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Process and anodic reaction mechanism of cadmium electrically enhanced
cementation on zinc plate under an ultrasonic field in ammoniacal system
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Abstract: Cadmium was replaced by zinc in ammoniacal system using an electrically enhanced method under ultrasonic waves. Five
main influencing factors were investigated by a single-factor experiment to determine the optimum parameters. Cyclic voltammetry
and linear sweep voltammetry were applied to investigating the reaction mechanism of electrically enhanced cementation of
cadmium on a zinc plate. The optimum parameters were a temperature of 35 °C, a cathode-to-anode area ratio of 1:2, an anode
current density of 15 A/m?% an ultrasonic frequency of 40 kHz a reaction time of 6 h and an ultrasonic power of 100 W. The
extraction rate was 99.21%, and the production of byproduct “floating sponge cadmium” was inhibited. The analysis of the cyclic
voltammetry and linear sweep voltammetry diagrams showed that ultrasonic waves can promote and accelerate the replacement
reaction, decrease the voltage requirement of the electrically enhanced replacement reaction, and change the reaction steps. In
addition, increasing the temperature and ultrasonic power can promote and accelerate electrically enhanced replacement reactions

and decrease the electric potential requirement.
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1 Introduction

In nature, cadmium resources exist in zinc ores,
lead—zinc ores and copper—lead—zinc ores. Most
cadmium remains reserved in lead—zinc concentrates
after flotation [1]. At present, some lead and zinc
smelteries have a mass of raw materials with high
cadmium content, leading to a great deal of cadmium
remaining in the lead—zinc concentrates. An analysis of
cadmium pollution shows that lead—zinc
concentrate smelting accounts for 70% of the total
cadmium pollution. The cadmium dust and smelting slag
produced by lead—zinc smelting are major cadmium
pollution sources [2]. The roasting of lead—zinc
concentrates, leaching slag volatilization in rotary kilns,
ISP system sintering and oxygen enrichment
strengthening smelting of lead concentrates can produce
large amounts of smoke dust containing cadmium, and in
the smoke dust, the cadmium content varies from 2% to
25% [3]. Thus, it is of crucial significance to develop

sources

clean and efficient process procedures for emission
reduction and pollution headstream control [4].

In China, most smelting enterprises
incorporate the treatment of smoke dust containing
cadmium into the zinc acid smelting system using the
technological route of “acid leaching—zinc replacement—
floating sponge cadmium briquetting—cadmium refining”
to carry out the cadmium removal process [5]. However,
the bottleneck problem is that it is difficult to solve the
problems of “cadmium-coated zinc” and “copper-coated
zinc” displaces cadmium. A single
replacement cycle results in sponge cadmium that is only
30% to 50%, which is far lower than the requirement of
80% for floating sponge cadmium briquetting [6]. Some
new methods have been proposed, including zinc powder
replacement [7], electrodeposition [8], adsorption [9] and
solvent extraction [10]. The above methods have
advantages, but there are still many limitations, such as
long and inefficient technological routes, difficult
separation of zinc and cadmium, high zinc powder
consumption and low cadmium recovery. Additionally,
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serious environmental pollution risk still exists from
dispersed cadmium lost to different waste liquids and
various metallurgical slags during a process [11].

YANG et al [12] proposed a new technology,
electrically enhanced replacement, for cadmium in
ammoniacal system, and this process can realize clean
and efficient extraction of cadmium in an ammoniacal
solution containing cadmium. However, “floating sponge
cadmium” was easily produced in the process of
electrically enhanced replacement of cadmium in
subsequent studies. The large amount of “floating sponge
cadmium” can cover the anode plate and cathode plate
and even cause short circuits of the electrode in the
late stage of the electrically enhanced replacement
reaction [13]. Moreover, the “floating sponge cadmium”
can be easily oxidized to obtain compact cadmium
clusters, which reduces the efficiency of cadmium
extraction.

Ultrasonic waves are widely used in medical and
industrial fields in recent years for their high energy [14].
Due to the special deconcentration polarization [15]
and cavitation effect [16], extensive studies and
ultrasonic practices have been applied in the fields of
electroplating [17], metallurgy [18] and material
preparation [19]. In this work, ultrasonic waves were
applied to the proposed electrically enhanced
replacement and cadmium extraction system, and the
optimum technological conditions with or without
ultrasonic waves were studied. First, the single factor test
method was used to optimize the process conditions, and
the effects of various factors on the efficiency of
cadmium extraction were analyzed to determine the
optimum technological conditions. Then, the anode
electrochemical reaction mechanism for the extraction of
cadmium through electrically enhanced replacement with
or without ultrasonic coupling was studied. The
comparison of electrochemical curves with or without
ultrasonic coupling revealed the inhibition mechanism of
“floating sponge cadmium” and provides a reference for
peer research.

2 Experimental

2.1 Test reagents, solution preparation and test
equipment
All experiments were performed in a three-electrode
cell. All solutions were prepared using distilled water
with analytically pure reagents. The solution contained
20 g/L Cd*" (CdCl,) and 50 g/L NH,Cl in all tests.

2.2 Process experiment
The optimum technological conditions for the
extraction of cadmium through electrically enhanced

replacement of zinc in ammoniacal system were studied
by using a single factor test method. Temperatures
ranging from 25 to 40 °C, cathode-to-anode area ratios
ranging from 1:2 to 1:4, anode current densities ranging
from 15 to 25 A/m’, and ultrasonic powers ranging from
0 to 100 W were tested separately to study the optimum
technological conditions for the replacement of
cadmium.

2.3 Electrochemical experiments

The experiments were conducted at 298—328 K
(25-45 °C) with an ultrasonic power in the range of
0—100 W and ultrasonic frequency of 40 kHz (ultrasonic
cleaning bath provided by Kunshan Meimei Ultrasonic
Instruments Company, China)
electrolyte, which was purged with nitrogen to displace
oxygen. All electrochemical
performed using a computer-controlled potentiostat/
galvanostat (CHI670E electrochemical work station
provided by Shanghai CH Instruments Company, China).
A zinc electrode with a surface area of 19.625 mm® was
used as the working electrode. Before each measurement,
the working electrode was polished using 1200-grit and
3500-grit sandpaper and then rinsed with absolute
ethanol and distilled water. A graphite electrode with a
surface area of 1.563 cm’ was used as the counter
electrode, and a saturated calomel electrode (SCE) was
used as the reference electrode for all potentials in this
study (Fig. 1).
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Fig. 1 Schematic diagram of electrochemical testing apparatus:
1—Computer; 2—Electrochemical workstation; 3 — Saturated
calomel electrode; 4—Zinc electrode; 5—Graphite electrode;
6— Ultrasonic generator

3 Results and discussion

3.1 Process experiments
3.1.1 Effect of temperature on cadmium extraction

The cadmium extraction efficiency was tested at
temperatures of 25, 30, 35 and 40 °C with a cathode-to-
anode area ratio of 1:1, anode current density of 10 A/,
reaction time of 3 h, NH4Cl concentration of 50 g/L,
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Cd*" concentration of 20 g/L and ultrasonic power of
0 W. The test results are shown in Fig. 2.

The test results show that the replacement rate of
cadmium remains stable with increasing temperature,
peaking at 87.31%, when the temperature is 35 °C, and
declines to 78.80% when the temperature is 40 °C
because the formation of metal cadmium from cadmium
ions by receiving an electron is an endothermic reaction.
The reaction can more easily occur with a high
temperature. However, a high concentration of H' in the
solution is produced by the accelerated hydrolysis of
NH," in solution at high temperature, leading to a strong
reaction between Zn and H', causing a lower cadmium
extraction efficiency. The other phenomenon observed
during the tests was that more bubbles were released
from the zinc anode at the higher temperatures. Based on
a comprehensive consideration, the optimum temperature
for cadmium extraction is 35 °C.
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Fig. 2 Cadmium extraction efficiency at different temperatures

3.1.2 Effect of reaction time on cadmium extraction

The cadmium extraction efficiency was tested under
different reaction time of 3, 4, 5, 6 and 7 h with a
cathode-to-anode area ratio of 1:1, an anode current
density of 10 Am%, a temperature of 25°C, a
concentration of NH4Cl of 50 g/L, a concentration of
Cd* of 20 g/L and an ultrasonic power of 0 W. The test
results are shown in Fig. 3. It needs to be emphasized
that the temperature has a certain influence on the
cadmium extraction rate, as verified by Section 3.1.1. In
the subsequent single factor experiments, the reaction
temperature was set at 25 °C to highlight the effect of the
reaction time on the efficiency of cadmium extraction.
The test results are shown in Fig. 3.

The test results show that the replacement rate of
cadmium gradually increases with increasing reaction
time. The extraction yield of cadmium is 95.86% when
the reaction time is 6 h. By continuing to increase the
reaction time, the extraction yield of cadmium reaches
95.92% at 7 h. The extraction yield of cadmium reaches
a maximum at 6 h and the extraction yield of cadmium

was not significantly increased by prolonging the
reaction time. Based on comprehensive considerations,
the optimum reaction time for cadmium extraction is 6 h.
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Fig. 3 Cadmium extraction efficiency at different reaction time

3.1.3 Effect of cathode-to-anode area ratio on cadmium
extraction
The cadmium extraction efficiency was tested with
different cathode-to-anode area ratios of 1:1, 1:2, 1:3 and
1:4 with a reaction time of 3 h, an anode current density
of 10 A/m’ a temperature of 25 °C, a concentration of
NH,CI of 50 g/L, a concentration of Cd*" of 20 g/L and
an ultrasonic power of 0 W. It needs to be emphasized
that the reaction time has a prominent influence on the
cadmium extraction rate, as verified by Section 3.1.2.
The extraction yield of cadmium is 95.86% when the
reaction time is 6 h. In the subsequent single factor
experiments, the reaction time was set to 3 h to highlight
the effect of the cathode-to-anode area ratio on the
efficiency of cadmium extraction. The test results are
shown in Fig. 4.
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Fig. 4 Cadmium extraction efficiency at different cathode-to-

anode area ratios

Figure 4 shows that the replacement rate of
cadmium gradually increases with increasing cathode-to-
anode area ratio. The extraction yield of cadmium is
90.52% when the cathode-to-anode area ratio is 1:4. The
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reasons for this result are as follows: the contact area of
Zn in solution increases with the increasing cathode-to-
anode area ratio. Under the same conditions, the ratio of
replacement with Cd*" in the solution is larger and the
reaction rate is faster. However, during the reaction
process, when the area of the anode plate increases, the
possibility of zinc detachment from the zinc plate
increases, resulting in a decrease in the purity of the
sponge cadmium. At the same time, the increase in area
causes the current and voltage to increase at the same
current density, so the energy consumption increases as
well, which is not conducive to cost savings. Based on
comprehensive considerations, the optimum cathode-to-
anode area ratio for cadmium extraction is 1:2.
3.1.4 Effect of cathode current density on cadmium
extraction

The cadmium extraction efficiency was tested at
different anode current densities of 5, 10, 15, 20 and
25 A/m’ with a reaction time of 3 h, a cathode-to-anode
area ratio of 1:1, a temperature of 25 °C, a concentration
of NH,Cl of 50 g/L, a concentration of Cd* of 20 g/L,
and an ultrasonic power of 0 W. It needs to be
emphasized that the cathode-to-anode area ratio has a
prominent influence on the cadmium extraction rate, as
verified by Section 3.1.3. In the subsequent single factor
experiment, the cathode current density was set at 1:1 to
highlight the effect of the cathode current density on the
efficiency of cadmium extraction. The test results are
shown in Fig. 5.
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Fig. 5 Cadmium extraction efficiency at different anode current
densities

Figure 5 shows that the extraction yield of cadmium
first increases and then decreases with increasing cathode
current density. The maximum cadmium extraction rate
is 89.77% when the current density is 15 A/m’. The
reasons for this result can be listed as follows: under the
condition without current, a small amount of current will
be produced from the zinc plate by the replacement
reaction, and a small amount of current will enhance the

replacement reaction. If the current is too high, the
reaction will change from the replacement reaction with
Cd to the dissolution of Zn, leading to a lower cadmium
extraction Based on comprehensive
considerations, the optimum cathode current density for
cadmium extraction is 15 A/m’,
3.1.5 Effect of ultrasonic power on cadmium extraction
The cadmium extraction efficiency was tested with
different ultrasonic powers of 0, 20, 40, 60, 80 and
100 W with a reaction time of 3 h, a cathode-to-anode
area ratio of 1:1, a temperature of 25 °C, a current
density of 10 A/m?, a concentration of NH,CI of 50 g/L,
and a concentration of Cd*" of 20 g/L. The test results are
shown in Fig. 6.

efficiency.
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Fig. 6 Cadmium extraction efficiency at different ultrasonic
powers

Figure 6 shows that the replacement rate of
cadmium gradually increases with increasing ultrasonic
power. The maximum cadmium extraction rate is 97.64%
when the ultrasonic power is 100 W. Compared to the
other factors, the ultrasonic power significantly increases
the efficiency of cadmium extraction. Ultrasonic
coupling can inhibit the production of “floating sponge
cadmium”. The optimum ultrasonic power for cadmium
extraction is 100 W.

3.1.6 Comparison experiments

The extraction of cadmium with a temperature of
25 °C, cathode-to-anode area ratio of 1:2, a current
density of 15 A/m? and a reaction time of 6 h was tested
with or without ultrasonic coupling using the optimum
technological conditions. The efficiency of cadmium
extraction and the morphology of “floating sponge
cadmium” under ultrasonic coupling conditions were
also tested. Table 1 lists the efficiency of cadmium
extraction. Figures 7 and 8 show the morphology of
cadmium from electrically enhanced replacement with or
without ultrasonic coupling.

Comparing the cadmium extraction with or without
ultrasonic coupling indicates that ultrasonic coupling can
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Table 1 Technological parameters of cadmium extraction by
microcurrent with and without ultrasonic coupling

Condition Extraction rate of cadmium/%
With ultrasonic waves 99.21
Without ultrasonic waves 96.68

Fig. 7 Photograph of cadmium after replacement reaction with

ultrasonic waves

Fig. 8 Photograph of cadmium after replacement reaction
without ultrasonic waves

enhance and accelerate the replacement rate. A
comparison of the morphology of the cadmium extracted
by electrically enhanced replacement with or without
ultrasonic coupling indicates that “floating sponge
cadmium” appears without ultrasonic coupling but is not
present with ultrasonic coupling. The reasons for this
difference can be listed as follows: after the separation of
cadmium from the anode without ultrasonic coupling, the
anode surface is covered with a layer of cadmium, which
leads to an increase in the bath voltage. Because of the
increase in the bath voltage, the anode reaction changes
to a gas evolution reaction, and the cadmium layers
containing gas become “floating sponge cadmium”.
However, ultrasonic waves are sonic waves with energy,
which can cause cavitation in solution. The cadmium
generated on the anode no longer covers the anode
surface with ultrasonic coupling; in other words, there is
no gas evolution reaction, which can reduce or even
eliminate the formation of “floating sponge cadmium”.

3.2 Electrochemical experiments
3.2.1 Cyclic voltammetry

A series of cyclic voltammetry curves were obtained
at a temperature of 35 °C, a scan rate of 50 mV/s, an
ultrasonic frequency of 40 kHz, an ultrasonic power of
0 W and 100 W, a concentration of NH,ClI of 50 g/L, and
a Cd*" concentration of 20 g/L. The test results are
shown in Fig. 9.

The cyclic voltammetry curve without ultrasonic
coupling in Fig. 9 indicates that line ab is a straight line
in the negative potential scan, which indicates the
replacement reaction (Formula 1) on the anode surface
and the precipitation reaction of Cd (Formula 2) occurs
simultaneously. The reaction rate reaches a maximum
when the scanning potential is —2.10 V. Then, the current
decreases slightly, and the reaction transforms from
electrochemical control to diffusion control. At point b,
the anodic reaction changes to the hydrogen evolution
reaction because the scanning potential reaches —2.40 V.
When the potential scans in the opposite direction, the
first region is the Cd precipitation reaction, as shown in
line cd; that is, Cd*" receives an electron and is reduced
to Cd metal (Formula 1). The second region is line de;
when the potential scans in the positive direction, the
anode can dissolve a small amount of Zn®* into the
solution. When the potential scans in the negative
direction, Zn>" gains electrons and is reduced to Zn metal
(Formula 5). The Zn precipitation rate reaches a peak
when the scanning potential is —1.92 V. Subsequently, as
the scanning potential gradually increases, the Zn
precipitation reaction transforms from diffusion control
to electrochemical control. Line eg is the core reaction
region of the whole replacement reaction. The main
equation is shown in Formula 2. When the scanning
potential is —0.86 V, the current is 0 A, indicating that
the voltage of the spontaneous replacement reaction is
—0.86 V. When the scanning potential is 0 V, the
corresponding current is —0.19 A, indicating that this

0.3

— Without ultrasonic

2
02N d™, e With ultrasonic

Current/A

-0.3

_04 1 1 1 1 1

Potential/V
Fig. 9 Cyclic voltammetry curves with and without ultrasonic
coupling
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reaction is a spontaneous reaction. The current decreases
at point g (0.96 V), and the reaction continues to change
to the dissolution reaction of Zn (Formula 3). The effects
of the applied current on the extraction of cadmium by
electrically enhanced replacement without ultrasonic
coupling can be explained by the cyclic voltammetry
curve. The reaction (Formula 2) is a spontaneous
reaction carried out without applying an external current.
The terminal voltage of the spontaneous replacement
reaction is —0.86 V, indicating that the reaction is still a
replacement reaction when the voltage is between 0.96
and 0 V. The appropriate increase in voltage can
accelerate the electrochemical reaction and facilitate the
production of Cd.

The cyclic voltammetry curve with ultrasonic
coupling indicates that the ultrasonic coupling blurs the
boundaries of each reaction. As the potential scans from
negative to positive, the reaction remains the same as
that without ultrasonic coupling. However, it can be seen
that the slope of the corresponding line is obviously
larger than that without ultrasound. The increase in the
slope indicates that the accelerated movement of ions in
the solution leads to a decrease in the resistance in
solution, increasing the reaction rate. The hydrogen
evolution reaction occurs with a scanning potential of
—2.00 V. Compared to the hydrogen evolution reaction
that occurred at —2.40 V without ultrasonic coupling, the
potential obviously decreases, indicating that ultrasound
can reduce the potential required for the hydrogen
evolution reaction. When the potential scans in the
negative direction, four reactions occur: Cd*" accepts
electrons to form Cd, Zn*" accepts electrons to form Zn,
Zn replaces Cd*’, and Zn dissolves. The replacement
reaction occurs spontaneously with a terminal voltage of
—0.86 V. However, the voltage of the zinc dissolution
initial reaction decreases from 0.95 to 0.35 V, which
indicates that the voltage range of the electrically
enhanced replacement reaction with ultrasonic coupling
is 0.35 V > Uermina > 0 V. An applied voltage in this
range can promote and accelerate the replacement
reaction. In addition, the decrease in the initial potential
of the zinc dissolution reaction also indicates that
ultrasonic coupling can accelerate the replacement
reaction.

Cd**+2e=Cd (1)
Cd**+Zn=Zn*"+Cd )
Zn—2e=7n*" (3)
2H'+2e=H, )
Zn*+2e=Zn 5

3.2.2 Linear polarization
To further test and compare the effects on cadmium
extraction under electrically enhanced replacement with

or without ultrasonic coupling, the anodic polarization
curves were obtained at temperatures of 25 to 45 °C with
an ultrasonic power from 0 to 100 W by linear sweep
voltammetry.

(1) The effect of temperature on electrically
enhanced replacement of cadmium under ultrasonic
coupling conditions was investigated.

A series of anodic polarization curves were
obtained at temperatures of 25, 30, 35, 40 and 45 °C with
a scanning rate of 50 mV/s, a concentration of NH,Cl of
50 g/L, a Cd*" concentration of 20 g/L, and an ultrasonic
power of 0 W. The test results are shown in Fig. 10. The
initial potential of the reaction between Zn and Cd*' in
solution does not change with increasing temperature and
is approximately —1.08 V. The reason why the initial
potential decreases compared to that in Fig. 9 is that
when the scanning potential goes from positive to
negative, a small amount of cadmium is generated on the
working electrode. The reaction changes from Cd
dissolution to Cd replacement, but the Cd dissolution
reaction does not occur in linear sweep voltammetry.
However, the slope of the line increases gradually with
the increasing reaction temperature, indicating that the
temperature can change the active degree of conductive
ions in the solution. The higher the temperature is, the
higher the active degree of conductive ions in the
solution. The lower the total resistance of the solution is,
the faster the reaction rate is. Therefore, a proper
increase in temperature is conducive to the replacement
reaction and can accelerate the reaction rate.
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Fig. 10 Anodic polarization curves at different temperatures
without ultrasonic coupling

A series of anodic polarization curves were obtained
at temperatures of 25, 30, 35, 40 and 45 °C with a
scanning rate of 50 mV/s, an ultrasonic frequency of
40 kHz, a concentration of NH4Cl of 50 g/L, a cd*
concentration of 20 g/L, and an ultrasonic power of
100 W. Figure 11 shows that the spontaneous reaction
occurs more easily with increasing temperature.
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Compared with the polarization curves without
ultrasonic coupling, the inflection point disappears in the
curves, and the curves are nearly straight lines. Because
the concentration polarization in the solution is reduced,
the Cd*" ions required around the working electrode are
always sufficient when ultrasonic coupling exists. The
current cannot have an inflection point due to a sudden
decrease in Cd*" around the working electrode, and the
replacement  reaction will not slow down
correspondingly. At the same time, the amplitude of the
current variation with ultrasonic coupling is obviously
larger than that without ultrasonic coupling. This change
indicates that ultrasonic coupling speeds up the reaction,
and the acceleration of the reaction rate by ultrasonic
coupling is much more obvious than that observed with
temperature.
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Fig. 11 Anodic polarization curves at different temperatures
with ultrasonic coupling

(2) The effect of ultrasonic power on electrical
replacement of cadmium under ultrasonic coupling
conditions was investigated. A series of anodic
polarization curves were obtained under an ultrasonic
power of 0, 20, 40, 60, 80 and 100 W with an ultrasonic
frequency of 40 kHz, a scan rate of 50 mV/s, a
temperature of 25 °C, a concentration of NH4Cl of
50 g/L and a Cd*" concentration of 20 g/L. The test
results are shown in Fig. 12. Figure 12 shows that the
application of ultrasound has a great impact on the
curves. The curves remain basically flat when the
ultrasonic power is 0 W as the scanning potential moves
from —1.8 to —1.0 V. The reason for the flat curves is that
the potential cannot reach the potential required to
reduce Cd*" to Cd, and the potential is too negative for
the substitution reaction to occur spontaneously. The
curve is basically a straight line when the potential scans
to —1.05 V. The current is 0 A when the scanning
potential is —1.08 V, indicating that the initial potential
of the spontanecous reaction is —1.08 V. When the
ultrasound is applied, the flat line at the front of the

curve disappears, indicating that the reaction continues.
At the same time, the left end of the curves has a steeper
slope with increasing ultrasonic power, that is, with
increasing current, which indicates that the larger the
ultrasonic power is, the more intense the reaction is.
When the current is 0 A, ultrasonic powers of 0, 20, 40,
60, 80 and 100 W result in potentials of —1.05, —1.01,
—1.00, —1.00 and —0.95 V, respectively. It shows that the
higher the ultrasonic power is, the closer the potential
required for the reaction converging towards zero
potential is, which means that the reaction can occur
easily.
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Fig. 12 Anodic polarization curves under different ultrasonic

powers
4 Conclusions

(1) The optimum conditions for the extraction of
cadmium by electrically enhanced replacement from zinc
ammoniacal system were: temperature of 35 °C, cathode-
to-anode area ratio of 1:2, anode current density of
15 A/m’, reaction time of 6 h. The replacement rate of
cadmium under these conditions was 96.68%. The
replacement rate of cadmium increased to 99.21% with
an ultrasonic power and frequency of 100 W and 40 kHz.

(2) The ultrasonic coupling with cadmium
electrically enhanced replacement in the ammoniacal
system improved the replacement efficiency, promoted
the separation of cadmium attached to the anode surface,
reduced the formation of gas, and inhibited the
production of “floating sponge cadmium”.

(3) Ultrasonic coupling decreased the concentration
polarization of the solution and reduced the region of the
electrically enhanced replacement reaction potential.
Without ultrasonic coupling, the range of the
replacement reaction potential was between —1.08 and
096V, and the range of the replacement reaction
potential was between —0.95 and 0.35 V with ultrasound.
Additionally, with increasing temperature, the reaction
rate increased. The accelerated movement of ions in the
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solution reduced the resistance of the solution in the
ultrasonic field. Electrochemical control is the main
control step of this reaction.
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B 342000
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