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nd Ge from zinc oxide dust by
ultrasonic-H2O2 enhanced oxidation leaching

Chunfu Xin,abcd Hongying Xia, *abcd Qi Zhang,abcd Libo Zhang*abcd

and Wei Zhangabcd

Zn and Ge were selectively extracted from zinc oxide dust (ZOD) by the ultrasonic-H2O2 (UH) combined

oxidation-leaching process. In the leaching process, the effects of the dosage of H2O2 (6–29.5 mL),

ultrasonic power, initial acidity (100–200 g L�1), liquid/solid mass ratio (4–8 : 1), leaching temperature

(50–90 �C), and leaching time (30–240 min) on the leaching rates of Zn and Ge were studied. The

experimental results showed that the ultrasonic power and the dosage of H2O2 have the greatest

influence on the leaching rates of Zn and Ge. The results showed the optimum conditions as: ultrasonic

power 200 W, the dosage of H2O2 14.8 mL, initial acidity 160 g L�1, liquid/solid mass ratio 7 : 1, leaching

time 60 min, stirring speed 400 rpm, leaching temperature 60 �C, and the leaching rate of Zn and Ge

reaches 99.61% and 88.29%, respectively. The leaching rates of Zn and Ge by UH were 7.86% and 5.65%

higher than that by conventional leaching (CL), respectively. The experimental results showed that UH

leaching technology can improve the rates of Zn and Ge from ZOD, reduce the leaching temperature,

save the production cost, solve the problem of low leaching rates of Zn and Ge in ZOD treatment

technology, and realize the resource, reduction and harmless treatment of ZOD.
1. Introduction

Germanium is a very important strategic resource, which has been
widely used in many elds, including aerospace, optical ber
communication, semiconductor, photocell, electronic equipment,
and biomedicine.1–3 It is estimated that the content of germanium
in the crust is in the range of 1–7 ppm, but it is difficult to extract
because of its strong dispersion and is concentrated only in some
minerals.4 All germanium products are extracted from smelting
residue, and the main raw material of germanium produced in
China is lead-zinc smelting residue.5–7 In zinc-lead smelting, most
germanium in zinc and lead concentrate is retained in zinc
leaching residue and lead smelting residue, respectively. ZOD is
obtained from the pyrometallurgical process, which is mainly ob-
tained by fuming zinc-leaching residue in a rotary kiln or lead
smelting slag in fuming furnace.8,9 The ZOD thus obtained usually
contains 500–1000 g t�1 germanium, which is an important
secondary resource for Ge production in China.10
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At present, the CL process of recovering germanium from
ZOD is leaching the dust with sulfuric acid as solvent, dissolving
germanium and zinc in the solution, separating them from
insoluble PbSO4 and other impurities, and then separating and
extracting Zn and Ge from the solution. However, the data of
enterprises and laboratories show that the recovery rates of Zn
and Ge are only 80–90% and 60–85%, respectively, with the CL
process.11–13 Researchers have studied many enhanced leaching
methods to improve the leaching rates of Zn and Ge. Wang
studied microwave alkaline roasting combined with water-
soluble ZOD, and the leaching rate of Ge was 97.38%.14 It is
found that in the appropriate temperature range, microwave
calcination can cause the fragmentation of large particles in
ZOD, reducing the particle size of ZOD, improve the size
uniformity, and make some insoluble phases disappear, which
is conducive to the leaching of germanium. However, due to the
high economic cost and strict equipment requirements, and the
process is not suitable for commercial use. The sulfur affinity of
germanium makes it enriched in some suldes in lead-zinc
ores, such as sphalerite (ZnS) and galena (PbS). Germanium
enters the sphalerite lattice as isomorphism, which is the
biggest feature of germanium enrichment in suldes.15,16 The
results of Nigel et al.17 show that Ge is preferentially incorpo-
rated into iron-rich sphalerite or coexisting sphalerite and
wurtzite. Jiang conrmed that germanium in ZODmainly exists
in galena, lead oxide, and other minerals.18 However, ZnS and
PbS in ZOD cannot be leached in the leaching process without
oxidant, which may be one of the main reasons for Ge loss.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Main chemical composition of ZOD

Element Zn Pb S Fe As Ge Si
Content, wt% 49.65 15.92 4.70 3.02 0.99 620.4 g t�1 0.58

Fig. 1 XRD pattern of ZOD.
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Ultrasonic technology is a kind of advanced oxidation tech-
nology developed recently.19 Ultrasonic waves stimulate cavita-
tions in chemical compounds resulting in the formation of
strong and active radicals such as OHc, Hc, and H2O2. These free
radicals have strong oxidizing properties and can quickly
oxidize suldes. These radicals may react with collapsing
bubbles and form new molecular structures, or radicals may be
transformed into a state whereby the inner liquid becomes
active. Water sonolysis produces hydroxyl and hydrogen active
radicals.20,21 Ultrasonic technology have cavitation effect, the
thermal effect, and mechanical stirring effect.22 At present,
ultrasonic technology is oen used as a mineral-enhanced
leaching method to improve the leaching rate of valuable
metals in minerals.

For example, ultrasonic technology is used to improve the
leaching rate of Cu in tailings, the removal of chromium from
polymetallic sludge, the extraction of CO from waste lithium-
ion batteries, and the extraction of silver from solid waste
residue.23–26 Ultrasonic technology has obvious advantages in
improving the recovery rate of valuable metals in minerals.
Barrera Godinez et al.27 studied the ultrasonic-assisted leaching
of pellets from EAF dust treated by two kilns using acidied
calcium chloride. They proved that ultrasonic is benecial to
improve zinc recovery from dust in an arc furnace. Zhang et al.28

studied the comparative study of ultrasonic enhancement and
CL on the germanium-leaching rate. They found that the
recovery of germanium can reach 92.7% under the optimum
conditions of ultrasonic enhanced leaching (reaction tempera-
ture 80 �C and 40 min). The maximum-leaching rate of Ge in CL
is only 83.35%, and the leaching time of CL is 100 min. Jiang
et al.29 studied the method for recovering cobalt and lithium
from waste lithium-ion battery by ultrasonic-assisted leaching.
They have proved that ultrasonic leaching has a higher leaching
rate under the same conditions than through CL.

Based on this background, the main purpose of this research
work was to study the UH combined oxidation-leaching process
leaching of ZOD in a laboratory-scale device and under atmo-
spheric pressure conditions, careful study of the ultrasonic
hydrogen peroxide-enhanced acid leaching process, and to
optimize the leaching conditions and improve the leaching
rates of Zn and Ge. Therefore, the effects of ultrasonic power,
the dosage of H2O2, leaching temperature, leaching time,
liquid/solid mass ratio, and initial acidity on the leaching rates
of Zn and Ge were studied. This study has the signicance of
sustainable development for the effective use of solid waste
resources, reducing waste generation, and improving produc-
tion efficiency.

2. Experiments
2.1. Materials and methods

The ZOD collected from a zinc smelter in Yunnan Province of
China was produced by the pyrometallurgical process of zinc-
leaching residue. The ZOD sample was prepared at 105 �C to
remove moisture and ground to 200 mm. In addition, all other
reagents used for leaching experiments and chemical analysis
are analytically pure (purity greater than 99.9%). Deionized
© 2021 The Author(s). Published by the Royal Society of Chemistry
water was used in all experiments. Table 1 lists the XRF quan-
titative analysis results of ZOD. ZOD is mainly composed of
49.65 wt% Zn, 15.92 wt% Pb, 4.70 wt% S, 3.02 wt% Fe, 0.99 wt%
As, 620.4 g t�1 Ge and 0.58 wt% Si. ZOD is a light gray powder,
and the main phases are PbSO4, PbS, and ZnS (Fig. 1).
2.2. Leaching experimental

Fig. 2 shows the owchart of the leaching experimental device.
The leaching experiment of ZOD was conducted in a 250 mL
ask. During the experiment, the ask was placed in a constant
temperature magnetic stirrer. The H2SO4 (100–200 g L�1) solu-
tion was added to the ask, and intelligent ultrasonic equip-
ment with an ultrasonic frequency of 19.5 kHz was used to
enhance oxidation leaching with a strong oxidant hydrogen
peroxide. The reux condenser was equipped to prevent the
evaporation of the solution. A lid was used on the container to
ensure sealing. Aer the solution was heated to the preset
temperature (50–90 �C), the ZOD sample was weighed according
to the predetermined liquid/solid mass ratio (4–8 : 1), then it
was added to the solution, H2O2 (6–29.5 mL) was added slowly.
The ultrasonic equipment was turned on, and then leaching
was performed for 30–240 min at a stirring speed of 400 rpm.
Aer the reaction, the mixture was ltered and precipitated.
Aer washing and drying, the concentrations of Zn and Ge in
the ltrate and leaching residue were analyzed.
2.3. Analysis and characterization

X-ray uorescence (XRF) spectrometry was used to analyze the
chemical compositions of the concentrate. To know the phase
composition of ZOD and leaching residue, they were analyzed
using X-ray diffraction (XRD, Philips pw1825). The surface
microstructure of leaching residue was analyzed using
RSC Adv., 2021, 11, 33788–33797 | 33789

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra06510f


Fig. 2 Schematic of the leaching experimental setup.
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a scanning electron microscope and an energy spectrometer
(EDS) with the equipment model Nova-NanoSEM-450. EPMA-
1720 series electron microprobes (15 kV and 10 nA) were used
to determine the distribution of main elements in the leaching
residue. Further, an inductively coupled plasma spectrometer
(PlasmaQuant PQ9000) was used to analyze the elemental content
of Zn and Ge in the solution sample. The contents of zinc and
germanium in minerals and solutions were determined using
inductively coupled plasma atomic emission spectrometry.

The leaching rate of metal was calculated using eqn (1):

lMe ¼ qMe � V

q0Me �m
(1)

where lMe (%) is the leaching rate of the metal, qMe (g L
�1) is the

concentration of a metal ion in the leaching solution, V (L) is the
volume of the leaching solution, q0Me is the metal content of
ZOD, and m (g) is the mass of the ZOD.
Fig. 3 Effect of dosage of H2O2 on metal-leaching rate.
3. Results and discussion
3.1. Effect of dosage of H2O2 on metal-leaching rate

To explore the effect of the dosage of H2O2 on the leaching rates
of Zn and Ge in ZOD, the following experiments were designed.
The leaching rates of Zn and Ge are shown in Fig. 3, when the
initial acidity concentration was 160 g L�1, the leaching
temperature was 90 �C, the stirring speed was 400 rpm, the
liquid/solid mass ratio was 5 : 1, and the dosage of H2O2 was 6–
29.5 mL. It can be seen from Fig. 3 that the amount of hydrogen
peroxide has little effect on the leaching rate of zinc. The
leaching rate of Ge rst increased and then decreased with the
increase in the dosage of H2O2, reaching the maximum value of
81.48% at 14.8 mL. The implied decrease in the leaching rate
can be explained in terms of the concentration of hydrogen
peroxide being too high. Hydrogen peroxide also acts as
a hydroxyl radical scavenger, producing the much less reactive
HO$

2 radical. This effect becomes signicant at higher hydrogen
peroxide concentrations, leaving less hydroxyl radical available
for the oxidation of compounds.30,31 Therefore, with the increase
in hydrogen peroxide concentration, the oxidation process
weakens, and the leaching rate decreases. When H2O2 peroxide
is excessive, it reacts with ferrous to oxidize ferrous to ferric.
33790 | RSC Adv., 2021, 11, 33788–33797
Ferric will hydrolyze to form Fe(OH)3 colloid, which may
precipitate leached germanium and cause germanium loss.
Therefore, the optimal dosage of H2O2 is 14.8 mL.

3.2. Effect of leaching time on metal-leaching rate

For industrial applications, increasing leaching time will greatly
increase the economic cost. Therefore, it is very important to
determine the optimal leaching time for the industrialization of
this method. To explore the effect of leaching time on the
leaching rates of Zn and Ge in ZOD, according to the above
experiments, the optimal dosage of H2O2 is 14.8 mL, the initial
acidity is 160 g L�1, the leaching temperature is 90 �C, the
stirring speed is 400 rpm, and the liquid/solid mass ratio is
5 : 1. The leaching rates of Zn and Ge are obtained in this time
range as shown in Fig. 4. As the leaching time was increased from
30 min to 60 min, the leaching rate increased rapidly, and the
leaching rates of Zn and Ge reached the maximum aer 60 min,
which was 90.6% and 81.48%, respectively. This indicates that
a 60 min reaction is sufficient to extract most of the Zn and Ge
from ZOD. The rapid increase in the leaching rate is because the
hydroxyl radical is short-lived, if an extremely potent oxidizing
agent, which can oxidize mineral through hydrogen abstraction,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Effect of leaching time on metal-leaching rate.
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electrophilic addition, or electron-transfer reactions is used,
a higher reaction rate can be achieved in the early stage of leach-
ing.32 Considering the leaching rate and the production cost, the
optimal leaching time is 60 min.
3.3. Effect of initial acidity on metal leaching rate

The effect of initial acidity on the leaching rates of Zn and Ge
was studied by changing the initial acidity between 100–200 g
L�1 under the conditions of xed optimal dosage of H2O2 (14.8
mL), leaching temperature (90 �C), leaching time (60 min) and
stirring speed (400 rpm). Fig. 5 shows that the extraction of Zn
and Ge from ZOD is strongly dependent on the concentration of
H2SO4. The leaching rate increases with increases in H2SO4

dosing until 160 g L�1. When the concentration of H2SO4 is
160 g L�1, the leaching rates of Zn and Ge reach the highest
value, which is 90.6% and 81.48%, respectively. With a further
increase of H2SO4 concentration, the leaching rates of Zn and
Ge decrease. This may be due to the high concentration of
H2SO4 at the beginning of the experiment, so the reaction speed
Fig. 5 Effect of initial acidity on the metal-leaching rate.

© 2021 The Author(s). Published by the Royal Society of Chemistry
is fast, which leads to the formation speed of PbSO4, CaSO4, and
other substances, making them cover the ZOD surface, result-
ing in the reduction of the contact area between H2SO4 and zinc-
containing substances, or the failure of sulfuric acid to further
react with germanium containing compounds such as germa-
nium oxide and germanium dioxide in the dust, resulting in the
decrease of zinc and germanium-leaching rate. Therefore, the
optimal initial acidity in the following test is 160 g L�1.

3.4. Effect of liquid/solid mass ratio on metal leaching rate

The effect of liquid/solid mass ratio from 4 : 1 to 8 : 1 on the
leaching rates of Zn and Ge was studied under the conditions of
optimal H2O2 dosage of 14.8 mL, leaching time of 60 min, initial
acidity of 160 g L�1, xed leaching temperature of 90 �C, and
stirring speed of 400 rpm. It can be seen from Fig. 6 that the
leaching rates of Zn andGe increase with the increase of the liquid/
solid mass ratio. When the liquid/solid mass ratio is 8 : 1, the
leaching rate of Zn reaches a maximum of 96.63%. When the
liquid/solid mass ratio is 7 : 1, the leaching rate of Zn is 95.65%,
and the leaching rate of Ge reaches themaximum value of 85.90%.
When the liquid/solid mass ratio is 8 : 1, the leaching rate of Zn is
96.63%, but the leaching rate of Ge drops to 84.64%. If you
continue to increase the liquid/solid mass ratio, Ge begins to
decrease, and increasing the liquid/solid mass ratio will also
increase the cost of leaching. Studies have shown that an appro-
priate increase in the liquid/solid mass ratio helps to promote the
mass transfer process at the solid–liquid interface.33,34 With the
increase of the liquid/solid mass ratio, the higher the nal acidity
of the leaching solution, a large amount of iron will be leached into
the solution, and the high concentration of iron ions in the
leaching solution will have a greater impact on the recovery of
germanium in the subsequent process. Therefore, considering the
cost and iron ion, the best liquid/solid mass ratio is 7 : 1.

3.5. Effect of leaching temperature on the metal-leaching
rate

To explore the inuence of leaching temperature on the leach-
ing rates of Zn and Ge in ZOD, the following experiments were
Fig. 6 Effect of liquid/solid mass ratio on the metal-leaching rate.

RSC Adv., 2021, 11, 33788–33797 | 33791
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Fig. 7 Effect of leaching temperature on the metal-leaching rate. Fig. 8 Effect of ultrasonic power on the metal-leaching rate.
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designed to explore the factors. According to the above experi-
ments, the optimal dosage of H2O2 was selected as 14.8 mL, the
liquid/solid mass ratio was 7 : 1, the leaching time was 60 min
and the initial acidity was 160 g L�1, and the xed stirring speed
was 400 rpm, and the leaching temperature changed from 50 �C
to 90 �C. The leaching rates of Zn and Ge obtained in this
temperature range are shown in Fig. 7. When the temperature
reached 60 �C, the leaching rates of zinc and germanium were
95.47% and 84.82%, respectively. When the temperature
continued to rise to 90 �C, the leaching rates of zinc and
germanium reached the maximum values of 95.65% and
85.90%, respectively. The leaching rate of zinc and germanium
at a temperature of 60 �C and 90 �C is not much different.
Studies by Kida et al.31 have shown that the decomposition rate
of hydrogen peroxide increases with the increase of tempera-
ture. Higher temperatures cause hydrogen peroxide to rapidly
lose its oxidability. Aer adding hydrogen peroxide, the leach-
ing process could achieve good results even under low
temperature and no pressure conditions. Considering the
metal-leaching rate and economic cost comprehensively, 60 �C
is selected as the best leaching temperature.
Fig. 9 Under the best conditions, the comparison of the effects of the
conventional (CL), H2O2 and combined processes (UH).
3.6. Effect of combined ultrasonic process and H2O2

When the aqueous solution is irradiated with ultrasound in the
presence of H2O2, the ultrasound will generate hydroxyl radicals
through cavitation. Hydroxyl radicals have a high oxidation
potential and can quickly oxidize suldes; however, hydroxyl
radicals have a short lifespan and tend to combine with each
other to form H2O2.35,36 Nikfar et al.30 have shown that ultra-
sound assistance will promote H2O2 to decompose more
hydroxyl radicals.

To explore the optimal conditions of the UH peroxide-
combined process, in the presence of hydrogen peroxide, and
to study the effect of ultrasonic power on the leaching rate of Zn
and Ge in ZOD, the following experiment was designed:
according to the above experiment, the optimal dosage of
H2O2was 14.8 mL, the liquid/solid mass ratio was 7 : 1. The
33792 | RSC Adv., 2021, 11, 33788–33797
stirring speed was 400 rpm, the leaching temperature was 60 �C,
the leaching time was 60 min, and the initial acidity was 160 g
L�1. The leaching experiment was conducted by using ultra-
sonic equipment with an ultrasonic frequency of 19.5 kHz and
ultrasonic power varying from 100 W to 600 W.

It can be seen from Fig. 8 that with the increase of ultrasonic
power, the leaching rates of Zn and Ge begin to increase, reaching
the maximum value when the ultrasonic power is 200 W, and the
maximum-leaching rates of Zn and Ge are 99.61% and 88.29%,
respectively. When the ultrasonic power is less than 200 W, the
leaching rates of Zn and Ge decrease, which may be due to the low
intensity of ultrasonic energy in the solution, which cannot
produce a good mechanical effect and cavitation effect, and the
low ultrasonic power is not enough to produce strong oxidizing
hydroxyl radicals.29 When ultrasonic power was 200 W, the leach-
ing rates of Zn and Ge were the highest, which may be due to the
synergistic effect of 200 W ultrasonic power with hydrogen
peroxide and sulfuric acid in the leaching solution under the
current acidic conditions, which can enhance the leaching rates of
Zn andGe, especially when the ultrasonic power is 200W, thismay
be due to the stronger cavitation effect of 200 W ultrasonic wave
and the encapsulated germanium ions, which make the decom-
position rate of germanium increase sharply.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Main chemical composition of UH leaching residue

Element Pb Zn S Fe As K Si Al
Content, wt% 45.41 0.55 12.22 2.58 0.30 0.23 1.93 1.23
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When the ultrasonic power exceeds 200 W, the leaching rate
begins to decrease. Many researchers have also encountered
a situation where high ultrasound power causes a decrease in
output. Jiang et al.29 studied changing ultrasonic power without
changing the concentration of hydrogen peroxide and found
that the ultrasonic power was too high, but did not observe the
decomposition of H2O2. Aer an exhaustive literature review, it
can be concluded that the negative effects of high-power ultra-
sound in this experiment may be due to the following two
reasons. Zhang et al.28 found that the coalescence of bubbles
generated by cavitation is a reaction under high ultrasound
power. The main reason for the weakening. Daryabor et al.37

reported that due to the action of ultrasound, the cycle time of
compression and decompression becomes very short, so liquid
molecules will not separate to form voids under very high
power. Therefore, ultrasonic cavitation cannot work. Therefore,
the best ultrasonic power is 200 W.

Under the optimized condition of CL (liquid/solid mass ratio
is 7 : 1, stirring speed is 400 rpm, leaching temperature is 60 �C,
leaching time is 60 min, initial acidity is 160 g L�1), the inu-
ence of hydrogen peroxide oxidation process and UH peroxide
combined process on metal leaching rate was studied.

As shown in Fig. 9, the use of hydrogen peroxide alone is
better than that of conventional leaching. Compared with the
process used alone, the combined process is more effective in
improving the leaching rate of zinc and germanium. This is
because of the synergistic effect of these two mechanisms on
oxidation. These mechanisms include ultrasonic cavitation and
Fig. 10 XRD pattern of characterization of the leaching residue.

© 2021 The Author(s). Published by the Royal Society of Chemistry
hydrogen peroxide oxidation. During the research process, the
number of hydroxyl radicals affected the oxidation rate of the
substance. In terms of the number of free radicals, the
combined system is more than the ultrasonic or hydrogen
peroxide single system, and the rate of the combined oxidation
system is higher than that of the single system.38,39
3.7. Characterization of leaching residue

CL leaching residue was obtained under the conditions of
leaching temperature 60 �C, initial acidity 160 g L�1, liquid/
solid mass ratio 7 : 1, leaching time 60 min. The leaching
rates of Zn and Ge were 91.75% and 82.64%, respectively. The
UH leaching residue was obtained at 200 W ultrasonic power
and 14.8 mL H2O2 based on CL. The leaching rates of Zn and Ge
were 99.61% and 88.29%, respectively.

Table 2 lists the XRF quantitative analysis results of UH
leaching residue. Aer chemically dissolving the leaching
residue, inductively coupled plasma emission spectrometry
(ICP-OES) was used to determine the germanium content in the
leaching residue. The Ge content was 72.65 g t�1. The UH leaching
residue is mainly composed of 45.41 wt% Pb, 0.55 wt% Zn,
12.22 wt% S, 2.58 wt% Fe, 0.30 wt% As, 0.23 wt% K, 1.93 wt% Si,
1.23 wt% Al, and 72.65 g t�1 Ge. Comparing and observing the
chemical composition of ZOD in Table 1, the content of zinc and
germanium in the UH leaching residue was signicantly reduced,
and the content of lead was signicantly increased, indicating that
most of the Zn and Ge were leached and lead was enriched. The
UH leaching residue is mainly lead-silver slag with a Pb content of
as high as 45.41 wt%, which can be returned to lead smelting
enterprises as raw materials for lead smelting.

The XRD patterns of the leaching residues are shown in Fig. 10.
The compositions of the two leach residues are the same, and they
are mainly composed of PbSO4 and a small amount of PbS and
ZnS. By observing the diffraction peaks of PbS and ZnS, it can be
RSC Adv., 2021, 11, 33788–33797 | 33793
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Fig. 11 SEM images of different leaching residues: (a) CL leaching residue, (b–e) UH leaching residue.
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found that the diffraction peaks of PbS and ZnS in UH leaching
residue are fewer than those in CL leaching residue, which indi-
cates that UH leaching technology can effectively leach most PbS
and ZnS, while PbSO4 still exist, which indicates that UH leaching
technology has no leaching effect on PbSO4.

To intuitively understand the leaching residue, the CL-
leaching residue (Fig. 11a) and UH leaching residues
(Fig. 11b–e) were analyzed using SEM and EDS (Tables 3 and 4).
The morphology of leach residues from the two samples is
similar, and they all contain tetragonal, rod-shaped, spherical,
Table 3 Contents of main elements in designated areas in EDS analysis

Item Spot 1, wt% Spot 2, wt%

Zn 1.4 42.0
Pb 19.1 4.5
O 76.6 44.1
S 2.9 9.1
Si — 0.1
Fe — 0.1
Main phase PbSO4, PbS PbSO4, PbS, ZnS
Other phases ZnS SiO2, ZnFe2O4

Table 4 Contents of main elements in designated areas in EDS analysis

Item Spot 1, wt% Spot 2, wt% Spo

Zn 56.01 14.1 26.7
Pb 7.8 11.1 22.4
O 9.7 45.3 31.0
S 26.4 — 4.2
Si — 25.5 12.0
Fe — 3.9 3.7
Ge — — —
Main phase ZnS SiO2, PbO PbS
Other phases PbSO4, PbS ZnFe2O4 SiO2

33794 | RSC Adv., 2021, 11, 33788–33797
and near-spherical particles. There are many spherical struc-
tures in the leaching residue, which are mainly composed of
lead but contain a small number of other metal elements.
Jiang40 and others classied this spherical structure as Pb-based
spheres containing impurity elements (such as zinc and sulfur).
During the leaching process, PbO (or Pb) on the surface of the
Pb-based ball is transformed into PbSO4, which forms
a shielding layer to block the reaction between sulfuric acid and
the material in the ball, resulting in a variety of metals
remaining in the leaching residue. The Pb-based ball prevents
results of CL leaching residue

Spot 3, wt% Spot 4, wt% Spot 5, wt%

10.7 3.2 6.4
0.8 30.5 15.8
84.3 61.8 74.3
0.2 4.6 3
— — —
4.0 — 0.5
PbSO4, ZnS PbSO4, PbS PbSO4, PbS, ZnS
ZnFe2O4 ZnS ZnFe2O4

results of UH leaching residue

t 3, wt% Spot 4, wt% Spot 5, wt%

47.8 5.46
20.1 72.3
10.2 15.0
21.9 6.52
— 0.08
— 0.54
— 0.09

O4, PbS, ZnS ZnS PbSO4, PbS
, ZnFe2O4 PbSO4, PbS ZnS, SiO2, GeO2, ZnFe2O4

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 BSE image (a) and EPMA element image (b and c) of CL leaching residue and BSE image (d) and EPMA element image (e and f) of UH
leaching residue.
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the leaching of Zn and Ge, and then Zn and Ge enter the
leaching residue, resulting in the loss of Zn and Ge. It can be
seen from the results in Table 4 and Fig. 11 that Ge is detected at
point 5 of the spherical structure, while the absence of Ge in
other regions indicates that Ge is mainly wrapped by Pb-based
spheres. This is consistent with the results of Jiang et al.40 By
observing CL leaching residue (Fig. 11a) and UH leaching
residue (Fig. 11b–e), it was found that the spherical structure of
UH is leaching more residue, and the spherical structure is
mainly composed of PbSO4, PbS, and SiO2, which indicates that
the spherical Pb-based shell is formed during the leaching
process of coating or capture Zn and Ge, which may be the main
reason for the low zinc-leaching rate. In conclusion, ZnS and
PbS are partially leached under UH leaching technology, while
PbSO4, SiO2, and ZnFe2O4 are difficult to leach.

Fig. 12 shows BSE image (a) and EPMA element image ((b)
and (c)) of CL leaching residue, BSE image (d) and EPMA
element image ((e) and (f)) of UH leaching residue. The element
distribution of zinc and sulfur is almost the same, which indi-
cates that the zinc-bearing minerals of the two leaching resi-
dues are all ZnS. By observing (b), (c), (e) and (f) in Fig. 12, it is
found that the brightness of Zn and S elements in Fig. 12b and e
is reduced, indicating that part of ZnS composed of Zn and S is
leached. It shows that UH leaching technology can leach part of
ZnS and improve the leaching rates of Zn and Ge.

4. Conclusions

(1) Ultrasonic-H2O2(UH) combined oxidation-leaching process
is a new method to extract Zn and Ge from ZOD. High efficient
leaching of Zn and Ge from ZOD can be achieved by the
combination of ultrasonic and hydrogen peroxide enhanced
oxidation. The results show that the optimum leaching condi-
tions are as follows: ultrasonic power 200 W, the dosage of H2O2
© 2021 The Author(s). Published by the Royal Society of Chemistry
14.8 mL, initial acidity 160 g L�1, liquid/solid mass ratio 7 : 1,
leaching time 60 min, stirring speed 400 rpm, leaching
temperature 60 �C, the leaching rates of Zn and Ge reached
99.61% and 88.29%, respectively, which is 7.86% and 5.65%
higher than those for CL. The problem of low leaching rates of
Zn and Ge from ZOD was solved.

(2) On one hand, ultrasonic technology was used for
obtaining evenly dispersion of hydrogen peroxide in the solu-
tion, reducing the particle size of the soot, strengthening the
contact area between hydrogen peroxide and ZOD, and improve
the oxidation efficiency and reaction rate. On the other hand,
using the cavitation effect and chemical effect of ultrasonic to
accelerate the decomposition of hydrogen peroxide to produce
hydroxyl radicals (OHc) with stronger oxidizing ion than
hydrogen peroxide, and its thermal effect makes the reaction
medium temperature rise, which accelerates the decomposition
rate of hydrogen peroxide, to save the dosage of H2O2,
increasing the reaction rate, oxidizing and decomposing
sulde, and improving the leaching rates of Zn and Ge.

(3) In this process, hydrogen peroxide was used to oxidize, no
new impurity ions are introduced, and no harmful components
are le in the leaching solution aer leaching, which has no
adverse effect on the subsequent process. The decomposition
product of hydrogen peroxide is water, which is friendly to the
environment.

Nomenclature
ZOD
 Zinc oxide dust

UH
 Ultrasonic-H2O2
CL
 Conventional leaching
RSC Adv., 2021, 11, 33788–33797 | 33795
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