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BEHAVIOR AND STUDY OF THE KINETICS ASPECTS OF HYDROTHERMAL LEACHING CONDUCTED
ON THERMAL ACTIVATED PRODUCTS OF COMPLEX POLYMETALLIC
SECONDARY SULFIDE CONCENTRATE

The utilization of complex polymetallic secondary sulfide concentrate (CPSSC) is difficult, owing to its special structure
and composition. In this paper, CPSSC was firstly activated by roasting under atmosphere, followed by hydrothermal leaching
under oxygen pressure with water. The mineral phase structure and morphology of the activated products and leached residues
were characterized by XRD and SEM-EDS to study the leaching behavior and kinetic characteristics of copper from CPSSC. The
obtained results show that the optimum conditions for hydrothermal leaching of the roasting activated products of CPSSC under
oxygen pressure with water are as follows: leaching temperatures 185°C, oxygen partial pressure 0.6 MPa, liquid solid ratio 12.5:1,
stirring rate 600 r/min. Under the above conditions, the iron and lead existing in the activated products were mostly transferred and
remained in leached residue with the state of iron oxide and lead sulfate respectively, and the leaching rate of Cu reached 95.73%.
The kinetic analysis show that the extracting of copper from the activated product by hydrothermal leaching under oxygen pressure
obeys chemical reaction control model, with activation energy calculated as 41.98 kJ/mol by Arrhenius equation, and the leching
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kinetic equation of copper could be expressed as: 1—(1 - X)§ = 0.43’7P(1);258 W Be T4
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1. Introduction

Chalcopyrite is one of the major copper minerals, ac-
counting for more than 70 wt.% of global copper reserves,
and is also widely distributed in solid waste and secondary
resources containing copper [1-4]. The extraction of copper
from chalcopyrite can be implemented by pyrometallurgical
and hydrometallurgical processes [5,6]. However, the emission
of polluting gases and toxic compounds, such as SO,, CO,, NO,
etc. from the pyrometallurgical process causes a major threat to
the aquatic environment and atmospheric environment, resulting
in increased energy consumption and costs [7-9]. Alternatively,
the hydrometallurgical process has environmental and eco-
nomic advantages, and it is gradually replacing the traditional
pyrometallurgical process and becoming the primary choice for
treating chalcopyrite, especially complex polymetallic secondary
chalcopyrite concentrate (CPSSC) which is easily found with the
overexploitation of copper mine. Therefore, the methods separat-
ing valuable metals from CPSSC by hydrometallurgical process

have been extensively studied, such as bioleaching with the result
that high copper extraction rate was obtained when the solution
potential was controlled within a suitable range [10], atmospheric
pressure oxidation leaching which needs consuming a lot of
oxidants [11-14], ionic liquid leaching which demonstrated ionic
liquid based lixiviants with more polar cations appear to show
better extraction than those with less polar cations [15], ammo-
nia leaching which testified a flat passivation layer of FeEOOH
was formed resulting from the selectively leaching of Fe prior
to Cu [16], and pressurized acid leaching which demonstrated
that temperature had the greatest influence on copper extraction
and the kinetics for the leaching copper from chalcopyrite was
controlled by chemical reaction equation [17]. However, as the
reason that chalcopyrite, the main constituent in CPSSC, has
a crystal structure with tetrahedral coordination by copper, iron
and sulfur [6,18], each sulfur ion located at a tetrahedral angle is
surrounded by four ions of copper and iron. Furthermore, copper
and iron are located in the same lattice, resulting the leaching
of iron in large quantities along with copper during leaching
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process, increasing the difficulty in further process for removing
iron from the leaching solution obtained. In addition, passivation
layer formed on its surface during the leaching of chalcopyrite
restricts the contact and diffusion process between leaching agent
and minerals, which is nominated as passivation effects, leading
to low leaching rate of valuable metals from chalcopyrite [1,6].

To improve the leaching rate and final recovery of valu-
able metals from chalcopyrite, numerous studies have been
carried out. The process of hydrothermal leaching without acid
under oxygen pressure atmospheric, which can achieve high
extractive leaching rate of copper and zinc from CPSSC [19].
However, it needed to be conducted under a higher temperature
at 200°C, resulting a harsh requirement for leaching instruments.
In recent years, researchers have found that the leaching rate
of copper from chalcopyrite can be improved by pretreatment
enhancements before leaching, such as mechanical enhance-
ment, microwave enhancement, ultrasonic enhancement, and
etc. Mechanical enhancement can distort the crystal lattice and
increase the specific surface area of minerals, resulting in the
conversion of some mechanical energy into internal energy
of the material and accelerating leaching reaction rate [20].
Microwave enhancement can reduce the passivation effect in
leaching process, improve the oxidation leaching performance
of chalcopyrite and increase the leaching rate of valuable me-
tals [21]. Ultrasonic enhancement increases the diffusion inside
the mineral particles, removes the passivation layer formed by
element sulfur, and increases the chemical reaction to dissolve
more chalcopyrite [22]. However, the mechanical enhancement
is energy-intensive and high requirement for equipment, and the
effecting mechanism of microwave and ultrasonic on the recov-
ery of valuable metals is still vague and controversial [23,24],
limiting its further development. Thermal activation pretreatment
can not only solve the co-leaching of copper and iron, realize the
selective extraction of copper, improve the leaching conditions
of valuable metals from chalcopyrite ore, but also distort the lat-
tice structure and improve the leaching rate of valuable metals.

In this work, the effect of thermal activation pretreatment
on copper leaching rate from CPSSC was studied by thermal
activation of CPSSC then followed by oxygen pressure leach-
ing without acid. On this basis, the changes in surface chemical
forms and morphology of CPSSC and leached residue after
activation were investigated by X-ray diffraction (XRD) and
scanning electron microscopy (SEM) characterization methods.
As the reason that zinc is easier leached than copper, the optimum
leaching conditions were defined to achieve almost complete
leaching of copper from CPSSC, and the leaching behavior and
reaction kinetics of copper from the activated products of CPSSC
by hydrothermal leaching under oxygen pressure condition with
water were investigated.

2. Experimental
2.1. Materials

The raw material used in the experiments, a typical CPSSC
with high lead and iron content and low copper content, came
from a concentrator in Yunnan. Its chemical composition was
shown in TABLE 1. The reagents (sulfuric acid, sodium ligno-
sulfonate, sodium thiosulfate, potassium iodide, etc.) used in
the experiments were analytical pure, and deionized water was
manufactured in ourself laboratory.

2.2. Experimental method

30.0 g CPSSC with particle size of -75 wm was activated by
roasting under atmosphere at 350°C for 2 h in tubular furnace,
then cooled in the furnace to ambient temperature for getting
activated products (also named as pyrolysis products). Subse-
quently, the activated products were leached in an autoclave
(YZUR-500, Shanghai Yanzheng Experimental Instrument Co.
Ltd, China) at conditions of pressured oxygen atmosphere with
water. Which the activated products were mixed with distilled
water according to a specified liquid-solid ratio and added into
the autoclave, followed by heating to the specified tempera-
ture, then highly purified oxygen was injected to maintain the
required oxygen partial pressure to react for 4 h. Samples were
taken with 15 min interval in the first two hours and with 30 min
interval in the last two hours during leaching process. In the end,
the autoclave was cooled in the air, and the obtained pulp was
removed and filtered to get the leachate and leached residue.
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Fig. 1. Picture of the experimental apparatus for leaching process

TABLE 1
Chemical composition of the main elements of the raw material
Element Cu Fe S Zn Pb SiO, MgO CaO AL O3 Others
Contents/ wt.% 11.10 28.10 34.95 2.97 8.88 1.86 0.43 0.38 0.50 10.83




The leached residue was dried in oven at 105°C for 2 h prior to
further be analyzed.

The picture of the experimental apparatus for leaching
process was shown in Fig. 1.

2.3. Analysis and characterization methods

Quantitative determination of chemical elemental content
in the raw material, pyrolysis products, and leached residues
were conducted by inductively coupled plasma atomic emission
spectrometer (ICP-AES, Optima-5300DV, Pekin-Elmer, USA).
X-ray diffractometer (XRD, X’ Pert Pro MPD, PanacoAnalytical
Instruments, Netherlands) was used for mineral phase charac-
terization with Cu-Ka target (A = 0.15406 nm) as the radiation
source, under the conditions of tube voltage of 40 kV, tube cur-
rent of 40 mA, scanning speed of 10°/min, and scanning interval
of 5°~90°. The JSM-6360 scanning electron microscope (SEM)
with elemental mapping was used to analyze the morphology
of the raw material, the pyrolysis products, and the leached
residues. The sulfur content was determined using a carbon and
sulfur analyzer (ELTRA CS2000, Eltek, Germany). The copper
contained in the leachate was detected by iodimetry [25] and the
copper leaching rate was calculated by Eq. (1).

i1 i1
[Vo - Zi:lVl}x C; + Zilei xC,
X, = (1)
100xw

where X; is the i-th leaching rate of copper, %; Vj is the total
volume of leachate, L; V; is the volume of liquid sample taken
out at every i-th interval, L; C; is the concentration of copper in
the liquid samples taken out at the i-th time, g/L; w is the mass
fraction of elements in the raw material, %.

3. Results and discussion
3.1. Characterization of mineral phase structure

The characterization results of XRD analysis of raw mate-
rial and pyrolysis products were shown in Fig. 2, from which it
can be seen that CPSSC and the products pyrolyzed at 350°C
are mainly composed of chalcopyrite (CuFeS,), PbS (galena),
FeS, (pyrite) and ZnS (sphalerite). The diffraction peaks of
PbSO, appear obviously in the products pyrolyzed at 350°C,
indicating that part of the mineral phase of galena in CPSSC
was dissociated to form PbSO, while CPSSC was activated at
this temperature. The reason why not pyrolyzing at higher tem-
perature than 350°C is that hazardous gas SO, will emit resulting
from the decomposition of metal sulfides in air atmosphere, and
on the contrary the leaching efficiency of valuable metals is not
ideal while the pyrolyzed products at temperature blower than
350°C used for leaching.

The SEM-Mapping spectra of the raw material and the
pyrolysis product were respectively show in Figs. 3 and 4.

739

Pyrosied product at 350 “C

& FeCuS2
V ZnS
AFeS2

v PbS
+PbSO4

Raw material
& FeCuS2
V ZnS
A FeS2
v PbS
+PbSO4

10 20 30 40 50 60 70 80 90
26/ (deg.)

Fig. 2. XRD patterns of raw materials and pyrolysis products

Fig. 3. SEM-Mapping spectrum of raw materials

It can be observed from Fig. 3 that the various sulfide mineral
phases composing the raw material are intergraded with each
other, and especially that Cu, Fe and S are located at the same
area. And it is also found from Fig. 4 that loose structure ap-
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Fig. 4. SEM-Mapping spectrum and surface scan of pyrolysis product
thermal activated at 350°C

pears in the pyrolysis products, which plays an important role
in increasing the specific surface area and self-corrosive cur-
rent [26]. Moreover, the results of elemental mapping in Fig. 4
show that, compared with the raw material, Cu and Fe elements
are distributed scattered while Pb and S are more concentrated
together in pyrolysis product.

3.2. Effect of factors on Cu leaching rate
3.2.1. Effect of leaching temperature
The effect of leaching temperature on the pressurized
leaching copper from pyrolysis product was investigated. The

effect of leaching temperature on the leaching rate of Cu under
the conditions of oxygen partial pressure of 0.8 MPa, liquid

Cu dissolution, X (%)
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to solid ratio of 12.5:1, stirring rate of 600 r/min, and dosage
of sodium lignosulfonate of 0.5% mass pyrolysis product was
shown in Fig. 5(a). As shown in the figure that Cu leaching rate
increased from 59.51% to 95.73% when the temperature was
increased from 155°C to 185°C. This result is consistent with
the conclusion achieved by Berry et al [27], who found that the
reaction rate doubled whenever the temperature was increased
by 10°C. When the temperature was at 185°C, the reaction was
more intense and the growth of Cu leaching rate was faster after
the reaction time exceeds 120 min. Whereas, on the conditions of
other temperatures, for getting the same trend it needed 135 min.
The XRD patterns of leaching residues obtained at temperature
155°C and 185°C were illustrated in Fig. 5(b), from which
it can be seen that the mineral phases in the leached residue
at the leaching temperature of 155°C are FeS,, Fe,05, CuFeS,,
and PbSO,, indicating the leaching of pyrolysis product is not
completely. However, the minerals phases of the leached residue
at the leaching temperature of 185°C are mostly iron oxide and
lead sulfate and few chalcopyrite can be found, meaning the
obtained residue easy to further be utilized and the leaching of
pyrolysis product completely. This leads to the result that the
leching temperature of 185°C was more suitable.

The characterization results of leached residues by
SEM-Mapping at leaching temperatures of 185°C and 155°C
were shown in Fig. 6 and Fig. 7 respectively. It can be discov-
ered by SEM in Fig. 6 that the morphology of leached residue
obtained at 185°C has a loosen structures scatted with squared
well-crystal block which is aggregated area of Pd, S and O, mean-
ing the composition of lead sulfate, and the other area is central
area of Fe and O which is in consistent with the composition of
Fe,03. By observing the imagines (Fig. 7) tested by SEM of the
leached residue at 155°C, it can be obtained that the morphology
of the leached residue is granulated scatted with little particles
where mainly compose of CuS besides PbSO,4 and Fe,O5, which
is tested by mapping analysis.

3.2.2. Effect of oxygen partial pressure

Base on experiment 3.2.1 mentioned above, the effect of
oxygen partial pressure on the pressurized leaching of pyrolysis
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Fig. 5. (a) Effect of leaching temperature on Cu leaching rate; (b) XRD patterns of leached residue at leaching temperature of 185°C and 155°C
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Fig. 6. SEM-Mapping patterns of leached residue at 185°C

product was investigated at leaching temperature of 185°C, liquid
to solid ratio of 12.5:1, stirring rate of 600 r/min and sodium
lignosulfonate dosage of 0.5% mass present of pyrolysis product.
The effect of oxygen partial pressure on the leaching rate of Cu
was shown in Fig. 8. As shown in the figure, the highest dissolu-
tion rate of Cu was achieved when the oxygen partial pressure
was increased to 0.8 MPa, and the maximum dissolutions of
Cu reached 95.73%. The increase in oxygen partial pressure
leads to an increase in the total pressure of the autoclave, which
can lead to the formation of iron oxide compounds based on
the oxidation of sulfates in pyrolysis product. The XRD analy-
sis (Fig. 8b) shows that the material phase of leached residue
obtained at oxygen partial pressure 0.4 MPa are mostly iron
compounds and lead sulfate, as well as also a small amount of
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Fig. 7. SEM-Mapping patterns of leached residue at 155°C

pyrite, which investigates the dissolution of raw material is not
completely. By observing the SEM-Mapping patterns of the
leached residue obtained at 0.4 MPa (Fig. 9), it can be found
that the surface morphology is loose, mostly small particles
accompanied by lump, and that S, Pb and O are located in the
same area and Fe mainly exists with O in the same district,
meaning the main chemical composition of the residue consist
of PbSO, and Fe,05.

Combined with the results from the influence on leaching
rate and characterization of XRD and SEM-Mapping on the
leached residues, the leaching conditions at an oxygen partial
pressure of 0.8 MPa are better to obtain the target substances.
Therefore, 0.8 MPa should be selected as the optimal oxygen
partial pressure under these circumstances for the next study.
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Fig. 8. Effect of oxygen partial pressure on Cu leaching rate(a) and XRD patterns of leached residue at oxygen partial pressure of 0.4 MPa and

0.8 MPa (b)



10um

Fig. 9. SEM-Mapping pattern of leached residue with oxygen partial
pressure of 0.4 MPa

3.2.3. Effect of liquid to solid ratio

On the basis of the above experiments, the effect of liquid
to solid ratio on the pressurized leaching of pyrolysis product
was investigated at liquid to solid ratios of 10:1, 12.5:1 and
15:1, respectively. The effect of liquid to solid ratio on the Cu
leaching rate at leaching temperature of 185°C, partial pressure
of oxygen of 0.8 MPa, stirring rate of 600 r/min and sodium
lignosulfonate dosage of 0.5% mass present of pyrolysis product
was shown in Fig. 10(a).

From Fig. 10(a), it can be seen that the trends of leaching
rate of Cu are approximately the same and the final leaching rates
are similar under these three conditions. As shown by XRD of
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leaching slag with different liquid to solid ratios in Fig. 10(b),
the main components of leached residue in all three condi-
tions are compounds of Fe and Pb, but at a liquid to solid ratio
of 10:1, the residue also contains small amounts of Cu and Fe
compounds. And when the liquid to solid ratio exceeds 12.5:1,
the main components of the residue are the oxide of Fe and the
compound of PbSO,. As the reason that high ratio of liquid to
solid will cause waste of water resources and leads big volume
of leaching instruments, it is more appropriate that the ratio of
liquid to solid 12.5:1 is selected.

3.2.4. Effect of stirring rate

The effect of stirring rate on Cu leaching rate was investi-
gated at stirring rates of 400, 500 and 600 r/min, respectively,
on the conditions of leaching temperature of 185°C, oxygen
partial pressure of 0.8 MPa, liquid to solid ratio of 12.5:1, and
sodium lignosulfonate dosage of 0.5% mass present of pyroly-
sis product, the results obtained were showed in Fig. 11(a).
From which it can be found the copper leaching rate increased
from 85.32% to 95.73% when the stirring rate was increased
from 400 to 600 r/min. This can be accounted by the reason that
high stirring rate causes better contact between pyrolysis product
and leaching reagent and improved the leaching rate, meaning
a significant effect on the copper leaching rate. Additionally,
high stirring rate enhances the diffusion of the leaching reagent
to the outer surface of the solid particles and reduces the thick-
ness of the diffusion layer formed around the particles [28].
When the stirring rate was 600 r/min, the leaching rate of Cu
is maximum, which means that the stirring rate of 600 r/min is
the most effective rate for gas-liquid-solid transfer in reaction
system [29].

In addition, the XRD patterns of the leached residue with
stirring rates of 400 r/min and 600 r/min were shown in Fig. 11(b)
respectively. The XRD analysis (Fig. 11(b)) shows that the
leached residue is mainly lead sulfate and pyrite at the stirring
rate of 400 r/min. For further investigating the mineral phase in
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Fig. 10. (a) Effect of liquid to solid ratio on Cu leaching rate; (b) XRD of leached residue with liquid-to-solid ratios of 10:1, 12.5:1 and 15:1,
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Fig. 11. (a) Effect of stirring rate on the leaching rate of Cu; (b) XRD patterns of leached residue with stirring rates of 400 r/min and 600 r/min,

respectively

the leached residue, the SEM-Mapping of the leached slag at
600 r/min were performed and the results were shown in Fig. 12.
It can be observed from Figure 12 that the leached residue has
the structure of loosen particles embedded lumpy, and that S,

10um

Fig. 12. SEM-Mapping patterns of leached residue with stirring rate
of 400 r/min

Pd and O are distributed in the same area, as well as Fe exists
with O. Additionally, it is demonstrated from Fig. 11(b) that the
composition of leached residue with stirring rate of 400 r/min is
more complicated as the reason that the existing of FeS,, which
increases the subsequent lead-iron separation work. Therefore,
600 r/min is chosen as the optimum stirring rate.

3.3. Thermodynamically feasible
and spontaneous

It is important to indicate the chemical reaction of the real-
ized leaching, which refers to the calculation of the activation
energy, and it is also necessary to calculate the probability of its
progress (delta G). In the conditions for leaching valuable metals
from CPSSC, the main chemical reactions and their standard
Gibbs energy were calculated and listed in TABLE 2 based on
the thermodynamic data in literature [30]. From the value of the
standard Gibbs energy in TABLE 2, it suggests that chemical
reactions of the realized leaching are thermodynamically feasible
and spontaneous as the reason that the standard Gibbs energy of
these reactions during leaching is minus. Although it is known
that chalcopyrite is dissolve in acidic leaching medium, why can
water be used as leaching agent in the present work! This because
that FeS, contained in the CPSSC reacted with water and oxygen
to produce sulfuric acid needed to dissolve chalcopyrite, and the
concentration of sulfuric acid is about 15-25 g/L in the leachate,
as the results of pH of leachate is 0.81-0.59.

TABLE 2
The standard Gibbs energy (kJ/mol) of the main chemical reactions in leaching
No. Chemical reaction ArGggsK Arngs K ArG?tSSK ArG?MSK Arcﬁss K
1 2FeS, (s) + 70, (2) + 2H,0 (aq) = 2Fe*" (aq) + 4H' (aq) + 4S0,% (aq) —559.887 | —498.098 | —489.52 | —484.409 | -476.854
2 4FeS, (s) + 150,(g) + 2H,0 (aq) = 4Fe*" (aq) + 4H' (aq) + 8S0,> (aq) —1162.16 | -1015.37 | —995.73 | -983.361 | —965.94
3 | FeCuS, (s)+4H" (aq) + Oy(g) = Cu** (aq) + Fe? (aq)” + 28 (s) + 2H,0 (aq) | —80.899 | —65.077 | —63.236 | —61.886 | —59.874
4 27nS (s) + 4H' (aq) + O5(g) = 2Zn*" (aq) + 28° (s) +2H,0 (aq) -87.935 | —77.202 | —76.018 | —75.335 | —73.608
5 2FeS, (s) + 4H (aq) + O,(g) = 2Fe?* (aq) + 4S°(s) + 2H,0 (aq) —74.513 | —63.474 | —62.584 | —61.775 | —60.538
6 | 2PbS (s) + 4H" (aq) + 2S04> (aq) + O,(g) = 2PbSO, (s) + 2S° (s) + 2H,0 (aq) | —99.773 | —104.022 | —104.86 | —105.787 | —106.076
7 S (s) + 2H,0 (aq) + 30, (g) = 4H" (aq) + 2S0,*" (aq) —288.792 | —282.846 | —281.978 | -280.965 | —280.182
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3.4. Copper leaching kinetic studies

In order to determine the leaching mechanism of pyrolysis
product under oxygen pressure conditions, the experimental
data were analyzed using shrinkage core model. The shrinkage
core model assumes that for dense solid reactants, the chemical
reaction proceeds from external and internal, the solid and liquid
reaction occurs at the surface of the solid material, where the solid
reactants are initially surrounded by a fluid layer, mass transfer
occurs between the solid and the liquid, with more and more
solid products are produced, and the solid reactants gradually
decrease until disappear. As the reaction proceeds, the unreacted
solid core shrinks to the center of the solid, forming a porous
products layer around the unreacted core. The kinetic model
predicts the mechanism of the leaching copper from CPSSC
where the chemical reaction which labelled as No. 2 in TABLE 2
takes place when chemical reaction control, diffusion control, or
a mixed control model containing both diffusion and chemical
reaction occurs [31,32].

If the reactions rate is controlled by the chemical reaction,
the formula of integral rate for the reaction is expressed as Eq. (2).

1
1-(1-X)3 =K,z 2)

If the reactions rate is controlled by the diffusion through
the product layer, the formula of integral rate for the reaction is
expressed as Eq. (3).

2

And if the reactions rate is controlled by both the chemical
reaction and the product layer, nominated as mixing control, the
formula of integral rate for the reaction is expressed as Eq. (4).

1-(1-X)s ~Lin(1-x) = K,z @

Where X is the chemical reaction fraction, %; K,, K; and
K, are the kinetic constants controlled by chemical reaction,
diffusion through the product layer, and mixture of them; ¢ is
the reaction time.

In addition, the activation energy can be calculated accord-
ing to Arrhenius equation (Eq. (6)) by making a graph with InK
versus 1/7.

K= Aexp[—%} 6)

where, K is the rate constant; 4 is the pre-exponential fac-
tor; E, is the activation energy, kJ/mol; R is the gas constant,
8.314 J/K- mol; and T is the absolute temperature, K.

Logarithm is taken on the both sides of Eq. (5), then Eq. (6)
can be obtained.

E
InK=——%+In4 (6)
RT

Arrhenius plots can be got by plotting with InK versus
against 1/7, and E,, and A4 can be calculated from the slope and
intercept of the fitted equations. The experimental data in Fig. 5
were substituted into Egs. (2) to (4) to make plot and fitted, and
the results of the fitting are shown in Fig. 13. The parameters of
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TABLE 3
Parameters of control model at different reaction temperatures
Reaction Chemical reaction control Internal diffusion control Mixing control
temparature K, R? R? K, R?
185°C 2.530x107 0.983 7.961x107* 0.905 6.110x1073 0.967
175°C 2.000x1073 0.976 5.619x107* 0.868 4.590%107 0.961
165°C 1.770x107 0.955 4751x1074 0.830 4.010x107 0.940
155°C 9.360x10* 0.953 1.570x107* 0.808 1.980x107 0.947




its chemical reaction control model, internal diffusion control
model and mixing control model are shown in TABLE 3.
Compared to the correlation coefficients controlled by
internal diffusion reaction and mixing control, the results show
that the correlation coefficient (R?) values controlled by chemical
reaction are closer to 1. Therefore, the kinetics leaching copper
from CPSSC is consistent with chemical reaction control model.
The results of the activation energy (E,) calculated according
to Arrhenius plots (Fig. 14) is 41.98 kJ/mol. It means that the
reaction is controlled by the diffusion through the solid product
layer when £, < 12.55 kJ/mol, and the reaction is controlled by
the chemical reaction while £, >41.8 kJ/mol [33,34]. The calcu-
lated value of activation energy is bigger than 41.8 kJ/mol, so the
leaching of copper from CPSSC at different leaching tempera-
tures is controlled by the chemical reaction model. The activation
energy obtained in the present work is lower than that of 50.646
kJ/mol achieved by Ji et al. [35] while direct leaching copper
from CPSSC with oxygen pressure leaching. The activation en-
ergy of the reaction can characterize the ease degree of reaction,
indicating that the minerals is easily to be decomposed while it
is activated, which facilitates further separation and extraction.
When CPSSC is activated by thermal pyrolysis, the external
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Fig. 14. Arrhenius plots of Cu leaching at different temperatures
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energy is transferred to the chalcopyrite particles, causing the
atomic arrangement of chalcopyrite to disordered and loose from
regular and tight. As a result, the crystal structure of chalcopyrite
is broken and the micro-strain such as defects in it is increased,
the lattice size is become smaller and separated by high-energy
grain boundaries, as well as the degree of amorphization is
improved, leading to a decrease in the thermodynamic stability
of the mineral [36,37] and the decrease in apparent activation
energy while the pyrolysis product is leached [38].
Considering the influence of various factors on copper
leaching rate, the relationship between the rate constant con-
trolled by chemical reaction and various factors can be expressed
as Eq. (7) [39,40]. The reason that stirring rate is considered is
because it can affect the concentration of sulfuric acid produced
from the reaction of FeS, with H,O under oxygen pressured
atmosphere [35], which also testified the results of the copper
leaching rate nearly controlled by mixing control with a R* closed
to 0.95 in TABLE 2.
1 _Ea
I-(1-X)3 = Ko Py ™e £t (7)

where n; and n, are parameters of partial pressure of oxygen
(MPa) and stirring rate (W), and K|, is rate constant related to
temperature; £, is the apparent activation energy (kJ/mol); R is
the gas equilibrium constant, 8.314 J/mol; T is the absolute
temperature (K).

The effects of oxygen partial pressure (Pp,) and stirring rate
(W) on the leaching copper from CPSSC were applied to study
the kinetic model, the obtained results can be found in Fig. 15
and Fig. 16 respectively. TABLES 4 and 5 show the reaction
rate constants and correlation coefficients of the chemical con-
trol model, internal diffusion control model and mixing control
model under different oxygen partial pressure and stirring rate
conditions, respectively. From the table, it can be seen that under
different oxygen partial pressure and stirring rate conditions,
the chalcopyrite oxygen pressure leaching reaction are mainly
controlled by the chemical reaction. The relationship graphs of
InK, versus InP(O,) and Inw calculated from K, versus oxygen
partial pressure and stirring rate values are shown in Fig. 17.
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From the figure, it can be achieved that the reaction order for
different oxygen partial pressure is 1.258 and the reaction order
for different stirring rates is 0.728.

Substituting the above data into Eq. (7) results in a K, value
0f0.437, and the macroscopic kinetic equation for leaching cop-

per from CPSSC under oxygen pressure with water as leaching
agent can be expressed as:

1 -5049.7
1-(1-X)3 =0437R,7 W' e T ¢

TABLE 4
Parameters of control model at different oxygen partial pressures
Oxygen partial Chemical reaction control model Internal diffusion control model Mixing control model
pressure K, R? Ky R? K, R?
0.8 Mpa 2.530%x107° 0.983 7.961x107* 0.905 6.110x1073 0.967
0.6 Mpa 1.640x1073 0.964 4.110x10™ 0.800 3.660x1073 0.944
0.4 Mpa 1.050x1073 0.990 1.740x107* 0.895 2.210x107 0.988
TABLE 5
Parameters of control model at different stirring rates
L. Chemical reaction control Internal diffusion control Mixing control
Stirring rate 2 2 )
K, R Ky R K R
600 r/min 2.530x1073 0.983 7.961x107* 0.905 6.110x1073 0.967
500 r/min 2.160x1073 0.986 6.255x107 0.902 5.000x1073 0.975
400 r/min 1.880x1073 0.989 4.935x107 0.914 4210x107 0.983
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Fig. 17. Relationship between InK,. and InP(O,), InW¥, respectively
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4. Conclusion

By thermal activation pretreatment, more preferable results
can be achieved while hydrothermal leaching under oxygen
pressure with water is performed on CPSSC. The optimum
process conditions for hydrothermal leaching under oxygen
pressure of CPSSC after thermal activation pretreatment
are as follows: leaching temperature 185°C, oxygen partial
pressure 0.6 MPa, liquid to solid rate 12.5:1 and stirring
rate 600 r/min. Under the above process conditions, the
leaching rate of Cu reached 95.73%.

Combined the structural characterization by XRD and
SEM-Mapping, iron oxides and lead sulfate are the main
contents in the leached residue obtained under hydrothermal
leaching conditions, meaning it can be easy utilized.

The leaching kinetics of copper from CPSSC by hydro-
thermal leaching under oxygen pressure with water follows

chemical reaction control model, which can be expressed as
~5049.7

1
1-(1-X)3 =0437R, W 7

t, and the activation

energy calculated by Arrhenius equation is 41.98 kJ/mol.
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