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Abstract: Microwave was applied to roasting the zinc oxide fume obtained from fuming furnace for the removal of F and Cl. The 
effects of important parameters, such as roasting temperature, holding time and stirring speed, were investigated and the process 
conditions were optimized using response surface methodology (RSM). The results show that the effects of roasting temperature and 
holding time on the removal rate of F and Cl are the most significant, and the effect of stirring speed is the second. The defluorination 
rate reaches 92.6% while the dechlorination rate reaches 90.2%, under the process conditions of roasting temperature of 700 °C, 
holding time of 80 min and stirring speed of 120 r/min. The results indicate that the removal of F and Cl from fuming furnace 
production of zinc oxide fumes using microwave roasting process is feasible and reliable. 
Key words: zinc oxide fume; F; Cl; removal rate; microwave roasting; response surface methodology 
                                                                                                             
 
 
1 Introduction 
 

The recovery of useful materials and metals from 
various secondary sources is of paramount importance 
due to economic and environmental benefits. Zinc oxide 
fume generated from fuming furnace contains significant 
amounts of Zn and Pb along with a small amount of 
valuable metals such as Ge, Ga, In, Cd and Ag [1−4]. 
Additionally, zinc oxide fume has different levels of F 
and Cl, which strongly affects its utilization in the 
subsequent Zn-based electrical products [5,6]. F and Cl 
concentrations in electrolytes must meet electrolysis 
requirements (ρ(F)<80 mg/L, ρ(Cl)<100 mg/L) in the 
zinc electrolysis process [7,8]. Currently, there are two 

popular pretreatment processes for the removal of F and 
Cl, namely pyrometallurgical roasting and caustic 
washing. The removal rates of high F and Cl 
concentrations in multiple hearth furnaces, rotary kilns, 
and other conventional roasting approaches are low, 
while removal via caustic washing results in the 
generation of large amounts of waste water, which 
demand subsequent waste water treatment system [9,10]. 
This necessitates development of better processes for 
removal of F and Cl. 

Microwave metallurgy is successfully adopted for 
microwave drying, microwave-assisted grinding, 
microwave-assisted reduction, and microwave 
strengthening leaching [11−13], which fully 
demonstrates microwave metallurgy as a highly efficient, 
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clean, and green metallurgy technology [14,15]. The 
uniqueness of microwave heating can be attributed to a 
short processing time, selective and volumetric heating, 
and controllable heating process. Compared with the 
traditional heating style, the material with high-loss 
factor is heated preferentially by microwave, and a phase 
interface is created with large temperature gradient. 
Phase interface cracks are generated, which strengthen 
phase separation. The microwave absorbance of chloride 
and sulfide is strong, while that of ZnO and PbO is weak 
in the zinc oxide fume [16]. Based on the selective 
heating property of microwave, the separation of 
impurities (F and Cl) as volatile components will be 
strengthened, as a result, the contents of F and Cl in the 
leaching solution could meet the electrolysis process 
requirements. 

In the present work, the removal of F and Cl from 
zinc oxide dust by microwave roasting was investigated. 
The roasting temperature, holding time and stirring speed 
were selected as three influencing factors, and the 
removal rate was the response. Response surface 
methodology (RSM) based on the central composite 
design (CCD) was employed to determine the optimal 
conditions and a quadratic model correlating the removal 
of F and Cl to three variables was then developed. 
 
2 Experimental 
 
2.1 Materials 

The zinc oxide fume used in the experiments was 
received from a fuming furnace smelting process in 
Yunnan Province, China, which was the mixture of filter 
bag fume and surface cooler fume with mass ratio of 7:3. 
The main chemical compositions of the zinc oxide dust 
are listed in Table 1. 
 
Table 1 Chemical compositions of zinc oxide dust sample 
(mass fraction, %) 

Zn Pb Ge Cd Fe Sb 
53.17 22.38 0.048 0.21 0.38 0.23 

S As F Cl SiO2 CaO 
3.84 1.04 0.0874 0.0783 0.65 0.096 

 
Table 1 reveals that the zinc oxide fume contains 

high Zn and Pb. The F and Cl in the zinc oxide fume 
may be incorporated into the leaching solution, thus 
resulting in excessive F and Cl concentrations, causing 
lots of problems in the zinc electrolysis process. 
 
2.2 Mechanism 

Compared with the conventional heating, 
microwave can achieve rapid heating. The traditional 
heating is based on conventional heat transfer mode from 
the exterior to the interior driven by the temperature 
gradient, while the heating mode through microwave 
heating is based on the dielectric loss of the zinc oxide 
fume and selective heating of molecules or atoms. Thus, 
the in-situ energy conversion can be realized by rapidly 
heating with the energy accumulation in the micro-region 
with high energy density, which can greatly reduce the 
roasting time of zinc oxide fume. 

In addition, the microwave absorbance of Cl and F 
existing in zinc oxide fume is stronger than that of ZnO 
and PbO in the zinc oxide fume [16], which provides the 
possibility for strengthening the separating effect of F 
and Cl in volatile components. With the preferred heating 
of Cl and F, the separation of impurities (F and Cl) as 
volatile components can be strengthened. 
 
2.3 Experimental set-up and procedures 

The main experimental equipment is a power of 3 
kW box-type microwave reactor(2450 MHz) designed by 
Key Laboratory of Unconventional Metallurgy, Ministry 
of Education, Kunming University of Science and 
Technology, China. The schematic experimental set-up is 
shown in Fig. 1. 

To carry out the experiment, 300 g sample was 
dried, ground and placed into the mullite crucible firstly, 
and then transferred to the microwave reactor, which 
could realize continuously adjustable and automatic 
temperature control. Secondly, the starting of the 
experiment was marked by activating the microwave, 
stirring, and off-gas absorption systems. The stirring 
system facilitates the reaction enabling the release of F 

 

 
Fig. 1 Connection diagram of microwave roasting experimental equipment 
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and Cl components. Thirdly, air was passed into the 
reactor after the material was heated to the set roasting 
temperature. Air flow rate was controlled by the air into 
system which consists of a rotameter and a mini air 
compressor pump. The samples after microwave roasting 
for a given time were cooled to room temperature. 

The F and Cl contents of the samples were 
estimated using fluorine ion selective electrode and silver 
chloride turbidimetric method, respectively [17,18]. The 
raw materials were measured to contain 166.3 mg/L F 
and 145.4 mg/L Cl. The removal rate (η) was 
mathematically expressed as  

100%w w
w

η
′−

= ×                             (1) 
 

where w and w′ represent the contents in the initial 
materials and samples after roasting for F and Cl, 
respectively. 
 
2.4 Analysis method 

Based on previous works, three influencing factors, 
namely the roasting temperature (X1, °C), holding time 
(X2, min), and stirring speed (X3, r/min) were considered 
independent variables. The dependent variables were the 
F and Cl removal rates of zinc oxide dust (Y1, Y2, %). 
Table 2 shows the independent variables, experimental 
range and levels of the design model. In order to describe 

the nature of the response surface in the optimum region, 
a central composite design with three coded levels was 
performed. In general, central composite designs need a 
total of (2k+2k+N0) runs, where k is the number of 
studied factors, 2k is the points from the factorial design, 
2k is the face-centered points and N0 is the number of 
experiments carried out at the centre. 
 
Table 2 Experimental range and level of variables 

Level 
code

Roasting 
temperature, X1/°C

Holding time, 
X2/min 

Stirring speed, 
X3/(r·min−1) 

−1 600 60 100 

0 700 80 120 

1 800 100 140 
 
3 Results and discussion 
 
3.1 Response analysis and interpretation 

A total of 20 runs of the CCD experiment responses 
are shown in Table 3. Each group of the experiment was 
repeated twice, the average rate was employed. 
Considering the operability of experiments, roasting 
experiments, the roasting temperatures of runs 9 and 10 
were set as 532 and 868 °C, the holding time of runs 11 
and 12 as 46 and 114 min, and the stirring speeds of  
runs 13 and 14 as 86 and 154 r/min, respectively. The 

 
Table 3 Central composite design arrangement and results 

Run 
Roasting 

temperature, X1/°C
Holding time, 

 X2 /min 
Stirring speed, 
 X3/(r·min−1) 

Defluorination 
rate, Y1/% 

Dechlorination 
rate, Y2/% 

1 600 60 100 65.5 58.4 

2 800 60 100 87.4 83.1 

3 600 100 100 75.1 69.7 

4 800 100 100 93.0 91.4 

5 600 60 140 68.3 62.6 

6 800 60 140 89.2 87.5 

7 600 100 140 78.8 72.5 

8 800 100 140 94.6 93.3 

9 532 80 120 55.3 48.0 

10 868 80 120 87.9 86.7 

11 700 46 120 76.8 65.3 

12 700 114 120 94.1 92.0 

13 700 80 86 87.8 84.9 

14 700 80 154 93.7 92.5 

15 700 80 120 91.8 91.0 

16 700 80 120 92.0 90.5 

17 700 80 120 92.5 90.9 

18 700 80 120 91.8 91.0 

19 700 80 120 90.7 89.6 

20 700 80 120 93.0 90.2  



Zhi-qiang LI, et al/Trans. Nonferrous Met. Soc. China 25(2015) 973−980 

 

976 
 
defluorination rate of zinc oxide dust varied from 65.5% 
to 94.6% while the dechlorination rate varied from 
58.4% to 93.3%. 

The ANOVA results of the quadratic model for the 
defluorination and dechlorination rates are listed in 
Tables 4 and 5, respectively. The model F-values of 
257.66 and 87.75 imply that the model is significant. 
There is only a 0.01% chance that F-value of this large 
model could occur by chance. Values of “Prob.>F ” of 
less than 0.050 indicate that the model terms are 
significant [19]. In this case, X1, X2, X3, X1

2 and X2
2 are 

the significant model terms. According to MYERS et al 
[19], for a good fitness of a model, the correlation 
coefficient should be at least 0.80. The “Pred R-squared” 
of 0.9957 (R1

2) is in reasonable agreement with the “Adj 
R-squared” of 0.9918 (R1

2
adj) listed in Table 4. The “Pred  

 
Table 4 Defluorination rate analysis of variance for response 
surface quadratic model 

Source 
Sum of 
square 

df 
Mean 
square 

F-value P-value

Model 2383.15 9 264.79 257.66 <0.0001

X1 1262.86 1 1262.86 1228.85 <0.0001

X2 265.32 1 265.32 258.18 <0.0001

X3 28.77 1 28.77 28.00 0.0004

X1X2 10.35 1 10.35 10.07 0.0699

X1X3 1.20 1 1.20 1.17 0.3050

X2X3 0.06 1 0.06 0.06 0.8121

X1
2 771.26 1 771.26 750.49 < 0.0001

X2
2 84.32 1 84.32 82.05 < 0.0001

X3
2 4.28 1 4.28 4.17 0.0685

Residual 10.28 10 1.03 − − 
R1

2=0.9957, R1
2

adj=0.9918 
 
Table 5 Dechlorination rate analysis of variance for response 
surface quadratic model 

Source 
Sum of 
square 

df 
Mean 
square 

F-value P-value

Model 3488.34 9 387.59 87.75 < 0.0001

X1 1809.15 1 1809.15 409.60 < 0.0001

X2 471.02 1 471.02 106.64 < 0.0001

X3 49.81 1 49.81 11.28 0.0073

X1X2 6.30 1 6.30 1.43 0.2599

X1X3 0.06 1 0.06 0.01 0.9086

X2X3 1.90 1 1.90 0.43 0.5266

X1
2 976.93 1 976.93 221.18 < 0.0001

X2
2 258.87 1 258.87 58.61 < 0.0001

X3
2 6.76 1 6.76 1.53 0.2442

Residual 44.17 10 4.42 − − 
R2

2=0.9875, R2
2

adj=0.9762 

R-squared” of 0.9875 (R2
2) is in reasonable agreement 

with the “Adj R-squared” of 0.9762(R2
2
adj) listed in Table 

5. Hence, the model can be used to navigate the design 
space. 

The constants and coefficients were obtained by 
fitting the data listed in Tables 4 and 5 into Eqs. (2) and 
(3), respectively: 

 
Y1=−464.47+1.19X1+1.56X2+0.52X3−5.69×10−4X1X2− 

1.94×10−4X1X3+2.18×10−3X2X3−7.32×10−4X1
2− 

6.05×10−3X2
2−1.36×10−3X3

2                    (2) 
 

Y2=−561.11+1.30X1+2.45X2+0.63X3−4.44×10−4X1X2− 
4.38×10−5X1X3−1.2×10−3X2X3−8.23×10−4X1

2− 
0.011X2

2−1.71×10−3X3
2                     (3) 

 
It is important to confirm that the selected model 

provides an adequate approximation to the real system. 
By using the diagnostic plots, including normal 
probability vs studentized residuals and the predicted vs 
actual value, the model adequacy can be judged [19,20]. 

Figure 2 shows the normal probability plots of the 
studentized residuals for the initial discharge capacity. 
The normal probability plot indicates that the residuals 
follow a normal distribution, and the points follow a 
straight line, verifying that the model is valid and 
plausibly fits the experimental data. 
 

 
Fig. 2 Normal probability plots of internally studentized 
residuals: (a) Defluorination rate; (b) Dechlorination rate 
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As seen in Fig. 3, the actual response values are the 
experimental data for a particular run, and the predicted 
response values are evaluated by the approximating 
functions. The predicted values are in good agreement 
with the experimental values, indicating that the model is 
valid and successfully fits the experimental data. 
 

 

Fig. 3 Linear correlation between actual and predicted rates:  
(a) Defluorination rate; (b) Dechlorination rate 
 
3.2 Response surface 

To achieve better understanding of the interactions 
of the variables and to determine the optimum level of 
each variable for the maximum dechlorination rate of 
zinc oxide dust, three-dimensional response surface plots 
of the relationship between X1 and X2, X1 and X3, X2 and 
X3 are calculated and illustrated in Fig. 4. The values of 
X1, X2 and X3 were held constant at their average values. 
The figures were constructed to assess the interactive 
relationships between the independent variables and the 
response. 

Figures 4 (a) and (d) show the defluorination and 
dechlorination rates of zinc oxide dust as a function of 
the roasting temperature and holding time when the 
stirring speed keeps constant at 120 r/min. The roasting 
temperature has a more significant positive effect on 
defluorination and dechlorination rates than the holding 
time. The rate increases quickly as the roasting 

temperature increases before 700 °C and then becomes 
smooth. This can be easily explained by the fact that 
halide vapor pressure increases rapidly with the 
temperature rising before 700 °C. And the higher the 
vapor pressure and evaporation rate are, the higher the 
defluorination and dechlorination rates will be. However, 
the rate only slightly increases when roasting 
temperature increases to 700 °C. The samples will be 
sintered at an excessive temperature, which affects the 
diffusion of chlorides from the solids into the gas, 
seriously. Compared with roasting temperature, the 
holding time has a smaller effect on defluorination and 
dechlorination rates. 

Figure 5 shows the SEM image of zinc oxide fume. 
It can be found that two different phases (the white phase 
and the gray phase) exist in the zinc oxide fume. To 
further explore the distribution characteristics of F and 
Cl, an EDS line scan (Fig. 6) was applied. On the 
micro-regions, Zn was aggregated in the gray phase, F, 
Cl, Pb and S were enriched in the white phase while O 
was scattered over. The better microwave absorbance of 
halides will be taken full use to selectively heat the 
aggregation of halides and strengthen the separation of 
halides as volatile components. The XRD pattern of raw 
sample (Fig. 7) shows that Pb and S combined in PbS 
phase. PbS phase with good microwave absorbance [16] 
was preferentially heated, which provided better 
conditions for heating the fluorides and chlorides of the 
same micro-region rapidly. Thus, microwave roasting 
could realize higher F and Cl removal rates at a lower 
roasting temperature compared with the conventional 
roasting. 

In addition, XRD patterns of raw material and 
roasted sample are shown in Fig. 7. The peak of PbS 
phase in the roasted sample disappeared, which indicated 
that PbS was oxidized to PbO. The oxidation reaction of 
PbS is exothermic, which further strengthened the 
separation of halides in the same micro-region. 

As shown in Figs. 4(b) and (e), the defluorination 
and dechlorination rates increased with the increase of 
the stirring speed. This can be easily explained by the 
fact that the defluorination and dechlorination rates were 
controlled by the diffusion at a certain temperature. The 
reaction interface increased with increasing the stirring 
speed and a larger solid−gas interface improved the 
defluorination and dechlorination rates significantly. But 
compared with roasting temperature, the stirring speed 
had a smaller effect on the defluorination and 
dechlorination rates, which indicated that the stirring 
speed had a weaker effect on the rate. 

Figures 4(c) and (f) show the effect of the holding 
time and the stirring speed on the defluorination and 
dechlorination rates at a constant roasting temperature. 
The defluorination and dechlorination rates increased  
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Fig. 4 Response surface plots of defluorination rate for roasting temperature vs holding time (a), roasting temperature vs stirring 
speed (b), holding time vs stirring speed (c), and response surface plots of dechlorination rate for roasting temperature vs holding 
time (d), roasting temperature vs stirring speed (e) and holding time vs stirring speed (f) 
 

 
Fig. 5 SEM image of zinc oxide dust sample 

with the extending of holding time. Compared with the 
stirring speed, the holding time had a more significant 
effect on the rate. The heating curves of 300 g zinc oxide 
fume under microwave power of 1200 W and 1800 W 
are plotted in Fig. 8. The zinc oxide fume in microwave 
field reaches 800 °C within 8 min, which provides 
evidence of the effectiveness of microwave roasting 
system for defluorination and dechlorination. 

However, the rate increases slowly after a certain 
holding time and a lot of dusts running into the dust and 
gas absorbing system will bring a serious blockage when 
the stirring speed is too large and the holding time is too 
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Fig. 6 EDS line scanning mapping of zinc oxide dust sample 
(from start to end of red line) 

 

 
Fig. 7 XRD patterns of raw material and roasted sample 
 

 
Fig. 8 Heating behavior of zinc oxide fumes at different 
microwave powers 

long at the same point, which brings a significant effect 
on the dechlorination rate. Therefore, an appropriate 
factor is remarkable to control the impact on the 
defluorination and dechlorination rates. 
 
3.3 Optimal conditions and verification of model 

The aim of this study was to investigate the values 
of the three operational parameters (roasting temperature, 
holding time and stirring speed) that maximized the 
defluorination and dechlorination rates by using response 
surface methodology. The experimental values were 
compared with the predicted ones in order to determine 
the validity of the model. 

From the model, optimized conditions were 
obtained and given in Table 6. The optimum levels of 
variables are found to be a roasting temperature of   
700 °C, holding time of 80 min and stirring speed of  
120 r/min with a prediction of 91.8% for the 
defluorination rate and a prediction of 90.5% for the 
dechlorination rate of zinc oxide dust. In order to test the 
validity of the optimum condition achieved by the 
empirical model, a confirmatory experiment was carried 
out using these optimal levels. The actual experimental 
value of defluorination rate is 92.6% and remains a 
relative error of 0.87% with the predicted value, while 
the actual experimental value of dechlorination rate is 
90.2% and stays a relative error of 0.33% with the 
predicted value, which indicates that the experimental 
values are in agreement with the predicated ones. F and 
Cl contents of the roasted sample were measured to be 
12.3 and 14.2 mg/L, respectively, satisfying the 
electrolysis requirements (ρ(F)<80 mg/L, ρ(Cl)<100 
mg/L) in the zinc electrolysis process. 
 
4 Conclusions 
 

1) It is feasible to removal the fluorides and 
chlorides from zinc oxide dust obtained from fuming 
furnace by microwave roasting using response surface 
methodology. 

2) The dechlorination rate of zinc oxide dust is 
significantly affected by roasting temperature and 
holding time compared with stirring speed. 

3) The optimized roasting conditions are as follows: 
roasting temperature 700 °C, holding time 80 min and 
stirring speed 120 r/min. The defluorination and 
dechlorination rates of zinc oxide dust are 92.6%    
and 90.2%, respectively, which coincide well with 

 
Table 6 Optimization process parameters of regression model 

Defluorination rate, Y1/% Dechlorination rate, Y2/% Roasting temperature, 
X1/°C 

Holding time, 
X2/min 

Stirring speed,
X3/(r·min−1) Predicted Experimental Predicted Experimental 

700 80 120 91.8 92.6 90.5 90.2  



Zhi-qiang LI, et al/Trans. Nonferrous Met. Soc. China 25(2015) 973−980 

 

980 
 
experimental values of 91.8% and 90.5% under the 
optimized conditions, suggesting that regressive equation 
fits the defluorination and dechlorination rates perfectly. 

4) F and Cl contents of the roasted samples are 
removed to 12.3 and 14.2 mg/L, respectively, satisfying 
the electrolysis requirements in the zinc electrolysis 
process. 
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摘  要：研究微波焙烧烟化炉产氧化锌烟尘脱除氟氯工艺，采用响应曲面法对焙烧温度、保温时间和搅拌速度三

个重要工艺参数进行优化。结果表明：焙烧温度和保温时间对氟、氯脱除效果影响最显著，搅拌速度的次之；在

焙烧温度为 700 °C、保温时间为 80 min 和搅拌速度为 120 r/min 的条件下，氟和氯的脱除率分别达到 92.6%和

90.2%。上述结果表明，微波焙烧烟化炉产氧化锌烟尘脱氟氯工艺稳定可靠，效果显著。 

关键词：氧化锌烟尘；氟；氯；脱除率；微波焙烧；响应曲面法 
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