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Abstract: The leaching of cobalt from cobalt-bearing ternary sulfide with sulfuric acid solution under atmospheric
pressure was investigated. The influence of stirring speed, leaching temperature, H,SO4 concentration, and particle size
on the leaching efficiency of cobalt was studied, and the kinetics analysis of cobalt leaching from the cobalt-bearing
ternary sulfide was performed. The results showed that cobalt and iron were selectively leached with high efficiency
(>99%) under the optimal conditions, while molybdenum and copper were enriched in residues. According to the
analysis of the experimental data, the leaching of cobalt conformed to the shrinking core model with a solid product
layer and was controlled by internal diffusion. The activation energy of the leaching reaction was 49.86 kJ/mol, and the

reaction orders of H,SO4 concentration and particle size were 0.57 and —1.4, respectively.
Key words: cobalt white alloy; cobalt-bearing ternary sulfide; cobalt; sulfuric acid; leaching kinetics

1 Introduction

Cobalt is a strategic rare metal with high
stability and magnetism. It is widely used in several
fields such as machinery manufacturing, electronics,
electrical engineering, acrospace, and the chemical
industry [1]. In recent years, the consumption of
cobalt has greatly increased with the development
of lithium-ion battery materials. China is the
largest producer and consumer of cobalt but lacks
cobalt resources, possessing only 1% of global
reserves [2—4]. Most cobalt raw materials are
imported from the Democratic Republic of the
Congo (DRC) [5,6]. Because of the export policy
restrictions of the DRC, cobalt ores must be smelted
before being exported. Due to the limitation of the

local industries, only the primary smelting process
is performed to produce cobalt-containing inter-
mediate products. Therefore, China imports
intermediate products such as crude cobalt
hydroxide and cobalt white alloy. Cobalt white
alloy is obtained from the reduction smelting of
copper cobalt oxide ore [7], which contains cobalt,
iron, copper, silicon, and low amounts of other
impurity elements. Because the alloy is a water-
quenched product, all the elements are closely
embedded. Therefore, the separation and extraction
of valuable metals are difficult [8].

Previous studies have demonstrated the
treatment of cobalt white alloy by oxygen pressure
leaching and atmospheric pressure leaching
processes [9—11]. A high leaching efficiency of
cobalt and copper was obtained through the oxygen
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pressure leaching process [12]. However, the
leaching process was performed under high
temperature and pressure, which introduces severe
requirements for the leaching equipment, and
resulted in high investment and production cost.
Atmospheric pressure leaching has also been used
to treat cobalt white alloy [13]. Due to the stable
chemical properties of cobalt white alloy, numerous
strong oxidants, i.e. nitric acid, chlorine, and
sodium hypochlorite were used in the leaching
process [14—16]. However, these oxidants form
toxic compounds such as NO and Cl, in the
leaching process, causing environmental problems
and economic recycling difficulties.

The leaching of cobalt white alloy is limited
by its inert chemical structure, particularly the
ferrosilicon component [17—19]. Therefore, the
structure conversion of cobalt white alloy may be
an alternative way to improve its leaching
performance. Calcification or sodium roasting
pretreatment was used in previous studies to
remove silicon from cobalt white alloy [20,21],
improving its leaching performance. Although
several issues such as the low recovery rate of
cobalt and large consumption of desilication agents
occurred in this leaching process, the conversion of
the inert structure of cobalt white alloy was
achieved. Therefore, this approach has certain
significance in the development of a novel cobalt
white alloy leaching method.
study [22], a structure
conversion pretreatment was used to enhance the
leaching of cobalt white alloy and molybdenite. In
this process, cobalt white alloy was converted into
cobalt-bearing ternary sulfide through smelting with
molybdenite. Compared with cobalt white alloy, the
leaching performance of cobalt in ternary sulfide
was greatly improved in acid solutions. However,
the leaching kinetics of cobalt-bearing ternary
sulfide under atmospheric pressure is still unclear.

In this study, the leaching mechanism and
kinetics of cobalt in cobalt-bearing ternary sulfide
were investigated in H»SOs4 solution under
atmospheric pressure. The effects of stirring speed,
leaching temperature, H>SOs4 concentration, and
particle size on the leaching kinetics of cobalt
were systematically investigated. The control step,
apparent activation energy, and reaction orders of
the leaching reaction were determined, and the
kinetic equation was established.

In our previous

2 Experimental

2.1 Materials

The cobalt white alloy used in the study was
obtained from the DRC, and its chemical
composition was as follows (wt.%): Co 38.72, Fe
39.21, Cu 8.15, Si 5.71, and S 0.25. Molybdenite
was provided by Jinduicheng Molybdenum Co.,
Ltd., (Xi’an, China), and its chemical composition
was as follows (wt.%): Mo 43.31, S 26.78, Fe 4.24,
Cu 0.47, and Si 2.17. The samples were characterized
by X-ray diffraction (XRD) using Cu K, radiation
in a D/Max 2500 Rigaku device. The main phase
compositions of cobalt white alloy were (Fe,Co),Si,
and Cu metal (Fig. 1(a)), while only the MoS;
phase was detected in the molybdenite (Fig. 1(b)).
The cobalt white alloy and molybdenite before
smelting were ground to the required particle size
of 106 um. All the reagents in this leaching process
were of analytical grade and used without further
purification. Deionized water was used in the
experiments.
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Fig. 1 XRD patterns of cobalt white alloy (a) and
molybdenite (b)
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2.2 Preparation of cobalt-bearing ternary sulfide
The cobalt-bearing ternary sulfide was
obtained using a structure conversion pretreatment.
In this process, cobalt white alloy and molybdenite
(with a certain mass ratio of cobalt alloy to
molybdenite being 1:2) were mixed and poured into
a corundum crucible, which was then inserted into a
carbon crucible. Afterwards, the crucible was put in
a vacuum induction furnace and heated to a preset
temperature of 1050 °C. After smelting for 90 min,
it was cooled to room temperature using the
water-cooling system. The cobalt-bearing ternary
sulfide was crushed and milled into powder samples
of different size fractions: 75—-106, 58—75, and
48—58 pm. For the determination of the chemical
composition of cobalt-bearing ternary sulfide with
different particle sizes, a 0.15g sample was
weighed and added into a corundum crucible with
Na,O: (1 g) at the bottom, and Na,O, (1.2 g) was
then laid on the top. The corundum crucible was
further baked at 700 °C for 25 min in a muffle
furnace, and then naturally cooled to room
temperature. Afterwards, the samples in the crucible
were dissolved with HCI solution (6 mol/L), and the
content of the elements in the solution was detected
by an inductively coupled plasma optical emission
spectrometer (ICP-OES, ICAP 7000). The cobalt-
bearing ternary sulfide was analyzed by XRD.

2.3 Leaching with sulfuric acid under atmospheric
pressure

The leaching of cobalt-bearing ternary sulfide
was investigated in sulfuric acid solution under
atmospheric pressure. The experimental process
was as follows. 700 mL of sulfuric acid solution
was placed in a three necked flask with adjustable
mechanical stirring system, which was then heated
in a water bath. After the sulfuric acid solution was
heated to the preset temperature and stabilized, the
product (2 g) was added. At preset interval, a 2 mL
aliquot of leaching solution was taken out and
quickly diluted to 100 mL. Afterwards, the diluted
solution was analyzed by ICP-OES. In order to
understand the leaching behavior of the conversion
product, the phases and morphologies were
characterized by XRD and scanning electron
microscopy (SEM) on a JEOL JSM—5600 scanning
electron microscope (JEOL Ltd., Tokyo, Japan).
The extraction efficiencies of cobalt, iron, copper,
and molybdenum (x) were calculated as follows:

x=(Ve)/(mw) )

where c is the concentration of cobalt, iron, copper,
and molybdenum in the leaching solution (g/L),
respectively; V is the volume of the leaching
solution (L); m is the mass of the added
cobalt-bearing ternary sulfide (g); w is the mass
fraction of cobalt, iron, copper, and molybdenum in
cobalt-bearing ternary sulfide, respectively.

3 Results and discussion

3.1 Leaching behavior of cobalt-bearing ternary
sulfide under atmospheric pressure

The phase compositions of cobalt-bearing
ternary sulfide were characterized by XRD. The
results are shown in Fig. 2. The main phase of the
cobalt-bearing ternary sulfide was M:Mo¢Ss (M=Co,
Fe, Cu; x=0—4). By comparing Figs. 1(a) and 1(b),
it can be deduced that a complete phase conversion
of cobalt-bearing compound took place, and the
inert structure of cobalt white alloy was no longer
maintained. The chemical compositions of cobalt-
bearing ternary sulfide are shown in Table 1.

v — M, MoSg (M=Co, Fe, Cu; x=0-4)
(PDF#30-0450, 30-0655, 47-1519)
» —FeS (PDF#86-0389)

b b s 1 1
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Fig. 2 XRD pattern of cobalt-bearing ternary sulfide

Table 1 Chemical compositions of cobalt-bearing ternary
sulfide in different size ranges (wt.%)

Size range/um Mo S Fe Co Cu Si

75-106 36.2 243 17.7 921 292 1.75
5875 36.1 246 175 9.17 2.79 1.81
48-58 364 249 17.1 924 284 1.78

To study the influence of the structure
conversion pretreatment on cobalt leaching, a
comparison between the leaching of cobalt white
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alloy and cobalt-bearing ternary sulfide in sulfuric
acid solution under the same condition was
conducted. The obtained results are shown in Fig. 3.

It can be seen from Fig. 3(a) that the leaching
efficiency of cobalt and iron increased with
prolonging time, while copper was hardly leached.
When the leaching time was 30 min, the leaching
efficiencies of cobalt and iron rapidly increased to
19.5% and 22.3%, respectively. However, when the
reaction time was prolonged to 210 min, the
leaching efficiencies of cobalt and iron slowly
increased to the maximum, which were only 39.4%
and 42.7%, respectively. Due to the inclusion of
insoluble copper and ferrosilicon, cobalt cannot be
completely leached from cobalt white alloy [23].
The leaching performance of cobalt was greatly
improved by using the structure conversion
pretreatment. It can be observed from Fig. 3(b) that
the leaching efficiencies of cobalt and iron quickly
increased with prolonging time, while copper and
molybdenum were not leached. When the leaching
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Fig. 3 Influence of time on Co and Fe leaching from
cobalt white alloy (a) and cobalt-bearing ternary
sulfide (b) (stirring speed 500 r/min; c(H2SO4)=
2.5 mol/L; 353 K particle size 48—58 um)

time was increased to 95 min, the leaching
efficiencies of cobalt and iron were greater than
99%, which indicated that cobalt and iron were
completely leached at this time.

In general, due to the conversion of cobalt
white alloy into cobalt-bearing ternary sulfide with
high leaching performance, the inert structure of
cobalt white alloy was broken, and the leaching
efficiencies of cobalt and iron were greatly
improved.

3.2 Influence of several factors on cobalt
leaching efficiency

The leaching of cobalt in cobalt-bearing
ternary sulfide was carried out under different
conditions to explore the effects of stirring speed,
temperature, sulfuric acid concentration, and
particle size. In addition, the leaching mechanism of
cobalt-bearing ternary sulfide was studied by
analyzing the characteristics of leaching residues at
different time.

3.2.1 Effect of stirring speed and leaching temperature

The influence of the stirring speed on the
efficiency of cobalt leaching from cobalt-bearing
ternary sulfide was studied in the range of
400—-500 r/min, with a temperature of 348K, a
sulfuric acid concentration of 1.2 mol/L, a solid/
liquid (S/L) ratio of 1/350, a duration of 185 min,
and a particle size in the range of 58—75 um. The
stirring speed has a large influence on the
liquid—solid leaching reaction when the leaching is
controlled by the liquid film diffusion [24,25].
Increasing the stirring speed was conductive to the
dispersion of solid particles in the leaching solution,
which clearly contributed to the increase of the
dissolution efficiency. Increasing the stirring speed
in the range of 400—500 r/min had no effect on the
leaching of cobalt as shown in Fig. 4(a). It can then
be concluded that the solid particles were fully
dispersed in the leaching solution homogeneously,
and the thickness of the liquid film boundary of the
particle remained constant. This indicated that the
leaching reaction of cobalt was not affected by the
liquid film around the cobalt-bearing ternary sulfide
particles, which was consistent with previous
studies [26]. Therefore, 450 r/min was applied in
the subsequent experiments.

The leaching of cobalt was performed by
varying the temperature from 328 to 358 K with a
stirring speed of 450 r/min, a H,SO4 concentration
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of 1.2mol/L, and a particle size in the range of
58=75 um. The obtained results are shown in
Fig. 4(b). It can be seen that the reaction
temperature had a significant effect on the leaching
of cobalt. By increasing the temperature from 328
to 358 K for 150 min, the leaching efficiency
increased from 62.1% to 99.6%. Increasing the
temperature could reduce the viscosity of the
leaching solution and increase the mass transfer,
which was conductive to the increase of the
diffusion rate [27]. The higher the leaching
temperature is, the faster the diffusion rate is.
3.2.2 Effect of HoSO4 concentration and particle

size

The leaching of cobalt was studied by varying
the H>SOs4 concentration in the range of
0.4—2.0 mol/L. while the other parameters were
fixed as follows: stirring speed of 450 r/min,
temperature of 348 K, and particle size in the range
of 58=75 um. The obtained results are shown in
Fig. 5(a). After leaching for 150 min, when the
H>SO4 concentration increased from 0.4 to
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1.6 mol/L, the efficiency increased from 85.5% to
99.7%. This indicated that increasing the H>SO4
concentration increased the leaching -efficiency
within this concentration range. By further
increasing the H>SOs concentration, the leaching
efficiency of cobalt was not significantly improved.
According to the previous study [28], the leaching
of cobalt-bearing ternary sulfide (M:MosSs) is a
consuming acid reaction. Therefore, it is conductive
to leach cobalt from the conversion product
by appropriately increasing the initial H>SO4
concentration.

The particle size is also an important factor in
the cobalt leaching process. Three particle sizes
(75-106, 58—75, and 48—58 um) were considered in
the experiments that were conducted in sulfuric acid
solution at a concentration of 1.2 mol/L, while the
other parameters remained unchanged. The leaching
efficiency of cobalt at different particle sizes is
shown in Fig. 5(b). It can be observed that,
when the particle size decreased from 75-106
to 48—58 um at 155 min, the leaching efficiency of
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Fig. 4 Influence of stirring speed (a) and leaching temperature (b) on leaching efficiency of cobalt
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Fig. 5 Influence of H>SO4 concentration (a) and particle size (b) on leaching efficiency of cobalt
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cobalt increased from 87.4% to 99.5%. According
to this result, the leaching efficiency of cobalt was
higher at smaller particle size. Reducing the particle
size can significantly increase the surface area,
which may improve the contact between the active
site of the particle and the leaching agent. In addition,
when the particle size decreased, the internal
diffusion resistance also decreased, which was
conductive to speed up the leaching rate of cobalt.

The impact of several factors on the leaching
of iron was also studied. The results are shown
in Fig. 6. The experimental conditions applied in
the leaching process were similar to those of the
cobalt leaching. It can be seen that the leaching
behavior of iron was similar to that of cobalt. After
leaching, cobalt and iron were selectively leached
into sulfuric acid solution, while molybdenum,
sulfur, and copper were maintained in leaching
residue.

3.3 Characterization of leaching residues
The leaching residues obtained at different
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leaching time were identified by XRD. The results
are presented in Fig. 7. When the leaching time
increased from 15 to 90 min, the peaks of M:MosSs
gradually disappeared, while new peaks of Mo3S4
and CuosMosSs (MoeSs is the three-dimensional
stack of MosSs) were detected. As the leaching
reaction further continued, the diffraction intensities
of Mo3Ss and CuosMosSs increased. At 150 min,
only MosSs and CugsMosSs were detected in the
residue, which indicated that the leaching reaction
was already completed. It can be clearly deduced
that the MMosSs phase was gradually decomposed
with the increase of the reaction time, which was
consistent with previous studies, indicating that
cobalt and iron were easily dissolved from the cobalt-
bearing ternary sulfide in acidic solution [29].

To further investigate the microstructure
transformation in the leaching process, the residues
obtained at different time were identified by SEM.
The results are shown in Fig. 8. It can be seen that
the particle size did not significantly change with
the increase of the reaction time, which was due to
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Fig. 6 Influence of stirring speed (a), leaching temperature (b), H,SO4 concentration (c) and particle size (d) on leaching

efficiency of iron
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Fig. 7 XRD patterns of leaching residues obtained at
different time intervals (stirring speed of 450 r/min,
leaching temperature of 348 K, H>SO4 concentration of
1.2 mol/L, and particle size of 58—75 pum)

the unreacted particle wrapped by the reaction
product. This indicated that the leaching agent only
passing through the thicker solid production layer to
reach the reaction interface could participate in the
leaching reaction. Therefore, the internal diffusion
had a significant impact on the leaching of cobalt.
When the reaction time was greater than 90 min,
many cracks were found on the surface of particles,

\

Fig. 8 SEM images and EDS analysis spots of leaching residues at different time: (a) 15 min; (b) 60 min; (c) 90 min;
(d) 150 min

which may be conductive to the internal mass
transfer of the leaching agent, so as to promote the
leaching reaction.

In addition, the element contents on the
surface of the leaching residue particles, obtained at
different time intervals, were obtained by EDS
(Table 2). With the extension of the leaching time,
the contents of cobalt and iron rapidly decreased,
while those of molybdenum, sulfur, and copper
gradually increased. After leaching for 150 min, the
contents of molybdenum, sulfur, and copper were
respectively 62.2%, 27.9%, and 4.65% while those
of cobalt and iron were less than 1%, which
indicated that the leaching of cobalt and iron was
completed.

After leaching, the slurry was filtered to obtain
the leaching solution and residue. Cobalt can be
extracted by solvent extraction from the leaching
solution after removing iron. The residue (Mo3S4
and CuopsMosSs) can be wused to
molybdenum, copper, and sulfur. In addition,
compared with molybdenite, molybdenum in the
leaching residue was enriched, and its leaching
performance was greatly improved by converting
it into ternary sulfide [22,30,31], which was
conducive to the subsequent extraction process of
molybdenum.

recover

o0

e
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Table 2 Chemical compositions of selected particles
shown in Fig. 8 (wt.%)

Spot No. Mo S Cu Fe Co Others
1# 483 21.6 384 146 797 3.69
2f 517 239 432 774 539 695
3# 56.7 258 442 384 3.61 5.63
4% 622 279 465 0.67 0.05 4.53

3.4 Kinetics of cobalt leaching

The selective leaching of cobalt from cobalt-
bearing ternary sulfide in sulfuric acid solution
was a solid—liquid heterogeneous reaction. The
cobalt-bearing ternary sulfide used in the leaching
process had a particle size of <75 um, which can be
considered a ball. The size of the particles remained
unchanged during the leaching process (Fig. 8)
owing to the production of the dense product
layer surrounding the surface of the unreacted core.
Therefore, the leaching process conforms to the
shrinking core model with a solid product layer.

According to previous studies [32—34], the
leaching of the solid particle mainly comprised
external diffusion, internal diffusion and chemical
reaction. The curves of the cobalt leaching
remained unchanged with increasing stirring speed
(Fig. 4(a)), indicating that the external diffusion
reached equilibrium and could not control the
cobalt leaching. Therefore, the leaching of cobalt
is controlled by chemical reaction and internal
diffusion, which are expressed in Egs. (2) and (3),
respectively [35—38].

1—(1—x) =kat )
1-3(1-x)23+2(1-x)=kt 3)

where x is the leaching efficiency of cobalt; &, and k&
are the apparent reaction rate constant of different
control models (s™); ¢ is the leaching time (s).

To determine the controlled steps for the cobalt
leaching, the data shown in Fig. 4(b) were plotted
based on Egs. (2) and (3), and the results are shown
in Fig. 9. The data were not linear with the chemical
reaction control model (Fig. 9(a)), while they were
linear with the internal diffusion control model
(Fig. 9(b)). The leaching of cobalt from ternary
sulfide (MiMo¢Ss) was controlled by the internal
diffusion, which was different from the direct
leaching of cobalt white alloy controlled by a
chemical reaction in traditional hydrometallurgical
process [39]. Owing to its conversion into

cobalt-bearing ternary sulfide with high leaching
performance, the inert structure of cobalt white
alloy was broken, and its leaching was no longer
controlled by the chemical reaction.
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Fig.9 Linear relationship between 1—(1-x)'3 (a) and
1-3(1—x)*3+2(1—x) (b) versus reaction time for leaching
of cobalt from cobalt-bearing ternary sulfide at different
temperatures

The apparent rate constants (k) at different
temperatures (7) obtained from the slope lines
(Fig. 9(b)) are shown in Table 3. The apparent
activation energy (F.) was determined by
substituting k and T into the Arrhenius equation
(Eq. (4)). The result is shown in Fig. 10. The
calculated E, was 49.86 kJ/mol. This was consistent
with the wvalue in previous studies that the
apparent activation energies were in the range of
34-90 kJ/mol [40].

k=Aexp[—E./(RT)] 4)

where A is the pre-exponential factor, and R is the
molar gas constant.
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Table 3 Apparent rate constants at different temperatures

Temperature/K k1073 s7!
328 2.25
338 3.67
348 6.33
358 10.31
-92+¢
9.6 y=-5997.05x-7.56
_ R=0.99
S -10.0F
S
-104
-10.8 . . . .
2.8 2.9 3.0 3.1
T71/1073K!

Fig. 10 Arrhenius plot of In & versus 1/T

The results of the leaching experiments (Fig. 5)
showed that the H,SO4 concentration and particle
size significantly affected the leaching rate of cobalt,
and the Arrhenius equation could also be expanded
(Eq. (5)). The cobalt leaching kinetic equation is
expressed in Eq. (6) by substituting Eq. (5) into
Eq. (3).

k=A,ciry exp(=5997.05/T) (5)
1-3(1-x)"*+2(1-x) =
Ayciryexp(=5997.05/T)-t (6)

where Ao is the pre-exponential factor; c¢o is the
initial H,SO4 concentration; 7o is the radius of
cobalt-bearing ternary sulfide; a and b are the
influence indexes of initial H>SO4 concentration
and radius of cobalt-bearing ternary sulfide,
respectively.

The plots of 1-3(1—x)*3+2(1—x) versus the
leaching time at different H,SO4 concentrations
obtained from Fig. 5(a) are shown in Fig. 11(a). The
k values obtained from the slopes are shown in
Table 4. The k values increased with increasing
H,SO4 concentrations, indicating that the cobalt
leaching was controlled by internal diffusion.
The influence index (@) of the initial H,SO4
concentration was determined from the slope of the
In k versus In ¢ straight line (0.57), as shown in
Fig. 11(b).

0.81(2)
? 0.6
&
&
S04t
r
= c(H,S0,) R?
T ool = 0.4mol/L 0.99
’ e 0.8 mol/L 0.99
4 L6mol/L 0.99
v 2.0mol/L, 0.99

0 3000 6000 9000
Leaching time/s

(b)
-9.0

3=0.57x-9.40
R?=0.99

-09 -06 -03 0 0.3 06 09

In[c(H,SO,)/(mol-L™1)]
Fig. 11 Plots of 1-3(1—x)*3+2(1—x) versus leaching time
for leaching of cobalt in H>SO4 solution at different
concentrations (a), and relationship between In & and
In ¢(H2S04) (b)

Table 4 Apparent rate constants at different H.SO4

concentrations
c(H2S04)/(mol-L™) k/1073s7!
0.4 5.00
0.8 7.15
1.6 10.48
2.0 12.70

The k& wvalues, for the leaching of cobalt
determined from the slopes of the linear
relationships, increased with decreasing the particle
size of cobalt-bearing ternary sulfide (Fig. 12(a)).
The slope values (k) are shown in Table 5. The plot
of In k versus In o showed a linear relationship with
a slope of —1.40 and a correlation coefficient of
0.99 (Fig. 12(b)). The linear relationship between
the rate constant and the inverse particle size also
indicated that the cobalt leaching was controlled by
the internal diffusion, and the influence index (b) of
the particle size was —1.40.
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Fig. 12 Linear relationship between 1-3(1—x)**+2(1—x)

and leaching time for leaching of cobalt from cobalt-

bearing ternary sulfide with different particle sizes (a),

and relationship between In k£ and In 7o (b)

Table 5 Apparent rate constant (k) versus particle size

ro/mm k107355
0.04525 5.28
0.03325 7.74
0.02575 11.22

To derive the general kinetic equation, the
leaching data of cobalt obtained under different
conditions such as the reaction temperature, sulfuric
acid concentration, and solid particle size were
substituted into Eq. (6). The plot of 1-3(1—x)**+
2(1=x) versus Aycy” ry 0 exp(=5997.05/T )t
showed a linear relationship for all leaching data
with a correlation coefficient of 0.98 (Fig. 13). This
demonstrated that the general kinetic equation
and kinetic parameters were reliable. The pre-
exponential factor (4o) of the general Kkinetic
equation obtained from the linear slope was 18.05.
The kinetic equation of the leaching of cobalt from

the cobalt-bearing ternary sulfide in sulfuric acid
solution can be expressed as follows:

1-3(1-x)"*+2(1-x) =
18.05¢0” s exp(—=5997.05/T )t (7)

1.0+

< o o
N [e)) [ore]
T T T

1-3(1=x)2342(1-x)

<
[\S]
T

0 001 002 003 004 005 006
c357r5 1 40exp(=5997.05/T) ¢

Fig. 13 Relationship between 1-3(1—x)**+2(1—x) and

ey M *0exp(=5997.05/T) -t

4 Conclusions

(1) The leaching kinetics of cobalt-bearing
ternary sulfide was investigated in sulfuric acid
solution under atmospheric pressure. The results
showed that cobalt and iron were selectively
leached, and the leaching efficiencies increased
with increasing reaction temperature and sulfuric
acid concentration but decreased with increasing
particle size.

(2) Under optimal conditions, the leaching
efficiencies of cobalt and iron were greater than
99%. Analysis of the leaching residues via XRD
and SEM-EDS demonstrated that solid product
layers (Mo03S4, CuosMo3S4) were formed during the
leaching process.

(3) According to the leaching kinetics analysis,
the leaching of cobalt conformed to the shrinking
core model and was controlled by internal diffusion.
The apparent activation energy was 49.86 kJ/mol.
The reaction orders of sulfuric acid and particle size
were 0.57 and —1.40, respectively. Finally, the
kinetic equation was obtained.

CRediT authorship contribution statement
Ding-chuan ZHANG: Conceptualization,
Methodology, Formal analysis, Investigation,
Visualization, Writing — Original draft; Feng-long SUN:
Data curation, Writing — Original draft; Zhong-wei ZHAO:



Ding-chuan ZHANG, et al/Trans. Nonferrous Met. Soc. China 34(2024) 1669—1680

Conceptualization, Funding acquisition, Writing — Review
& editing, Resources, Supervision; Xu-heng LIU:
Data curation, Supervision; Xing-yu CHEN: Writing —
Review & editing; Jiang-tao LI: Software, Validation;
Li-hua HE: Project administration.

Declaration of competing interest

The authors declare that they have no known
competing financial interests or personal relationships
that could have appeared to influence the work reported
in this paper.

Acknowledgments

The authors are grateful for the financial support
provided by the Major Science and Technology Program
of Gansu Province, China (No. 22ZD6GCO017), and
the National Natural Science Foundation of China
(No. 92062223).

References

[1] DEHAINE Q, TUSSELING L T, GLASS H J, TORMANEN
T, BUTCHER A R. Geometallurgy of cobalt ores: A review
[J]. Minerals Engineering, 2021, 160: 106656.

[2] TISSERANT A, PAULIUK S. Matching global cobalt
demand under different scenarios for co-production and
mining attractiveness [J]. Journal of Economic Structures,
2016, 5(4): 1-19.

[31 ZHANG Tian-zuo, BAI Yue-yang, SHEN Xiao-xu, ZHAI
Yi-jie, JI Chang-xing, MA Xiao-tian, HONG Jing-lan.
Cradle-to-gate life cycle assessment of cobalt sulfate product
derived from a nickel—copper—cobalt mine in China [J]. The
International Journal of Life Cycle Assessment, 2021, 26:
1198-1210.

[4] ZENG Xian-lai, LI Jin-hui. On the sustainability of cobalt
utilization in China [J].
Recycling, 2015, 104: 12—18.

[5] CRUNDWELL F K, PREEZ N B, KNIGHTS B D H.
Production of cobalt from copper—cobalt ores on the African

Resources, Conservation and

Copperbelt—An overview [J]. Minerals Engineering, 2020,
156: 106450.

[6] GULLEY AL, MCCULLOUGH E A, SHEDD K B. China’s
domestic and foreign influence in the global cobalt supply
chain [J]. Resources Policy, 2019, 62: 317-323.

[71 SHENGO M L, KIME M B, MAMBWE M P, NYEMBO T
K. A review of the beneficiation of copper—cobalt-bearing
minerals in the Democratic Republic of Congo [J]. Journal of
Sustainable Mining, 2019, 18: 226—246.

[8] JIAO Cui-yan, GUO Xue-yi. Progress and research direction
of treatment technique for cobalt white alloy [J]. Metal
Materials and Metallurgy Engineering, 2011, 39: 58—62. (in
Chinese)

[97 YANG Kun, ZHANG Chun-sheng. Research on copper and
cobalt removal from cobalt white alloy by using pressure
leaching [J]. Nonferrous Metals Design, 2014, 41: 37—41. (in

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

1679

Chinese)

CAO Hong-yang, JIN Ming-ya, WANG Ji-min, CHEN
Shao-chun, LIU Zhi-qiang. Application of oxygen pressure
leaching in separating valuable components from germanium
and gallium copper and cobalt white alloy [J]. Materials
Research and Application, 2016, 10: 131—134. (in Chinese)
RUIZ M C, ABARZUA E, PADILLA R. Oxygen pressure
leaching of white alloy [J]. Hydrometallurgy, 2017, 86:
131-139.

WANG Zhen-wen, JIANG Pei-hai, YIN Fei, RUAN
Shu-feng, YAO Zhi-chao. Study on pressure leaching process
of high-silica cobalt white alloy [J]. Mining and Metallurgy,
2013, 22: 67-70. (in Chinese)

XIA Wen-tang, CHEN Xing-yu, SHI Hai-yan. Extracting Cu,
Co, and Fe from white alloy with HCI by adding H20: [J].
JOM, 2010, 62: 49-52.

LING H B, MALFLIET A, BLANPAIN B, GUO M X.
Selective removal of arsenic from crude antimony trioxide
by leaching with nitric acid [J]. Separation and Purification
Technology, 2022, 281: 119976.

WANG Han-yuan, JIANG Pei-hai, ZHANG Yin-sheng,
HUANG Zhong-miao.
process for cobalt white alloy [J]. Mining & Metallurgy,
1997, 6: 67—70. (in Chinese)

LIU Wei-feng, RAO Shuai, WANG Wen-yao, YANG Tian-zu,
YANG Lin, CHEN Lin, ZHANG Du-chao.
leaching of cobalt and iron from cobalt white alloy in

Research on hydrometallurgical

Selective

sulfuric acid solution with catalyst [J]. International Journal
of Mineral Processing, 2015, 141: 8—14.

BURZYNSKA L, RUDNIK E, GUMOWSKA W. The
influence of phase structure on the dissolution of Cu—Co—Fe
alloys in sulphuric acid solution and the metals recovery [J].
Hydrometallurgy, 2004, 71: 457—-463.

XIAO Li, CHEN Bin, ZHONG Hui, GUO Quan-wen.
Bioleaching of cobalt white alloy in the presence of
Acidithiobacillus ferrooxidans [J]. Applied Mechanics and
Materials, 2013, 373/374/375: 2042—2045.

QIN Hong, MAKUZA B, ZHAO Jian-wei, YU Da-wei,
GUO Xue-yi, TIAN Qing-hua. Hydrochlorination of copper—
cobalt alloy for efficient separation of valuable metals [J].
Journal of Sustainable Metallurgy, 2022, 8: 795—805.

XU Zhi-feng, HAO Shi-tao, YAN Kang, WANG Cheng-yan.
Desilication pretreatment and atmospheric pressure leaching
on refractory high silica bearing cobalt white alloy [J]. The
Chinese Journal of Nonferrous Metals, 2012, 22(10):
2916—2923. (in Chinese)

REN Guo-xing, LIU Zhi-hong, PAN Bing, XIAO Song-wen.
A novel process for cobalt and copper recovery from cobalt
white alloy with high silicon [J]. Metallurgical Research &
Technology, 2020, 117: 404.

ZHANG Ding-chuan, SUN Feng-long, ZHAO Zhong-wei,
LIU Xu-heng, CHEN Xing-yu. Enhancing the leaching
performance of molybdenite and Co-white alloy
simultaneously: A structure conversion process [J]. Minerals
Engineering, 2022, 181: 107543.

XIONG Yi-jun, LIU Dong-hui. Research on leaching of
cobalt from white cobalt alloy by mechanical activation [J].
Hydrometallurgy of China, 2015, 34: 292—-295. (in Chinese)
DREISINGER D, ABED N. A fundamental study of the



1680

[25]

[26]

(27]

(28]

[29]

[30]

[31]

[32]

Ding-chuan ZHANG, et al/Trans. Nonferrous Met. Soc. China 34(2024) 1669—1680

reductive leaching of chalcopyrite using metallic iron part. I:
Kinetic analysis [J]. Hydrometallurgy, 2002, 66: 37-57.
TANDA B C, EKSTEEN J J, ORABY E A, O°’CONNOR G
M. The kinetics of chalcopyrite leaching in alkaline
glycine/glycinate solutions [J]. Minerals Engineering, 2019,
135: 118-128.

ZHANG Wen-juan, WANG Cheng-yan, MA Bao-zhong.
Leaching kinetics of calcium molybdate with hydrochloric
acid in presence of phosphoric acid [J]. Transactions of
Nonferrous Metals Society of China, 2019, 29: 859-867.
LIU Jin-lian, YIN Zhou-lan, LI Xin-hai, HU Qi-yang, LIU
Wei.
atmosphere leaching and kinetics on dissolution of lithium

Recovery of valuable metals from lepidolite by

[J]. Transactions of Nonferrous Metals Society of China,
2019, 29: 641-649.

WANG Ze-kun, HUANG Jian-feng, LI Jia-yin. The
preparation and electrochemical performance of MoeSs as
cathode materials for magnesium ion batteries [J].
International Journal of Modern Physics B, 2020, 34: 1-7.
CHEVREL R, SERGENT M, PRIGENT J. Un nouveau
sulfure de molybdene: Mo3Ss preparation, proprietes et
structure cristalling [J]. Materials Research Bulletin, 1974, 9:
1487-1498. (in French)

LI Fei, CHEN Xing-yu, ZHANG Wen-juan, HE Li-hua,
ZHAO Zhong-wei. Conversion of molybdenite by a mineral
phase reconstruction method and leaching kinetics of its
product [J]. International Journal of Refractory Metals and
Hard Materials, 2017, 62: 14-20.

ZHAO Zhong-wei, LI Fei, CHEN Xing-yu. A method for a
mineral phase reconstruction of molybdenite to improve its
leaching activity: Chinese patent, CN106148676A [P].
2016—11-23. (in Chinese)

VALEEV D, PANKRATOV D, SHOPPERT A, SOKOLOV
A, KASIKOV A, MIKHAILOVA A, CONCHA C S,
RODIONOV I. Mechanism and kinetics of iron extraction
from high silica boehmite—kaolinite bauxite by hydrochloric

23

M= TTRUIEEY

RTNI2, GhEA 12, R A2, alfle 12, KEZF 2,

(33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

AR

\._|
132

acid leaching [J]. Transactions of Nonferrous Metals Society
of China, 2021, 31: 3128-3149.

ZHU Xin-rui, LIU Xu-heng, ZHAO Zhong-wei. Leaching
kinetics of scheelite  with phytate  [J].
Hydrometallurgy, 2019, 186: 83—90.

IBRAHIM M E, LASHEEN T A, HASSIB H B, HELAL A S.
Oxidative leaching kinetics of U(IV) deposit under acidic

sodium

oxidizing conditions [J]. Journal of Environmental Chemical
Engineering, 2013, 1: 1194—-1198.

YANG Hong-ying, LI Xue-jiao, TONG Lin-lin, JIN Zhe-nan,
YIN Lu, CHEN Guo-bao. Leaching kinetics of selenium
from copper anode slimes by nitric acid-sulfuric acid mixture
[J]. Transactions of Nonferrous Metals Society of China,
2018, 28: 186—192.

LI Gun-xiong, ZHANG Zhao-yan, ZHANG Yao-yang,
DENG Zhi-gan, JI Wen-bin, LIN Xiao-tan. Reductive
leaching kinetics of indium and further selective separation
by fraction precipitation [J]. Transactions of Nonferrous
Metals Society of China, 2023, 33: 315-324.

LOU Wen-bo, ZHANG Yang, ZHANG Ying, ZHENG Shi-li,
SUN Pei, WANG Xiao-jian, LI Jian-zhong, QIAO Shan,
ZHANG Yi, WENZEL M, WEIGAND J J. Leaching
performance of Al-bearing spent LiFePO4 cathode powder in
H2SO4 aqueous solution [J]. Transactions of Nonferrous
Metals Society of China, 2021, 31: 817-831.

LAPIDUS G, MOSQUEIRA M. The effect of product
solubility on the leaching kinetics of non-porous minerals [J].
Hydrometallurgy, 1988, 20: 49—64.

TIAN Lei, WU Xuan-gao, GONG Ao, YU Xiao-qiang, XU
Zhi-feng. Process and kinetics of extracting cobalt from
complex high silicon white alloy by sulfuric acid oxidation
leaching [J]. JOM, 2021, 73: 1279—-1289.

XIAO Wan-hai, LIU Xu-heng, ZHAO Zhong-wei. Kinetics
of nickel leaching from low-nickel matte in sulfuric acid
solution under atmospheric pressure [J]. Hydrometallurgy,
2020, 194: 105353.

RN NI F 05

BT 12, fTAIE 12

1. K% mEEMIEER, K 410083;

2. FRKE Wi & Ria e SR T E ki =,

Kb 410083

B E: TR = oh M IR RIRIZ N KSR L. B BRI . SRR MUK BN B
IS, IR T B B = oA iR W B )05 . BURERY], fERAEFAT T, BBk R, B
HEIRT 99%, TH0EH AR & 46 TR o S8 I SEAR e i o A g, A IR H AT e A SR A
B, HIZ 2 A izl 2R BIELRE N 49.86 kI/mol, BRERI FEATRLEE (1 [ R4 I h 0.57

F-1.4.,
KR HiAGe: SE=Iohie?: B

fo REN I

(Edited by Wei-ping CHEN)




<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



