33.6 kJ/mol for the Cu leaching
reaction and 35.1 kJ/mol for As leaching reaction,
which confirmed that the kinetics of oxidation acid
leaching for Cu—As-bearing slime was controlled
by both chemical reaction and diffusion. The
similar apparent activation energies for Cu and As
indicated their similar leaching reaction processes,
which can be contributed to the primary phases of
Cu—As compounds, such as geminite
(Cu(AsO;0H)(H,0)) and domeykite (CuzAs) in
Cu—As-bearing slime.
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25 30 35 40 45 50 55

In(#/min)
Fig. 11 Variation of In[-In(1-X)] vs In¢ at different
reaction temperatures
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Table 3 Correlation coefficient of Avrami model at different temperatures

1109

n Ink R’
T/°C
As Cu As Cu As Cu
50 0.6583 0.7210 -3.319 -3.83 0.9941 0.9811
60 0.6648 0.7034 -3.062 -3.45 0.9937 0.9814
70 0.6540 0.7203 -2.703 -3.19 0.9916 0.9968
80 0.6786 0.7107 —2.348 -2.83 0.9939 0.9970
90 0.6649 0.7186 -2.112 -2.65 0.9971 0.9945
-2.0
100
-2.4
£ 90t
&
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- -2.8 £ 80t
= B
=32 & g0t
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Fig. 12 Arrhenius plot of Avrami model reaction rates for

As and Cu extractions against reciprocal temperature

3.3 Selective sulfide precipitation of Cu in

leachate
3.3.1 Effect of sulfide-to-copper molar ratio

The effects of sulfide-to-copper molar ratio on
the precipitation rates of Cu and As from the
leaching solution were investigated at 25 °C for
1.5 h. The amount of H,S was controlled by using
excess amount of HCI and changing the dosage of
FeS. The results presented in Fig. 13 showed that
the Cu precipitation rate increased rapidly when the
sulfide-to-copper molar ratio increased from 1.6:1
to 2.4:1. Thereafter, it remained unchanged with
further increase of sulfide-to-copper molar ratio to
2.8:1. The maximum Cu precipitation rate was
99.6%. This indicated that Cu was completely
reacted at sulfide-to-copper molar ratio of 2.4:1
which was larger than the theoretical value
of sulfide-to-copper molar ratio. A contributing
factor was that a fraction of the H,S remained to the
head space of the reaction apparatus. However, the
precipitation rate of As was kept at around 0.1%.
Hence, the sulfide-to-copper molar ratio of 2.4:1
was selected for the subsequent experiments.

1.6:1 1.8:1 2.0:1 2.2:1 2.4:1 2.6:1 2.8:1
Sulfide-to-copper molar ratio
Fig. 13 Effect of sulfide-to-copper molar ratio on
precipitation ratios of Cu and As

3.3.2 Effect of reaction time

The effect of reaction time varying from 0.5 to
2.5 h on precipitation ratio was investigated at
25 °C with sulfide-to-copper molar ratio of 2.4:1.
The precipitation rate curves are given in Fig. 14. It
can be seen from Fig. 14 that the Cu precipitation
rate increased with increase in the reaction time
until 1.5 h. It remained constant at reaction time
longer than 1.5 h. In contrast, the As precipitation
rate remained to be constant at reaction time
between 0.5 and 1.5 h and increased gradually with
the increase of reaction time after 1.5 h. Therefore,
a reaction time of 1.5 h was selected to guarantee
the separation of Cu and As, for which the
precipitation rates of Cu and As were 99.5% and
0.05%, respectively.
3.3.3 Effect of temperature

The effect of temperature in the range of
25-65 °C on precipitation rate was studied using
sulfide-to-copper molar ratio of 2.4:1 and reaction
time of 1.5 h, and the results are shown in Fig. 15.
In the range of 25—65 °C, the precipitation rate of
Cu was stable at about 99.6%, whereas the
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precipitation rate of As slightly increased from
0.01% to 0.31%. This indicated that elevated
temperature was conducive to As precipitation, but
had little effect on Cu precipitation. Hence, 25 °C
was adjudged to be the optimum reaction
temperature for selective precipitation of Cu.

100 |
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5 60 " —As
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&
g 401
&
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Fig. 14 Effect of reaction time on precipitation rates of
Cu and As
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Fig. 15 Effect of temperature on precipitation rates of Cu
and As

3.3.4 Optimum conditions

Based on the above results for the selective
sulfide precipitation process, five sets of parallel
experiments were carried out under optimal
conditions of sulfide-to-copper molar ratio of 2.4:1,
reaction time of 1.5 h and temperature of 25 °C.
The results are shown in Fig. 16. As can be
observed, the results of the five parallel
experiments were similar. Under the optimal
conditions, the average precipitation rates of Cu and
As were 99.4% and 0.1%, for corresponding
average Cu and As concentrations of (0.2+0.1) and
(15.0+0.1) g/L in the leach solution, respectively.

Therefore, Cu and As can be effectively separated.

16
100 - — " — . .
X L
3 951 i 415 o
£ -
g 901 ~
= . 5
B, e — Leaching rate of As 114 -5
5 85t o — Leaching rate of Cu £
;s:’ a — Concentration of As g
4 — Concentration of Cu ::;
O
05r 10.4

LS

- 0
1 2 3 4 5 Average
Times

Fig. 16 Results of repeated experiments under optimal
conditions for selective sulfide precipitation of Cu

Figure 17 shows the XRD pattern of the
precipitate, indicating that CuS was the dominant
phase. The SEM image and EDS analysis are
shown in Fig. 18. The particles occurred mostly as
aggregates with loose microstructure. The sulfide-
to-copper molar ratio was close to 1:1 and there was
almost no As in the precipitates, which further
indicated that Cu was successfully separated from
leachate and recovered as CuS.

10 20 30 40 50 60 70 80
20/(°)
Fig. 17 XRD pattern of precipitates

4 Conclusions

(1) A new hydrometallurgical route consisting
of oxidation acid leaching and selective sulfide
precipitation was proposed for separation and
recovery of Cu from Cu—As-bearing slime.

(2) The optimum conditions for oxidation acid
leaching were determined to be initial H,SO,
concentration of 1.0 mol/L, L/S ratio of 10 mL/g,
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Element wt.% at%

(0] 1.69 4.98
S 31.27 45.62

Cu 67.04  49.40
As 0 0

Cu

Cu

As
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Energy/keV

Fig. 18 SEM image (a) and corresponding EDS analysis
results (b) of precipitates

leaching temperature of 80 °C and leaching time of
4 h, under which average leaching rates of Cu and
As were 95.2% and 97.6%, respectively. According
to kinetic analysis using the Avrami model, the Cu
and As leaching reactions were indicated to follow
the mixed control with the apparent activation
energies of 33.6 kJ/mol for Cu leaching and 35.1
kJ/mol for As leaching.

(3) By selective sulfide precipitation under
optimal conditions of sulfide-to-copper ratio of
2.4:1, time of 1.5 h and temperature of 25 °C,
99.4% of Cu was successfully separated from
leachate and recovered as CuS. The new process
provides an alternative method for treating
Cu—As-bearing residue in terms of recovering Cu as
CuS which can be returned to copper smelting for
Cu recycling. Besides, the high concentration of As
can be used to produce scorodite to get stabilized.
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