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Abstract: Reductive leaching of high-iron bearing zinc leaching residue (HIZLR) by zinc sulfide concentrate to extract
indium and its further selective separation from the leachate were studied. The results indicated that over 95% of indium
extraction was achieved at particle sizes of 74—105 pm, reaction temperature of 90 °C, leaching time of 300 min and
sulfuric acid concentration of 1.4 mol/L. The leaching kinetics was analyzed by the shrinking core model, and the
leaching data from various experimental conditions indicated that the reactions were controlled by the diffusion through
the solid product layer with an activation energy of 17.96 kJ/mol. The order of the reaction with respect to the sulfuric
acid concentration was determined to be 2.41. Over 99% of copper and arsenic were coprecipitated in the cementation
of copper with iron powder. More than 98% of indium was selectively separated from zinc sulfate solution with high
ferrous ion content, and the indium-rich precipitate, which had an indium content of approximately 2.4%, could be
further treated by the acid leaching—solvent extraction—electrowinning process to produce pure indium.
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1 Introduction

Indium is an important metal used in high-tech
fields, such as computer science, defense, military,
and modern information industries [1,2]. However,
there are very few mineral types rich in indium, and
they rarely occur in nature. Indium is most
commonly found in association with zinc-bearing
minerals, such as sphalerite and marmatite [3,4]. At
present, more than 80% of the world’s zinc is
produced by the roasting—leaching—purification—
electrowinning process, and over 98% of indium
present in zinc sulfide concentrate is transferred
into the leaching residue [5—7]. This residue, which
contains heavy metals or toxic elements, such
as zinc, indium, copper, lead and arsenic, is
environmentally unacceptable and is classified as a
hazardous waste [8—10]. Leaching zinc and indium

from zinc leaching residue (ZLR) is challenging
because it is mostly associated with stable spinel
zinc ferrites [11]. High pressure leaching [12,13],
oxidative leaching [14,15], mechanical activation
leaching [16] and bio- leaching [17,18] have been
proposed to effectively extract zinc and indium
from indium containing ZLR or zinc sulfide
concentrate.

Kinetic analysis of solid—fluid heterogeneous
reactions is of great importance at the industrial
level, as this is the basis for scale-up and reactor
designs [11,19]. A few researchers [20—23] have
reported the indium leaching kinetics from different
indium containing materials. However, based on the
component and phase composition in indium
containing materials, the leaching kinetics and
extraction efficiency of indium varies. It was
reported that indium leached from synthetic
indium-bearing zinc ferrite was controlled by the
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chemical reactions with activation energy of
68.8 kJ/mol [22]. Indium leached from zinc plant
leaching residue was controlled by chemical
reactions in the early stage, evolved to a
mix-controlled stage, and finally to the stage in
which diffusion was controlled by the solid product
layer. The activation energy was 46.09 kJ/mol in the
chemical reaction control stage and 11.62 kJ/mol
in the later product layer diffusion-controlled
stage [24]. Therefore, it can be concluded that the
indium leaching efficiency and kinetic models are
strongly dependent on the phase composition of the
particular materials.

In Southwest China, a lot of ZLR with high
indium (>800 g/t) and iron (>30%) contents are
produced by local zinc refineries. Recovery of
indium is necessary and important both from an
economic point of view and the increased
requirements for environmental protection. In the
conventional hot acid leaching process, most of the
valuable metals are extracted from ZLR. Iron,
which is mostly in its ferric form in the leachate,
presents a serious challenge for the selective
recovery of indium by cementation or solvent
extraction from the leaching solution, and ferric
ions should be reduced to ferrous ions. These
challenges result in high reducing agent
consumption and operation cost when ZLR with
high iron content is treated. In this work, the
reductive leaching—fraction precipitation process is
proposed to recover indium from high-iron bearing
zinc leach residue (HIZLR). Firstly, HIZLR is
leached using zinc sulfide concentrate as reducing
agent to obtain the maximum extraction of indium
from the residue, and ferric ions are simultaneously

reduced to ferrous ions under acidic conditions by
the sulfide present in the concentrate. Secondly, the
reductive leachate, which also has a high copper
content, is treated to recover copper and indium by
fraction precipitation. The fraction precipitation
process includes the following steps: (1) copper
precipitation by iron powder, (2) adjustment of the
solution pH, and (3) indium precipitation from the
pH-adjusted leachate by zinc powder.

The main objectives of this study are
investigation of the effects of stirring speed, particle
size, reaction temperature and sulfuric acid
concentration on the indium leaching efficiency
from HIZLR, development of the optimum
conditions for the extraction of indium and the
reaction kinetics using different kinetic models, and
study of the selective separation of copper and
indium from reductive leachate by fraction
precipitation.

2 Experimental

2.1 Material feed and mineralogical analysis

The HIZLR, zinc sulfide concentrate and zinc
calcine used in the present study were collected
from a zinc refinery in Southwest of China. The
elemental composition of these materials is given in
Table 1. The zinc, indium, and iron contents in the
materials with different size fractions are presented
in Table 2. Mineralogical analysis of the samples
was performed by XRD, and the results are shown
in Figs. 1, 2 and 3.

As given in Table 1, the HIZLR contains
25.45 wt.% zinc, 34.73 wt.% iron and 853.6 g/t
indium. Minor amounts of other heavy metals, such

Table 1 Elemental composition of experimental materials (wt.%)

Component Zn Fe In S Cu Pb Sn Ag SiO,
HIZLR 2545 3473 853.6° 3.52 1.47 0.172  0.113  73.14" 544
Zinc sulfide concentrate 4537  16.82  386.7° 3231 0.96 0.081  0.069 43.68° 243
Zinc calcine 49.2 1456  4183" 3.19 1.02 0.67 0.043 108.7 2.77
*—g/t
Table 2 Chemical composition of samples with different size fractions
. on/ HIZLR Zinc sulfide concentrate
Size fraction/um = @t w(Fo)% wZn)%  w(n)(gt')  w(Fe)%
105—150 25.07 838.3 34.35 45.22 325.5 15.43
74—105 25.22 828.4 34.67 45.36 382.6 15.38
53-74 25.49 863.7 34.74 45.24 400.7 17.46
43-53 25.46 857.6 34.03 45.72 379.3 16.84
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Fig. 1 XRD pattern of zinc sulfide concentrate
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Fig. 3 XRD pattern of HIZLR

as copper, lead, and tin are also detected. The iron
content in zinc sulfide concentrate is 16.82 wt.%,
which is much higher than that in conventional
zinc ore (3—8 wt.%) [25,26]. HIZLR is produced
from the roasted zinc sulfide concentrate under
conditions in industrial practice.

Figure 1 shows that the main mineralogical
phases in zinc sulfide concentrate are sphalerite and
marmatite, with a small quantity of polymetallic
sulfide. As shown in Fig. 2, zinc ferrite or copper

ferrite is formed during the roasting process of zinc
sulfide concentrate. Undissolved zinc ferrite and a
small amount of zinc silicate are detected in HIZLR
(Fig. 3). No special indium-bearing minerals are
identified due to trace amounts of indium in both
zinc sulfide concentrate and HIZLR.

In all leaching experiments, spent electrolyte
containing 185.6 g/L H,SO4 and 52.33 g/L Zn** was
used as the leaching agent. Sodium lignosulfonate
lignin was added at 100 g/t as a sulfur dispersant.
Analytical grade iron powder (Fe 99.5%) and zinc
powder (Zn 99.0%) were used as sacrificial metals
for copper and indium removal, respectively.

2.2 Reductive leaching—fraction precipitation

process
2.2.1 Reductive leaching

Leaching experiments were performed in a
three-necked 2 L capacity glass reactor with a
mechanical stirrer, a sample collection tube, and a
condenser tube to prevent evaporation loss. Spent
electrolyte required was transferred to the reactor
and placed in the water bath. After the test
temperature was reached, 100 g HIZLR and 25 g
zinc sulfide concentrate were added to the reactor.
Then, the solution was agitated at the desired
agitation speed. During each experiment, the
samples were collected at regular intervals and
filtered on a Buchner vacuum filter to separate the
liquor from the slurry. The solids were washed and
subsequently dried at 80 °C before analysis. The
liquids were analyzed to determine the indium
concentrations. The liquid to solid ratio was
maintained constantly at 11:1 g/mL for all
experiments.

The indium leaching efficiency (x;) was
calculated by Eq. (1):

x; =V,C, [(mc, + myc,) (1)

where V) is the initial volume (mL) of the solution,
C; is the concentration of indium in the Sample i
(mg/L), m; is the mass (mg) of HIZLR, m; is the
mass (mg) of zinc sulfide concentrate, c¢; is the
content of indium in HIZLR (wt.%), and c¢; is the
content of indium in zinc sulfide concentrate (wt.%).
It must be noted that zinc and copper are also
dissolved.
2.2.2 Fraction precipitation

The reductive leachate was treated in three
steps: the precipitation of copper by iron powder,
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pre-neutralization of free acid with zinc calcine and
indium precipitation with zinc powder.

The copper and indium recovery from the
reductive leachate were preceded by fractional
precipitation with the addition of different chemical
agents. Initially, copper was recovered by adding
iron powder. Then, the pH of the copper
precipitation supernatant was adjusted to 4.0 with
the addition of zinc calcine to neutralize the free
acid and minimize the zinc powder consumption in
the next zinc precipitation step. Finally, indium was
recovered from the pH-adjusted leachate by the
addition of zinc powder.

The copper or indium precipitation rate (x)
was calculated by Eq. (2):

x=(CN _Csz)/C1V1 2)

where C; is the initial concentration of copper or
indium (g/L) in the sample solution, V; is the initial
volume (L) of the sample solution, C, is the
unprecipitated copper or indium concentration (g/L)
in the supernatant after precipitation and V> is the
volume (L) of the supernatant produced in the
precipitation process.

2.3 Characterization and analysis

The elemental compositions of HIZLR, zinc
sulfide concentrate and zinc calcine were detected
by selective leaching. The elemental concentrations
in solution were determined by ICP with mass
spectrometric  detection. Solid materials were
characterized by X-ray diffraction (XRD) to
identify their phases. The morphology and surface
composition of the reductive leaching product were
detected by scanning electron microscopy with
energy dispersive spectrometry (SEM—EDS).

3 Results and discussion

3.1 Reductive leaching and Kkinetics analysis of
indium leaching
3.1.1 Effect of stirring speed

The influence of stirring speed on the leaching
efficiency of indium was studied by increasing the
stirring speed from 100 to 400 r/min, and the results
are shown in Fig. 4.

It is shown in Fig. 4 that the increase in stirring
speed from 100 to 300 r/min produced an obvious
increase in the leaching efficiency of indium.
Thereafter, there is little effect on indium extraction
when the stirring speed is increased from 300 to

400 r/min. The results show that the distribution of
H" and the suspension of particles at 300 r/min or
above are adequate. Thus, a stirring speed of
300 r/min was chosen for subsequent experiments.
However, limit of the stirring speed does not imply
that diffusion could not be a rate controlling step;
it only means that at a high stirring speed, the
hydrodynamic boundary layer around the particles
reaches a limiting value. Thus, diffusion across this
minimum thickness boundary layer could still be
the slow step. Therefore, additional experimental
evidence of activation energy is needed to ascertain
the rate limiting step.
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Fig. 4 Effect of stirring speed on indium extraction
(particle size 74-105 um, temperature 90 °C, and

sulfuric acid concentration 1.4 mol/L)

3.1.2 Effect of particle size

The effect of particle size on the leaching
efficiency of indium was studied using different
size fractions (43-53, 53-74, 74-105 and
105—150 pm), and the results are shown in Fig. 5.
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Fig. 5 Effect of particle size on indium extraction
(stirring speed 300 r/min, temperature 90 °C, and sulfuric
acid concentration 1.4 mol/L)
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As is shown in Fig. 5, the decrease in particle
size enhanced indium dissolution, although indium
extraction with a particle size between 43 and
53um is only 9% higher than that with
105—150 pm particles. Many literature examples
show that the smaller the particle size, the faster the
reaction rate [27,28]. Therefore, the particle size of
74—105 um was chosen.

3.1.3 Effect of temperature

The effect of the reaction temperature was
studied over the range of 60—90 °C. The results
presented in Fig. 6 show that the leaching efficiency
of indium is strongly dependent on the temperature.
When the temperature increased from 60 to 90 °C,
the leaching rate of indium greatly increased from
70.7% to 95.7%.
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Fig. 6 Effect of temperature on indium extraction
(stirring speed 300 r/min, particle size 74—105 pm, and
sulfuric acid concentration 1.4 mol/L)

3.1.4 Effect of sulfuric acid concentration

To investigate the influence of the sulfuric acid
concentration on indium extraction, experiments
were carried out in solutions containing different
initial sulfuric acid concentrations of 0.9, 1.1, 1.3,
1.4, and 1.8 mol/L. As seen in Fig. 7, increasing the
sulfuric acid concentration significantly affected the
indium leaching rate. Indium extraction increased
from 48.9% to 95.6% when the concentration of
sulfuric acid increased from 0.9 to 1.8 mol/L. It can
also be observed that over 90% of indium was
extracted at sulfuric acid concentration of 1.4 mol/L
or above in approximately 240 min.
3.1.5 Characterization of leaching products

In the reductive leaching process, zinc ferrite
present in HIZLR is dissolved by sulfuric acid and
the ferric ions are reduced to ferrous ions by the
sulfide present in zinc sulfide concentrate:
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Fig. 7 Effect of sulfuric acid concentration on indium
extraction (stirring speed 300 r/min,
74-105 pm, and temperature 90 °C)

particle size

ZnFe,04+4H,SO4+7ZnS=
27ZnS04+2FeS04+S*+4H,0 3)

Low concentrations of indium in HIZLR could
be part of the zinc ferrite lattice or a coprecipitate as
a hydroxide.

According to the reductive leaching reaction
(3), the leaching residues contain elemental sulfur,
and reductive leaching residues obtained at various
reaction time were analyzed by XRD to determine
the formation of elemental sulfur as a reaction
product.

Figure 8 shows the XRD patterns of two
residues obtained at 60 and 180 min. The residues
were obtained at a stirring speed of 300 r/min,
particle size of 74—105 um, temperature of 90 °C
and sulfuric acid concentration of 1.4 mol/L. The
patterns in Fig. 8 clearly show diffraction peaks for
elemental sulfur. The patterns for elemental sulfur
at 180 min show stronger peaks compared to the
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Fig. 8 XRD patterns of leaching residues obtained at
different time



320 Cun-xiong LI, et al/Trans. Nonferrous Met. Soc. China 33(2023) 315-324

patterns at 60 min, which indicates that more
elemental sulfur was formed with the progress
of the reductive leaching reaction. In addition,
diffraction peaks for undissolved =zinc ferrite
(ZnFe,O4), sphalerite (ZnS) and marmatite
(ZnyFe;Ss) were present in all the XRD patterns
of the leaching residues.

The reductive leaching residue was detected
with SEM—EDS to determine the morphology and
occurrence states of the main components, and the
results are shown in Fig. 9 and Table 3.

Fig. 9 SEM image of reductive leaching residue (stirring
speed 300 r/min, particle size 74—105 um, temperature
90 °C, sulfuric acid concentration 1.4 mol/L, and
reaction time 180 min)

Table 3 Chemical composition of selected particles
shown in Fig. 9 (wt.%)
Spot Zn Fe Si S 0]

1 4.51 2.96 10.97  56.26  22.93
2 43.22 12.75 1.70 29.39 11.32
3 7.90 5.75 19.10  13.52  34.14
4 34.01 37.0 1.12 0.007  25.15

It can be found in Fig. 9 that the solid particles
have rough and porous surfaces generated by the
leaching process. According to Table 3, the main
phase in Spot 1 is elemental sulfur owing to high
sulfur content. Spot 2, which has a large proportion
of S and Zn, can be identified as undissolved
sphalerite. Spot 3 is mainly composed of O, Si and
S, confirming the presence of quartz and elemental
sulfur. Similarly, the main phase of Spot 4 is zinc
ferrite. It is worth noting that the particle surfaces
of undissolved zinc ferrite and sphalerite are
covered by elemental sulfur. Therefore, it is
proposed that the indium dissolution process could
be controlled by diffusion of the reagent in the

elemental sulfur layer on the particle surface.
3.1.6 Kinetics of indium dissolution in reductive
leaching process

Indium dissolution from HIZLR and zinc
sulfide concentrate can proceed in a heterogeneous
manner, with a progressively thickening layer of
insoluble product, while the thickness of the inner
core of unreacted particles decreases.

Considering the morphology of the reductive
leaching residue particles shown in Fig. 9, the
experimental data can be analyzed by the shrinking
core model in Fig. 10. The shrinking core model
reveals that the rate-controlling step of the reaction
process is the chemical reaction on the particle
surface, the diffusion through the product layer, or a
combination of both.

If indium dissolution is controlled by the
chemical reaction at the mineral’s surface, then the
kinetics is determined by Eq. (4):

1-(1-x)" =k, -1 (4)

where x is the fraction of indium reacted, ¢ is the
leaching time (min) and k. is the chemical reaction
rate constant.

Likewise, if the reaction rate is controlled by
the diffusion of the leaching agent through the solid
product layer around the unreacted core, then Eq. (5)
is applied to determining the kinetics:

2/3

1-2/3x—(1-x)"" =k, -t (5)

where kg is solid product layer diffusion rate
constant.

The relationships among 1—(1—x)"?, 1-2/3x—
(1-x)*” and the experimental data (Fig. 6) over time
are plotted in Figs. 11 and 12, respectively.

The results presented in Figs. 11 and 12 show
that the solid product diffusion model had a higher
regression coefficient (R?) at different temperatures.

The experimental results for the various
conditions plotted according to the solid product
diffusion model are shown in Figs. 13—15. It can be
seen that the model fits the data well. From the
slope of the curves in Fig. 12, the apparent kinetic
constants at various temperatures can be determined,
which were used to draw an Arrhenius plot, as
shown in Fig. 16. The calculated activation energy
(Ea) was 17.96 kJ/mol, which is a typical value for a
process controlled by diffusion of a leaching agent
through a solid product layer.
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Similar to the activation energy plot, the order
of the acid concentration was calculated based on
the leached fractions of indium. As shown in
Fig. 17, the reaction order for indium leaching from
sulfuric acid is 2.41.

3.2 Fraction precipitation of copper and indium

3.2.1 Copper precipitation from reductive leachate
The reductive leaching experiments were

carried out under the optimum conditions of stirring
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Fig. 13 Plots of 1-2/3x—(1-x)*? against time at different
stirring speeds
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Fig. 14 Plots of 1-2/3x—(1-x)** against time with
different particle sizes

speed of 300 r/min, particle size of 74—105 um,
temperature of 90°C and sulfuric acid
concentration of 1.4 mol/L. The main components
contained in the reductive leachate are illustrated in
Table 4. The concentrations of Cu**, In**, Fe, Fe**
and H,SO4 were 1.51, 0.097, 25.02, 23.67 and
36.73 g/L, respectively. The total iron concentration
was significantly larger than that published in
previous studies.

The precipitation of copper by iron from
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reductive leachate can be described as

Fe+Cu?'=Fe’"+Cu| (6)
Fe+2Fe’*=3Fe*" (7
9Fe+6Cu* +2As* =9Fe**+2CuzAs |, (8)

The stoichiometrically required amount of iron
powder for copper precipitation was calculated
according to Reactions (6) and (7). Copper
precipitation experiments were carried out under
optimum conditions obtained in a previous study at
temperature of 70 °C, retention time of 25 min, and
1.2 times stoichiometrically-required amount of
iron powder [29]. The concentrations of the main
components in the copper precipitation supernatant
are given in Table 4, and the precipitation
efficiencies of copper and arsenic from the solution
were 99.8% and 99.2%, respectively. A significant
amount of arsenic can be removed by this step, and
its concentration in the copper precipitation
supernatant was only 2 mg/L, avoiding the
formation of dangerous H3As in the next indium
cementation step by zinc powder. It was observed
that there were no detectable zinc and indium losses
at this step.

Table 4 Concentrations of main components in solution
(L)

Copper

Reductive . pH adjusted
Component precipitation
leachate supernatant
supernatant
Zn* 103.2 103.5 131.9
Cu* 1.51 0.003 0.056
In®* 0.097 0.097 0.104
Fe 25.02 27 27.22
Fe?* 23.67 25.72 25.85
H>SO4 36.73 36.55 -
As¥ 0.22 0.002 0.013

3.2.2 Indium recovery from solution

The pH of copper precipitation supernatant
was first adjusted to 4.0 with zinc calcine, and then,
to optimize the quantity of zinc powder needed,
precipitation experiments were carried out at
temperature of 80 °C and reaction time of 60 min
under different initial zinc powder concentrations
of 3, 4, 5, 6 and 7 g/L. The experimental results
present in Table 5 show that an increase in the
initial zinc powder concentration from 3 to 6 g/L
produced an obvious increase in the indium
precipitation efficiency from 70.52% to 98.90%.
Further increase of the initial
concentration to 7 g/L had little effect on the indium
precipitation efficiency, and excessive addition of
zinc powder reduced the indium content in the
precipitate.

zinc powder
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Table 5 Experiment results for indium precipitation from

solution
Initial zinc Unp.rec.l pitated Indium  Content of
indium S S
powder . precipitation indium in
. concentration . ..
concentration/ . . efficiency/ precipitate/
(@) in solution/ % %
¢ (mg'L™)
3 32 70.52 1.74
4 19 82.39 1.96
5 5 95.07 23
6 1 98.9 2.41
7 <1 98.97 2.15

Thus, over 98% of indium can be selectively
separated from ferrous and zinc sulphate leaching
solutions, and the indium-rich precipitate, which
has an indium content of approximately 2.4%, can
be further treated by the acid leaching—solvent
extraction—electrowinning process to produce pure
indium.

4 Conclusions

(1) The zinc leaching residue and zinc sulfide
concentrate used in the present study have a higher
iron content than conventional zinc ore. The main
mineralogical phases are sphalerite (ZnS) and
marmatite (ZnxFes;Ss) in zinc sulfide concentrate
and zinc ferrite (ZnFe,04) in HIZLR.

(2) A stirring speed of 300 r/min was sufficient
to eliminate the effects of stirring speed on the
kinetics. The particle size within the size range
studied had a slight effect on indium dissolution.
Temperature and the sulfuric acid concentration had
pronounced influences on indium dissolution. As
the temperature and sulfuric acid concentration
increased, the indium leaching rate was greatly
improved. More than 95% of indium was extracted
under the optimum conditions.

(3) The shrinking core model was used to
describe the dissolution kinetics of indium in
sulfuric acid solutions well. The results showed that
the indium leaching process was controlled by the
diffusion through the solid product layer, with the
activation energy of 17.96 kJ/mol. The order of
the reaction with respect to the sulfuric acid
concentration was determined as 2.41.

(4) Valuable metals of copper and indium were
selectively separated from the leaching solution by
fraction precipitation. Over 99% of copper and 98%

of indium were precipitated from the solution by
iron and zinc powder, respectively. The reductive
leaching—fraction precipitation process is an
effective method by which indium can be efficiently
extracted from HIZLR and enriched in the
precipitate.
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