Rare Met. (2021) 40(10):2975-2984
https://doi.org/10.1007/s12598-016-0759-7

RARE METALS

www.editorialmanager.com/rmet

@ CrossMark

Extraction of copper, zinc and cadmium from copper—cadmium-
bearing slag by oxidative acid leaching process

Meng Li, Ying Zhang, Xiao-Hui Wang, Jian-Guang Yang, Shan Qiao,

Shi-Li Zheng*@® , Yi Zhang

Received: 20 May 2015/Revised: 28 May 2015/ Accepted: 9 May 2016/ Published online: 23 June 2016
© The Nonferrous Metals Society of China and Springer-Verlag Berlin Heidelberg 2016

Abstract An intensified oxidative acid leaching of copper—
cadmium-bearing slag featuring using high-efficient oxygen
carrier, such as activated carbon, was investigated to achieve
high leaching rate of valuable metals. The effects of leaching
variables, including agitation rate, sulfuric acid concentra-
tion, temperature, slag particle size, activated carbon and
cupric ion concentration, were examined. It is found that
leaching rates of cadmium and zinc both exceed 99 % in a
very short time, but for copper, leaching rate of 99 % is
achieved under the optimized leaching parameters, which
are agitation rate of 100 r-min~", sulfuric acid concentration
of 15 wt%, leaching temperature of 80 °C, slag particle size
of 48-75 um, activated carbon concentration of 3 g-L*I,
liquid-to-solid ratio of 4:1, oxygen flow rate of 0.16 L-min ',
and leaching time of 60 min. The macro-leaching kinetics of
copper metal was analyzed, and it is concluded that the inner
diffusion is the controlling step, with apparent activation
energy of 18.6 kJ-mol~'. The leaching solution with pH
value of 2—4 can be designed to selectively extract valuable
metals without neutralization, and the leaching residue can
be treated by prevailing Pb smelting process.
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1 Introduction

Zinc is the third most common nonferrous metal after alu-
minum and copper, which has wide application in the areas
of plating, coating and alloying [1-3]. Currently, 80 %-—
85 % zinc is produced from zinc sulfide concentrates by the
hydrometallurgical methods of roasting-acid leaching-puri-
fying-electrowinning process or oxygen pressure acid
leaching-purifying-electrowinning process worldwide [4].
Copper and cadmium are the main associated valuable
metals in zinc resources and can be leached out in company
with zinc, which have to be removed to avoid their influence
on subsequent zinc electrolysis. According to the standard
electrode potentials, these cations can be reduced with zinc
powder to form corresponding metals and be removed from
the solution. Thus, during the purification unit, large quan-
tities of copper—cadmium-bearing slags were generated.
Through rough calculation, more than half million tons of
this slag was produced per year in China. And most of the
residue was not used efficiently. This residue not only takes
massive land, but also comes forth great risk of environ-
mental pollution, as it contains significant content of lead, as
well as some arsenic, cadmium, and such toxic ingredients
have the potential of being dissolved by rain water [5, 6].
Different routes of metal recovery from copper—cad-
mium-bearing slag have been tried for decades, which
primarily include acid leaching-purifying-reducing-elec-
trowinning process and acid leaching-purifying-extracting-
stripping process [7]. The leaching procedure of the two
methods is very similar, and the main difference between
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them is the treatment of the leaching solution after purifi-
cation. Reducing-electrowinning process and extracting-
stripping process are very simple to implement and easy to
operate, but the leaching procedure of the two routes has
the problem of complex technical processes and low
leaching rate [7]. So many researchers consider the
leaching unit is the limiting stage of the whole route.
Nowadays, most of the factories choose to extract zinc and
cadmium first before subsequent copper extraction in the
leaching section. Nonetheless, the two-stage leaching pro-
cess is not economically feasible due to the setup of extra
facilities to store solution and residue [8]. Usually, man-
ganese dioxide (or pyrolusite) or hydrogen peroxide is used
by many plants as oxidant during the oxidative sulfuric
acid leaching; however, the former will introduce impuri-
ties and the latter is too expensive. So it is necessary to
choose a more suitable oxidant in the oxidative sulfuric
acid leaching step. Oxygen is known as a cheap and clean
oxidant, and has been widely used in many applications. In
this regard, oxidative sulfuric acid leaching of copper—
cadmium-bearing slag by using oxygen has been proposed.

Further, in order to improve the oxygen transfer effi-
ciency, the catalytic effect of activated carbon has also been
examined. Activated carbon is a type of porous material
with large surface areas and has been widely used as
adsorbent, catalyst, and catalyst carrier [9, 10]. And there
are many unsaturated oxygenated functional groups asso-
ciated with the porous structure, including carboxyl, car-
boxyl anhydride, carbonyl, lactone, phenolic, ether, pyrone,
chromene, etc. These functional groups were reported to
exhibit catalytic behaviors in many chemical reactions,
drawing much research attention [11-14]. However, acti-
vated carbon-assisted oxidative sulfuric acid leaching of
copper—cadmium-bearing slag has rarely been reported.

In this work, a method featuring catalytic-assisted oxida-
tive acid leaching of copper—cadmium-bearing slag was
studied. Key operation parameters including agitation speed,
sulfuric acid concentration, temperature, slag particle size,
catalyst (activated carbon and cupric ions) concentration were
systematically examined. Furthermore, the macro-kinetic
parameters were assessed using shrinking core model, and
then the rate controlling step for copper metal leaching was
determined. Finally, the possible handling strategies of the
leachate and leaching residue were suggested.

2 Experimental
2.1 Materials
The slag used in this research was supplied by Hunan

Shuikoushan Nonferrous Metals Group Co., Ltd, which
was dried for 12 h at 110 °C before crushed and screened
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Fig. 1 XRD pattern of copper—cadmium-bearing slag

to obtain slag with different sizes. Phase compositions were
determined by X-ray diffraction (XRD) analysis, as shown
in Fig. 1. Theoretically speaking, the main phases in the
copper—cadmium-bearing slag should be Cu metal, Cd
metal and excess zinc metal; however, owing to the oxi-
dation effect of air and the corrosion of surface-adhered
sulfuric acid solution, the phases from Fig. 1 are Cu, CuO,
CdO, Zn0O, ZnSO4-7H,0 and CuSO4-5H,0. The chemical
compositions of the slag determined by inductively cou-
pled plasma atomic emission spectrometry (ICP-AES) are
presented in Table 1, from which it could be noted that the
main elements are Zn, Cd and Cu.

Sulfuric acid used in this research was obtained from
Beijing Chemical Works with reagent grade (96 %-98 %).
Activated carbon was supplied by Green-Source (China).
Oxidant of compressed oxygen was bought from Beijing
Chemical Works with industrial grade. Water was purified
with Milli-Q (Millipore Corp.) equipment before use.

2.2 Experimental setup and procedure

The experimental setup is shown in Fig. 2, and the process
flow sheet is presented in Fig. 3. For one batch of experi-
ment, certain amount of slag, generally 100 g, was dis-
persed by approximately 400 ml high-purity water in a
three-neck flask (positioned in a water bath) with
mechanical stirring (100-400 r-min~"). When the slurry
was heated up to the pre-set temperature, certain amount of
concentrated sulfuric acid was injected into the flask
gently. And then compressed oxygen was flowed into the
reactor controlled by a regulator. In some experiments,
catalysts were mixed with the slurry as well. To investigate
the leaching dynamics, several milliliters of slurry was
sampled at a certain intervals (5-30 min) to analyze the
leaching rates of different metals.

After leaching, the slurry was filtered. And the filter
cake was washed twice with dilute H,SO, solution and
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Table 1 Chemical compositions of copper—cadmium-bearing slag

(Wt%)
Zn Cd Cu Ca Al Mg Pb
25.76 20.38 9.53 227 0.49 0.62 0.55
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Fig. 2 Experimental setup for oxidative sulfuric acid leaching
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Fig. 3 General flow chart for sulfuric acid leaching of copper—
cadmium-bearing slag

then deionized water, respectively, to avoid the hydrolysis
of leached-out metals and remove free acid. Then the cake
was dried at 110 °C for 12 h, and its chemical and phase
compositions were analyzed by inductively coupled plasma
atomic emission spectrometer (ICP-AES, America, Pekin-
Elmer) and X-ray diffractometer (XRD, Netherlands,
PANalytical) equipped with Cu Ko radiation, respectively.
Meanwhile, the leachate was collected to analyze its
acidity and chemical compositions, respectively, by pH
meter and ICP-AES.

The metal leaching rates were calculated using Eq. (1).
Owing to the undissolvable property of Pb during the
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sulfuric acid leaching, Pb was used as the reference sub-
stance, and the mass content ratio change of concerned
metal to lead was used as the evaluation parameter to
calculate the leaching rate.

_ M; /Mpy, — m; /mpy,

R
M;/Mpy,

x 100 % (1)

where R is the leaching rate of Cu, Cd or Zn; M; and my; are
corresponding mass contents of concerned metal in the
original copper—cadmium-bearing slag and in residue,
respectively; Mp, and mp;, are mass contents of Pb in the
original slag and in residue, respectively.

3 Results and discussion
3.1 Effects of main leaching parameters
3.1.1 Agitation speed

High stirring speed can reduce the thickness of diffusion
layer effectively. In order to get meaningful data on
leaching dynamics, high-enough agitation speed is very
crucial to eliminate the external diffusion controlling. The
relationship of copper leaching rate against leaching time
under different stirring speeds is plotted in Fig. 4. It could
be noted that even the speed increases dramatically from
100 to 400 r-min~ ', totally neglectable effect is observed.
They all reach the highest leaching rate of 99 % after 3 h.
The reason that stirring speed shows no obvious effect is
that the oxygen from the cylinder controlled by the regu-
lator and flow meter is purged into the bottom of the
reactor, and the rising bubbles have the function of agita-
tion. The external diffusion effect can be eliminated even
though 100 rmin~! is selected; hence, it is not the rate
controlling step [15-19].
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Fig. 4 Effect of agitation speed on copper leaching rate (other
leaching parameters: sulfuric acid concentration of 15 wt%, temper-
ature of 80 °C, liquid-to-solid ratio of 4:1, particle size of 48—75 pm,
oxygen flow rate of 0.16 L-min~")
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Fig. 5 Effect of slag particle size on copper leaching rate (other
leaching parameters: agitation rate of 100 r-min~', sulfuric acid
concentration of 15 wt%, temperature of 80 °C, liquid-to-solid ratio
of 4:1, oxygen flow rate of 0.16 L-min~")

3.1.2 Slag particle size

The effect of slag particle size on Cu leaching rate is shown
in Fig. 5. It is a general rule that a decrease in particle size
will accelerate the reaction rate, owing to the increase of
the contacting surface area among the reactants. The data
in Fig. 5 clearly demonstrate that the leaching rates
increase along with the decrease in particle size, and less
significant effect is observed when the particle size is
—75 pm. So, the particle size of slag could be controlled at
48-75 um.

3.1.3 Sulfuric acid concentration

The effect of sulfuric acid concentration on valuable metal
leaching rates is shown in Fig. 6. Because a fixed liquid-to-
solid ratio is chosen, a higher sulfuric acid concentration
means a higher excess coefficient of sulfuric acid.
According to the chemical composition of the slag, it can be
calculated out that the stoichiometric acid concentration
should be 16 wt% with the assumption that no sulfate salts
exist. According to the standard electrode potentials, Zn and
Cd metals are prone to dissolving in sulfuric acid solution
easily, easier for their oxides. Thus, under the circumstance
that the amount of sulfuric acid is theoretically enough, no
effect can be seen on Zn and Cd leaching rates. As for Cu,
much has been oxidized to its oxide state by air when piling,
s0 99 % copper can be dissolved with the assistance of
oxygen. However, when sulfuric acid concentration is lower
than its theoretical concentration, about 10 wt%, the Zn and
Cd leaching rates still keep at a high value, much higher
than that for copper, indicating that H' capture ability of Zn
and Cd is stronger than that of Cu. And, because small
proportions of the metals are existed in their sulfate salt
states, which will not consume sulfuric acid, the real stoi-
chiometric sulfuric acid concentration should be lower than
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Fig. 6 Effect of sulfuric acid concentration on copper leaching rate
(other leaching parameters: agitation rate of 100 r-min~ ', particle size
of 48-75 pum, temperature of 80 °C, liquid-to-solid ratio of 4:1,
oxygen flow rate of 0.16 L-min~")

16 wt%. For these three metals, pretty high leaching rates of
99 % are achieved under initial sulfuric acid concentration
of 15 wt%. Even though choosing a concentration of higher
than 15 wt% can guarantee definitely high leaching rates,
excessive acid will bring burden to the following separation
procedures. Consequently, optimum sulfuric acid concen-
tration should be 15 wt%.

3.1.4 Leaching temperature

The effect of leaching temperatures ranging from 40 to
100 °C is assessed. The relationship of copper leaching rate
versus leaching time at different temperatures is plotted in
Fig. 7, showing that temperature affects Cu leaching rate
significantly. The higher the temperature is, the faster the
leaching rate is. Platforms appear after 3 h almost at all
temperatures. It could be noted that a better temperature
should be 80 °C, which is concurred with the earlier lit-
erature reports [20-23].

It is unexpected that the copper leaching rate can reach a
very high level in about 0.5 h, as shown in Fig. 7, which
should be due to the presence of CuO phase in the original
slag. In order to verify this, the leaching experiments were
carried out in non-oxidative nitrogen atmosphere at dif-
ferent temperatures for 40 min, and the copper leaching
rate curves versus leaching time are plotted in Fig. 8. The
results indicate that the copper leaching rate can reach
63 % in about 30 min and keeps constant. Because Cu
metal will not be dissolved under non-oxidative atmo-
sphere, CuO contributes to the high leaching rate in the
earlier stage. In order to calculate the Cu metal oxidative
leaching dynamic parameters, the background brought by
CuO was deducted, and the recalculated profiles are shown
in Fig. 9, which will be used later for the dynamic analysis.

Rare Met. (2021) 40(10):2975-2984



Extraction of copper, zinc and cadmium from copper—cadmium-bearing slag

2979

100 F

N 96 |

>

g 92r

on

f=]

= 88+

g o,

b ——40°C

5 S4+ —e—60°C

g —a—80°C

o 80r —v—100°C
76 £ )

0 50 100 150 200 250 300
t/ min

Fig. 7 Effect of leaching temperatures on copper leaching rate when
flowing oxygen (other leaching parameters: agitation rate of
100 r-min~", particle size of 48-75 um, acid concentration of
15 wt%, liquid-to-solid ratio of 4:1, oxygen flow rate of
0.16 L-min~ ")
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Fig. 8 Effect of leaching temperatures on Copper leaching rate under
inert atmosphere of nitrogen (other leaching parameters: agitation rate
of 100 r-min~", particle size of 48-75 um, acid concentration of
15 wt%, liquid-to-solid ratio of 4:1, oxygen flow rate of
0.16 L-min~ ")
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Fig. 9 Effect of leaching temperatures on copper leaching rate
deducted presence of CuO
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3.1.5 Catalytic effect of Cu’™"

It has been reported that copper tends to be corroded faster
in the presence of cupric ions. The principle is believed to
be as follows [24].

The cupric ions are extracted according to the following
overall reaction.

Cu +2H" +0.50, = Cu*" + H,0 (2)

Cuprous ions are generated by the reaction of cupric
ions and copper [25-27].

Cu*" + Cu=2Cu" (3)

Cuprous ions are then oxidized to copper ions by oxygen
rapidly.

2Cut 4+ 2H' 4 0.50, = 2Cu** + H,0 (4)

So Reaction (2) can be assumed to be the combination
of Reactions (3) and (4). The intermediate of Cu™ is an
ideal carrier of oxygen, which is considered to be a type of
catalyst promoting the dissolving of copper. Hence, once a
small amount of Cu®" are generated, the copper dissolution
rate will be accelerated by the catalytic effect of Cu®" with
the presence of O,, which is thought to be autocatalytic
reaction.

From the aforementioned results, it can be seen that it
takes a relative long time to achieve the dissolving equi-
librium state, about 3 h. In order to shorten the leaching
time for copper, different amounts of Cu®" were added into
the initial sulfuric acid solution, ranging from 10 to
30 g¢-L™'. Under these conditions, the copper leaching
results are shown in Fig. 10. Compared with that without
adding Cu”", the leaching time could be shortened from
3.0 to 1.5 h when 10 g-L™' Cu*" was added and copper
leaching rate of 99 % is guaranteed. Little difference is
shown for different amounts of copper added. Conse-
quently, Cu®" should play the similar role that literatures
mentioned [24-27], promoting the transfer of oxygen and
accelerating the oxidative leaching of copper.

3.1.6 Catalytic effect of activated carbon

The effect of activated carbon on the copper leaching rate
was assessed, and the amount of activated carbon added
was ranging from 3 to 8 g-L™'. A plot of copper leaching
rate over activated carbon concentration is presented in
Fig. 11. It can be observed that the leaching rate of copper
increases significantly with the addition of activated carbon
to the solution, and more than 99 % copper could be lea-
ched out in 60 min when the concentration of activated
carbon is more than 5 g-L ™. The optimum activated car-
bon concentration is then chosen to be 5 g-L™".
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Fig. 10 Effect of Cu>" concentrations on copper leaching rate (other
leaching parameters: agitation rate of 100 r-min~", particle size of
48-75 pm, acid concentration of 15 wt%, liquid-to-solid ratio of 4:1,
temperature of 80 °C, oxygen flow rate of 0.16 L-min™")
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Fig. 11 Effect of activated carbon concentrations on copper leaching
rate (other leaching parameters: agitation rate of 100 r-min~', particle
size of 48—75 um, acid concentration of 15 wt%, liquid-to-solid ratio
of 4:1, temperature of 80 °C, oxygen flow rate of 0.16 L-min~")

There are several types of oxygenic functional groups at
the surface of activated carbon, including carboxyl, car-
boxyl anhydride, carbonyl, lactone, phenolic, ether, pyrone
and chromene, etc., as shown in Fig. 12 [12, 28-32]. Sur-
face oxygenic functional groups may directly react with Cu
species, resulting in their oxidation, or in an indirect way
through the reduction of oxygen to hydrogen peroxide [33].
Oxygenic groups such as chromene or quinone groups have
lower redox potential than that of the O,/H,O, pair
(0.695 V) [33]. So activated carbon can generate hydrogen
peroxide once in contact with molecular oxygen in acidic
slurry [34, 35]. Because the H,O,/H,O (1.763 V) pair is
higher than the O,/H,O pair (1.229 V), the oxidation rate
of Cu to Cu*" (slope of copper leaching rate against time)
is faster than that of the oxidative leaching without acti-
vated carbon. So the oxidative leaching with activated
carbon takes about 90 min which is shorter than that

@ Springer

OH 0]

0}

Fig. 12 Some type of oxygen-containing functional groups in
activated carbon

without activated carbon (around 180 min) for reaching the
leaching rate of 99 %.

According to the above analysis, the possible mecha-
nism might be described using the following equations,

Cu + Cox = Cu®t + CRred (5)

where Cpox represents a surface functional group with
oxidation—reduction potential higher than that of the Cu®*/
Cu pair. This group will be able to oxidize Cu to Cu’*.
Then, the reduced functional group is oxidized by oxygen
and hydrogen peroxide (H,O,) with strong oxidizing power
will be generated, which will further promote the
oxidization of the functional group and copper.

Cirea +0.50; + H,0 = H,0, + C,0x (6)
Cred + H20, = Cox + H,0 + 0.50, (7)
H,0; + 2H" + Cu = Cu*" + 2H,0 (8)

where Cox represents a surface functional group with oxi-
dation-reduction potential higher than that of the Cu**/Cu
pair; Cireq and Cgeq represent the surface reduced func-
tional group; C«ox represents a surface oxidation group
where the surface reduced functional group has been oxi-
dized by H,0O,. Hence, it is proposed that copper could be
oxidized to Cu®" species by H,O, generated from the
reduction of molecular oxygen. In order to verify the exis-
tence of hydrogen peroxide in the reaction media, another
experiment was carried out to test the solution in which
oxygen had contacted with acidic slurry containing the
activated carbon at 80 °C for 30 min. Figure 13a shows the
molecular absorption spectra measured with each of the
obtained solutions. For the purpose of comparison, Fig. 13b
shows the spectrum of a reference solution containing
0.05 mol-L™" H,0,. The results in Fig. 13 jointly suggest
that hydrogen peroxide is generated in acidic solution upon
contacting between molecular oxygen and activated carbon.

Moreover, activated carbon is a type of porous material
with large surface areas, which can have a strong adsorption

Rare Met. (2021) 40(10):2975-2984
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Fig. 13 Molecular absorption spectra for a acid solutions with or without activated carbon in presence of O, and b a reference acid solution

(15 wt% H,SO,) without activated carbon but with 0.05 mol-L~! H,0,

capability for Cu”". Therefore, the real time concentration
of Cu®" in the leachate will descend, which can thermo-
dynamically accelerate the leaching. Thus, both of the two
aspects would make contribution to the acceleration of
copper dissolution from the copper—cadmium-bearing slag.
3.2 Kinetics analysis
Solid—fluid heterogeneous reactions are common in
chemical and hydrometallurgical processes. In order to
determine the macro-dynamic parameters and leaching rate
controlling step for copper, the popular shrinking core
model was utilized to fit the data [36]. In solid—fluid
reaction systems, the reaction rate may be controlled by
one (sometimes may more than one) of the following steps:
the reactant diffusion through the fluid phase (external
diffusion), the chemical reaction at the surface of the
mineral (chemical reaction), or the reactant diffusion
through the product layer (internal diffusion).

According to the shrinking core model, the relationships
between the leaching rate of copper (X) and time () with
different rate-determining steps can be described as [37]:

(1) External diffusion control

X =kt 9)

where X is the fraction reacted, k is the reaction rate con-
stant, and ¢ is the reaction time.

(2) Internal diffusion control
1+2(1-X) =301 -X) =kt (10)
(3) Chemical reaction control

1-(1-X)"=k (11)

Rare Met. (2021) 40(10):2975-2984

It can be seen that the controlling mode can be deter-
mined by the plot of left side of the equations against time
(1) from Egs. (9)—(11), which should be linear. Once the
mode is selected, the slope of the fitted line is the reaction
rate constant (k); meanwhile, the temperature dependence
of k can be described by Arrhenius equation,

k = Aexp(—E,/RT) (12)
Or
k =InA — E,/RT (13)

where A is the frequency factor, E, is the apparent acti-
vation energy, R is gas constant, and 7 is temperature.
The three equations were used to fit the copper leaching
rates at 80 °C with data from Fig. 9, as shown in Fig. 14.
From the degree of linearity (R value), the internal diffu-
sion control of shrinking core model is found to fit the
leaching data better than the other two modes. Then the
copper leaching rates at different temperatures versus

1.0F = X=kt R=0.7681

o 142(1-X)-3(1-X)% =kt y .
0.8 A 1-(1-X)”.‘:kf ]

- R=0.9439
0.6 + . A
B~
o4l s R=0.9985
' A

02+

0 20 40 60 80 100 120 140 160
t/ min

Fig. 14 Comparison of linear fitting results of three modes for Cu
leaching rates at 80 °C (Y =X or 1 +2(1 — X) — 3(1 — X)2/3 or
-1 -x"

@ Springer



2982

M. Li et al.

= 40°C R=0.9964
08F 60 °C
4 80°C R>=0.9971
@ 100 °C
& 06r 7
5
= v
<041 R=0.9977
1
s
02+t v
R>=0.9979
0 20 40 60 80 100 120 140 160
t/ min

Fig. 15 Relationships of 1 + 2(1 — X) — 3(1 — X)*”® with leaching
time at various temperatures

Table 2 Fitted values of reaction rate constant (k) at various

Then the Arrhenius plot by plotting the logarithm of
k versus inverse temperature (1/7) is obtained, as provided
in Fig. 16. The resulting negative sloped line is useful for
finding the missing parameter values of the Arrhenius
equation. Extrapolation of the line back to the y-intercept
yields the value for InA, and the slope of the line is equal to
the negative apparent activation energy divided by the gas
constant (R). It is calculated that the apparent activation
energy is 18.6 kI-mol~', which further evidences that
copper leaching is controlled by diffusion, similar to the
observations reported in literature for conventional leach-
ing process [19].

3.3 Suggested treatment of leachate and leaching
residue

Under the optimized leaching conditions, the leachate

temperatures containing about 55.48 g-L ™' Zn>*, 18.50 g-L ™' Cu®* and
T/°C 40 60 80 100 39.12 gL ™' Cd** with pH value of 2-4 could be obtained,
as shown in Table 3. Taking advantage of the weak acid
k 0.0018 0.0028 0.0044 0.0055 .
circumstance, these metals can be extracted separately and
directly by selective reduction through the controlling of
reductant dosage. Copper and zinc ions can also be sepa-
. 09902 rated by solvent extraction using LIX984 and di-(2-ethyl-
' E;lé 6 ki-mol- hexyl) phosphate acid (D2EHPA), respectively [38]. And
-S54+ v LIX841 is another type of extractant [39]. Abundant of
5.6
~2
£ 58 L2
400 F 1-PbSO,
60 2-CaS0,
5
-6.4 | <
1 1 1 1 1 1 b
2.6 2.7 2.8 29 3.0 3.1 32 gz 200 1
/10K £ 2
= 1
100 L1
Fig. 16 Arrhenius plot of reaction rate against reciprocal of 12 1
temperature
0 -

leaching time were all fitted using Eq. (10), as given in
Fig. 15. After linear regression, the slope for each fitted
line is obtained, which is k value, as shown in Table 2.

Table 3 Typical compositions of leachate and leaching residue

10 20 30 40 50 60 70 8 90
20/(°)

Fig. 17 XRD pattern of leaching residue

Nos. Ion concentration/(gL’l) Residue composition/wt% Residue rate/% Leaching rate/%

Zn** Cu** cd* Zn Cu cd Pb Zn Cu cd
1 55.06 18.76 36.84 0.11 0.63 1.53 16.68 3.70 99.99 99.78 99.75
2 55.20 18.28 40.22 0.41 1.60 1.46 11.30 430 99.92 99.23 99.67
3 56.18 18.47 40.30 0.39 0.61 1.20 10.34 4.20 99.92 99.68 99.70
Average 55.48 18.5 39.12 0.30 0.95 1.40 12.77 4.07 99.94 99.56 99.71
9 Springer Rare Met. (2021) 40(10):2975-2984
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researches have been focused on this issue, which is not a
knotty problem [40-44].

For the leaching residue, the yield is about 4 wt% of
original copper—cadmium-bearing slag. The phase com-
position was analyzed by XRD, as shown in Fig. 17. The
result indicates that the phases are mainly PbSO, and
CaSO,4. And the chemical composition analysis result
shows that about 13 % Pb is contained in the residue,
which can be recycled by Pb smelting technology in an Isa
furnace. The way is that the Pb-containing concentrate and
the PbSO4-containing leaching residue can be mixed and
placed in the furnace, and the reaction of these two will
form Pb metal through the following reaction [45].

PbS + PbSO, = 2Pb + 2S0, (14)

4 Conclusion

The oxidative leaching behavior of copper—cadmium-
bearing slag produced from zinc hydrometallurgical pro-
cess in sulfuric acid solution was investigated. The results
show that the slag could be easily leached and a pretty high
leaching rate of more than 99 % is reached under the
conditions of temperature of 80 °C, sulfuric acid concen-
tration of 15 wt%, liquid-to-solid ratio of 4:1, leaching
time of 3 h, oxygen flow rate of 0.16 L-min~", and stirring
speed of 100 r-min~'. However, if some catalysts, such as
Cu2+, activated carbon, were introduced into the slurry, the
leaching speed for copper would be accelerated dramati-
cally, and the leaching time could be shortened from 3.0 to
1.5 or 1.0 h. The action mechanism of these types of cat-
alysts should be the same to some extent, which are per-
formed as the oxygen carrier, changing the direct oxidation
of copper by O, to indirect oxidation by the formed
intermediate. The leaching dynamic fitting results reveal
that the apparent activation energy for copper leaching is
18.6 kJ ~m0171, and it is controlled by internal diffusion.
For the typical leachate and leaching residue, suggested
dealing methods were provided. The valuable metal ions in the
leachate can be recycled separately by selective reduction or
solvent extraction. The Pb component in the residue can be
further treated by pyro-metallurgical Pb smelting technology.
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