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Abstract: The sulfide passivation film produced on the surface seriously prevents further reaction in the process of
using monoclinic pyrrhotite (MPr) to treat heavy metal ions in wastewater. Ultrasonic technology was introduced to
assist MPr to recover the copper ions. XPS result proves that CuS products exist on the surface of MPr. XRD and SEM
results show that the CuS on the particles’ surface is stripped under ultrasonic condition. The kinetics results indicate
that the reaction under both conventional and ultrasonic conditions conform to the Avrami model. The reaction process
changes from diffusion control to chemical reaction control under the ultrasonic condition as the solid layer is stripped
off. The presence of ultrasonic significantly reduces the acidity and temperature required for the reaction and enhances
the utilization efficiency of MPr; by controlling the amount of MPr, the removal rates of copper and arsenic in copper
smelting dust leachate exceed 99% and 95%, respectively.
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1 Introduction

A large amount of copper smelting arsenic-
containing dust is produced during the process of
copper pyrometallurgy. In addition to the hazardous
element As, the dust also contains large amounts of
recoverable valuable metals such as Cu, Pb, and Zn.
At present, most plants return the dust directly to
the smelting system for treatment, resulting in
arsenic circulation and accumulation in the smelting
system, which not only causes harm to workers’
health but also seriously deteriorates the quality of
products [1,2]. In contrast, wet processing shows
more significant advantages [3,4]. The H,SO,
leaching allows valuable metals and arsenic in
the dust to enter the solution. Then, the selective

cascade separation of polymetallic elements helps
realize the resource utilization of valuable metals
and the safe treatment of arsenic [5].

Currently, the most widely used method is to
add a sulfurizing agent into the leachate to
precipitate the ions according to their solubility
products. However, the most commonly used
reagents in industry, Na,S and NaHS, have many
shortcomings: (1) low purification and separation
efficiency; (2) a large amount of H,S gas is easily
generated during the reaction [6]; (3) the product
has a fine particle size and is difficult to filter.
Therefore, new sulfurizing agents that can
overcome or alleviate these shortcomings are
urgently needed.

Our previous study [7] showed that the
synthetic monoclinic pyrrhotite (MPr) can act as a

Corresponding author: Hai-sheng HAN, Tel: +86-731-88830482, E-mail: hanhai5086@csu.edu.cn

DOI: 10.1016/51003-6326(22)65825-4

1003-6326/© 2022 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press



Xing-fei ZHANG, et al/Trans. Nonferrous Met. Soc. China 32(2022) 682—695 683

cheap and clean S* sustained-release regent to
precipitate most metal ions in the wastewater,
avoiding the introduction of Na’ harmful to
industrial production and the escape of H,S.
However, the sulfide passivation film produced on
the surface seriously prevents further reaction.
YANG et al [8] found that the surface of FeS is
wholly overlaid by the precipitated CuS during
processing the wastewater containing copper ions,
which reduces the dissolution of pyrrhotite and
further reactions.

In the past few decades, a new technology
named ultrasonic-assisted leaching for ore dressing
has been widely used in hydrometallurgy [9,10]. It
has the characteristics of high power, short
wavelength, and high frequency. The promotion of
the liquid reaction process is mainly due to the
“acoustic cavitation” phenomenon produced by
ultrasonic waves in the solution [11-13].
BRUNELLI and DABALA [14] performed an
ultrasonic-assisted leaching process to recover zinc
from an electric arc furnace (EAF). The results
showed that the ultrasound irradiation led to a 55%
increase in the Zn leaching compared to
conventional conditions. LI et al [15] prepared the
high purity nickel sulfate assisted by ultrasonic. The
ultrasonic treatment can peel off oxide film on the
nickel’s surface to increase the leaching quantity of
nickel sulfate. ZHANG et al [16] found that
ultrasonic agitation can effectively reduce energy
consumption and decrease acid concentration. The
copper removal behavior of MPr can be regarded as
the leaching of pyrrhotite in the copper sulfate
solution. Therefore, it is possible to use ultrasonic
technology as an auxiliary means to improve the
utilization efficiency of MPr and optimize the
conditions required for the reaction.

In this work, ultrasonic wave was introduced
as the outfield enhanced method to improve the
utilization efficiency of MPr. The influence
parameters such as the ultrasonic power intensity,
acid concentration, reaction temperature, and time
of copper ion removal with MPr were assessed.
XRD, XPS, and SEM analyses were performed to
deeply reveal the enhancement mechanism in
removing copper ions by MPr. Meanwhile, the
reaction kinetics was studied to compare the
reaction-controlled types of conventional and
ultrasonic conditions. This work aims to provide a
method for the industrial application of MPr in

polymetallic acid wastewater in the future.
2 Experimental

2.1 Materials

The MPr used in the experiment was prepared
by self-synthesis, and the preparation and
classification methods are the same as the previous
study [7]. The elements content and surface
morphology of the new synthetic MPr are present in
Table S1 and Fig. S1 in Supplementary Information
(SI), respectively. The water samples treated in the
experiment were divided into self-prepared
simulated copper solution and actual copper smelter
dust leaching solution. The simulated copper
solution was used to study the kinetics and
mechanism of copper removal with MPr. The
dosage of copper sulfate pentahydrate and sulfuric
acid were calculated, and then the required
concentration and acidity of the simulated copper
solutions were prepared for use. Copper sulfate
pentahydrate (CuSO,4-5H,0, supplied by Shanghai
Aladdin Bio-chem Technology Co., Ltd.) and
sulfuric acid (98%, mass fraction) were used to
prepare a simulation solution with the required
copper ion concentration and acidity for use; the
raw materials used in the actual leachate were taken
from the copper smelter dust produced by Western
Mining Co., Ltd., Qinghai, China. The original dust
characterization shows that there are many kinds of
elements and minerals, the relationship between
minerals is complicated and the particles are
extremely fine (Table S2, Figs. S2, and S3 in SI).

2.2 Experimental procedure
2.2.1 Leaching experiment

A series of leaching experiments were carried
out to explore the influence of various factors
(H,SO4 concentration, leaching time, temperature,
liquid/solid ratio) on the leaching of elements in
copper smelter dust. The results are shown in
Fig. S4 in SI. The phase of the leached residual is
mainly lead sulfate (Fig. S5 in SI), and the process
stability experiment was also performed (Table S3
in SI).
2.2.2 Copper removal experiment

The copper removal experiments under
conventional conditions were carried out in a
three-neck round-bottom flask of 500 mL immersed
in a water bath thermostat (DF—101S, Gongyi
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Yuhua Instrument Co., Ltd., Gongyi, China). The
stirring method adopted mechanical stirring, and a
condenser was used to prevent the evaporation and
loss of water under high temperatures. The
experiments under ultrasonic conditions were
conducted in a 500 mL beaker. The ultrasonic probe
(JM—1003) was placed in the solution during the
reaction, and the ultrasonic generator was
purchased from Shenzhen Jiemeng Cleaning
Equipment Co., Ltd., China. In each test, 200 mL of
the reaction solution and a certain dosage of MPr
were added to the reaction vessel and reacted at the
required time and temperatures. On completion of
the experiment, the solution and residue were
separated. The schematic diagram is shown in
Fig. 1.
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Fig. 1 Schematic diagram of conventional (a) and
ultrasonic (b) conditions: 1—Water bath thermostat; 2—
Thermometer; 3—Mechanical agitator; 4— Ultrasonic
generator; 5S—Ultrasonic probe; 6—Ring stand

2.2.3 Kinetic experiment

In the kinetic experiment, the reaction
conditions were set as follows: H,SO,4 concentration
50 g/L, MPr dosage 2 (molar ratio of S to Cu),
reaction time 30 min, ultrasonic power 60 W (only
in ultrasonic condition), and reaction temperatures
(25, 40, 50 and 60°C). 3mL of the reaction
solution was taken out by a pipette at the desired
time both in conventional and ultrasonic conditions
during the reaction. Then, 0.2 um PTEE membranes
were used to get the filtrates for analysis, while
3 mL of the initial solution was supplemented into
the reaction system.
2.2.4 Calculation of elements removal rate

The solution after the reaction was filtered
using a circulating water vacuum pump
(SHZ-D(III), Shanghai Lunlun Instrument and
Equipment Co., Ltd., China) and washed with
distilled water. The concentration of ions in the
filtrate was determined by ICP-AES to calculate the

ion removal rate (#,) according to Eq. (1). The total
iron ion leaching rate (7,) was calculated according
to Eq. (2):

14
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where c¢; and ¢ are the concentrations of the ions of
the filtrate solution and original solution (mg/L),
respectively; V; and V;, are the volumes of the
filtrate solution and original solution, respectively
(L); mo represents the mass of the raw solid sample
put into solution (g); w, represents the iron content
in the raw sample (%).
2.2.5 Analytical techniques

The concentrations of copper and arsenic were
determined by ICP-AES (AVIO 500, PerkinElmer,
USA). The chemical component, crystal structure,
surface morphologies, and elemental valence of
copper removal products under different conditions
were characterized by XRF (S4 Pioneer, Bruker,

Germany), XRD (SIEMENS D500, Bruker,
Germany), SEM (JSM—7900F, JEOL, Japan)
and XPS (ESCALAB250Xi, ThermoFisher-VG

Scientific, USA).
3 Results and discussion

Previous studies show that the use of MPr in
copper removal from arsenic-containing wastewater
shall be carried out under the condition of high
temperature and strong acid. According to the
principle of sulfide solubility product, copper
ions can preferentially form sulfide precipitate to
achieve selective separation. The mechanism of
removal can be expressed by the following
reactions [17]:

Fe, S=(1-3x)Fe* +S* +2xFe’ (3)

Cu™ +S* =CuS(s), Kgp, =6.3x107° (4)

3H,S+2H,As0,=As,S,(s)+H,S0,, Kgp,=2.1x107>
®)

As shown in Fig. S6 in SI, the temperature has
a significant influence on the utilization efficiency
of MPr and the removal rate of copper under
conventional conditions. Under low temperature
conditions, the decomposition rate of MPr is slow,

and the slowly generated sulfide ions will
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preferentially react with copper ions to form copper
sulfide and coat on the surface of MPr, making it
difficult for the reaction to continue. The high
temperature will accelerate the decomposition rate
of MPr, and a large number of sulfide ions
generated instantaneously will form copper sulfide
precipitate with copper ions to improve the removal
rate of copper ions, but hydrogen sulfide is
generated more easily due to the competitive
behavior of a large number of hydrogen ions in the
solution.

To further find out the substance form and
element valence state of the MPr surface product
after the reaction, the XPS test was carried out.
Figure 2(a) shows the energy spectrum of Cu 2p on
the surface of MPr after copper removal under
normal conditions. It can be seen that the binding
energy of the characteristic peaks of Cu 2p;, and
Cu2p;, are 932.45 and 952.23 eV, respectively,
which confirms that the copper element on the
surface of the MPr after the reaction exists in the
form of copper sulfide [18].

Peak fitting of S 2p was carried out to explore

(a) Cu 2p;),

Cu2p,

950 945 940 935 930
Binding energy/eV

965 960 955

(b)

172 170 168 166 164 162 160 158
Binding energy/eV

Fig. 2 XPS narrow-spectrum of Cu 2p (a), and peak
fitting diagram of S 2p (b) after copper removal by MPr

the composition and valence distribution of S
element on the surface of MPr after the reaction. As
can be seen from Fig. 2(b), S 2p is divided into
three-double peaks. The binding energies of S 2P,
are 161.46, 162.06, and 168.73 eV, which are very
close to the values of 161.4 eV for monosulfide
in CusFeS; [19,20], 161.9eV for disulfide in
CuFeS, [21] and 168.6eV for sulfate [22],
respectively. Therefore, it can be inferred that S in
the surface product after copper removal exists in
the form of monosulfide and disulfide and is
combined with copper and iron in the form of
Cu—S—Fe. The sulfate may be caused by the
oxidation of sulfide or sulfate impurities carried
from the sulfuric acid solution.

Here, we still took the simulated copper sulfate
solution as the research object to explore the kinetic
factors that affect the removal of copper ions
enhanced by ultrasonic and mechanism.

3.1 Effect of ultrasonic power on copper ion
removal rate with MPr

The effect of ultrasonic power was assessed at
different ultrasonic powers from 0 to 150 W with
the addition of 50 g/ H,SO4, MPr dosage of 2
(molar ratio of S to Cu®"), reaction time of 30 min
and reaction temperature of 25 °C.

The effect of ultrasonic power on copper ion
removal rate with MPr is shown in Fig. 3. The
copper ion removal rate is only 15.3% without
ultrasonic, and it increases dramatically to 74.4%
when the ultrasonic power is 30 W. The copper ion
removal rate rises as the power increases and
achieves the maximal value, 99.5%, at 150 W.
This phenomenon is mainly attributed to a series of
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Fig. 3 Effect of ultrasonic power on copper ion removal
rate with MPr
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effects caused by ultrasound, such as cavitation and
micro-jets [23]. The instantaneous collapse of
bubbles generated by cavitation will cause local
high temperatures, high pressure, and high-speed
micro-jet effects. Cavitation is enhanced with the
increase of ultrasonic power, so the copper removal
is also enhanced. ZHANG et al [13] have shown
that ultrasonic mainly affects chemical reaction at
high frequency and produces mechanical effects at
low frequency. The highest power of ultrasonic in
this study is only 150 W, so, the effect of the
ultrasonic strengthening process should mainly be
the latter, consistent with the previous analysis.

3.2 Effect of H,SO, concentration on copper ion
removal rate with MPr

The effect of H,SO, concentration was
assessed at H,SO,4 concentration from 10 to 100 g/L
at ultrasonic power of 60 W, MPr dosage of 2,
reaction time of 30 min, and reaction temperature of
25 °C.

As shown in Fig. 4, the copper ion removal
rate increases significantly with the increase of the
original H,SO, concentration of the solution,
indicating that the solution’s acidity still played an
essential role in the copper ion removal even
under ultrasonic conditions. Increasing the H,SO,
concentration can increase the initial decomposition
rate of MPr on the one hand. On the other hand, it
can accelerate the mass transfer and diffusion of H'
and promote H' to pass through the product layer
under ultrasound to react with unreacted particles,
thereby increasing the copper ion removal rate in
the solution. However, when the concentration
of H,SOy, is too high, it will corrode the ultrasonic
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Fig. 4 Effect of H,SO, concentration on copper ion
removal rate with MPr at ultrasonic power of 60 W

equipment and lead to a large amount of H,S
overflowing, causing potential damage to people’s
health. At 50 g/L of H,SOy, the copper removal rate
is almost the same as the copper removal under
conventional conditions of 200 g/L acidity and
60 °C (Fig.S6 in SI); that is, ultrasonic can
effectively reduce the required acid concentration
and temperature of the reaction [16].

3.3 Effect of temperature and time on copper ion
removal rate with MPr

The copper ion removal tests were carried
out at different temperatures from 25 to 60 °C in
30 min with 50 g/LL H,SO,, and MPr dosage of 2.
Considering the fact that the ultrasound itself could
provide energy to the system and cause temperature
rise, higher power ultrasound should be avoided as
much as possible to maintain a constant temperature
during the reaction. Therefore, the power of
ultrasound in this experiment was selected to be
60 W. The results are shown in Fig. 5.
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Fig. 5 Effect of temperature and time on copper ion
removal rate with MPr at ultrasonic power of 60 W

The increase in temperature is also beneficial
to the removal of copper ions under ultrasonic
conditions. The ultrasonic treatment presented
closely 100% of copper ion removal rate when the
temperatures are 50-60 °C. However, ZHANG
et al [13] pointed out that when the temperature is
too high, the vapor pressure inside the bubble
increases, which enhances the buffering effect when
the bubbles collapse, and therefore weakenes
cavitation.

Compared with the conventional conditions
(Fig. S6 in SI), under the ultrasonic conditions, the
reaction does not require high temperature and high
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acidity. It can also achieve or exceed the same
copper ion removal rate under conventional
conditions. Besides, from the perspective of the
effect of time on the copper removal, the reaction
process under ultrasonic conditions is controllable,
and the overflow of H,S can be significantly
reduced. In a word, ultrasonic can effectively
reduce energy consumption and decrease the
temperature and acid concentration required for the
reaction. Moreover, it improves the copper ion
removal rate significantly.

To find the difference of product phase
transformation in the absence and presence of
ultrasonic, the XRD analysis was conducted on the
products. The reaction conditions of conventional
system are consistent those with the ultrasonic
system (ultrasonic power of 60W), H,SO,
concentration of 50 g/L, MPr dosage of 2, reaction
time of 30 min, and reaction temperature of 50 °C.
It can be seen in Fig. 6 that the diffraction peaks of
the raw material coincide with those of FeS (PDF
No. 76-0960), but the weak peak intensity indicates
that it has a poor crystallinity. The new peaks
of CuS (PDF No.76-1725) appear in both
conventional and ultrasonic reactants, indicating the
formation of CuS in those products, but the peak
intensities of CuS under ultrasonic conditions are
significantly stronger than those under traditional
conditions. Combined with the copper ion removal
in the solution, it means that the enhancement of
peak intensity is due to the high content of copper
sulfide in the ultrasonic product. Also, the increase
of the peak intensity of the raw material FeS after

Mo, T W VORI § N Ra\iv
l l L Conventional
Ultrasonic

| PDF No.76-1725, CuS
i I | ' J 1 ul N

| PDF No.76-0960, FeS

10 20 30 40 50 60 70
20/(%)

Fig. 6 XRD patterns of raw MPr and residues obtained
under conventional and ultrasonic conditions

the reaction shows that its crystal structure is more
stable, leading to a decrease of reactivity.

Figure 7 shows the SEM images of residues
under conventional and ultrasonic conditions,
revealing the difference in microstructure of
reaction products. It can be found that the MPr
surface is tightly wrapped by flocculent CuS under
conventional conditions (Fig. 7(a)), and the flocs
products are massive, existing in the form of
agglomerates (Fig. 7(b)). The pores of MPr are also
filled with a large amount of flocs CuS (Fig. 7(c)).
The flocculent CuS highly prevents further reaction.
On the contrary, under ultrasonic conditions, the
CuS generated on the surface of MPr is peeled off
based on the effect of cavitation and micro-jet
(Fig. 7(d)). MPr re-exposes a new body and
some particles develop new cracks on the surface

Fig. 7 SEM images of residues obtained under conventional (a—c) and ultrasonic (d—f) conditions
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(Fig. 7(f)). Besides, the CuS flocculent particles are
dotted, and loosely distributed around and on the
surface of the MPr particles (Figs. 7(e, f)) due to the
vibration and dispersion of ultrasonic waves during
the formation process, which are not easy to
aggregate into a deep coating on the MPr surface.
These phenomena significantly reduce the reaction
resistance and promote the reaction efficiency of
MPr. These changes in surface morphology also
demonstrate the enhanced effect of ultrasonic.

3.4 Kinetic analysis

The copper removal behavior of MPr can be
regarded as the decomposition process of MPr in a
strongly acidic solution, which belongs to the
liquid—solid reaction process [24]. The only
difference is that copper ions in the solution will
form CusS, affecting the decomposition of MPr. The
removal of copper ions in the solution is directly
proportional to the leaching of iron ions. Therefore,
the leaching of iron ions can be taken as the
research object and substituted into the relevant
kinetic model for analysis to clarify the main
control steps in the reaction process and provide
guidance for the next stage of the reaction. The
leaching results of iron ions under conventional and
ultrasonic conditions at different temperatures and
time are shown in Fig. 8.

Firstly, a theoretical model of the unreacted
shrinking core is adopted, which assumes that the
reaction occurs on the solid’s outer surface. As the
reaction proceeds, this surface shrinks toward the
solid center, leaving an inert solid layer. The
macroscopic reaction process is composed of
external diffusion, internal diffusion, and surface
chemical reaction. The greatest resistance is the
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control stage of the overall rate. For the surface
chemical reaction-controlled type, there exists [25]:

1=(1-x) "=kt (6)

For diffusion-controlled type, there exists [26]:
1-3(1—x)**+2(1—x)=kqt (7)

where x is the extraction fraction of iron ions, ¢ is
the reaction time, k. is the surface chemical reaction
rate constant, and ky is the diffusion rate constant.

After the above analysis, it is assumed that
the leaching process conforms to the unreacted
shrinking core model. The conventional experiment
results are respectively substituted into Egs. (6)
and (7) for fitting, and the reaction’s control types
are determined according to the correlation
coefficients R*. Taking into account different time
for the reaction to reach equilibrium at different
temperatures, the data of the first 10 min are used
for fitting at 25 and 40 °C, and the data of the first
5 min are used at 50 and 60 °C. The fitting results
are shown in Table 1 and Fig. S7 in SI.

Table 1 shows the linear fitting between the
experimental data, and the chemical reaction
control model is imperfect. The correlation
coefficient (R”) only reaches 0.868 at 60 °C and
does not exceed 0.8 at other temperatures,
indicating that the chemical reaction does not
control the reaction process. In contrast, the
experimental data fit well with the diffusion control
model, which means that the reaction process might
be controlled by diffusion. In other words, the solid
CuS film generated on the surface of MPr during
the reaction process would hinder the continuation
of the reaction, making the diffusion of the leaching
agent the foremost control step. However, the value

Total iron ion leaching rate/%

0 5 10 15 20 25 30
t/min

Fig. 8 Effect of temperature on total iron ion leaching rate under conventional (a) and ultrasonic (b) conditions
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Table 1 Correlation coefficients (R’) of chemical
reaction control and diffusion control models at different

temperatures
Temperature/ Correlation coefficient (R?)
°C 1- (1—)"P=kt  1-3(1—x)*+2(1—x)=kyt
25 0.7885 0.9094
40 0.6411 0.8624
50 0.6004 0.8441
60 0.8681 0.9134

of R* is generally maintained below 0.92, showing
that the unreacted shrinking core model is not the
ideal model, and the inert solid layer may not
increase gradually from the outside to the inside.

In addition, there is also a kinetic equation that
is widely used in the leaching reaction process,
namely the Avrami equation [27], as shown in
Eq. (8). This equation was first proposed and
applied well in crystallization kinetics [28,29]. It
assumes that nucleation occurs randomly and
homogeneously throughout the untransformed part
of the material. The growth rate does not depend on
the extent of transformation, and the growth rate in
all directions is the same [30]. LI et al [31] believed
that the good applicability of Avrami equation in
leaching reaction may be attributed to the fact that
the leaching reaction can be regarded as the
reverse process of the crystallization process. TIAN
et al [32] used Avrami model to fit the dynamic
model of arsenic leaching process from copper
smelting dust. The results showed that the reaction
was controlled by diffusion and the activation

(@)
0 -
D
E 08}
£
ol m —25°C, #=0.243
: o —40°C, n=0.182
A —50°C, n=0.123
iy v — 60 °C, n=0.103
S0 05 0 05 10 15 20 25
In(#/min)

689

energy of the reaction was 7.58 kJ/mol. HE et al [33]
and SHI et al [34] conducted a study of leaching
kinetics of scheelite in hydrochloric acid solution
and determined that kinetic model equations are
credible and the Avrami equation in Eq. (8) is the
best kinetic model equation:

In[—In(1—x)]=In k+nln ¢ 8)

where n is a parameter related to grain properties
and grain geometry. When n<l, leaching reaction
belongs to the type with a maximum initial reaction
rate but a decreasing reaction rate over time. When
n=1, leaching reaction is controlled by chemical
reaction, when n<0.5, leaching is controlled by
diffusion, and when 0.5<n<1, leaching is controlled
by chemical reaction and diffusion mixing [31].

Considering the fact that the unreacted
shrinking core model’s prerequisites require the
reacted solid particles to be a single-size compact
spherical and have the same chemical properties in
all directions [35], combined with the previous
SEM analysis, the MPr has more surface pores and
gullies. Therefore, it may be more appropriate to
use the Avrami equation to describe the reaction
process. The fitting results are shown in Fig. 9 and
Table 2.

As shown in Fig. 9, an excellent linear fitting
relationship at all temperatures, and the correlation
coefficient (R?) shown in Table 2 is not lower than
0.9870, which is much better than the correlation
coefficient of the previous model fitting, indicating
that the leaching process conforms to the
Avrami equation. According to Fig. 9(a), the value
of n under the conventional condition at each

b
[®
0 -
Loy
k=1
T
g -2r
m—25°C,n=1.09
3t ® — 40 °C, n=1.07
A —50°C, n=0.98
_a v —60 °C, n=0.94
0 05 10 1.5 20 25 30
In(#/min)

Fig. 9 Kinetic fitting curves of In[—In(1—x)] versus In 7 at different temperatures under conventional (a) and ultrasonic (b)

conditions
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Table 2 Fitting regression equation and correlation coefficient (R*) of Avrami model at different temperatures under

normal leaching

Reaction condition Temperature/°C Regression equation Correlation coefficient, R*

25 In[—In(1—x)] =—1.2807+0.243In ¢ 0.9922

. 40 In[—In(1—x)] =—0.9097+0.182In ¢ 0.9876

Conventional

50 In[—In(1—x)] =—0.4247+0.123In¢ 0.9870

60 In[—In(1—x)] =—0.2602+0.103In ¢ 0.9951

25 In[—In(1—x)] = 3.1919+1.090In ¢ 0.9904

. 40 In[—In(1—x)] =—2.6217+1.073In ¢ 0.9832

Ultrasonic

50 In[—In(1—x)] = 1.6998+0.981In ¢ 0.9932

60 In[—In(1—x)] = 1.3022+0.939In ¢ 0.9956

temperature is less than 0.5, indicating that the
reaction process is controlled by diffusion and has a
large initial reaction rate. While under the ultrasonic
condition, the average value of n is 1.02 (Fig. 9(b)),
which is approximately equal to 1, indicating that
the reaction process is controlled by chemical
reaction and diffusion is no longer the primary
resistance.

The apparent activation energy £, and
frequency factor A4 of the reaction can be calculated
according to Arrhenius equation [36]. The results
are shown in Fig. 10. It can be calculated that the
apparent activation energy under the conventional
leaching condition is 25.26 kJ/mol, indicating that
the reaction process is controlled by solid film
diffusion [15,37,38]. The result is consistent with
the analysis result according to » value in the
Avrami model (Fig. 9), and the value of In A4; is
8.89. At the same time, it can be seen the apparent
activation energy is 46.47 kJ/mol in the presence of
ultrasonic, indicating that the reaction process is
controlled by chemical reaction [33,39], which is
consistent with the above analysis results based on
the average value of n, and the value of In 4, is
15.58.

Frequency factor under ultrasonic condition
(4;) is higher than that under conventional
condition. The relationship between the two factors
is as follows: A4,/4,=804. According to the absolute
rate theory, the frequency factor is related to the
vibration of molecules participating in the reaction.
Under ultrasonic action, the reaction molecules
reciprocate along with the ultrasonic, which
dramatically accelerates the vibration between
molecules and improves the reaction rate, which
is difficult to achieve with ordinary mechanical
agitation.
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Fig. 10 Relationship between In £ and 1/T of reaction:
(a) Conventional condition; (b) Ultrasonic condition

3.5 Mechanism of enhancement in MPr under
ultrasonic-assistance

The mechanism for
selective
can be schematically illustrated in Fig. 11. Under
conventional condition, temperature is an important
factor affecting the decomposition of MPr at a
certain acidity, which will further affect the removal
rate of copper ions. At relatively low temperatures,

ultrasonic-enhanced
sulfide precipitation of copper ions



Xing-fei ZHANG, et al/Trans. Nonferrous Met. Soc. China 32(2022) 682—695 691

Conventional

. Mass transfer
Ultrasonic

® Cu2+ o Ht

Unreacted area

Internal diffusion
controlling |

enhancement . . Re-expose new area

/ \ PR T \
& -~ (( | Chemical reaction |
™ | controlling |

| S ———

Reaction time

MPr

CuS

Fig. 11 Mechanism diagram of enhancement in MPr under ultrasonic-assist

the decomposition rate of MPr is slow, and the
slowly generated sulfide ions will preferentially
react with copper ions to form copper sulfide and
coat on the surface of MPr, making the reaction
difficult to continue. Such a process can be
described as follows: H and Cu®" in the solution
diffuse through the reacting solid particles’ pores
and cracks. At the same time, H™ reacts with the
surface of particles to promote the decomposition of
MPr, and S* produced by MPr decomposition
reacts with Cu®” in the solution to form CuS
covering the surface of the reaction particles and the
inner surface of the pores, which prevent further
reactions. At this point, the pore diffusion resistance
and the solid layer diffusion resistance become the
main resistance. The reaction begins to be
controlled by the CuS solid phase film diffusion.
The next reaction will proceed in a narrow area
between the completely reacted part and the
unreacted part. This process is similar to the
diffusion control of the unreacted shrinking core
model of non-porous solids.

With the introduction of ultrasonic in the
system, the CuS solid film originally covered by
particles is peeled off under the action of micro-jet
and other mechanical effects caused by ultrasonic,
and the particles are exposed to the fresh surface
again [40]. MPr can be decomposed slowly with the
assistance of ultrasonic to release S°~ and react with
copper ions to generate copper sulfide, which can
be proved from the leaching kinetics of iron ions
and copper ions removal. In addition, the copper

sulfide products are also easily filtered. Therefore,
the introduction of ultrasonic provides the
possibility of homogeneous precipitation of copper
sulfide from the kinetics. Besides, the CuS
flocculent particles are dotted and loosely
distributed around and on the surface of the MPr
particles due to the vibration and dispersion of
ultrasonic waves during the formation process.
These effects make it difficult to aggregate into
a deep coating on the MPr surface. The reaction-
controlled type changes from the previous solid
phase film diffusion control to the chemical
reaction control. Also, mechanical effects such as
micro-jets and acoustic impulse caused by
ultrasonic cavitation can promote the macroscopic
turbulence of the solution, accelerate the transfer of
substances and increase the collision probability
of particles, therefore making the solution
continuously contact the new solid surface. As a
result, the reaction efficiency and utilization rate of
MPr are greatly improved.

3.6 Application of MPr in actual leaching

solution under ultrasonic-assistance

To investigate the performance of MPr with
ultrasonic in the complex leaching solution, the
MPr was used for cascade separation of copper and
arsenic from the leaching solution of copper soot.
The copper removal experiments were conducted at
different dosages according to molar ratios of
sulfide to copper ions (2, 2.1, 2.3, 2.5, 2.8) at a
temperature of 40 °C, ultrasonic power of 90 W,
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and reaction time of 30 min. The results are shown
in Fig. 12(a). When the molar ratio is 2.5, the
removal rate of copper ions has reached 99.4%, and
the contents of copper and arsenic in the reaction
products are 43.38% and 1.2%, respectively. The
separation effect of copper and arsenic is ideal, and
the copper product can be set as secondary raw
materials to the copper metallurgy process.

The arsenic removal experiments were
conducted in the solution after copper removal with
different dosages of MPr. The results are presented
in Fig. 12(b). It can be found that arsenic removal
rate increased from 65.3% to 97% as the dosage of
MPr increased from 2.0 to 3.0. The arsenic content

100 F(a) 34
90 140 &
=N & 130 &
£ 70F —u— Copper removal rate &
= —o— Arsenic removal rate 20 £
s —A— Copper content 7 =
g 301 —y— Arsenic content 2
2 I
20 B 42 %
=
10 1 é’

0

2.0 2.1 2.3 2.5 2.8
Dosage of MPr (Molar ratio of S to Cu)

in the product increased first and then decreased
with increasing the dosage and reach a maximum of
24.64% when the dosage is 2.8. At this time, the
arsenic removal in the solution is 95.2%. Iron
content in the solution and product after the
separation of copper and arsenic and arsenic
removal rate can be seen in Fig. S8 in SI. Overall,
the whole process of the copper and arsenic
removal with MPr under ultrasonic achieved the
ideal results.

Based on the experimental results discussed
above, we proposed an environmental and clean
process for comprehensive utilization and treatment
of copper smelting dust, as shown in Fig. 13. The
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E3Arsenic content
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Fig. 12 Effect of MPr dosage on separation of copper and arsenic (a) and arsenic removal rate and arsenic content in

product (b)
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Fig. 13 Technological scheme for comprehensive utilization of copper smelting dust
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process consists of two parts: one is the selective
collaborative leaching, the other is the highly
efficient separation and recovery of copper and
arsenic in the leaching solution. The leaching
residue and copper separation residue contain
high-grade valuable metals, which can be used as
raw materials to return to the pyrometallurgy
system. The arsenic in the solution is precipitated in
the form of arsenic sulfide with high content using
MPr. Finally, the wastewater could be used to
extracted rare metals and reused after purification.
The whole scheme achieves highly efficient and
environmental disposal of copper smelting dust,
which can be used for reference to treating other
similar smelting dust.

4 Conclusions

(1) Copper ion removal rate can reach 85.3%
at temperature of 25 °C, H,SO,4 concentration of
50 g/L, MPr dosage of 2, reaction time of 30 min,
and ultrasonic power of 60 W. Ultrasound-
assistance significantly reduces the acidity and
temperature required for the reaction and saves
energy consumption.

(2) The remarkable achievements are made by
ultrasonic due to its physical and chemical effects in
the solution. Ultrasonic treatment can peel off the
solid layer (CuS) coating on the surface of MPr and
allow the MPr to expose the fresh surface again,
thus prompting the reaction to proceed further. In
addition, the strong vibration caused by ultrasonic
causes large cracks on the particle surface and
enhances the mass transfer at the liquid—solid
interface.

(3) The kinetic results show that the reaction
control type changes from diffusion control to
chemical reaction control under ultrasonic
conditions, and the apparent activation energies are
25.26 and 46.47 kJ/mol, respectively. The diffusion
being no longer the primary resistance means that
the generated CuS seldom coats on the surface.

(4) The experimental results in the actual
system of dust leaching solution displayed that by
controlling the dosage of MPr, copper products with
grade of 43.38% and 24.64% arsenic products were
obtained, respectively. Although a large number of
iron ions finally enter the solution, well-established
technologies such as extraction or goethite can be

used to achieve iron separation.
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