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Abstract: In order to optimize the process parameters of Cd removal in the ZnSO4 production process
and study the mechanism of Cd removal reaction, the response surface methodology was used to
arrange Cd removal experiments and analyze the optimal production conditions, and the mechanism
of Cd removal was studied using kinetics. The results show that the optimal process conditions for
Cd removal are as follows: reaction temperature 55 ◦C, reaction time 13.43 min, and the zinc powder
dosage should be 2.14 times that of Cd; the main effects of the three variables from large to small are
zinc powder dosage, reaction temperature and reaction time; Cd removal is a second-order reaction,
and the activation energy of the reaction is 29.6986 kJ/mol, so the reaction conforms to the diffusion
control mechanism.

Keywords: zinc sulfate; Cd removal; response surface; kinetics

1. Introduction

With the continuous development of the automobile industry and electric vehicle
industry, the waste lead-acid battery has become a huge renewable and recoverable re-
source [1]. The recycling process of waste lead-acid batteries usually includes transporta-
tion, dismantling, melting and other links [2]. Among them, the waste electrolyte (that
is, waste acid) produced by the dismantling process is often treated by chemical neutral-
ization [3]. However, the neutralization method requires a large amount of neutralizing
agent (lime or calcium carbide emulsion), and the running costs are high. Furthermore, the
gypsum produced is a waste without a recycling value, and the subsequent disposal cost
of the gypsum residue is about 600 ¥/t, so the processing costs are high [4]. In addition,
when the lead paste and alloy gate plates in the battery are melted into lead ingots, the soot
produced by the furnace body mainly contains inferior zinc oxide which is collected by the
cloth bag dust collector, and the inferior zinc oxide can be used as raw material to produce
zinc products such as zinc sulfate products.

The traditional process of producing zinc sulfate is to use sulfuric acid and zinc ore [5],
so the cost of raw materials is high. If the waste electrolyte of the waste lead-acid battery
and the inferior zinc oxide collected by the cloth bag dust collector are used to produce
zinc sulfate products, there are more benefits. On the one hand, the treatment cost of the
two kinds of waste can be reduced, and on the other hand, the waste can be turned into a
valuable resource. The zinc sulfate produced can be used in the agriculture, industry, and
medical and health fields, and thus the economic benefits are increased. However, when
inferior zinc oxide is used as raw material to produce zinc sulfate, it inevitably carries
heavy metal impurities [6,7], which is harmful to the environment and human health.
Therefore, the production process of zinc sulfate must include the removal of impurities.
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Lingwu Hengye Nonferrous Metals Smelting Co., Ltd. has carried out the industrial
practice of producing zinc sulfate from waste electrolyte and secondary zinc oxide. The fac-
tory mainly uses the wet leaching method to produce zinc sulfate. The production process
mainly includes sulfuric acid leaching, solid-liquid separation, oxidation impurity removal,
displacement impurity removal, evaporation and concentration, cooling and crystallization,
centrifugal dehydration, and other processes. Among them, oxidation impurity removal
mainly serves to remove Fe impurities, and replacement impurity removal mainly serves
to remove Cd impurities. Because Cd is highly toxic to the human body and is the most
abundant heavy metal impurity in the factory and the Cd content has a great influence on
product quality, the Cd removal reaction plays an important role in the production of zinc
sulfate.

This paper mainly analyzes the influence of process conditions on Cd removal, finds
the optimal process conditions, and analyzes the reaction mechanism. Then, the analysis
method and scientific guidance for removing impurities in the zinc sulfate production
process are provided, which provides a certain support for spreading the process of
producing zinc sulfate from waste.

2. Experimental Method

The experimental materials used in this paper were from Hengye Nonferrous Metal
Metallurgical Co., Ltd. (Beijing, China) which is located in Lingwu city of Ningxia province.
The Cd removal experiment method was as follows: first, we poured 1 L ZnSO4 slurry
containing Cd2+ into a beaker using a measuring cylinder, and this slurry, from which iron
impurities had been removed, was scooped out of tanks in the factory; then, the beaker
was placed on the electric furnace, and the electric furnace was turned on to make the
slurry temperature rise to the reaction temperature, which was set in the experiment; next,
the required 200 mesh zinc powder was weighed and poured into the slurry and placed
in the blender, centered and down, about 1/4 of the height of the beaker, and the mixer
and timer were started; finally, each experiment was carried out under different reaction
temperatures, zinc powder dosages and reaction times, and the slurry after the reaction
was stirred with a glass rod and filtered by filter paper; the Cd content in the filtrate was
measured by an atomic absorption spectrometer.

3. Optimization Experiment by Response Surface Methodology
3.1. Experimental Design

Since the stirring speed is fixed in the production, the size of the zinc powder pur-
chased is 200 mesh, so the Cd removal process is mainly affected by the zinc powder
dosage, reaction temperature and reaction time. At present, the process conditions used in
the production are as follows: the reaction temperature is 45 ◦C, reaction time is 10 min,
and the ratio of the zinc powder dosage to Cd content is 3:1. In order to further analyze
the influence rules of the above three main influencing factors and their interaction on the
Cd removal rate, find the optimal process parameters and provide scientific guidance for
production, this paper uses Design-Expert software to design a total of 17 experimental
sites with three factors and three levels [8–13]. The factors and levels in the scheme are
shown in Table 1 below.

Table 1. Factors and levels of the Cd removal rate optimization experiment.

Levels
Factors

T (◦C) t (min) mZn:mCd

−1 35 5 1:1
0 45 10 3:1
1 55 15 6:1
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3.2. Experimental Results and Regression Analysis

The experimental scheme and results are shown in Table 2 below. The reaction
temperature, reaction time and zinc powder dosage are independent variables. The Cd
removal rate η is the response value. The regression analysis results of the response surface
experiment are shown in Tables 2 and 3.

Table 2. Experimental scheme and results of the Cd removal rate.

Sequence Number T (◦C) t (min) N (mZn:mCd) η/%

1 35 5 3:1 72.85
2 55 5 3:1 94.19
3 35 15 3:1 98.71
4 55 15 3:1 99.76
5 35 10 1:1 63.35
6 55 10 1:1 79.71
7 35 10 6:1 99.75
8 55 10 6:1 99.85
9 45 5 1:1 62.67
10 45 15 1:1 72.10
11 45 5 6:1 99.40
12 45 15 6:1 99.95
13 45 10 3:1 97.17
14 45 10 3:1 98.08
15 45 10 3:1 98.19
16 45 10 3:1 98.42
17 45 10 3:1 98.30

Table 3. Regression analysis results of the Cd removal rate.

Sources of
Variation

Quadratic
Sum

Degree of
Freedom

Mean Sum of
Square F Value p Value Significance

Regression model 3067.91 12 255.66 1030.18 <0.0001 Highly significant
A(T) 67.73 1 67.73 272.93 <0.0001 Highly significant
B(t) 24.90 1 24.90 100.33 0.0006 Highly significant

C(N) 1042.64 1 1042.64 4201.33 <0.0001 Highly significant
AB 102.92 1 102.92 414.72 <0.0001 Highly significant
AC 66.10 1 66.10 266.34 <0.0001 Highly significant
BC 19.71 1 19.71 79.44 0.0009 Highly significant
A2 24.97 1 24.97 100.62 0.0006 Highly significant
B2 87.10 1 87.10 350.96 <0.0001 Highly significant
C2 711.48 1 711.48 2866.92 <0.0001 Highly significant

A2B 47.43 1 47.43 191.14 0.0002 Highly significant
A2C 8.08 1 8.08 32.56 0.0047 significant
AB2 0.88 1 0.88 3.54 0.1330 Nonsignificant

Pure error 0.99 4 0.25
Total deviation 3068.90 16

Note: ABC, AC2, B2C, BC2, A3, B3 and C3 are all 0, so they are not listed separately in the table above.

According to the above table, the Cd removal rate is low when the temperature is low,
the reaction time is short and the amount of zinc powder is small. With the increase of
temperature, time and the amount of zinc powder, the Cd removal rate increases in varying
degrees. In order to rank the effects of temperature, time and the amount of zinc powder
and find the best matching conditions for the three, the use of the Design-Expert software
for a regression analysis of the above experimental results is required. The analysis results
are shown below.

As can be seen from the above table, A, B, C, AB, AC, BC, A2, B2, C2 and A2B are
highly significant influencing factors, A2C is a significant influencing factor, and AB2 is a
nonsignificant influencing factor. According to the F value, the main effect of the variables
from large to small are the zinc powder dosage, reaction temperature and reaction time.
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According to the experimental results, the response value of the Cd removal rate is
regression-fitted with the three variables by the Design-Expert software, and the third-order
regression equation of the Cd removal rate is as follows:

η = 98.03 + 4.11T + 2.49t + 16.15N − 5.07Tt − 4.07TN − 2.22Tn − 2.26T2 − 4.39t2

− 10.11N2 + 5.36T2t − 2.01T2N + 1.48TN2 (1)

Figure 1 below shows the corresponding relationship between the experimental value
of the Cd removal rate and the predicted value of the above model. As can be seen from
the figure, the points of the experimental results are all close to the predicted line. This
indicates that the experimental detection value is very close to the predicted value of the
model. In other words, the model fits well with the actual results.

Figure 1. Corresponding relation diagram between the predicted value and actual value.

According to Figures 2–4, the interaction of the influencing factors on the Cd removal
rate can be evaluated by the 3D diagram. Figure 2 is the response surface of the reaction
temperature and reaction time on the Cd removal rate. In general, as the temperature
increases and the reaction time lengthens, the Cd removal rate is high. Furthermore, it is
clear that when the reaction time is greater than 11 min and the temperature is greater than
45 ◦C, the response surface color is redder and the Cd removal rate is higher. However,
a higher temperature and longer reaction time are not better. The surface has radians
and convex parts. This means that in the interaction of time and temperature, there is an
optimal value of the Cd removal rate. That is, there is an optimal collocation condition for
time and temperature.

Figure 2. Influence of the reaction temperature and reaction time on the Cd removal rate.
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Figure 3 is the response surface of the reaction temperature and zinc powder dosage
on the Cd removal rate. As can be seen from the figure, with the increase of the reaction
temperature, the Cd removal rate increases first and then decreases. Additionally, with the
increase of the zinc powder dosage, the Cd removal rate increases. Therefore, these are the
optimum combination conditions of the reaction temperature and zinc powder amount.
In addition, it is obvious that the higher the temperature is, the more red areas there are;
when mZn:mCd is greater than 2, the red area increases more and more. The more red areas
there are, the redder the response surface color is and the higher the cadmium removal
rate is.

Figure 3. Influence of the reaction temperature and zinc powder dosage on the Cd removal rate.

Figure 4 is the response surface of the reaction time and zinc powder dosage on the
Cd removal rate. As can be seen from the figure, with the prolongation of the reaction time,
the Cd removal rate increases first and then decreases. Additionally, with the increase of
the zinc powder dosage, the Cd removal rate increases. Therefore, these are the optimum
combination conditions of the reaction time and zinc powder amount. In addition, when
the response time is about 13 min, there are more red areas; when mZn:mCd exceeds 2, the
color of the response surface becomes redder, which indicates that the Cd removal rate is
higher under the above conditions.

Figure 4. Influence of the reaction time and zinc dosage on the Cd removal rate.

Because zinc powder is expensive, the zinc powder dosage should be as low as
possible. The reaction temperature and reaction time are within the range of experimental
settings. Under these conditions, in order to improve the Cd removal rate, according to
the response surface curve analysis, the optimal process conditions for Cd removal are as
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follows: the reaction temperature is 55 ◦C, the response time is 13.43 min, and the ratio of
zinc powder dosage to Cd content is 2.14:1.

4. Kinetic Analysis of Cd Removal Reaction
4.1. Reaction Order Judgment

When zinc powder replaced Cd in the solution, the rate at which Cd2+ decreased
reflected the rate of the whole reaction [14–17]. Furthermore, as the reaction went on, the
concentration of Cd2+ in the solution was decreasing. When the reaction temperature was
fixed at 45 ◦C and when changing the amount of zinc powder, the changes of the Cd2+

concentration over time were shown in the following table.
According to Table 4 below, with the increase of the reaction time, the concentration of

Cd2+ in the solution decreases continuously. At 900 s, the concentration of Cd2+ has been
reduced to below 0.01. After that, as time continues to increase, the concentration of Cd2+

decreases slightly. With the increase of the amount of zinc powder, the concentration of
Cd2+ basically shows a trend of continuous decrease, but when the reaction time exceeds
300 s, even though the amount of zinc powder increases, the concentration of Cd2+ does
not change much.

Table 4. Cd2+ concentration (g/L) in solution with different zinc powder dosages and reaction times.

Reaction Time
(S)

mzn:mcd

1:1 2:1 3:1 4:1

5 9.1 8.6 8.0 6.8

10 6.95 5.7 5.8 2.7

20 6 3.4 3.1 1.7

60 2.4 1.5 1.5 0.19

300 0.3 0.014 0.04 0.005

900 0.007 0.009 0.002 0.002

1800 0.004 0.005 0.0005 0.0005

According to the above Table 4, we drew a relationship graph between CCd2+ and t, a
graph between ln CCd2+ and t, and a graph between 1

CCd2+
and t. Furthermore, the graph

lines needed to be fitted into straight lines because the three relationship graph lines of the
zero-order reaction, first-order reaction and second-order reaction all had to be straight
lines. It is necessary to mention that the degree of closeness between these graph lines and
the corresponding fitting line is called the fitting degree. A higher fitting degree means
that the reaction type belongs to the corresponding reaction order. The fitting degrees of
the three fitting lines are listed in Table 5 below.

Table 5. Summary of the fitting degree of each reaction.

mzn:mcd
Reaction Series

Zero-Order Reaction First-Order Reaction Second-Order Reaction

1:1 0.35 0.83 0.97

2:1 0.23 0.60 0.95

3:1 0.25 0.81 0.92

4:1 0.08 0.65 0.93

According to Table 5, the second-order reaction has the highest fitting degree. Thus,
the replacement of Cd2+ with zinc powder is a second-order reaction. According to the
differential equation of a second-order reaction, the rate of the reaction is proportional to
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the concentration of the reactants squared, so the rate of the reaction depends greatly on the
amount of reactants. The differential equation of the second-order reaction is as follows:

−
dCA

dt
= kAC2

A

where,
dCA
dt

—the reaction rate, mol·m−3·s−1;
kA—the reaction rate constant, (mol·m−3)−1·s−1;
CA—the reactant concentration, mol·m−3.
The second-order reaction fitting lines are shown in Figure 5 below.

Figure 5. Second-order reaction fitting lines under different zinc powder dosages.

4.2. Activation Energy Calculation

The Cd removal reaction will go through the following five steps: (1) Cd2+ diffuses
to the surface of zinc powder; (2) Cd2+ is adsorbed on the surface of zinc powder; (3)
Chemical reactions take place at the interface; (4) The reaction products are desorbed from
the interface; (5) The product diffuses into the solution, and the replacement reaction is
completed [18].

In order to calculate the activation energy and judge the main control steps of the Cd
removal reaction, the following experiment was arranged. The ratio of zinc powder dosage
to Cd content was fixed at 3:1. At 35 ◦C, 45 ◦C and 55 ◦C, the change of Cd2+ concentration
with time was explored. Specific values are summarized in Table 6 below.

Table 6. Cd2+ concentration (g/L) changes at different temperatures.

Temperature
Reaction Time

20 s 1 min 5 min 15 min 30 min

35 4.2 1.6 0.03 0.002 0.001

45 3.1 1.5 0.04 0.002 0.0005

55 2.8 0.8 0.03 0.001 0.0005

According to the data in the above table, first, the curve of the reciprocal of the Cd2+

concentration changing with the reaction time was drawn, three curves were drawn at
three different temperatures, and then the fitting function in the Origin software was used
to fit the three curves, and the fitting diagram was shown in Figure 6 below. The reaction
rate constants (the slope of these fitting lines) at different temperatures were obtained.
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Figure 6. Fitting diagram of the second-order reaction at different temperatures.

The slope (K value) of the above fitting line and the different temperatures (T value)
were listed in Table 7 below.

Table 7. The variables of the Arrhenius equation.

Temperature K
(mol·m−3·s−1)

ln K
(mol·m−3·s−1) T (K) 1000 × 1/T (K−1)

35 35.12 3.56 308.15 3.25

45 66.81 4.20 318.15 3.14

55 70.52 4.26 328.15 3.05
Note: K is the rate constant, and T is the Kelvin temperature in the table above.

According to Table 7, the Arrhenius diagram was shown in Figure 7 below [19–21].

Figure 7. Arrhenius diagram.

According to the diagram above, the slope and intercept of the line are −3.57 and 15.25.
In addition, according to the Arrhenius equation, the activation energy of the replacement
reaction Ea can be calculated. The Arrhenius equation is as follows, where the slope of the
line is − Ea

RT = −3.57 and the intercept is ln A = 15.25:

ln k = − Ea
RT

+ ln A (2)

According to the slope of the line and (Equation (2)), the activation energy Ea is
29.6986 kJ/mol. Because of the fact that when the activation energy is less than 42 kJ/mol
the chemical reaction rate belongs to the diffusion control, otherwise belonging to the
chemical reaction control, the reaction is diffusion-controlled.
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5. Conclusions

(1) According to the response surface analysis, it is not the case that the longer the time
or the higher the temperature, the better the Cd removal effect. The Cd removal
rate is higher when zinc powder is used more. However, the cost is higher when
zinc powder is used more. Therefore, there is an optimal process condition for Cd
removal production. The specific conditions are as follows: reaction temperature
55 ◦C, reaction time 13.43 min, and the zinc powder dosage should be 2.14 times that
of Cd. The main effects of the three variables from large to small are the zinc powder
dosage, reaction temperature and reaction time. The three variables of reaction
temperature, reaction time and zinc powder dosage are regression-fitted with the Cd
removal rate. The third-order regression equation is obtained. That is: η = 98.03 +
4.11T + 2.49t + 16.15N − 5.07Tt − 4.07TN − 2.22tN − 2.26T2 − 4.39t2 − 10.11N2 +
5.36T2t − 2.01T2N + 1.48TN2. The predicted value of the equation is close to the real
experimental result, and so the fitting degree is high.

(2) According to the kinetics analysis, the Cd removal reaction is a second-order reac-
tion. That is, the reaction rate has a great relationship with the amount of reactants.
Furthermore, the activation energy of this reaction is 29.6986 kJ/mol, so the reaction
conforms to the diffusion control mechanism.
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