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Abstract: Various means have been proposed to solve
problems such as high ash content and complex compo-
sition in the recycling of nickel-containing residue pro-
duced by battery manufacturing enterprises. Microwave
roasting pretreatment is proposed to improve the nickel
leaching rate from the residue. The effect of different
experimental conditions like microwave roasting tem-
peratures, roasting times, and microwave powers on the
nickel leaching rate was studied. It was found that the
effect of roasting temperature on the nickel leaching rate
was more significant than those of roasting time and
microwave power. Meanwhile, after microwave roasting
pretreatment, the rate of nickel leaching from the residue
could be increased by 20.43%, and weight of the material
could also be reduced by more than 21%. After microwave
roasting at 450°C, there was no significant change in the
main phases of the material, but the surface of the parti-
cles exhibited an apparent stratified dissociation phenom-
enon. Response surface methodology (RSM) was used to
optimize the parameters of microwave roasting with nickel
leaching rate as the response value. The results showed that
the nickel leaching rate could reach 93.11% for roasting at
the microwave power of 962 W for 6.2 min under the tem-
perature of 452°C.
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1 Introduction

During nickel electroplating, chemical precipitation from
nickel-containing wastewater produces nickel-containing
residues which are harmful solid waste containing Ni, Cd,
Fe, Cu, Ca, and other major components [1,2]. In the
absence of proper management, these residues cause sec-
ondary pollution, greatly impacting the environment and
human health. But, these residues containing precious
metals can be used as a cheap secondary resource of
nickel. The commonly used treatment methods at present
include the separation and recovery of heavy metals [3,4]
and stabilization treatment [5,6]. However, the nickel-con-
taining residue has an extremely complex composition. In
addition to a large amount of water, it also contains ash,
inorganic particles, colloids, and other harmful substances
[7]. In the case of proposed direct ammonium leaching [8]
or sulfuric acid leaching [9], there will be wastage of large
quantity of chemical reagents as well as numerous equip-
ments. Therefore, in order to concentrate the valuable
metal elements and reduce residue, proper roasting pre-
treatment should be conducted prior to metal recovery.
Therefore, it is imperative to choose an efficient pretreat-
ment method for comprehensive utilization of nickel-con-
taining residue.

Under the action of a high-frequency electromagnetic
field of the microwaves, the polar molecules in a medium
change their orientation due to the changing external electric
field. In this process, the rotation of the molecules takes place
at high speeds which consequently results in collision of
the molecules among each other. Subsequently, the electro-
magnetic energy is converted into heat energy in the
medium, raising the temperature of the material [10]. Thus,
microwave heating is the result of electromagnetic energy
loss by a dielectric material [11]. As a source of clean energy,
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microwave is widely used in the comprehensive treatment of
multicomponent and multiphase solid waste [12,13].

During microwave heating of multicomponent and
multiphase complex materials, thermal stress develops
on the embedded surface due to the differences between
strong and weak absorbing components. This results in
the formation of cracks and promotes the segregation of
inclusions, which thereby increases the specific surface
area of the material. This ultimately strengthens the reac-
tion process and improves the reaction efficiency by
playing an activation role. Togari et al. [14] found that
the degradation and biogas production during medium-
temperature anaerobic digestion from highly concentrated,
dehydrated sludge from the oxidation ditch process were
improved due to the application of microwave pretreat-
ment. They found an increase of biogas production
by 42% due to the pretreatment of dehydrated sludge
employing a new microwave continuous irradiation device.
Nag-Choul et al. [15] studied the effect of microwave pre-
treatment on improving the efficiency of gold leaching
from gold concentrates. They found that thiourea leaching
from the untreated gold concentrate could recover 80% of
the gold, but quantitative recovery of gold was possible
from the microwave-pretreated gold concentrate. They
also observed improvement in the leaching efficiency of
gold by increasing the microwave irradiation time as well
as increasing thiourea concentration. Zhang et al. [16] pro-
posed microwave pretreatment of waste zinc catalyst prior
to HCI leaching and measured the temperature change
profile of the waste catalyst under microwave irradiation.
The results indicated that for microwave pretreatment
temperature of 950°C and roasting time of 12min, the
zinc leaching rate reached ~96.5%. During microwave pre-
treatment, the contact area between the leaching agent
and zinc was increased due to opening up of the pores
blocked by the spent catalyst. Lambert et al. [17] improved
the efficiency of leaching rare earth elements from phospho-
gypsum by microwave irradiation. The obtained results
indicate that microwaves can produce cracks and pores in
the particles and thus enhance the penetration of the
impregnant. As per the reported results, there was an
enhancement of the rare earth elements leaching rate by
more than 20% due to microwave pretreatment.

In this study, microwave heating was used to study the
nickel leaching rate employing nickel-containing residue
produced by battery manufacturing enterprises as the raw
material. High microwave heating efficiency and selective
heating were used to comprehensively utilize the nickel-
containing residue. During microwave heating, local
thermal stress is generated between the nickel-containing
phase and the gangue which promotes their separation
and reduction of residue, while enrichment of valuable
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metals takes place due to difference in dielectric loss for
each phase. The effects of various parameters like roasting
temperature, roasting time, and microwave power on the
nickel leaching rate were studied. Response surface methodo-
logy (RSM) was adopted to optimize the microwave
roasting with the nickel leaching rate as the response
value.

2 Materials and methods

2.1 Raw materials

The nickel-containing residue was obtained from a bat-
tery manufacturer in Henan Province, China. The sam-
ples were dried in a constant-temperature drying oven for
48 h. The elemental composition of the residue was mea-
sured by inductively coupled plasma optical emission spec-
trometry (ICP-OES, Agilent5100, Agilent Technologies, Palo
Alto, USA). Changes of the microstructure and phase after
roasting were analyzed by SEM (SPM-S3400N, Hitachi,
Tokyo, Japan) and X-ray powder diffraction (XRD) (XRD-
7000S/L, Shimadzu, Kyoto, Japan), respectively. The che-
mical composition of the nickel-containing residue was deter-
mined by X-ray fluorescence (XRF, Epslion 1, Panalytical,
Netherlands).

Table 1 shows the chemical composition of nickel-
containing residue determined by ICP-OES and XRF. As
shown in Table 1, the metal element and nickel contents
of the residue are about 8%. The residue mainly contained
44.06% Ca0, 15.32% MgO0, 11.37% NiO, 9.36% Fe,05, 4.52%
Si0,, 1.04% CdO, 0.90% AL,0s, and 0.52% ZnO.

The XRD patterns of the dried sample are shown in
Figure 1, which shows that the material composition of
the residue is relatively complex. CaCOs is found to be the
major component. Magnesium mainly exists as MgSiOs,
and Ni primarily exists as NiO, with the existence of small
amounts of NiCOs and Ni(OH),-2(H,0), whereas Fe mainly
exists as FeSiOs.

2.2 Experimental device

A microwave reactor with a power of 3kW and a fre-
quency of 2.450 GHz, developed by the Key Laboratory
of Unconventional Metallurgy, Ministry of Education,
Kunming University of Science and Technology (Figure 2),
was used in this study. The microwave heating system con-
sists of a temperature control unit, two magnetrons, a multi-
mode cavity, a quartz glass container with glass fiber wool,
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Table 1: Chemical composition of the nickel-containing residue
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Composition

Element composition (measured by ICP)

Ca Mg Ni Fe Si cd Al Zn
Content (wt%) 14.09 8.67 8.02 4.64 1.57 0.71 0.24 0.42
Composition Components (measured by XRF)
Ca0 MgO0 NiO Fe,05 Sio, cdo Al,05 Zno
Content (wt%) 44.06 15.32 11.37 9.47 4.52 1.04 0.90 0.52
400 p couple was inserted into the material center to control the
350 L 4 [1:cac0, N0 3NICO, 4Fesio, mlcroyvave roastmg.temperature. T‘he systematic error in this
ool 5:MgSI0 6NISI0, 7-NIOH),2(H,0) experiment as obtained from the infrared temperature mea-
@ surements was found to be +3°C. After microwave heating
S 250 for a period of time, the system measured temperature was
§ 200 - 386°C and after turning off the microwave power, the system
% 150 L ; temperature was found to be 384°C, while the surface tem-
§ - ; ; 4 ; perature of the material measured by the infrared thermo-
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Figure 1: XRD pattern of the raw material.

and a data acquisition computer. The temperature control
unit consists of a high-temperature thermocouple with a
metal shielding layer and a temperature regulator. The thermo-

microwave cavity as a 15mm thin layer under a certain
microwave power (600, 800, 1,000, 1,200, and 1,400 W).
The temperature was set to different predetermined values
(150°C, 300°C, 450°C, 600°C, and 800°C) for different time
intervals (2, 3, 4, 5, 6, and 7 min). Then, the effects of
temperature, microwave power, and roasting time on the
nickel leaching rate were investigated using these factors
as independent variables.
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Figure 2: Schematic of the microwave roasting system.
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The pretreated samples were subjected to conven-
tional sulphuric acid leaching experiments. A certain
amount (10 g) of the pretreated nickel-containing residue
was weighed, and a sulfuric acid solution with a mass
fraction of 15% was mixed in beaker keeping a liquid-to-
solid ratio of 7:1. The beaker was placed into a water bath
maintained under a preset temperature, and magnetic
stirring was started (rotation speed: 150 rpm). After the
leaching reaction, the leached products were filtered and
separated, and the slag samples were finally taken out
and dried for testing.

3 Results and discussion

3.1 Single-factor experiment
3.1.1 Influence of roasting temperature

The effect of microwave roasting temperature on the nickel
leaching rate was investigated maintaining 1,000 W as
the microwave power and heating time of 5 min. Figure 3
shows the influence of the microwave roasting tempera-
ture on the nickel leaching rate and weight change.

As shown in Figure 3a, the microwave roasting tem-
perature had significant influence on the nickel leaching
rate, which showed an initial increase followed by sub-
sequent decrease. Without pretreatment by microwave
roasting, 77.42% was found to be the nickel leaching
rate from the residue. Gradual increase was observed
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for the nickel leaching rate with increasing microwave
roasting temperature. Maximum leaching rate of 93.24%
was observed for the roasting temperature of 450°C. How-
ever, the nickel leaching rate was found to decrease to
75.32% when the temperature exceeded 750°C. Selective
heating of the microwave results in the uneven tempera-
ture distribution inside the particles causing thermal
stress. The thermal stress inside the material causes the
formation of cracks and holes on the microstructure of
the material, exposing some originally wrapped nickel
and thereby improving the nickel leaching rate [18]. How-
ever, with further increase in temperature, the material
obviously sintered, leading to the formation of a dense
material wrapping a part of the original material pre-
venting the penetration of the leachant. This led to a
decrease in the nickel leaching rate.

As shown in Figure 3b, roasting temperature has a sig-
nificant influence on the material reduction also. There was
gradual decrease of the material weight with increasing
roasting temperature. The major chemical reactions taking
place during the roasting process have been studied by Guo
et al., using the thermol-analytical instrument (NETZSCH,
SAT 449F5, Selb, Germany) [19]. The reduction of material
weight in the temperature range of 20-200°C mainly corre-
sponds to the volatilization of organic matter and crystal
water. At 200-600°C, the decrease in material weight is
mainly caused by the decomposition of NiCO5 and Ni(OH),
into NiO. With further increase of temperature, decompo-
sition reaction of calcium carbonate will constitute the
main phase change reaction. After roasting at 800°C for
5min, there was a decrease in the material weight by more
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Figure 3: Influence of temperature on the nickel leaching rate and weight change. (a) Nickel leaching rate and (b) weight change.
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than 26.71%, but it was followed by the decrease of nickel
leaching rate to 75.13%. But roasting at 450°C for 5min
showed maximum leaching rate of nickel, while there
was a decrease in the material weight by 21.6%. Therefore,
in the subsequent experiments, the microwave roasting
temperature was set to 450°C.

3.1.2 Influence of roasting time

The effect of microwave roasting time on the nickel leaching
rate was investigated maintaining the microwave power of
1,000 W and 450°C as the roasting temperature.

Figure 4 shows the plot of nickel leaching rate against
the microwave roasting time. There was gradual increase
in the leaching rate of nickel with increasing time of micro-
wave roasting. At the fixed microwave roasting tempera-
ture of 450°C, the nickel leaching rate is 84.43% when
the microwave power is on for 1min, which reaches a
maximum of 93.74% for microwave roasting time of
5min. On one hand, during microwave roasting, parts of
the nickel compounds are oxidized and transformed into
easily leachable nickel oxides, and thus improving the
nickel leaching rate. On the other hand, because of the
different microwave absorption capacities of various com-
ponents in the material, a certain temperature gradient
is generated between each component during the micro-
wave heating, resulting in large thermal stress inside the
lattice. This results in the subsequent formation of cracks
inside the particles, thus providing a new reaction channel
for the leachant resulting in improved nickel leaching
[20,21]. Shorter the microwave heating time, greater is
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Figure 4: The influence of microwave roasting time on the nickel
leaching rate.
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the temperature gradient inside the material, which results
in greater thermal stress and thus greater is the possibility
of material dissociation. However, with further increase
of roasting time, the nickel leaching rate could not be
improved mainly because longer time duration of roasting
weakened the temperature gradient inside the material
and also caused partial sintering of the material. These
led to a decrease in the nickel leaching rate. Therefore,
5min was chosen as the optimal microwave roasting time.

3.1.3 Influence of microwave power

The influence of microwave power on the nickel leaching
rate was investigated under a roasting temperature of
450°C and a holding time of 5min. Figure 5 shows the
results.

Figure 5 shows that increasing microwave power
results in the increase of nickel leaching rate. For low
microwave power, the nickel leaching rate was found to
be low. When the microwave roasting power was 600 W,
the nickel leaching rate was 89.33% which rose to 91.21%
for the microwave power of 800 W. With further increase
of the microwave power, the nickel leaching rate rose
to 94.32%. Low energy absorption by the residue for
low microwave power makes destruction of the structure
of various components of the residue difficult, thus affect-
ing the nickel leaching rate. With increasing microwave
power, different absorbability of microwave for each
component results in rapid increase of the temperature
gradient among the components, thus enabling dissocia-
tion inside the material. But excessive microwave power
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Figure 5: The influence of microwave power on the nickel
leaching rate.
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is also not conducive for the nickel recovery. When the
microwave power is over 1,200 W, because of the fast
heating rate, some phases with strong wave absorption
ability melt and wrap the nickel components to form sin-
tered blocks, thereby reducing the subsequent nickel
leaching.

3.2 Changes in physical properties of the
residue after microwave roasting

Figure 6 shows the microstructures of the residue before
and after microwave roasting obtained from SEM ana-
lysis. As shown in Figure 6a, after drying, the surface of
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the nickel-containing residue particles is rough, with
good dispersion between the particles. Figure 6b shows
that the surface of the material particles exhibited a stra-
tified dissociation phenomenon after microwave roasting
at 450°C. As shown in Figure 6c, roasting at 600°C
resulted in the disappearance of surface delamination
of particles with the appearance of an agglomeration
trend. Figure 6d shows the formation of dense and large
particles by the material particles and thus seriously
affecting the nickel leaching after roasting at 800°C.

As shown in Figure 7, there was certain change in
the major phases of the nickel-containing waste residue
with increasing microwave roasting temperature. Under
600°C, there was slight change in the main diffraction
peaks, except Ni(OH),-2H,0 in the raw material. When

Figure 6: Microstructure analysis before and after microwave roasting. (a) Raw material, (b) 450°C, (c) 600°C, and (d) 800°C.
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Figure 7: XRD analysis before and after microwave roasting.

the temperature rose to 800°C, there was an increase in
the number of diffraction peaks and the peak pattern
became more complex. The main phase changed from
CaCOs to CaO along with the production of small amounts
of Ca,Si0, and MgO. In the meantime, there was complete
conversion of nickel into NiO. However, the material
exhibited apparent agglomeration at high temperatures,
affecting the nickel leaching rate.

3.3 Process optimization

The experimental data were analyzed using RSM. The
nickel leaching rate (Y) was chosen as the dependent
variable, while roasting temperature (y;), duration of
roasting (y»), and microwave power (y3) were chosen as
the three independent variables. The three independent
variables and their levels in coded and actual values
are listed in Table 2, while the exact experimental condi-
tions are shown in Table 3. The ranges of these variables
were selected based on the results from the preliminary
experiments.

Table 2: The levels and codes of factors for central composite
design

Variables Coded variable level

-1.682 -1 0 1 1.682
Temperature (°C) 197.731 300 450 600 702.269
Time (min) 1.636 3 5 7 8.364
Power (W) 663.641 800 1,000 1,200 1336.36

Microwave roasting pretreatment = 513

Table 3: Experimental design scheme and experimental results

Run Temperature (°C) Time Power (W) Leaching
(min) rate (%)
1 300 3 800 87.51
2 600 3 800 83.65
3 300 7 800 89.44
4 600 7 800 83.72
5 300 3 1,200 88.45
6 600 3 1,200 84.11
7 300 7 1,200 92.23
8 600 7 1,200 83.54
9 197.73 5 1,000 86.43
10 702.27 5 1,000 75.45
1 450 1.64 1,000 84.87
12 450 8.36 1,000 90.36
13 450 5 663.64 88.58
14 450 5 1336.36 93.15
15 450 5 1,000 92.86
16 450 5 1,000 92.35
17 450 5 1,000 93.64
18 450 5 1,000 93.48
19 450 5 1,000 93.73
20 450 5 1,000 93.44

Note: Considering the operability of the experiment in the actual
process, the actual temperatures of experiments 9 and 10 were
200°C and 700°C, respectively. The holding times of experiments
11 and 12 were 1.5 and 8.5 min, respectively. The microwave powers
of experiments 13 and 14 were 650 and 1,300 W, respectively.

3.3.1 Model selection and accuracy analysis

Table 3 shows the design scheme and experimental results
for the microwave roasting pretreatment of nickel-con-
taining residue based on a central composite design.

During the experiment, the effects of roasting tem-
perature, roasting duration, and microwave power on the
nickel leaching rate were investigated. Under these con-
ditions, the nickel leaching rate of the nickel-containing
residue increased from 75.45% to 93.73%.

The experimental data were fitted with different models,
such as linear, 2FI, quadratic, and cubic models in order to
obtain the most accurate model. The adequacy and signifi-
cance of each model could be verified through the sequential
model sum of square (see in Table 4) and the model sum-
mary statistics (see in Table 5). As can be seen from Table 4,
the minimum P value of the quadratic model is <0.001, and
the maximum F value is 103.96. Therefore, the quadratic
model is adopted to describe the influence of microwave
roasting pretreatment on nickel leaching. As shown in
Table 5, the correlation coefficient R? for the quadratic model
is 0.9795, indicating that this model is able to explain
97.95% of the data in the experiment. Therefore, the
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Table 4: Sequential model sum of squares

Source Sum of squares df Mean squares F-value P-value

Mean 1.57 x 10° 1 1.57 x 10°

Linear 148.84 3 49.61 2.59 0.0891

2FI 6.49 3 2.16 0.094 0.9622

Quadratic 290.98 3 96.99 103.96 <0.0001 Suggested
Cubic 7.04 4 1.76 4.6 0.0485

Residual 2.29 6 0.38

Total 1.57 x 10° 20 7863.8

quadratic model can be assumed to be highly reliable in this
experiment. In addition, for this model, the adj. R?=0.9611,
pred. R? =0.8612, std. dev = 0.97, and the calibration differ-
ence std. Dev is small, adj. R? is large, while the difference
between adj. R? and pred. R? is relatively small. It thus
further proves that the quadratic model can well reflect the
influence of microwave roasting conditions on the subse-
quent sulfuric acid leaching.

Table 6 gives the analysis of variance (ANOVA) for
the quadratic model. The Adeq Precision signal-to-noise
ratio (the ratio of trusted and un-trusted data) is 24.97
(greater than 4), indicating that the model has sufficient
applicability. CV is the coefficient of variation for the
response value Y, and lower the CV, better is the stabi-
lity of the experiment. In this experiment, the CV is
1.09%, indicating the stable and reliable nature of the
experiment.

The F-value of y; as can be seen in Table 6 is 132.42,
indicating that, in comparison to the microwave power
and roasting time, microwave roasting temperature is the
most significant parameter responsible for the nickel
leaching rate from the nickel-containing waste residue.
In addition, P-values are also important in illustrating the
significance of the impact factor. It is generally believed
that the influence factor is considered to have a signifi-
cant impact on the model when the P-values of the vari-
able are <0.05 [22]. The results shown in Table 6 indicate
that x;, 2, and y; in the first order; x7, x;, and y;in the
square term; and y.x; in the interaction term were all
significant influencing factors.

Table 5: Model summary statistics

Based on the above analysis, the quadratic model can
be represented by the following equation after ignoring
the insignificant terms:

Y = 93.23 - 3.0ly, + 1.06Y, + 0.86y, — 0.78YX,

2 2 2 (1)
~ 424y —1.88x2 — 0.73)

where x1, X2, X3, and Y represent the roasting temperature
(°C), roasting time (min), microwave power (W), and
nickel leaching rate (%), respectively.

Figure 8 shows the comparative nickel leaching rate
between the predicted and experimental values of the
nickel leaching rate after the pretreatment of the nickel-
containing residue by microwave roasting. The figure shows
that the software predicted values are close to the experi-
mentally obtained actual value, indicating that the model
can accurately reflect the relationship between the impact
factors and the response value.

3.3.2 Interaction of the factors

A three-dimensional (3D) mathematical model was used
to study the influence of independent factors along with
their interaction on the nickel leaching rate.

Figure 9 shows the 3D diagrams representing the
effects of roasting temperature, roasting time, and micro-
wave power on the nickel leaching rate. Similar trends in
the 3D images as shown in Figure 9a and b indicate that
the impact of roasting temperature on the nickel leaching
rate is more significant than that of roasting time and

Source Std. dev. R-squared Adjusted R-squared Predicted R-squared PRESS

Linear 4.38 0.3267 0.2004 -0.0187 464.15

2FI 4.81 0.3409 0.0367 —-0.4479 659.7

Quadratic 0.97 0.9795 0.9611 0.8612 63.22 Suggested
Cubic 0.62 0.995 0.9841 0.5793 191.69
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Table 6: Analysis of variance of the model
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Source Coefficient Standard error Sum of squares df Mean square F-value P-value Prob >F
Model 93.23 0.39 446.31 9 49.59 53.15 <0.0001
X1 -3.01 0.26 123.55 1 123.55 132.42 <0.0001
X2 1.06 0.26 15.27 1 15.27 16.37 0.0023
Xz 0.86 0.26 10.02 1 10.02 10.74 0.0083
XX2 -0.78 0.34 4.82 1 4.82 5.17 0.0463
X3 -0.43 0.34 1.49 1 1.49 1.59 0.2353
XoX3 0.15 0.34 0.18 1 0.18 0.2 0.6673
X12 -4.24 0.25 259.41 1 259.41 278.05 <0.0001
X22 -1.88 0.25 51.08 1 51.08 54.76 <0.0001
X32 -0.73 0.25 7.76 1 7.76 8.32 0.0163
R? = 0.9795; adj.R? = 0.9611; CV = 1.09%; Adeq Precision = 24.97.

Predicted vs. Actual
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Figure 8: Comparison of predicted and actual values.
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microwave power, and it is consistent with the F-value
results obtained for each impact factor from the model.
As shown in Figure 9a and b, within the experimental
range, there was an initial increase of the nickel leaching
rate of the nickel-containing waste residue with increasing
roasting temperature which was followed by a subsequent
decrease. The influence of microwave power and roasting
time was found to be relatively mild. During the initial
stage of pretreatment, the nickel leaching rate obviously
increased, but after reaching a value of more than 92%, the
leaching rate started to decrease with further increase of
temperature. The main reason is that the melting point of
heavy metals being generally high, the other materials
with lower melting points melted first to surround and
protect the heavy metal elements, thereby reducing their
leaching rates.
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Figure 9: Effect of roasting temperature, time, and microwave power on the nickel leaching rate. (a) Interaction of roasting temperature and
roasting time (microwave power = 1,000 W) and (b) interaction of roasting temperature and microwave power (holding time = 5 min).
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Figure 10: Influence of the interaction of microwave power and
roasting time on the nickel leaching rate (roasting temperature =
450°C).

Figure 10 shows the 3D diagram of the interaction
between microwave power and roasting time. As shown
in Figure 10, the response surface is gentle, and the
nickel leaching rate is over 87% in the measured range.
Thus, the interaction of microwave roasting time and
microwave power has no significant influence on the
nickel leaching rate, which is consistent with the ANOVA
results. Therefore, microwave power and roasting time
can be appropriately reduced in practical applications
to improve the overall microwave pretreatment efficiency.

3.3.3 Process optimization

Through the optimization function of the response sur-
face software, the predicted values of nickel leaching rate
after microwave pretreatment employing different roast-
ing temperatures (322-590°C), roasting time (3.8—6.2 min),
and microwave power (811-1,190 W) were selected. The
actual values of nickel leaching rate under the corre-
sponding parameters were obtained from three parallel

Table 7: Optimal process parameters and model validation

DE GRUYTER

experiments, as shown in Table 7. It can be seen from
Table 7 that deviation between the predicted value and
the actual value is small, signifying that the quadratic
model can well-describe the influence of microwave roasting
pretreatment conditions on the nickel leaching rate. Under
the first set of experimental conditions, smallest deviation
was observed between the predicted value and actual value.
At the same time, temperature being the most significant
parameter affecting the nickel leaching rate, conditions
from the first experiment were selected as the optimal pro-
cess conditions in this experiment with temperature being
the main selection basis, under the premise of ensuring as
high as possible nickel leaching rate, while taking into
account the factors such as energy consumption and effi-
ciency. Under the condition of 450°C as the roasting tem-
perature and 962 W as the microwave power for a roasting
time of 6.2 min, nickel leaching rate could reach 93.11% after
process optimization.

4 Conclusions

1. In the single-factor experiment for the microwave roast-
ing pretreatment of the nickel-containing residue, under
a roasting temperature of 450°C and microwave power of
1,000 W for 5 min, the nickel leaching rate was increased
from 77.42% to 93.24%, thereby increasing the leaching
efficiency by 20.43%, while the material weight was
reduced by more than 21%.

2. RSM was used to optimize the microwave pretreatment
process; the quadratic model and optimal process
parameters for microwave roasting pretreatment of
the nickel-containing waste residue were obtained.

3. The process was optimized by response surface method;
it was found that, under a roasting temperature of 452°C,
roasting time of 6.2 min, and microwave power of 962 W,
the nickel leaching rate could reach 93.11%.

Number Temperature (°C) Time (min) Power (W) Leaching rate (%) Deviation (%)
Predicted Actual

1 452 6.2 962 92.92 93.11 0.21 Suggested
2 322 3.8 849 89.67 88.54 1.26

3 344 4.1 811 90.41 89.43 1.08

4 502 3.6 938 90.02 89.37 0.72

5 542 5.8 1,190 89.68 89.26 0.47

6 560 4.5 994 88.42 89.34 1.04

7 590 6.1 904 85.89 84.57 1.54
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