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Abstract: The potential autoclave was used to study the catalytic mechanism of Cu*" during the oxygen pressure leaching process of artificial
sphalerite. By studying the potential change of the system at different temperatures and the SEM—EDS difference of the leaching residues, it
was found that in the temperature range of 363423 K, the internal Cu*" formed a CuS deposit on the surface of sphalerite, which hindered the
leaching reaction, resulting in a zinc leaching rate of only 51.04%. When the temperature exceeds 463 K, the system potential increases stead-
ily. The increase in temperature leads to the dissolution of the CuS, which is beneficial to the circulation catalysis of Cu*". At this time, the
leaching rate of Zn exceeds 95%. In addition, the leaching kinetics equations at 363—423 and 423-483 K were established. The activation en-
ergy of zinc leaching at 363—423 and 423483 K is 38.66 and 36.25 kJ/mol, respectively, and the leaching process is controlled by surface

chemical reactions.

Keywords: sphalerite; electric potential autoclave; copper(Il) ions catalyst; kinetics; activation energy; apparent reaction order

1. Introduction

Sphalerite, the most significant ore in zinc, has a cova-
lent bond lattice structure, and its solubility is very low; thus,
the O,-pressure leaching of sphalerite has very slow kinetics
[1-4]. However, with the addition of a suitable catalyst, the
leaching efficiency can be significantly improved [5-7].
Sphalerite is a typical sulfide ore and most sulfide minerals
are semiconductors, and pressure leaching is essentially an
electrochemical reaction process [8-9]. Li ef al. [10] indic-
ated that defects and impurities in the crystal lattice of
sphalerite significantly affect the kinetics of the electrochem-
ical processes, so it is very important for the role of impurit-
ies in solid solutions (including mineral phases and ions) on
the leaching process.

Under normal circumstances, the concentrates and diffu-
sion rates of Fe**, Cu*', and Mn*" in solution determine the
leaching rate of Zn. These ions can be assumed to not only
function as O,-carrying materials, but also to participate in
the formation of the original battery, functioning as catalysts
and oxidants [11-15], promoting the leaching of the valence
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metal. Under the condition of sufficient O, and acidity, Fe*,
Cu?', Mn*', and other cations reach a dynamic balance in the
reaction system.

Many researchers have investigated the catalysis of dif-
ferent types of metal ions on the leaching of sulfide minerals
[16-18]. Ghosh et al. [19] used Cu*" as an oxidation catalyst
to study the leaching kinetics of sphalerite in ammonia. The
results have shown that the surface reaction was the reaction-
controlling step, and the apparent activation energy was
about 48.3 kJ-mol ™, and apparent reaction orders of 0.2, 0.3,
and 0.3 were obtained for the oxygen partial pressure, con-
centrate of ammonia, and Cu®" concentration, respectively.
The catalytic action of Cu*" has been attributed to the redox
couple Cu**/Cu’”. Ballester et al. [20] investigated the catalyt-
ic effect of Cu** on the leaching of sphalerite. In the absence
of Cu™", the oxidative leaching of sphalerite is slow because
of the dense layer of elemental S that forms on the mineral
surface. However, in the presence of Cu*’, the leaching solu-
tion has a higher electrical conductivity, which accelerates
the dissolution of the valuable metals.

Several mechanisms for explaining catalytic activity have
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been proposed. One mechanism is thought to be due to
changes in surface reactivity, while the other proposes cop-
per ions as "oxygen carriers" to transfer electrons from S to
oxidants. The mechanism and electrochemistry of sphalerite
pressure leaching in the Cu®' catalyst system needs further in-
vestigation. In this study, the catalytic effect of a Cu®* cata-
lyst system on the dissolution of sphalerite was investigated
using a potential autoclave. Experiments were performed to
elucidate the catalytic mechanism and the potential-variation
rule of the leaching system, and the kinetic influences of sev-
eral variables on the pressure-leaching process were con-
sidered. The research in this paper should be beneficial to-
ward improving the recovery of valuable metals from
sphalerite and developing appropriate methods for achieving
the effective use of complex sulfide minerals.

2. Experimental
2.1. Materials

Zinc sulfide in sphalerite is a-type; therefore, to obtain ar-
tificial sphalerite (a-ZnS), analytical reagent (B-ZnS) was

placed in a high-temperature pipe furnace. The preparation of

a-ZnS was conducted in an inert-gas atmosphere. The B-ZnS
was sintered in a solid-state at 1223 K for 120 min firstly, and
then it was homogenized at 1123 K for 60 min. The XRD

911

pattern of artificial sphalerite is shown in Fig. 1.
2.2. Equipment

The pressure-leaching experiment was performed using
an FCFD 2-1.0 potential autoclave (the volume of 2000 mL).
The body of the autoclave was made of Zr, and the maxim-
um pressure and temperature achievable by the autoclave
were 6.0 MPa and 573 K, respectively. A diagrammatic
sketch and physical chart of the FCFD 2-1.0 potential high-
pressure autoclave are shown in Fig. 2.

0—0-ZnS
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Fig. 1. XRD pattern of artificial sphalerite.
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-

Fig. 2.
5—Discharge port; 6—Motor; 7—Thermocouple.

2.3. Leaching experiment

First, 800-mL aqueous solution, 20.0-g artificial sphaler-
ite, and 0.3-g calcium lignosulfonate were added to the po-
tential autoclave and heated to the set temperature. Next, 200-
mL sulfuric acid solution and a CuSQ, solution were pressed
into the Zr autoclave via O,; the potential change was recor-
ded by the potentiometer during the reaction.

5-mL slurry was then withdrawn, and the content of Zn
was detected by an inductively coupled plasma (ICP) emis-
sion spectrometer (Leeman, USA). The experimental flow-

Potential autoclave. 1—Electrode measuring instrument; 2—Reference electrode; 3—Measuring electrode; 4—Feed inlet;

chart is shown in Fig. 3.
The leaching rate a of valuable elements was calculated
as follows:
CixV;
a =

x 100% (D

where a is the leaching ratio of zinc (%), C; is the concen-
trate of elements in the leaching solution (g-L™"), ; is the
volume of leaching solution (L), m, is the quantity of the
sample (g), and x, is the mass content of elements in the arti-
ficial sphalerite (wt%).

mgy X Xg
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Fig. 3. Flowchart of Cu®* catalyzed in the O,-pressure acid leaching of the artificial sphalerite.

3. Results and discussion
3.1. Prediction of two different catalytic mechanisms

The O,-pressure leaching of artificial sphalerite particles
in catalytic systems with different cations is shown in Fig. 4.
During the pressure leaching of zinc sulfide particles without
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a cation catalyst, H,SO, first reacted with ZnS, producing
H,S and Zn*', and H,S was then oxidized, generating ele-
mental S owing to the [OJsuion. H was then released, con-
tinuing the reaction with ZnS. However, the O dissolution in-
to the leaching solution was very slow, significantly redu-
cing the rate of the leaching reaction.
Lcaching residue

H,SO,

so lution

pressure leaching

Leaching residue

solution

Zinc sulfide pressure leaching

Fig. 4. Schematic of O,-pressure leaching with artificial sphalerite particles.

ZnS +2H" - Zn** + H,S )
Cu** +H,S — CuS +2H" 3)
CuS + 2H" + [Olyuion — Cu®* +S | +H,0 4)

3.2. Leaching experiment at 363—423 K

3.2.1. Analysis of the catalytic mechanism of Cu®*" at
363-423 K

Using artificial sphalerite as a raw material, at the basic
conditions with a temperature of 423 K, an H,SO, solution
concentration of 140 g/L, an oxygen partial pressure of 1.0

MPa, and a CuSO;, solution concentration of 0.01 mol/L, the
Zn extraction and content of Cu*" under different conditions
were investigated, as shown in Figs. 5 and 6.

As shown in Figs. 5(b)-5(d), with the increase of temper-
ature, H,SO, concentration, oxygen partial pressure, and
leaching time, the leaching rate of Zn exhibited a relatively
stable increase. However, as can be seen from Fig. 5(a), the
zinc leaching rate during sphalerite oxygen pressure leaching
decreases with increasing copper sulfate concentration, and
the maximum zinc leaching rate was only 51.04% when the
amount of CuSO, was minimum of 0.01 mol/L, indicating
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Fig. 5. Effects of different conditions on Zn extraction from the artificial sphalerite: (a) concentrate of CuSQO,; (b) temperature; (c)

concentrate of H,SOy; (d) oxygen partial pressure.

that Cu** had a poor catalytic effect. This experiment results
were inconsistent with the analysis results for the Cu*" cata-
lytic leaching mechanism predicted in Section 3.1.

As shown in Fig. 6, under the different conditions, the
Cu’* content in the leaching solution decreased as the leach-
ing time increased. However, most of the Cu still existed in
the leaching solution, indicating that the Cu*" reacted with
H,S to a small extent. The CuS deposited on the mineral sur-
face only minimally reacted with the [O] ugion-

3.2.2. Analysis of system potential at 363—423 K

The relative potential of the O,-pressure leaching system
was investigated at a temperature of 403 K, an H,SO, con-
centration of 110 g/L, an oxygen partial pressure of 0.8 MPa,
and a CuSO, concentration of 0.05 mol/L. Results are shown
in Fig. 7.

As shown in Fig. 7, the potential change in the O,-pres-
sure leaching system could be divided into the following two
regions:

(1) With the addition of sulfuric acid, Cu ions, and O, the
rapid increase in the electric potential was mainly due to the
addition of a large number of cations, such as Cu*’, H', and
[OJsowtion- The acid leaching consumption of H' reduced the
potential.

(2) The potential dropped gently until the end of the
leaching experiment, because Cu®* gradually reacted with the
H,S generated by acid leaching, forming CuS. That is,
throughout the leaching cycle, the Cu®* and H,S replacement
reaction was continuous and rapid compared with the oxida-
tion rate of CuS, Thus, macroscopically, there appeared to be
a continuous decrease in the concentration of Cu®*; that is, the
potential of the system decreased continuously.

3.2.3. SEM analysis of leaching slag at 363-423 K

Two experiments were performed at 423 K. In the first,
the reaction was stopped immediately after the material was
added for 5 min (cooling water was connected, and O, pres-
sure was released). In the second, the reaction was com-
pleted after the addition of materials for 90 min. The O,-pres-
sure-leached slag obtained from the two reactions was sub-
jected to SEM analysis to compare the changes in the leach-
ing residue at different reaction times. Results are shown in
Figs. 8-10.

As shown in Fig. 9, the mineral surface was still smooth
after 5 min of leaching, but pits indicating corrosion were
formed on the mineral surface. This indicated that there were
not many CuS deposits on the mineral surface at this time;
that is, most of the Cu elements still existed in the leaching
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Fig.7. Potential change in the O,-pressure leaching process.

solution, and no lattice replacement was achieved through the
reaction with H,S. According to the regional energy-spec-
trum analysis, most of the leaching residue contained Zn, S,
and a few Cu®" deposits.

As shown in Fig. 10, as the leaching time increased, villi
deposits were generated on the mineral surface, and the
amount of CuS deposited on the mineral surface gradually in-
creased, making the surface rough. Because the CuS had dif-

Fig. 8. SEM image showing the morphology of the sphalerite.

ficulty interacting with the [O]si0n, ONce sulfide was formed
on the mineral surface, it was almost impossible to reproduce
the oxidation to achieve catalyst regeneration. Additionally,
the regional energy-spectrum analysis showed that the atom-
ic percentages of Zn, S, and Cu changed after the leaching. In
particular, the Cu content increased significantly, indicating
that the Cu** reacted slowly with H,S as the leaching reaction
proceeded. The continuous slow reaction of Cu** and H,S
and the adhesion and coating on the mineral surface hindered
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Element wt%
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Fig. 9. SEM morphology of the leaching residue with the Cu**
catalytic process (5 min, 423 K).
the leaching reaction.

3.3. Leaching experiment at 423—483 K

3.3.1. Analysis of the catalytic mechanism of Cu®*" at
423483 K

Using artificial sphalerite as a raw material, at the basic
conditions with a temperature of 463 K, an H,SO, solution
concentration of 110 g/L, an oxygen partial pressure of 0.8

(a)
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Fig. 10. SEM morphology of the leaching residue with the
Cu”* catalytic process (90 min, 423 K).

MPa, and a CuSO, solution concentration of 0.05 mol/L, the
Zn extraction under different conditions was investigated, as
shown in Figs. 11 and 12.

As shown in Fig. 11, with the increase of temperature,
acid concentration, oxygen partial pressure, and leaching
time, the leaching rate of Zn increased gradually. The leach-
ing rate of Zn reached 95.71% with a temperature of 463 K,
an acidity of 110 g/L, an oxygen partial pressure of 0.8 MPa,

(b)
100F o 423K
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S g0l 463K
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S 60
g
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Fig. 11. Effects of different conditions on Zn extraction from the artificial sphalerite: (a) concentrate of CuSO,; (b) temperature; (c)

concentrate of H,SO,; (d) oxygen partial pressure.
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(c) oxygen partial pressure.

and a CuSQ, solution concentrate of 0.05 mol/L, and the re-
action reached equilibrium. As shown in the Fig. 11(a), the
Zn leaching rate increased with the amount of Cu added at
463 K, which is in contrast to Fig. 5(a). It was considered that
Cu”" had a better catalytic effect when the temperature was >
463 K. Therefore, temperature was an important factor af-
fecting the Cu®* catalytic reaction.

As shown in Fig. 12, when the temperature was >463 K,
Cu’" content in the leaching solution exhibited a slight de-
creasing trend within 0—10 min of the leaching time, and then
almost entered the leaching solution. When the temperature
was 463 K, the sulfuric acid concentration and oxygen par-
tial pressure changed, and this phenomenon, again, occurred.
This indicated that the Cu*" participated in the initial stage of
the reaction according to Eq. (6). First, it reacted with H,S,
forming CuS. However, this reaction was soon replaced by
that in Eq. (7). The CuS deposited on the mineral surface re-
acted with [Osouson rapidly and released Cu?" for the cyclic
reaction. This is consistent with the predicted Cu?" catalytic
leaching mechanism in Section 3.1.

3.3.2. Analysis of system potential at 423—483 K

The relative potential of the O,-pressure leaching system

was investigated with a temperature of 463 K, H,SO, con-

Effects of different conditions on the Cu®* leached from the artificial sphalerite: (a) temperature; (b) concentrate of H,SO;

centration of 110 g/L, oxygen partial pressure of 0.8 MPa,
and CuSO, concentration of 0.05 mol. Results are shown in
Fig. 13.

CORE) €)

—a— Potential curve

Relative value of system potential

0 10 20

30 40 50 60 70 80 90
Leaching time / min

Fig. 13. Potential change in the O,-pressure leaching process.

In Fig. 13, the curve representing the relative potential of
the artificial sphalerite is divided into three areas, and the fol-
lowing observations were made. (1) After the addition of sul-
furic acid and O, the system potential increased rapidly and
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then decreased. This phenomenon was due to the addition of
considerable quantities of H', Cu**, and [O]suion, Which rap-
idly increased the potential of the leaching system. Sub-
sequently, the sphalerite in the pyrolysis activation state
caused preliminary and rapid acid dissolution. A certain
amount of H,S was generated, which caused the sulfuric acid
to be consumed. Additionally, the Cu®>" gradually reacted
with the H,S to form CuS, which further reduced the poten-
tial. (2) At the beginning of the leaching process, the system
potential exhibited a significant overall increasing trend (as
shown in Region (2) in Fig. 13) caused by [O]sotuson and Cu?,
In particular, when the temperature exceeded 463 K, CuS
was effectively destroyed by [Olsuion and H,SO,, and Cu**
was re-released. Thus, the Cu?" and [OJuion improved the
elimination and oxidation of the H,S gas film. (3) During the
middle stage of the leaching process, the potential fluctu-
ations were smaller than those in the previous stage because
the sphalerite had been consumed; therefore, a larger amount
of S*" was oxidized, increasing the system potential. The re-
duction of the S*” ions gradually weakened the fluctuations in
the electric potential, and the curve showed a smooth upward
trend. In the final stage of the leaching process, because the
basic leaching reaction reached equilibrium and a Zn leach-
ing rate of >90% was achieved in 70 min, no significant
change was observed in the potential of the system.

3.3.3. Analysis of SEM of leaching slag at 423-483 K

Two experiments were performed at 463 K, and the ex-
perimental conditions were the same as those for the experi-
ment conducted at 423 K (Section 3.2.3). The O,-pressure
leached slag obtained from the two reactions was subjected to
SEM analysis to compare the changes in the leaching residue
at different reaction times. Results are shown in Figs. 14
and 15.

As shown in Fig. 14, the mineral surface was still relat-
ively smooth after a leaching time of 5 min. According to re-
gional energy-spectrum analysis, CuS was deposited on the
mineral surface, indicating that Cu*" and H,S reacted, yield-
ing lattice replacement, and the increase in temperature was
conducive to the reaction between Cu*" and S*".

Element wt% | |

= __fF = <
| Element wt%
Element wt% BESEIE S 472099
S 4724 A | Zn s141p 0
Zn  51.46 B Cu 139
130 T ey

Fig. 14. SEM morphology of the leaching residue with the
Cu”* catalytic process (5 min, 463 K).

As shown in Fig. 15, the morphology of the product be-
came a flocculant polymer with increasing leaching time.
Owing to the temperature increase, the CuS and sphalerite
deposited on the surface of the minerals interacted with
[OJsotutions forming Cu*" and S. The Cu*" and H,S reacted con-
tinuously, and the product was continuously dissolved, yield-
ing the cycle regeneration of Cu*’. Additionally, the regional
energy-spectrum analysis showed that the atomic percent-
ages of Zn, S, and Cu were changed after the leaching. In
particular, the significant increase in the content of S indic-
ated that with the progress of the leaching reaction, ZnS and
CuS were continuously leached out, and Cu** and [O]ion
continued to react with H,S, yielding elemental S as the final
product.

Element wt%

S 99.92
0.04

Fig. 15. SEM morphology of the leaching residue with the
Cu”* catalytic process (90 min, 463 K).

3.4. Analysis of kinetic equation

In order to determine the control steps of Zn leaching in
the Cu catalyst system at different temperature ranges, kinet-
ic experiments were conducted during the leaching process.
The kinetic equations [3] were fitted (leaching data from
Figs. 5 and 11), and the interface equation was proven to
have the best linear correlation by the correlation coefficient.
Owusu ef al. [21-22] found that the dense solid product lay-
er of S was effectively destroyed by adding calcium
lignosulfonate in the leaching experiment. Therefore, com-
pared with the other steps, the resistance of the layer could be
considered to be relatively small. When the leaching process
was controlled by the chemical reaction or by a hybrid con-
trol, which is explained in detail later in this section, the
equation can be expressed as follows [23]:

K xCy' x Cy> x P x e FIRT

roXp

where £ is the synthesis rate constant, K is the rate constant, ¢
is the leaching time (min), C, is the concentrate of CuSO,
(mol-L™), C; is the concentrate of H,SO, (g'L™"), P is the O,
pressure (MPa), r, is the original radius of the particles (um),
T is the reaction temperature (K), p is the density of the
particles (kg'm ), R = 8.314 J-mol "K' is the universal gas

(1-a)'P= X1 =kt )
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constant, E is the apparent activation energy (J-mol ), and #;
is the order of the reaction.

3.5. Kinetics of the leaching experiment at 363—423 K

3.5.1. Relationship between Zn leaching rate and reaction
temperature

To determine the activation energy in the leaching pro-
cess, the Zn leaching rates in Fig. 5(b) at different temperat-
ures were plotted and fitted with a regression equation, as
shown in Fig. 16. The result shows that the chemical reaction
and unreacted shrinkage model had good linear correlation

((1-(1-a)'7T-).

0.25
m 363K 0383K v
020 4403K v423K
Fitted regression line

2 0151
T
Tolof

0.05

0 . . .
0 20 40 60 80 100

Leaching time / min
Fig. 16. Plot of the data fitting for the leaching rate of Zn and
the leaching time for various temperatures (data from Fig.

5(b)).

Fig. 17 was fitted for the reciprocal of the reaction tem-
perature (1/7) versus the natural logarithm of the apparent
rate constant (In k). The apparent activation energy is ex-
pressed as follows:
k= Age E/RT (6)
where 4, is the pre-exponential factor.

The activation energy of the Zn leaching at 363423 K
was determined to be 38660 J-mol™', indicating that the pro-
cess was controlled by surface chemical reactions [23]. The

kinetic equation describing the effect of the temperature
(363-423 K)) on the Zn leaching is as follows:

Ink =5.06-4.65%x10°/T (7)

3.5.2. Relationship between Zn leaching rate and CuSO,
concentration

The addition of CuSO, had a significant effect on the
leaching of Zn. Fig. 18 shows [1 — (1 —a)"/*] (data from Fig.
5(a)) versus leaching time at different CuSO, concentrations,
and in Fig. 19, these results were used to plot the natural log-
arithm of the CuSQO, concentration [In ¢(CuSQ,)] versus the
natural logarithm of the apparent rate constant (In k). The re-
action order of zinc leaching, as calculated from Fig. 19, was
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=751

-8.0
0.0023  0.0024  0.0025 0.0026  0.0027  0.0028
T/ K!

Fig. 17. Relationship between In k and 7' for the Zn leaching
rates at 363423 K.
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0.20 = (0.01 mol/L © 0.03 mol/L
“I 40.05mol/L v 0.07 mol/L
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Leaching time / min

Fig. 18. Plot of 1 — (1 — @)'” versus ¢ for the leaching rate of
Zn at different CuSQ, concentrations (data from Fig. 5(a)).
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—6.4 1 1 1 1 1
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In[c(CuSO,) / (mol-L™1)]

Fig. 19.
leaching.

Relationship between In £ and In ¢(CuSO,) for Zn

—0.16, indicating that the increase in the Cu*" concentration

hindered the leaching reaction [3]. The kinetic equation de-
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scribing the effect of the CuSO, concentration on the Zn
leaching rate is as follows:
Ink =-6.77-0.161Inc (CuSO,) ()

3.5.3. Relationship between Zn leaching rate and H,SO,
concentration

Fig. 20 shows[1 — (1 —a)'/?] (data from Fig. 5(c)) versus
leaching time at different H,SO, concentrations, and Fig. 21,
the relationship between the natural log of the apparent rate
constant (In k) and the natural log of the concentrate of H,SO,
[(In ¢(H,SO,)]. The reaction order for zinc leaching, as calcu-
lated from Fig. 21, was 0.8. Thus, the kinetic equation de-
scribing the effect of the H,SO, concentration on the Zn
leaching rate is as follows:

Ink =-10.04 +0.8Inc (H,SOy4) 9
0.25
m50g/L 080g/L
ol ATI0L vid0gL
U Fitted regression line
A
2015 F
S
! o
Loo10f
[ ]
o
0.05 A
v
Orf 1 1 1 1
0 20 40 60 80 100

Leaching time / min

Fig. 20. Plot of 1 — (1 — @)'” versus ¢ for the leaching rate of
Zn at different H,SO, concentrations (data from Fig. 5(c)).
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In[c(H,80,) / (g-L )]
Fig. 21. Relationship between In £ and In ¢(H,SO,) for Zn
leaching.

3.5.4. Relationship between Zn leaching rate and oxygen
partial pressure

Fig. 22 shows [1-(1-a)'?] (Data from Fig. 5(d))
versus leaching time at oxygen partial pressure, and Fig. 23

shows the natural logarithm of the natural logarithm of the
oxygen partial pressure (In P,) and the apparent rate con-
stant (In k). The reaction order for Zn leaching, as calculated
from Fig. 23, was 0.66. Thus, the kinetic equation describing
the effect of the oxygen partial pressure on the Zn leaching
rate is as follows:

0.25
020l "O04MPa  006MPa J
’ A08MPa v 1.0MPa
Fitted regression line A
015
S
|
: a
Loolot
v
<
0.05 |- -
Orr 1 1 1 1
0 20 40 60 80 100

Leaching time / min

Fig. 22. Plot of 1 — (1 — @)'” versus ¢ for the leaching rate of
Zn at different oxygen partial pressures (data from Fig. 5(d)).
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In (P,, / MPa)

Fig. 23. Relationship between In & and In P, for Zn leaching.

Ink = —6.11+0.661n Po, (10)

3.6. Kinetics of the leaching experiment at 423483 K

3.6.1. Relationship between Zn leaching rate and reaction
temperature

To determine the activation energy in the leaching pro-
cess, the Zn leaching rates in Fig. 11(b) at different temperat-
ures were plotted and fitted with a regression equation, as
shown in Fig. 24.

According to the fitting results in Fig. 24, Fig. 25 shows
the natural logarithm of the apparent rate constant (In k)
versus the reciprocal of the reaction temperature (1/7). The
apparent activation energy was calculated by Eq. (6).
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Fig. 24. Plot of the data fitting for the leaching rate of Zn and
the leaching time for various temperatures (data from Fig.
11(b)).
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T'/K!
Fig. 25. Relationship between In & and T for the Zn leach-
ing rate at 423-483 K.

The activation energy of the Zn leaching rates at 423—483
K was determined to be 36249 J-mol”', indicating that the
process was controlled by surface chemical reactions [23].
The kinetic equation describing the effect of the temperature
(423-483 K) on the Zn leaching rate is as follows:

Ink=6.01-4.36x%x10°/T (11)

3.6.2. Relationship between Zn leaching rate and CuSO,
concentration

The addition of CuSO, had a significant effect on the
leaching of Zn. Fig. 26 shows [1 — (1 — a)'/?] (data from Fig.
11(a)) versus leaching time at different CuSO, concentra-
tions, and in Fig. 27, these results are used to plot the natural
logarithm of the CuSO, concentration [In ¢(CuSO,)] versus
the natural logarithm of the apparent rate constant (In k). The
reaction order for zinc leaching, as calculated from Fig. 27,
was 0.59, indicating that the increase in the Cu®" concentra-
tion promoting the leaching reaction. The kinetic equation
describing the effect of the CuSO, concentration on the Zn
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leaching rate is as follows.

Ink = -3.04+0.591Inc(CuSOy) (12)
071 = 0.01 mol/L 0 0.03 mol/L
A (.05 mol/L v 0.07 mol/L
0.6 Fitted regression line
(o]
. 05+ v,
Toal
Z A
o3t
(o)
A
02} ©
A (o)
0.1 %
0: 1 1 1 1
0 20 40 60 80 100

Leaching time / min

Fig. 26. Plot of 1 — (1 — @)'” versus ¢ for the leaching rate of
Zn at different CuSQ, concentrations (data from Fig. 11(a)).
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Fig. 27. Relationship between In £ and In ¢(CuSO,) for Zn
leaching.

3.6.3. Relationship between Zn leaching rate and H,SO,
concentration

Fig. 28 shows [1-(1-a)'?] (data from Fig. 11(c))
versus time at different H,SO, concentrations, and in Fig. 29,
these results were used to plot the natural logarithm of the
H,SO, concentration [In ¢(H,SO,)] versus the natural logar-
ithm of the apparent rate constant (In k). The reaction order
for Zn leaching, as calculated from Fig. 29, was 0.8. Thus,
the kinetic equation describing the effect of the H,SO, con-
centration on the Zn leaching rate is as follows:
Ink=-10.93 +1.311nc(H,SO,) (13)

3.6.4. Relationship between Zn leaching rate and oxygen
partial pressure

Fig. 30 shows [1—(1—a)"?] (data from Fig. 11(d))
versus leaching time at different partial pressures of O,, and
in Fig. 31, the natural log of the oxygen partial pressure (In
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Po,) and the natural log of the apparent rate constant (In k) are
plotted. The reaction order for Zn leaching, as calculated
from Fig. 31, was 1.54. Thus, the kinetic equation describing
the effect of the oxygen partial pressure on the Zn leaching
rate is as follows:

07} ®50g/L ©080g/L
’ A110g/L v 140 g/L A
Fitted regression line
0.6 - Y
0.5 F
= o}
| 04}
T v A ]
o3t °
A
02 r u
7 o
0.1 F =
Or 1 1 1 1
0 20 40 60 80 100

Leaching time / min

Fig. 28. Plot of 1 — (1 — )" versus ¢ for the leaching rate of
Zn at different H,SO, concentrations (data from Fig. 11(c)).
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Fig. 29. Relationship between In £ and In ¢(H,SO,) for Zn
leaching.
Ink =-4.54+1.541n Py, (14)

3.7. Establishment of kinetic equation

According to Eq. (5), the kinetic equation can be ex-
pressed as follows:

1-(1-)'"* =K xc(CuSO4)" X c(H,S04)" x Py xe /%" x1
(15)

where K is the pre-exponential factor.
The relationships between [1-(1-a)!?] and
Ko X c(CuSO,)" x c(HySO4)™ X Py x e E/RT x ¢ for the arti-
ficial sphalerite O,-pressure leaching at 363423 and
423-483 K are shown in Fig. 32. Although the points in the

07r w04MPa ©0.6MPa ¢
A (0.8 MPa v 1.0 MPa
0.61 Fitted regression line
0.5F Y
T o4l o
i <
103t
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Leaching time / min

Fig. 30. Plot of 1 — (1 — )" versus 7 for the leaching rate of
Zn at different oxygen partial pressures (data from Fig. 11(d)).
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Fig. 31. Relationship between In & and In P, for Zn leaching.

plot show scattering, the straight lines could be fitted to the
data with a correlation coefficient of > 0.97. Thus, according
to Fig. 32, K, was determined to be 0.053 and 0.028 for
363423 and 423483 K, respectively.

According to the activation energy, reaction order, the
kinetic equations of the artificial sphalerite O,-pressure
leaching at 363—423 and 423-483 K could be expressed as
Eqgs. (16) and (17), respectively:

1—-(1-a)"® =0.053 x c(CuSO04) "1 x ¢(H,S0,)*3x
P(())bé X e—38660/RT Xt (1 6)

1—(1 =)' =0.028 x ¢(CuS0,)*¥ x c(H,S0,) "' x
P(l).54 % 6736249/RT Xt

(17)

4. Conclusions

In this paper, the catalytic mechanism of Cu*" in the oxy-
gen pressure acid leaching process of artificial sphalerite was
studied, and the following conclusions can be drawn.
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Fig. 32. Relationships between 1 — (1 — )" and K X ¢(CuSQOy4)" X ¢c(H,SO4)™ x P& x e E/RT x t for the artificial sphalerite O,-

pressure leaching at (a) 363—423 K and (b) 423-483 K.

(1) The zinc leaching behavior of artificial sphalerite in
two different temperature ranges of 363—423 and 423-483 K
was different. At 363—423 K, the zinc leaching efficiency
gradually increased with the increase of temperature, acidity,
and oxygen partial pressure, but decreased with the increase
of CuSO, concentration, the highest leaching rate was only
51.04%. However, the zinc leaching efficiency increased
with increasing temperature, acidity, oxygen partial pressure,
and CuSO, concentration at 423-483 K, and the zinc leach-
ing rate can reach 95.71%.

(2) When the temperature was lower than 423 K,
SEM-EDS showed that with the increase of leaching time,
copper content on mineral surface gradually increased and
villous sediments were formed. It was because the Cu** react
with H,S generates CuS, and deposited on the surface of the
mineral to hinder the leaching reaction, at this time, with the
increased of leaching time, the system potential gradually de-
creases.When the temperature exceeds 423 K, CuS on the
surface of the mineral reacts with [O]suion to form Cu?* and
S, Cu®" can act as a catalyst to promote zinc ion leaching. At
this time, with the increase of leaching time, the system po-
tential shows a steady rise trend.

(3) The activation energy of the O,-pressure acid leach-
ing of the artificial sphalerite at 363—423 and 423-483 K was
38660 and 36230 J-mol ™, respectively. The apparent reac-
tion orders of Cu®', sulfuric acid, and oxygen partial pressure
at 368432 K were determined to be 0.6, 0.8, and 0.66, re-
spectively, and at 423483 K were 0.59, 1.31, and 1.54, re-
spectively. Finally, the kinetic equation for fitting the results
was formulated.
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