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Abstract: Zn, Pb, Ga and Ge were separated and recovered from zinc refinery residues by stepwise leaching. In the first
stage, by leaching with H,SO, media, more than 90% of Zn and 99% of Ga were dissolved, leaving 92% of Ge in the
leaching residue. In the second stage, by leaching with HCl media, approximately 99% of Pb and less than 2% of Ge
were selectively dissolved. Finally, the remaining 90% of Ge was extracted in 1 mol/L NaOH solution by destroying the
correlation between SiO, and Ge. XRD pattern of the leaching residue demonstrated that ZnSO,-H,0, PbSO, and SiO,
were removed sequentially through the stepwise leaching. The proposed process achieved high recoveries of Zn, Pb, Ga

and Ge, thus presenting a potential industrial application.
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1 Introduction

Germanium (Ge) and gallium (Ga) are
considered as strategic metals in many countries
owing to their wide applications in high-tech fields
such as semiconductors, optical fibers and solar
cells [1-4]. However, geological and mineralogical
studies have shown that it is difficult to find
independent deposits enriched with Ga and Ge [5,6].
Currently, Ga and Ge are mainly extracted from
non-ferrous metal residues [7—10] or secondary
resources [11,12]. The ZnS ores located in
Guangdong province contain relatively high
contents of Ga and Ge [13,14]. Based on the
properties of the raw material, pressure leaching is
applied to treating the minerals for recovering Zn,

Ga and Ge. During pressure leaching, almost all
Zn, Ga and Ge are dissolved in the leaching
Zinc powder is then used as the
reducing agent to remove Pb and Fe during the
subsequent purification procedure. Ga and Ge
(0.1-0.5 wt.%) are also enriched in Zn refinery
residues, which usually contain large amounts of Pb
and Fe [15,16].

Currently, Ga and Ge are extracted from zinc
plant residues by hydrometallurgical methods
owing to high economic benefits and low
environment pollution [17—-19]. However, since Ga
and Ge are closely correlated with Fe and Si, the
recoveries of Ga and Ge are relatively low. During
sulfuric acid leaching, the formation of silica gel
results in a deteriorating filtration performance
and significant loss of Ga and Ge [20]. To avoid the

solution.
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problem, hydrofluoric acid has been supplemented
to sulfuric acid solutions to enhance the leaching
rates of Ga and Ge [21]. However, the subsequent
defluorination procedure constrains its commercial
applications. Alkaline leaching has also been
proposed to recover Ga and Ge [22]. Although a
relatively high recovery of Ga and Ge is obtained, a
large amount of sodium hydroxide is consumed
owing to the dissolution of Pb and Si [23]. Organic
weak acids provide milder leaching conditions than
mineral acids; therefore, they exhibit a high
selectivity [24]. LIU et al [25] researched the
recovery of Ga and Ge from Zn refinery residues
using an oxalic acid solution after selectively
removing Cu and Zn in a sulfuric acid solution.
Although this method can achieve high leaching
rates of Ga and Ge, it is difficult to regenerate the
leaching agent, resulting in a high production cost.
In general, considering environmental conservation
and process efficiency, there is no appropriate
technology for the comprehensive recovery of
valuable metals, including Zn, Pb, Ga and Ge, from
Zn refinery residues.

In this study, based on the properties of Zn
refinery residues, stepwise leaching is proposed for
the comprehensive recovery of Zn, Pb, Ga and Ge
from Zn refinery residues. Firstly, Zn and Ga are
dissolved in a sulfuric acid solution through
controlled suitable leaching conditions, leaving
behind Ge and Pb in the leaching residue. The
resulting leaching solution can be further processed
by adjusting the pH of the leaching solution to a
weak acid environment for an effective separation
of Zn and Ga. Secondly, Pb is selectively removed
in a hydrochloric acid solution based on the
complexation between Pb>" and CI". Moreover, a
PbCl, product can be obtained through cooling
crystallization. Finally, Ge is effectively extracted
in a sodium hydroxide solution by destroying the
embedded correlation between Ge and silica. The
stepwise leaching method is a novel technology for
the effective recovery of valuable metals from Zn
refinery residues, with the potential to be applied on
an industrial scale.

2 Experimental

2.1 Materials
The Zn refinery residue was obtained from a

Zn metallurgy enterprise located in Shaoguan city,
Guangdong province, China. Before conducting
leaching, the material was dried, grounded and
sieved to a particle size below 100 um. The main
elemental content of the residue was determined by
inductively coupled plasma-atomic emission
spectrometry (ICP-AES). Table 1 shows that the
residue mainly contains Zn, Pb, Fe and Si. The
contents of Ga and Ge are 0.15 wt.% and 0.47 wt.%,
respectively.

Table 1 Main elemental contents of Zn refinery residue
(wt.%)
Zn Pb Fe Si Ga Ge
5.93 4.18 6.30 12.6 0.15 0.47

The main phases of the Zn refinery residue
were determined by X-ray diffraction (XRD). As
shown in Fig. 1, the main diffraction peaks were
related to some obvious phases, including SiO,,
ZnSO4-H,O, PbSO,; and ZnFe,O4. No other
characteristic peaks corresponding to Ga or Ge
phases were detected, owing to their low contents.

Y . —Si0,
¢ —7ZnS0,-H,0
v — PbSO,
A — ZnFe204
v
v
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Fig. 1 XRD pattern of Zn refinery residue

Figure 2 shows the SEM image and elemental
surface scanning images of the Zn refinery residue.
The residue was mainly composed of many tiny
dark particles representing SiO,. Some large
blocky-shaped particles suggesting various phases
were also observed. The brightest particle can be
viewed as PbSO, owing to the enrichment of Pb.
Similarly, Fe and Zn were concentrated in some
gray particles, confirming the presence of ZnFe,O,.
The distributions for Ga and Ge were very sparse
due to their low contents.
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2.2 Experimental procedure

Based on the properties of Zn refinery residue,
an environmentally friendly and economical
process was proposed for the efficient recovery of
Zn, Pb, Ga and Ge. The integrated process flow
comprises three procedures, as shown in Fig. 3,
namely, Zn and Ga leaching in a H,SOy solution, Pb
recovery in a HCI solution, and Ge extraction in a
NaOH solution. After Zn and Ga leaching, the pH
of the leaching solution was adjusted to weak acid
for the separation of Zn and Ga by adding ZnO.

During Pb recovery, soluble PbCl; complex was
transformed into PbCl, precipitate through dilution
and cooling crystallization. The crystalline mother
solution was regenerated by adding CaCl,. The pH
of the leaching solution obtained from Ge
extraction was adjusted to a weak alkaline condition
for the separation of Ge and Si by adding HCI. All
leaching experiments were performed in a beaker
immersed in a water bath with a thermostat,
equipped with a magnetic stirrer. All chemical
reagents used were analytical grade.

Map data 311
H

MAG: 2000 X HV: 19.9 KV WD: 101 mm

Fig. 2 SEM image and main elemental surface scanning images of Zn refinery residue
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Fig. 3 Principal flow sheet for recovering valuable metals from Zn refinery residue
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2.3 Analytical methods

The phases of the material and leaching
residue were determined using a Rigaku TTRAX-3
X-ray diffraction instrument (40kV, 30 maA,
10 (°)/min). The contents of the main elements,
including Zn, Pb, Fe, Ga, Ge and Si, were
determined using an inductively coupled plasma-
atomic emission spectrometer (Thermo Electron
IRIS Intrepid II XSP). The morphology and
chemical composition of the samples were analyzed
through SEM-EDS (SEM, JEOL, Ltd., JSM-
6360LV).

3 Results and discussion

3.1 Zn and Ga leaching in H,SO, solution

Owing to the formation of Ge—silica gel and
PbSO, precipitate in a H,SO4 solution, sulfuric acid
leaching mainly focuses on the leaching efficiency
of Zn and Ga. Moreover, the separation of Zn and
Ga should also be considered after the leaching is
completed. The p—pH diagram for a Zn—Ga—Fe—
H,0 system has been depicted using the HSC 6.0.
As illustrated in Fig. 4, Zn*", Ga’" and Fe*" were
predominant under the acidic conditions, suggesting
that sulfuric acid was an effective leaching agent to
extract Zn and Ga. However, Zn, Ga and Fe each
presented a different pH of hydrolysis precipitation.
The precipitation of Ga’" and Fe*" in the form of
Fe(OH); and Ga(OH); could occur at a pH above
3.0, while soluble Zn** existed in the solution at a
pH below 6.0. Therefore, an effective separation of
Zn and Ga could be obtained by adjusting the pH of
the leaching solution to be 3.0—6.0.

2.0
1.5F Fe3*
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051 Ga(OH);
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—
O
e
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-1.5¢
-2.0
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Fig. 4 ¢—pH diagram for Zn—Ga—Fe—H,O system at

25 °C (a(Zn*")=1, a(Fe*")=1, a(Ga’")=0.01)

Based on the above analyses, the effect of
sulfuric acid concentration on the leaching process
was investigated in detail. The other leaching
conditions included a liquid solid ratio of 10 mL/g,
reaction temperature of 80 °C, and leaching time of
2 h. As shown in Fig. 5, increasing the sulfuric acid
concentration to 2 mol/L improved the leaching
rate of Ga significantly. The Ga leaching rate
approached 100% in a 2 mol/L H,SO, solution.
Moreover, large amounts of Zn and Fe dissolved in
the leaching solution, whereas the Ge leaching rate
was relatively low due to the formation of Ge—silica
gel. Therefore, a suitable sulfuric acid concentration
of 2 mol/L should be selected for optimal leaching
of Zn and Ga.
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Fig. 5 Effect of H,SO, concentration on leaching rates of
Zn, Fe, Ga and Ge

Table 2 lists the main elemental content of the
leaching residue obtained in a 2 mol/L H,SO,
solution. It can be seen that Zn, Fe and Ga
decreased significantly, whereas Pb, Si and Ge
increased in the H,SO, leaching residue. The XRD
pattern of the H,SO, leaching residue is shown in
Fig. 6. Compared with the results in Fig. 1, the
characteristic peaks of ZnSO,-H,O disappeared and
the remaining phases contained ZnFe,O4, SiO, and
PbSO,. Figure 7 presents the SEM image of the
H,S0y leaching residue. Based on the results of the
EDS analyses from Table 3, the blocky-shaped
particles given by Spots 1 and 2 were confirmed as
PbSO, and ZnFe,0,, respectively. These tiny dark
particles (Spots 3, 4, and 5) were viewed as an
enriching Si phase. More importantly, these
enriching Si particles exhibited a high Ge content.
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Table 2 Main elemental contents of leaching residue
obtained in 2 mol/L H,SO, solution (wt.%)

/n Pb Fe Si Ga Ge
1.49 9.64 1.52 26.1 0.01 1.03
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Fig. 6 XRD pattern of H,SO, leaching residue

Fig. 7 SEM image of H,SO, leaching residue

Table 3 Chemical composition of selected particles
shown in Fig. 7 (wt.%)

Element Spotl Spot2 Spot3 Spot4 Spot5
o 20.17 27.54 5098 4547 45.01
S 9.87 - 3.51 - 4.06
Zn - 27.01 0.6 0.84 2.29
Pb 69.69 - - 10.87 10.09
Fe - 4144 1.82 0.9 2.11
Si - 0.84 37.15 36.51 30.08
Ga - - - - -
Ge - 0.01 2.02 2.18 2

Once the leaching was completed, Ga and Fe
were deposited as Ga(OH); and Fe(OH); by
adjusting the pH of the leaching solution to 4.0. The

resulting ZnSO, solution could be returned to the
Zn recovery procedure, while the precipitate was
further treated to extract Ga. The precipitate
obtained in this study exhibited an amorphous
phase structure, as shown in Fig. 8. The contents
of Fe and Ga in the precipitate were 30.08 and
1.00 wt.%, respectively, suggesting that Ga in the
precipitate was over five times higher than that in
the material.

Hydrolytic precipitate

0 20 40 0 80 100

6
20/(°)
Fig. 8 XRD pattern of precipitate obtained from H,SO,
leaching solution

3.2 Pb recovery in HCI solution

After selective dissolution of Zn, Ga and Fe,
the leaching residue was mainly composed of Pb,
Ge and Si. Due to the formation of soluble
Pb(OH)ff complex in an alkaline solution, it was
necessary to remove Pb before extracting Ge. Based
on the complexation between Pb*" and CI”, HCI
was selected as a suitable leaching agent. The
distribution curves of the Pb species with different
Cl' concentrations were constructed using the
Medusa software. As shown in Fig. 9, PbCl,
precipitate predominated under a relatively low Cl°
concentration condition, while an increased Cl
concentration was beneficial for the formation of
soluble PbCli_ complex. This suggests that Pb
recovery should be conducted under larger leaching
agent concentration and higher liquid-to-solid ratio
conditions. Therefore, the leaching process was
performed with a liquid-to-solid ratio of 20 mL/g at
90 °C for 2 h. Figure 10 shows the effect of HCI
concentration on the leaching rates of Pb and Ge.
The leaching rate of Pb enhanced with an increasing
HCI concentration from 0.5 to 2 mol/L. Almost all
of the PbSO, dissolved in a 2 mol/L HCI solution,
with the Ge leaching rate below 2%.
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Fig. 9 Distribution of Pb species at different pH for
Pb*'—Cl —H,0 system at 25 °C

Table 4 lists the main elemental contents of the
leaching residue. It can be seen that Ge increased to
above 1.37 wt.% in the leaching residue, whereas
the content of Pb reduced to below 0.1 wt.%. The
main phases of the leaching residue were SiO, and
ZnFe,O,4, as shown in Fig. 11. Compared with
Fig. 7, Fig. 12 shows that the brightest particles
representing the PbSO, phase were seldom
observed. Moreover, there was a close correlation
between Ge and Si based on the Ge—Si surface
distribution diagram.
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Fig. 10 Effect of HCI concentration on leaching rates of
Pb and Ge
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Fig. 11 XRD pattern of HCI leaching residue

Table 4 Main elemental contents of leaching residue
obtained in 2 mol/L HCI solution (wt.%)

Zn Pb Fe Si Ga Ge

1.29 0.078 1.31 30 0.007 1.37

Lr~oua MAG-soo.x 1Y 2~ wD: 5.0 hime -

Fig. 12 SEM image and Ge—Si surface distribution of leaching residue obtained in 2 mol/L HCI solution
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After completion of the Pb leaching, it is
necessary to recover Pb from the leaching solution.
A PbCI}” complex can be transformed into PbCl,
precipitate by decreasing the reaction temperature
and Cl concentration [26]. Therefore, the leaching
solution was processed by dilution and cooling.
Then, the PbCl, product was obtained by
liquid—solid separation. The Pb content in the
solution lowered from 4.78 to 1.79 g/L, suggesting
that approximately 37.4% of Pb remained in the
leaching solution. More than 60% of Pb was
recovered in the form of PbCl,, as shown in Fig. 13.
The PbCIL, product containing 74.3 wt.% Pb
exhibited a high purity without any additional
characteristic peaks. As shown in Fig. 14, after
cooling crystallization, the resulting solution was
regenerated by adding CaCl, to remove SOi_ by
precipitation reaction between SOf{ and Ca®’,
allowing for the regenerated solution to be used in
the subsequent lead removing procedure.

«—PbCl,

1 1 1

0 10 20 30 40

50 60 70
20/(°)

80 90

Fig. 13 XRD pattern of PbCl, product from HCI leaching
solution

« —CaS0,-2H,0

30 40 50 60 70 80 90
26/(°)
Fig. 14 XRD pattern of precipitate obtained from

regeneration of leaching agent

3.3 Extraction of Ge in NaOH solution

To remove silica—germanium gel, NaOH is
used as the leaching agent to effectively extract Ge.
Leaching experiments were conducted at 80 °C
with a liquid solid ratio of 20 mL/g for 2 h.
Figure 15 shows the effect of NaOH concentration
on the leaching rates of Ge and Si. An increased
NaOH concentration significantly improved the
dissolution efficiency of Ge and Si. More than 99%
of Ge and 90% of Si were dissolved in 1 mol/L
NaOH solution. Table 5 lists the main elemental
contents of the NaOH leaching residue. Fe and Zn
increased in the leaching residue, whereas Ge
decreased to 0.06%. The XRD pattern, shown in
Fig. 16, indicates the main phases of the leaching
residue to be Si0,, ZnS and ZnFe,04. Compared

100
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Fig. 15 Effect of NaOH concentration on leaching rates
of Si and Ge

e —SiO,
a — ZnFe,0,
VvV —ZnS

0 10 20
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20/(°)

7I0 8‘0 90
Fig. 16 XRD pattern of NaOH leaching residue

Table 5 Main elemental contents of leaching residue
obtained in 1 mol/L NaOH solution (wt.%)

/n Fe Pb Si Ga Ge

6.81 7.1 0.11 7.69 0.01 0.06
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with Fig. 8, new characteristic peaks of ZnS were
observed owing to an increased Zn content in the
leaching residue. Figure 17 shows the SEM image
and main elemental surface distribution of the
alkaline leaching residue. The tiny silica—
germanium gel particles dissolved entirely, and the
remaining particles, including ZnS, ZnFe,O, and
Si0,, were large, preventing adequate dissolution
through atmospheric leaching.

100pm | | Map data 364

1 | MAG: 500 x.HV: 200 kv WD: 10.0 mm

maps of leaching residue

After Ge leaching, it is necessary to separate
Ge and Si from the leaching solution owing to the
dissolution of SiO,. According to the p—pH diagram
for the Ge—Si—H,0 system in Fig. 18, Ge—silica gel
can be destroyed by promoting the formation of
soluble HGeO; and SiO(OH); in an alkaline
solution. After the leaching is complete, the
precipitation of Si in the form of amorphous silicon
dioxide can occur by adjusting the pH to be
6.0—12.0, allowing for an effective separation of Ge

and Si. Therefore, in this study, the pH of the
alkaline leaching solution was adjusted to be 9.0 by
adding 2 mol/L HCI. The Si content in the leaching
solution lowered to less than 0.3 g/L, as shown in
Table 6, allowing for an excellent Ge—Si separation
efficiency. Moreover, Zn, Pb and Fe were also
adequately removed. The leaching solution could
then be used to recover Ge through precipitation or
solvent extraction. The white precipitate obtained
from the Ge—Si separation procedure was
amorphous silicon dioxide and, therefore, no
obvious characteristic peaks were observed, as
shown in Fig. 19.
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1.5}
1.0
0.5

0

o/V

-0.5
-1.0

=135

-2.0 . . s . . .
0 2 4 6 8 10 12 14
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Fig. 18 ¢—pH diagram for Ge—Si—H,O system at 25 °C
(a(Si*=1, a(Ge*)=0.01)

Table 6 Main elemental contents of leaching solution
adjusted to pH 9.0 (mg/L)

/n Pb Fe Si Ga Ge
<0.5 <0.5 <0.5 268.1 <0.5 254.1

Amorphous silicon dioxide

60 70

30 40 50 80 90
20/(°)
Fig. 19 XRD pattern of white precipitate obtained during

0 10 20

Ge and Si separation
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4 Conclusions

(1) More than 90% of Zn and 99% of Ga were
leached in a 2 mol/L H,SO, solution with a liquid—
solid ratio of 10 mL/g at 80 °C after 2 h, leaving
approximately 92% of Ge in the leaching residue.
The content of Ga in the precipitate was over
5 times higher than in the raw material.

(2) About 99% of Pb and less than 2% of Ge
were dissolved in a 2 mol/L HCI solution with a
liquid-to-solid ratio of 20 mL/g at 90 °C for 2 h. A
PbCl, byproduct with a high purity was obtained by
cooling crystallization.

(3) During alkaline leaching, the remaining
90% of the Ge was extracted in a 1 mol/L NaOH
solution with a liquid-to-solid ratio of 20 mL/g at
80 °C for 2 h. An effective Ge—Si separation was
conducted by adjusting the pH of the leaching
solution to 9.0.
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