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KEYWORDS Abstract Low leaching efficiency of germanium has always been a difficult point hindering the effi-
Inhibition; cient utilization of zinc oxide dust containing germanium. Based on the previous research results
Reduction leaching; that the formation of insoluble Fe,Ge;O;, leads to germanium loss in the leaching process, a
Zinc oxide dust; new process of reduction leaching of zinc oxide dust containing germanium enhanced by ultrasonic
Germanium; and iron powder is proposed. Under optimized conditions, the germanium leaching efficiency can
Ultrasonic; be increased by 9.17%, reaching 93.43%. When leaching, the addition of iron powder can reduce
Iron powder the Fe** formed in the leaching process and hinder the formation of insoluble Fe,Ge;O;,, which

can increase the leaching efficiency of germanium by 5.30%. At the same time, strong mechanical
action of ultrasonic can fully disperse the iron powder in the leaching system, avoiding the phe-
nomenon of insufficient local reduction. More importantly, the addition of ultrasonic can reduce
the dissolved oxygen in the solution system and produce strong reducing hydrogen free radicals
(‘H), strengthening the reduction leaching effect, thus the germanium leaching efficiency is further
increased by 3.87%. The research results provide a new method and theoretical guidance for the
efficient utilization of zinc oxide dust containing germanium, which is of great significance.
© 2023 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

1
Authors to.
E-mail addresses: truepsyche@sina.com (K. Yang), zhanglibopaper(@ Germanium is a kind of rare and scattered metal, widely distributed in

126.com (L. Zhang) nature, such as copper ore, iron ore, sulfide ore and even rock, soil and
spring water contain trace amounts of germanium. However, germa-
nium is very dispersed, and there is almost no concentrated germanium
ore. It is basically impossible to extract germanium in large quantities
from certain ores, so the annual output of germanium is not high
(Geng et al., 2022a, Kamran Haghighi and Irannajad 2022). Germa-
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nium is usually extracted from intermediate products of nonferrous
smelting process, lignite or secondary resources. As an important
strategic resource and having many special properties, germanium
plays an irreplaceable role in the national defense industry, aerospace,
modern communication and other fields(Nusen et al., 2015, Libo
Zhang 2016, Ruiz et al., 2018, Wang et al., 2020, Nguyen and Lee
2021, Tao et al., 2021, Geng et al., 2022b, Xi et al., 2022). It is of great
significance to study and improve the efficient utilization of germanium
resources.

Zinc oxide dust containing germanium is one of the essential raw
materials for extracting germanium, which is obtained by fuming the
intermediate product of lead—zinc smelting process. Generally, germa-
nium extraction from zinc oxide dust containing germanium is trea-
ted by acid leaching process, dissolving valuable metal components
such as zinc and germanium. And then zinc and germanium are
refined into pure metal through a series of subsequent processes
(Kamran Haghighi et al., 2018, Jiang et al., 2019, Jiang et al.,
2020a). At the time of acid immersion, the leaching efficiency of
the germanium was only about 70%, restricting the efficient utiliza-
tion of zinc oxide dust. In order to solve the problem, scholars have
carried out many studies (Liu et al., 2017, Song et al., 2021). Oxygen
pressure acid leaching can make the leaching efficiency of germanium
reach 89.72%. However, due to the high equipment cost and mainte-
nance cost, this technology is difficult to be widely used (Liu et al.,
2016, Wang et al., 2020, Xi et al., 2022, Li et al., 2023). Multi-
stage extraction can enhance the leaching of germanium to a certain
extent, but the process flow is long and the operation is complex,
which causes a huge economic burden on the enterprise (Cheng
et al., 2018). After microwave pretreatment, the leaching efficiency
of germanium can be increased to 90%, but it is difficult to adapt
to the current process, so it can’t be industrialized (Wang et al.,
2017a, Chen et al., 2018). Adding oxidants, such as O,, H,O,, O3,
MnO,, etc. to assist germanium leaching can release PbS and ZnS
wrapped germanium to a certain extent, but there are also unavoid-
able problems: Fe?"is oxidized to Fe**, which is easy to hydrolyze
and adsorb germanium or react with germanium in solution, resulting
in germanium re-entering the slag (Jiang et al., 2020b, Xin et al.,
2021, Zhu et al., 2021, Xin et al., 2022). Current acid leaching tech-
nology still has industrial advantages. On this basis, it is of great eco-
nomic and social significance to study how to improve the leaching
efficiency of germanium economically and efficiently.

Ultrasonic has the characteristics of high frequency, high power,
short wavelength, low diffraction and high energy (Monsef et al.,
2018, Almessiere et al., 2019). It is widely used in industry, agriculture,
military, medicine and other fields (Cintas et al., 2011, Cobley 2013).
Because of its distinctive mechanical effect and cavitation effect, ultra-
sonic is often used as an external field strengthening means in metallur-
gical process (Wang et al., 2017b, Jiang et al., 2018, Yuan et al., 2018,
Chen et al., 2021, Ding et al., 2022). When the ultrasonic wave prop-
agates in liquid, the mechanical effect can strengthen the dispersion
of fine particles or the mixing between solutions, thereby accelerating
heat and mass transfer (Ghiyasiyan-Arani et al., 2017). The cavitation
effect of ultrasonic can generate local high pressure and high temper-
ature in liquid, which provides a new and very special environment
for chemical reactions that are difficult or impossible to achieve under
general conditions, and promotes or accelerates chemical reactions
(Etschmann et al., 2017, Li et al., 2018). Therefore, utilization of ultra-
sonic to strengthen the leaching process is worth studying.

In previous studies, we found that during leaching, Fe (II) in the
system was oxidized to Fe (III), and reacted with the leached germa-
nium to form FeyGe;0,, precipitation, resulting in the decline of ger-
manium leaching efficiency (Liang et al., 2022). In this paper, based on
the conventional acid leaching technology, iron powder and ultrasonic
are added to strengthen reduction leaching, and then explain the mech-
anism of iron powder and ultrasound inhibiting the formation of Fey-
Ge;0y,, aiming to improve the leaching efficiency of germanium and
provide a new method and theoretical basis for the efficient leaching
of zinc oxide dust containing germanium.

2. Experiments and characterization

2.1. Experiments

The sulfuric acid solution is used for leaching, and a certain
amount of iron powder and specific power of ultrasonic are
added during the leaching, so as to achieve the effect of ultra-
sonic assisted iron powder in strengthening the reduction
leaching of zinc oxide dust containing germanium. After
solid-liquid separation, the leaching solution and leaching resi-
due are characterized to calculate the leaching efficiency of ger-
manium and conduct theoretical analysis. The leaching
equipment is illustrated in Fig. 1. The ultrasonic equipment
used is an intelligent numerical control ultrasonic generator
manufactured in Hangzhou, China, with the model of GBS-
SCL 10A, frequency of 19838 Hz and power range of 0-
1000 W. As can be viewed, in the thermostatic water bath,
the ultrasonic probe is extended to the solution system for
leaching experiment.

2.2. Characterization methods

RIGAKU TTR III X-ray diffractometer (XRD) (Cu target,
Kol, A = 0.15406 nm) was used to determine the phase in
the solid sample. Use PerkinElmer 8300 Coupled Plasma Opti-
cal Emission Spectrometry (ICP-OES) with detection limit of
pg/L and error of less than 1.5% to detect the content of ger-
manium. ICETM3500 Atomic Absorption Spectroscopy
(AAS) with detection limit of 1 x 10® ~ 1 x 10'* g and error
range of 0.5% ~2.0% is used to determine the content of other
key elements. The surface morphology and surface element
composition of the samples were analyzed by scanning electron
microscope (SEM) with XL30ESEM-TMP accelerating volt-
age of 15 kV. The JXA-8530F PLUS electron probe microan-
alyzer (EPMA) with detection limit of 0.01%~0.05% and
relative error of less than 2% is used to plot the distribution
of related elements in solid samples at 15 kV and 10nA. Ger-
man Bruker A300 electron paramagnetic resonance (EPR) is
used to capture the possible ‘H produced during the reduction
leaching process. Use JPSJ-605F dissolved oxygen tester to
measure the content of dissolved oxygen in solution and its
measuring range: 0-20.00 mg/L, the error is less than
0.1 mg/L. The above characterization is usually completed at
the Analysis and Testing Center of Kunming University of
Technology, Yunnan Nonferrous Metals and Products Quality
Supervision and Inspection Station and Hangzhou Yanqu
Information Technology Co., Ltd.

3. Results and discussion

3.1. Materials

Zinc oxide dust containing germanium used comes from the
lead and zinc smelting industry. As showed in Table 1, it
mainly contains zinc, lead, iron, sulfur, and germanium, with
the contents of 51.13%, 14.41%, 3.06%, 3.57% and
657.87 g/t respectively, which has high recovery value.

XRD spectrum (Fig. 2) of zinc oxide dust containing ger-
manium shows that its phases include ZnO, PbS, PbSO,4 and
ZnS. In addition, its Electron Probe Micro Analysis (EPMA)
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Fig. 1 Schematic diagram of zinc oxide dust containing
germanium leaching equipment.

(Fig. 3) shows that the distribution of zinc and oxygen and sul-
fur, lead and oxygen and sulfur are relatively coincident, indi-
cating that they combine with each other to form
corresponding compounds, which is consistent with the results
of XRD analysis. It is also worth noting that the distribution
of germanium in the dust is relatively dispersed, and there is
no obvious gathering area.

3.2. Optimization of leaching experiment

3.2.1. Reduction leaching of iron powder

In the previous study(Liang et al., 2022), the suitable experi-
mental conditions for the leaching process were determined,
namely, temperature 85° C, time 60 min, sulfuric acid concen-
tration 150 g/L, liquid—solid ratio 5 mL:1 g. On this basis, rela-
tionship between amount of iron powder added and
germanium leaching efficiency at different leaching time was
studied. As shown in Fig. 4, when no iron powder is added,
as previously studied, the leaching efficiency of germanium
first increases, and then decreases after 30 min, up to 84.26%
(Liang et al., 2022). After the addition of iron powder, the
leaching efficiency of germanium gradually increases with
time, and then tends to balance rather than decline. It is worth
noting that germanium leaching efficiency increased with the
increase of iron powder addition, and it will not continue to
raise after the amount of iron powder is increased to 0.5%
mass of the dust. After 50 min of leaching with 0.5% addition,
the germanium leaching efficiency reached a balance of
89.56%, which was 5.30% higher than that without addition.
Reduction leaching of zinc oxide dust containing germanium
with iron powder has achieved good results. Table 2 shows
the content of germanium in the leaching residue and the
leaching efficiency of germanium in this experiment. When
the germanium leaching efficiency reaches 89.56%, the germa-
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Fig.2 XRD spectrum of zinc oxide dust containing germanium.

nium content in the slag decreases to 208.13 g/t, which is still
relatively high.

At the same time, the content of Fe>" and Fe*" in the
leaching process was detected, as shown in Fig. 5. When iron
powder is not added, the content of both increases gradually
before 30 min, and decreases to varying degrees after 30 min.
After 30 min, the content of Fe’" reached 0.247 g/L. After
adding iron powder, the content of Fe*' decreased signifi-
cantly while the content of Fe? " increased significantly. When
the addition amount is increased to 0.5%, the content of Fe*>™
and Fe*'is maintained at a stable value of 3.235 g/L and
0.014 g/L respectively after 40 min of leaching.

3.2.2. Ultrasonic enhanced reduction leaching

Under the optimum condition that the iron powder content is
0.5% of the dust mass, ultrasonic was put in place to enhance
the reduction leaching of germanium bearing zinc oxide soot.
As showed in Fig. 6, after ultrasonic enhanced leaching, ger-
manium leaching efficiency is significantly improved. Germa-
nium leaching efficiency increases with the increase of
ultrasonic power; after reaching 300 W, germanium leaching
efficiency is basically unchanged. Under the condition of
300 W ultrasonic power, the germanium leaching efficiency is
93.43% when reaching equilibrium, which is 3.87% higher
than that without ultrasonic power, and 9.17% higher than
that without ultrasonic power and iron powder. Ultrasonic
plays a very useful role in strengthening the reduction leaching
of iron powder. Table 3 shows the content of germanium in the
leaching residue and the leaching efficiency of germanium in
this experiment. When the germanium leaching rate reaches
9, the germanium content in the slag is 4, which has decreased
a lot.

Table 1 Main element content of raw material.
Element Zn Pb Fe S Ge*
wt% 51.13 14.41 3.06 3.57 657.87

Note: the unit of Ge* content is g/t.
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Fig. 3 EPMA of zinc oxide dust containing germanium.
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Fig. 4 Relationship between amount of the iron powder added
and germanium leaching efficiency at different leaching time
(sulfuric acid content: 150 g/L, temperature: 85 °C, liquid-solid
ratio: 5:1).

3.3. Characterization of leaching residue

3.3.1. XRD characterization

From Fig. 7, we can note that after leaching, the main phases
in the leached residue are PbSOy, PbS and ZnS under any con-
ditions. The ZnO phase is no longer detected, indicating that it
has been basically leached. Before and after adding iron pow-
der, the XRD pattern of slag has no obvious change, which
suggests that iron powder has no effect on the leaching of zinc
and lead. In addition, it is outstanding that the diffraction
peak intensity of XRD of leaching residue under ultrasonic
condition is weaker than that without ultrasonic condition.
This is explained by the fact under ultrasonic condition, the

leaching of zinc oxide dust containing germanium is more
complete, which can also explain why the germanium leaching
efficiency is further improved under ultrasonic condition.

3.3.2. EPMA characterization

In order to further confirm the leaching effect, the leached resi-
due under ultrasonic condition was analyzed by EPMA. As
showed in Fig. 8, the strength of Zn and O elements decreases
significantly, indicating that ZnO is basically leached. Addi-
tionally, the distribution of Pb, O and S is basically the same,
and also the distribution of Zn and S. Combined with the
XRD analysis of leached slag in Section 3.2.1, the existence
of PbSOy, PbS and ZnS phases in the residue is further proved.
It is worth noting that the distribution of Ge element is lower
and more dispersed than that of the raw material, which is the
result of the leaching of germanium in the raw material.

3.4. Mechanism of reduction leaching with iron powder

The potential-pH diagram of Ge-Fe-H,O system at 25 C is
drawn according to relevant literature (Wang Jikun 2005, Lei
Ting 2011) and FactSage database, which can directly under-
stand the mutual equilibrium of various forms of compounds
or ions in the reaction system under different redox potentials
and pH values, as shown in Fig. 9. The relevant chemical reac-
tions have been listed, see (1)—(21) for details.

H,GeO; = HGeO; +H* (1)
HGeO; = GeO; +H" (2)
Ge** + 3H,0 = H,GeO; + 4H™ + 2e~ (3)
Ge?" + 3H,0 = HGeO; + SH' + 2e” (4)
Ge + H,0 = GeO + 2H" + 2¢~ (5)
GeO + H,0 = GeO, + 2H™ + 2¢~ (6)
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Fig. 7 XRD pattern of leaching residue ((a)With nothing,
sulfuric acid content: 150 g/L, temperature: 85 °C, liquid—solid
ratio: 5:1; (b) With iron power, sulfuric acid content: 150 g/L,
temperature: 85 °C, liquid-solid ratio: 5:1, iron powder: 0.5% of
dust mass; (b) With ultrasonic and iron power, ultrasonic power:
300 W, sulfuric acid content: 150 g/L, temperature: 85 °C, liquid—
solid ratio: 5:1, iron powder: 0.5% of dust mass).
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Q .
5 H 4 0 0
g 86 :y." /)/ AGlyg (22) = 4A, Gl (Fe'™)
= 0 0 2
lé’1)84 ——0W + 2ATG348K(H20) - 4ArG348K (Fe +)
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Fig. 6 Relationship between ultrasonic power and germanium — _6318K] |
leaching efficiency at different leaching time (sulfuric acid content: - /mo
150 g/L, temperature: 85 °C, liquid—solid ratio: 5:1, iron powder: 34 0
0.5% of dust mass). Fe +2Fe™ = 3Fe (24)
Table 3 Content of germanium in leaching slag and germanium leaching efficiency in the experiment of ultrasonic power.
Power 0 W 150 W 300 W 450 W
Time / Germanium Germanium Germanium Germanium Germanium Germanium Germanium Germanium
min content in leaching content in leaching content in leaching content in leaching
slag / (g/t) efficiency / %  slag / (g/t) efficiency / %  slag / (g/t) efficiency / %  slag / (g/t) efficiency / %
10 429.61 78.45 306.21 84.64 290.46 85.43 286.67 85.62
20 324.15 83.74 225.87 88.67 206.93 89.62 201.75 89.88
30 267.53 86.58 172.84 91.33 130.98 93.43 127.79 93.59
40 220.69 88.93 171.25 91.41 130.58 93.45 127.19 93.62
50 208.13 89.56 170.45 91.45 129.78 93.49 126.59 93.65
60 207.13 89.61 170.05 91.47 129.38 93.51 125.59 93.7
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solid ratio: 5:1, iron powder: 0.5% of dust mass).

Fig. 9 Ge-Fe-H,0 potential-pH diagram at 25 °C.
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ArGg48K (24) = 3ATG248K (FeH) - 2AfG248K (FQH)
- ArGg48K(Fe)
~56.677kJ /mol

3.5. Mechanism of reduction leaching enhanced by ultrasonic

The strong mechanical action of ultrasonic can fully disperse
the iron powder in the leaching system, avoiding the phe-
nomenon of insufficient local reduction. In addition, ultrasonic
can also strengthen the reduction leaching through the follow-
ing two aspects.

3.5.1. Ultrasonic reduces dissolved oxygen

When ultrasonic acts on the solution system, the dissolved
oxygen in the system can be decreased (Ozkan 2012,
Gurpinar et al., 2013). As showed in Fig. 10, the higher the
ultrasonic power, the lower the dissolved oxygen in the solu-
tion, and it basically tends to balance after 45 min. In addition,
it is worth noting that 300 W ultrasonic power can reduce the
dissolved oxygen content of the system at a lower level. After
30 min, the dissolved oxygen content is 45.24% lower than that
without ultrasonic, reaching 4.14 mg/L. This is because the
high temperature and high pressure environment caused by
ultrasonic cavitation effect reduces the gas solubility of the
solution system, and the oxygen in the solution escapes due
to supersaturation. With the extension of ultrasonic action
time, the oxygen in the solution reaches a new dissolution equi-
librium. At this time, the dissolved oxygen in the solution is
low, and oxygen no longer escapes. Hence, the decrease in dis-
solved oxygen in the solution can reduce the oxidation of Fe
(D) to a certain extent, so as to inhibit the formation of Fe,-
Ge;01, precipitation and avoid the decrease of the germanium
leaching efficiency.

3.5.2. Generation of "H by ultrasonic

Ultrasound can produce highly reducing "H and highly oxi-
dizing "OH, and "H is helpful to the reduction of Fe**. In
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Fig. 11  EPR signal spectrum of DMPO'H in reductive leaching
system of zinc oxide dust containing germanium enhanced by
ultrasonic.

order to explore the ultrasonic enhancement in the reduction
leaching system of zinc oxide dust containing germanium,
the generation of "H captured by DMPO was detected by
EPR and the results are as showed in Fig. 11. In this sys-
tem, the peak height ratio of 1: 1:2:1:2:1:2:1:1, the nine fold
characteristic peak signal DMPO'H (Yao et al., 2019, Zhou
et al., 2019) shows that ultrasonic enhanced zinc oxide dust
leaching system containing germanium can produce ‘H, and
because of the reductive environment created by iron pow-
der, 'OH cannot be detected, so it is considered that only
‘H is at work.

Strongly reductive "H reacts with Fe (III) ions in the leach-
ing system to change it into Fe (I) ions, which inhibits the for-
mation of FeysGe;O;, precipitation, thus improving the
germanium leaching efficiency.

Ultrasonic

H,0 ="".OH+-H (25)

4. Conclusions

In the process of leaching zinc oxide dust containing germanium,
there is insoluble Fe Ge;0,, precipitate, which leads to germanium
loss. Reducing leaching with iron powder can inhibit the formation
of the Fe,GeszOy, precipitate; ultrasonic can enhance the effect of
reducing leaching by strengthening mixing effect, reducing 45.24%
dissolved oxygen in solution system and producing strong reducing
hydrogen free radicals. After the new process of reduction leaching
of zinc oxide dust containing germanium enhanced by 0.5% iron
powder and 300 W ultrasonic power, the germanium leaching effi-
ciency can be increased to 93.43%, which is of great significance
for the efficient recovery of germanium and the utilization of
Germanium-containing resources.
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