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Abstract: By using the central composite design based on the response surface method, the multiobjective collaborative 
optimization of Fe, Cr and Ni metal recovery from stainless steel dust and laterite nickel ore was achieved through 
carbothermal reduction, and a high metal recovery rate and high-grade Fe−Cr−Ni−C alloy particles were obtained. The 
addition of laterite nickel ore and reduction temperature exert significant effects on the metal recovery, and a significant 
interaction is observed among the recoveries of the metals Fe, Cr and Ni in the reduction products. The optimal process 
parameters obtained through the optimization of the model are listed as follows: the amount of added laterite nickel ore 
is 5.47%, the reduction temperature is 1428.02 °C, the reduction time is 23.10 min, and the carbon oxygen ratio (FC/O) 
is 0.85. The predicted results for Fe, Cr and Ni recovery using the model are 93.15%, 91.63% and 92.70%, respectively. 
Key words: stainless steel dust; laterite nickel ore; metal recycling; response surface methodology; Fe−Cr−Ni−C alloy 
particles 
                                                                                                             

 
 
1 Introduction 
 

The iron and steel industry is an industry with 
a high level of energy consumption world-    
wide [1−4]. According to statistics, in 2020, China’s 
stainless steel output reached 30.14 million tons, 
and the amount of stainless steel dust generated in 
the smelting process reached 0.9 million tons [5,6]. 
Stainless steel dust contains a large number of 
oxides of the valuable metals Fe, Cr and Ni, 
especially Ni, which has a high price. The recovery 
of Ni is very important [7,8]. Recycling stainless 
steel dust from iron-containing solid waste through 
a reasonable process flow may reduce the waste of 
the secondary resources and alleviate resource 

consumption [9]. 
Pyrometallurgy is the most widely used 

method in the recycling of iron containing solid 
waste [10−13]. PENG et al [14] performed the 
direct reduction of carbon containing stainless steel 
dust particles and achieved a reduction recovery of 
Ni and Fe more than 90%, along with a reduction 
recovery of Cr less than 80%. TANG et al [15] 
carried out the thermal reduction experiment of 
mixing and compacting iron containing dust and 
coal into pellets at high temperature. The results 
show that the basicity of slag is greater than 1.80, 
and the reduction products can be separated 
naturally. The Fe recovery of the product was more 
than 95% at the reduction temperature above 
1350 °C. At present, the methods for treating iron- 
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containing solid waste are generally faced with the 
problems of a high smelting energy consumption, 
low metal recovery and high basicity. Therefore, 
adding raw materials with low basicity to solve the 
high basicity problem of stainless steel dust is an 
approach to improve the metal recovery from solid 
waste [16−18]. Laterite nickel ore is a raw material 
used for ferronickel alloy smelting with low 
basicity [19,20]. SHIAU [21] studied the suitable 
carbothermal reduction parameters of low-grade 
laterite graphite pellets and the effect of the 
calcination temperature on the carbothermal 
reduction parameters. The carbon oxygen ratio 
(FC/O) in laterite nickel ore is 0.6, the reduction 
temperature is 1100 °C, the reduction time is 
30 min, and the Ni grade and Ni recovery of laterite 
graphite pellets roasted at 400 °C were increased by 
30% and 90.2%, respectively. YUAN et al [22] 
proposed a deep reduction magnetic separation 
process to enrich Ni and Fe from laterite nickel ore. 
A nickel iron concentrate with a Ni grade of 6.96%, 
Ni recovery of 94.06%, Fe grade of 34.74% and Fe 
recovery of 80.44% was obtained after reduction at 
a temperature of 1275 °C using a reduction time of 
50 min, slag basicity of 1.0, FC/O of 2.5 and 
magnetic separation of iron concentrate. 

The aforementioned research results show that 
the single factor method is generally used to study 
the effect of each factor on a single investigated 
index in studies of Fe-containing solid waste 
recovery and laterite nickel ore smelting. This study 
creatively proposed the preparation of carbon- 
containing briquettes with stainless steel dust, 
laterite nickel ore and reduction coal (CBSL). The 
multiobjective collaborative optimization of the 

recovery of the metals Fe, Cr and Ni was achieved 
by carbothermal reduction and response surface 
methodology (RSM). Multiple parameters and 
interactions were analyzed by RSM using a 
statistically based optimization strategy [23−27]. 
By setting the amount of added laterite nickel ore, 
reduction temperature, reduction time and FC/O 
ratio as independent variables, the interaction 
among the metals Fe, Cr and Ni recovery is 
clarified, the model predicting Fe, Cr and Ni 
recovery is established, and the best reduction 
preparation process parameters to achieve high 
recovery of the metals Fe, Cr and Ni from stainless 
steel dust and laterite nickel ore are obtained. The 
obtained Fe−Cr−Ni−C alloy particles can be used 
as a raw material for steelmaking and promote the 
sustainable development of iron and steel 
enterprises. 
 
2 Experimental 
 
2.1 Materials 

The raw materials include stainless steel dust, 
laterite nickel ore and reduction coal. The main 
components of the stainless steel dust, laterite nickel 
ore and reduction coal are shown in Tables 1−3. 
The X-ray diffraction (XRD) analyses of stainless 
steel dust and laterite nickel ore are shown in Fig. 1. 

 
2.2 CBSL preparation and experimental 

procedure 
Figure 2(a) shows the process used to prepare 

CBSL. The experimental materials were dried at 
110 °C for 6 h in a ventilated drying oven and then 
crushed and screened through a 200 mesh sieve  

 
Table 1 Chemical composition of stainless steel dust (wt.%) 

TFe FeO Cr Ni CaO SiO2 MgO Al2O3 Zn Loss on ignition 

33.18 18.67 11.81 2.10 15.01 4.15 2.87 1.13 0.28 6.48 
 
Table 2 Chemical composition of laterite nickel ore (wt.%) 

TFe FeO Ni Cr2O3 CaO SiO2 MgO Al2O3 P S Loss on ignition 

19.57 0.21 1.82 1.40 0.09 34.78 12.98 4.00 0.003 0.028 13.02 
 
Table 3 Industrial analysis and ash analysis of reduction coal (wt.%) 

FC Vad Aad Mad 
Vad analysis 

CaO SiO2 MgO Al2O3 Fe2O3 Others 

60.58 10.20 28.47 0.75 10.33 40.82 2.92 30.87 5.89 9.17 
FC: Fixed carbon content; Vad: Volatilematter content on dry ash free basis; Aad: Ash content on air dry basis; Mad: Moisture on air dry basis 
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Fig. 1 XRD patterns of stainless steel dust (a) and laterite nickel ore (b) 
 

 
Fig. 2 Process flow charts of CBSL preparation (a) and synergistic reduction natural cooling separation experiment (b) 
 
(particle size less than 74 μm). Finally, elliptical 
column CBSL composite briquettes were formed by 
mixing and pressing materials in a certain 
proportion. FC/O is the molar ratio of fixed carbon 
in CBSL composite briquettes to oxygen in Fe, Cr 
and Ni metal oxides [28]. 

Figure 2(b) shows a schematic diagram of the 
CBSL carbothermal synergistic reduction experiment. 
The experimental equipment is a vertical tube high- 
temperature furnace with a maximum heat-resistant 
temperature of 1600 °C. The heating element is 
MoSi2. The temperature measuring element is a 
thermocouple, and the temperature measurement 
error is less than 1 °C. In the reduction experiment, 
the argon flow rate in the corundum tube of the 
high-temperature furnace was 1.3×10−5 m3/s to 
maintain an inert atmosphere. After reaching the 
target temperature, high-temperature refractory 
gloves and high-temperature experimental clothes 

were worn. A long handle clamp was used to place 
the crucible containing the CBSL composite 
briquette in the high-temperature reduction area of 
the high-temperature furnace. After reaching the 
reduction time, the same protective equipment was 
worn, the same long-handle clamp was used to 
remove the crucible containing CBSL, and then it 
was quickly placed into the cooling tank and cooled 
to room temperature. The cooling tank was filled 
with argon at a flow rate of 10 L/min to achieve 
rapid cooling and prevent oxidation. After cooling, 
the reduction products were removed, and the 
experiment was completed. 

 
2.3 Experimental index 

The recovery of the metals Fe, Cr and Ni from 
the synergistic reduction products of stainless steel 
dust and laterite nickel ore is the key parameter 
investigated and optimization index for the 
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response surface method. The following equation 
was used to calculate the metal recovery:  

100%i
i

i

mR
M

= ×                           (1) 
 
where Ri is the Fe, Cr and Ni metal recovery rate, mi 

is the mass of metal in the reduction product, and 
Mi is the mass of metal in the raw material. 
 
2.4 Detection and analysis method 

The response values in this study are the 
recovery of Fe, Cr and Ni metals in the reduction 
product. The enrichment of Fe, Cr and Ni in the 
reduction products was measured by chemical 
titration at a professional research institute 
(Analysis and Testing Center of Northeastern 
University, China). The phases of raw materials and 
reduction slag were analyzed using an X-ray 
diffractometer (MPDDY2094, PANalytical B.V., 
Almelo, Netherlands). Copper Kα radiation (40 kV, 
40 mA, wavelength 0.154 nm) was used as the 
X-ray source with a scanning angle ranging from 5° 
to 90° and a scanning speed of 0.2 (°)/s. 
 
2.5 RSM experimental design 

Central composite design (CCD) based on RSM 
is the most commonly used method in experimental 
design [29−31]. RSM and CCD were used to study 
the interaction and optimize the variables with the 
least number of experiments [32−36]. The validity 
of the equation was analyzed using analysis of 
variance (ANOVA), and the fitting quality of the 
equation is judged by calculating the correlation 
coefficient and P value [37−39]. The second-order 
polynomial regression model was established 
through RSM, and the following formula was used 
for the calculation:  

1
2

0
1 1 1 1

k k k k

i i ii i ij i j
i= i= i= j=i+

Y β β x β x β x x ε
−

= + + + +∑ ∑ ∑ ∑   (2) 
 
where Y is the predicted response, xi and xj are the 
input variables, β0 is the intercept term, βi is the 

linear effect, βii is the squared effect, βij is the 
interaction term, k is the number of factors, and ε is 
the random error. 

Four variables and five levels of CCD were 
used for the experimental design to investigate the 
effects of laterite nickel ore addition, reduction 
temperature, reduction time and FC/O on the Fe 
recovery, Cr recovery and Ni recovery from CBSL 
reduction products. The levels of the four 
independent variables were selected based on 
previous research. Table 4 lists the five levels of the 
four variables. 

 
3 Results and discussion 
 
3.1 RSM results 

The experimental design matrix obtained using 
Design Expert is shown in Table 5. The indices in 
the experiment were obtained through the 
experiment, and the results are listed in Table 5. 
Table 5 shows that the recovery rate of Ni metal is 
always higher than that of Fe metal and Cr metal, 
indicating that carbothermal reduction achieves the 
efficient recovery of Ni metal. 

With the change in the proportion of stainless 
steel dust and laterite nickel ore in CBSL, the slag 
composition and basicity of CBSL changed 
significantly. The change in basicity exerted a direct 
effect on the separation of reduction products. The 
raw material calculation showed that the basicity of 
the CBSL slag system ranged from 1.65 to 2.78 
under the conditions of different amounts of added 
laterite nickel ore. The amounts of added laterite 
nickel ore were 0.95%, 11.05% and 6%, and the 
theoretical basicity of the slag system was 2.78, 
1.65 and 2.08, respectively. 

 
3.2 Fitting prediction model 

The linear model, two-factor interaction model 
(2FI), and quadratic model were used to conduct 
regression fitting of the experimental data in 
Table 5. The results are presented in Table 6. 

 
Table 4 Values and levels of independent variables used in CCD 

Independent variable Symbol 
Range and level 

−1.68179 −1 0 1 1.68179 
Laterite nickel ore addition/% x1 0.95 3.00 6.00 9.00 11.05 

Reduction temperature/°C x2 1315.91 1350.00 1400.00 1450.00 1484.09 
Reduction time/min x3 11.59 15.00 20.00 25.00 28.41 

FC/O x4 0.60 0.70 0.85 1.00 1.10 



Pei-jun LIU, et al/Trans. Nonferrous Met. Soc. China 33(2023) 1919−1931 1923 

Table 5 Experimental design tests and response results 

No. 
Variable  Response 

Laterite nickel ore 
addition (x1)/% 

Reduction 
temperature (x2)/°C 

Reduction time 
(x3)/min FC/O (x4)   Fe recovery 

rate (Y1)/% 
Cr recovery 
rate (Y2)/% 

Ni recovery 
rate (Y3)/% 

1 3.00 1350.00 15.00 0.70  54.63 53.18 59.96 

2 9.00 1350.00 15.00 0.70  53.28 52.69 57.43 

3 3.00 1450.00 15.00 0.70  71.56 68.41 69.12 

4 9.00 1450.00 15.00 0.70  69.53 65.44 67.26 

5 3.00 1350.00 25.00 0.70  62.31 59.77 63.36 

6 9.00 1350.00 25.00 0.70  60.56 57.48 61.92 

7 3.00 1450.00 25.00 0.70  76.64 74.35 79.86 

8 9.00 1450.00 25.00 0.70  74.43 73.56 76.28 

9 3.00 1350.00 15.00 1.00  55.74 51.22 57.65 

10 9.00 1350.00 15.00 1.00  54.27 50.63 55.46 

11 3.00 1450.00 15.00 1.00  68.49 67.37 70.42 

12 9.00 1450.00 15.00 1.00  66.94 64.16 68.63 

13 3.00 1350.00 25.00 1.00  61.18 57.49 62.61 

14 9.00 1350.00 25.00 1.00  59.74 56.32 61.07 

15 3.00 1450.00 25.00 1.00  75.83 72.23 76.65 

16 9.00 1450.00 25.00 1.00  72.65 70.08 74.47 

17 0.95 1400.00 20.00 0.85  83.57 81.72 84.33 

18 11.05 1400.00 20.00 0.85  75.71 71.62 76.15 

19 6.00 1315.91 20.00 0.85  51.73 43.18 53.96 

20 6.00 1484.09 20.00 0.85  90.42 88.67 89.86 

21 6.00 1400.00 11.59 0.85  74.36 69.85 75.63 

22 6.00 1400.00 28.41 0.85  91.24 90.33 92.16 

23 6.00 1400.00 20.00 0.60  64.61 60.56 67.41 

24 6.00 1400.00 20.00 1.10  69.53 65.17 69.44 

25 6.00 1400.00 20.00 0.85  89.51 87.42 88.79 

26 6.00 1400.00 20.00 0.85  88.67 86.74 88.35 

27 6.00 1400.00 20.00 0.85  89.23 87.37 88.42 

28 6.00 1400.00 20.00 0.85  89.07 88.16 87.49 

29 6.00 1400.00 20.00 0.85  87.96 87.67 86.89 

30 6.00 1400.00 20.00 0.85  89.15 87.06 88.23 
 
Table 6 Statistics summary of simulated results 

Source 
Fe recovery rate/%  Cr recovery rate/%  Ni recovery rate/% 

Standard 
 deviation R2 Adjusted 

 R2 
 Standard  

deviation R2 Adjusted 
 R2 

 Standard  
deviation R2 Adjusted 

 R2 

Linear 11.07 0.37 0.27  11.80 0.38 0.28  10.13 0.38 0.28 

2FI 12.68 0.37 0.04  13.53 0.38 0.05  11.58 0.38 0.06 

Quadratic 3.52 0.96 0.93  4.23 0.95 0.91  3.45 0.96 0.92 
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As shown in Table 6, among the fitting results 
for the three simulation statistical models, the 
regression fitting result from the quadratic model 
was the best for the experimental data for Fe, Cr 
and Ni recovery, and the R2 and adjusted R2 values 
from the quadratic model were the largest among 
the three models, indicating the highest accuracy of 
the fitting model. The R2 values of the quadratic 
models for Fe, Cr and Ni recovery were 0.96, 0.95 
and 0.96, respectively, and the adjusted R2 values of 
the quadratic models for Fe, Cr and Ni recovery 
were 0.93, 0.91 and 0.92, respectively. A high 
correlation was observed between the actual and 
predicted value. The second-order quadratic model 
for Fe, Cr and Ni recovery from CBSL reduction 
products was established as  

For Fe recovery:  
1 1 2 36490.32 7.44 8.62 7.17Y x x x= − + + + +  

3 3
4 1 2 1 3772.00 1.23 10 9.08 10x x x x x− −− × − × −  

4
1 4 2 3 2 4 0.04 7.10 10 0.07x x x x x x−× − × − −  

2 3 2
3 4 1 20.08 0.49 2.99 10x x x x−− − × −  
2 2
3 40.13 395.33x x−                      (3) 

 
For Cr recovery:  

2 1 2 37029.88 8.14 9.43 5.61Y x x x= − + + + +  
3 3

4 1 2 1 3 713.64 1.91 10 3.58 10x x x x x− −− × + × −  
4 3

1 4 2 3 2 40.08 3.75 10 3.83 10x x x x x x− −× + × − × −  
2 3 2

3 4 1 2 0.23 0.50 3.30 10x x x x−− − × −  
2 2
3 40.13 415.08x x−                      (4) 

 
For Ni recovery:  

3 1 2 35763.48 5.65 7.82 0.70Y x x x= − + + + +  
4 3

4 1 2 1 3 580.32 7.13 10 1.54 10x x x x x− −− × − × +  
3

1 4 2 3 2 40.24 3.34 10 0.03x x x x x x−× + × + −  
2 3 2

3 4 1 20.42 0.44 2.77 10x x x x−− − × −  
2 2
3 40.11 362.39x x−                      (5) 

 
where Y1, Y2, and Y3 are the Fe, Cr and Ni recovery 
of CBSL reduction products, respectively, and x1, x2 
and x3 are the amount of laterite nickel ore added, 
reduction temperature, and reduction time, 
respectively. 
 
3.3 ANOVA of response surface 

The significance of each item in the model was 
mainly tested by calculating the P value and F 
value. P value <0.01 indicates that the item in the 

model exerts an extremely significant effect. P 
value <0.01 is obtained for the three designed 
models of Fe, Cr and Ni recovery, and the lack of fit 
is 0.0001, <0.0001 and 0.0005, respectively, 
indicating that the selected quadratic model has a 
high fitting accuracy and no obvious relative pure 
error. 

In the linear term, x2 and x3 exert very 
significant effects on the recovery of the Fe, Cr and 
Ni metals, and in the quadratic term, 2

1x , 2
2x , 2

3x  
and 2

4x  have a very significant effect. The order of 
the effect of the reduction parameters on the 
recovery of the metals Fe, Cr and Ni in CBSL 
reduction products is reduction temperature > 
reduction time > amount of laterite nickel ore 
added > FC/O. 
 
3.4 Evaluation of fitting model 

Figures 3(a, b, c) show the residual normal 
probability distributions of the Fe, Cr and Ni 
recovery models, respectively. The fits of the three 
models are extremely good, and the distribution of 
scattering points is approximately linear, suggesting 
that the error follows a normal distribution. 

Figure 4 shows the comparison between the 
predicted and actual values of the Fe, Cr and Ni 
recovery models. The actual and the predicted 
values also show a high degree of fit, and the 
scattering of the actual and the predicted values are 
approximately distributed along a straight line. 
Based on the analysis described above, the models 
predicting Fe, Cr and Ni recovery established using 
RSM are reliable. 
 
3.5 Effect of reduction condition on Fe, Cr and 

Ni recovery 
For a reduction time of 20 min and FC/O of 

0.85, the interactive effect of laterite nickel ore 
addition and reduction temperature on the Fe 
recovery from CBSL reduction products is shown in 
Fig. 5(a). As the amount of added laterite nickel ore 
increases from 3% to 9%, the recovery of metal Fe 
increases first and then decreases. With the increase 
in the amount of added laterite nickel ore, the 
overall basicity of CBSL decreases, and the 
recovery rate of the metal Fe increases. Stainless 
steel dust has high basicity, which makes it difficult 
to separate slag and metal at the reduction end point, 
resulting in a low recovery. The addition of laterite  
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Fig. 3 Normal probability distribution of residuals: (a) Fe 
recovery; (b) Cr recovery; (c) Ni recovery 
 
nickel ore might adjust the overall basicity of CBSL 
and improve the separation effect of slag and metal 
to provide good conditions for the aggregation and 
growth of metal in the reduction process and 
improve the rate of metal recovered. Low basicity 
leads to the production of a large number of 
low-melting point compounds in the reduction 
products, which hinders the reduction of metal 
oxides and results in the gradual reduction of metal 
recovery under certain basicity conditions. 

 

 
Fig. 4 Comparison between predicted and actual recovery: 
(a) Fe recovery; (b) Cr recovery; (c) Ni recovery 
 

As the reduction temperature increases from 
1350 to 1450 °C, the recovery of Fe gradually 
increases first and then tends to plateau. The 
increase in reduction temperature is conducive to 
the reduction of metal. When the reduction 
temperature exceeds 1400 °C, the recovery rate 
increases, indicating that when the reduction 
temperature is 1400 °C, most metal oxides in 
stainless steel dust reach the reduction limit in   
the presence of a sufficient reducing agent and a  
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Fig. 5 3D response surface of effects of laterite nickel ore addition (x1), reduction temperature (x2), reduction time (x3), 
and FC/O (x4) on Fe recovery (Y1) 
 
suitable reduction time, and gradually achieve metal 
reduction. Additionally, the steepness of the 
reduction temperature direction is greater in 
Fig. 5(a) than the response surface. 

For a reduction temperature of 1400 °C and 
FC/O of 0.85, the interactive effect of laterite nickel 
ore addition and reduction time on the Fe recovery 
in CBSL reduction products is shown in Fig. 5(b). 
Similar to the effect of reduction temperature on Fe 
recovery, the Fe recovery initially increases slowly 
and then plateaus with the extension of the 
reduction time. Based on these results, prolonging 
the reduction time is conducive to the reduction of 
the metal Fe in metal oxides in stainless steel dust. 
With the extension of the reduction time, the 
reduction reaction of metal oxides gradually 
proceeds and ends, which improves the recovery of 
the metal Fe in CBSL reduction products. After the 
reduction time reaches 25 min, a high level of 
recovery of the metal Fe is observed. Compared 
with the effect of laterite nickel ore addition, the 
effect of reduction time on Fe recovery is more 
significant. 

Figure 5(c) shows the interactive effect of 
laterite nickel ore addition and FC/O on the Fe 
recovery of CBSL reduction products at a reduction 
temperature of 1400 °C and a reduction time of 
20 min. The slope of the response surface changes 
obviously, and the interaction between laterite 
nickel ore addition and FC/O on Fe recovery is 
significant. The FC/O and the laterite nickel ore 
addition first increase and then decrease metal 

recovery, suggesting that the content of the reducing 
agent alters the degree of Fe reduction, and the 
addition of laterite nickel ore affects the basicity 
characteristics of raw materials and subsequently 
affects the recovery rate of the metal Fe. The 
direction of the effect of laterite nickel ore addition 
is steeper, and the effect of FC/O is more significant 
than that of laterite nickel ore addition. 

For a system containing 6% laterite nickel ore 
and an FC/O of 0.85, the interactive effect of 
reduction temperature and reduction time on the Fe 
recovery in CBSL reduction products is shown in 
Fig. 5(d). The slope of the response surface changes 
obviously, and the interaction between reduction 
temperature and reduction time on Fe recovery is 
significant. The direction of the reduction 
temperature is steeper, and the effect of the 
reduction temperature is more significant than that 
of the reduction time. 

Figure 5(e) shows the interactive effect of 
reduction temperature and FC/O on the Fe recovery 
in CBSL reduction products in the presence of 6% 
laterite nickel ore and a reduction time of 20 min. 
The slope of the response surface changes 
noticeably, and the interaction effect between 
reduction temperature and FC/O on Fe recovery is 
significant. The direction of the effect of the 
reduction temperature is steeper, and the effect of 
the reduction temperature is more significant than 
that of FC/O. 

The interactive effect of reduction time and 
FC/O on the Fe recovery of CBSL reduction 
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products is shown in Fig. 5(f) for a system with 6% 
laterite nickel ore and a reduction temperature of 
1400 °C. The slope of the response surface changes 
substantially, and the interaction between reduction 
time and FC/O on Fe recovery is significant. The 
direction of effect of the reduction time is steeper, 
and the effect of the reduction time is more 
significant than that of FC/O. 

The interactive effects of various reduction 
conditions on the Cr and Ni recovery of CBSL 
reduction products are shown in Figs. 6 and 7, 
respectively. The interaction of various factors on 
the Cr and Ni recovery of CBSL reduction products 
is basically the same as that of Fe recovery, which 

shows that the interaction of reduction conditions 
on the recovery of Fe, Cr and Ni is consistent. 

 
3.6 Optimization results and experimental 

analysis 
In the CBSL reduction process, three objective 

functions (Y1 of Fe recovery, Y2 of Cr recovery, and 
Y3 of Ni recovery) were considered to optimize the 
multiobjective expected function. The specific 
optimization constraints are shown in Table 7. 

The final optimal parameters are as follows: 
amount of added laterite nickel ore of 5.47%, 
reduction temperature of 1428.02 °C, and reduction 
time of 23.10 min. Under the optimized conditions, 

 

 
Fig. 6 3D response surface of effects of laterite nickel ore addition (x1), reduction temperature (x2), reduction time (x3), 
and FC/O (x4) on Cr recovery (Y2) 
 

 
Fig. 7 3D response surface of effects of laterite nickel ore addition (x1), reduction temperature (x2), reduction time (x3) 
and FC/O (x4) on Ni recovery (Y3) 
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Table 7 Scope of specific optimization constraints 

Parameter Goal Lower limit Upper limit Importance 

Laterite nickel ore addition (x1)/% Is in range 3.00 9.00 3 

Reduction temperature (x2)/°C Is in range 1350.00 1450.00 3 

Reduction time (x3)/min Is in range 15.00 25.00 3 

FC/O (x4) Is in range 0.70 1.00 3 

Fe recovery (Y1)/% Maximize 51.73 100.00 3 

Cr recovery (Y2)/% Maximize 43.18 100.00 3 

Ni recovery (Y3)/% Maximize 53.96 100.00 3 

 
the predicted results from the model are the Fe 
recovery of 93.15%, Cr recovery of 91.63%, and Ni 
recovery of 92.70%. 

The CBSL reduction experiment was 
conducted under the optimum conditions, and the 
results are shown in Table 8. The experimental 
results for Fe, Cr and Ni recovery are 92.36%, 
90.67% and 93.64%, respectively, which are similar 
to the predicted results, and the errors are 0.85%, 
1.05% and 1.02%, respectively. The multiobjective 
optimization process for the parameters reveals the 
sufficient accuracy and reliability of the results 
predicted by the model. The recovery rate of the Ni 
reached 93.64%, achieving the efficient recovery of 
this metal oxide in stainless steel dust, especially 
for the recovery of Ni with a high price. 
 
Table 8 Predicted and experimental results under optimal 
conditions 

Parameter Predicted 
result 

Experimental 
result 

Error/ 
% 

Laterite nickel ore 
addition (x1)/% 5.47 5.47 0.00 

Reduction  
temperature (x2)/°C 1428.02 1428.00 0.0014 

Reduction time 
(x3)/min 23.10 23.00 0.43 

FC/O (x4) 0.85 0.85 0.00 

Fe recovery (Y1)/% 93.15 92.36 0.85 

Cr recovery (Y2)/% 91.63 90.67 1.05 

Ni recovery (Y3)/% 92.70 93.64 1.02 

 
3.7 Optimization product analysis 

The reduction products obtained under the 
optimized conditions were screened to obtain 
Fe−Cr−Ni−C alloy particles and self-powdered slag. 

The macromorphology is shown in Fig. 8. Figure 8 
shows that the reduced metal particles are large and 
cooled and separated from the slag. The addition of 
laterite nickel ore reduces the basicity of raw 
materials and improves the recovery of metal and 
the degree of pulverization and separation of slag. 
Under the optimized conditions, the recovery rates 
of metal Fe, Cr and Ni of stainless steel dust 
reduction products are 92.36%, 90.67% and 93.64%, 
respectively. The grades of Fe, Cr and Ni in 
Fe−Cr−Ni−C alloy particles are 62.33%, 18.76% 
and 4.61%, respectively, and the contents of 
harmful elements P and S are very low at 0.0090% 
and 0.013%, respectively. The Fe−Cr−Ni−C alloy 
particles obtained by recovering the solid waste 
stainless steel dust produced by smelting stainless 
steel have a high metal grade and low content of 
harmful components. The reduced product 
consisting of Fe−Cr−Ni−C alloy particles can be 
directly used as excellent steelmaking raw materials 
in the steelmaking process, to adjust the liquid steel 
composition in the stainless steel smelting process, 
and obtain the stainless steel products. 

The XRD phase analysis of the reduced 
product slag is shown in Fig. 9. The main phases in 
the reduction product slag are Ca2SiO4, 
Ca3Mg(SiO4)2, SiO2 and MgO. Ca2SiO4 expands in 
volume during cooling, which may promote the 
separation of reduction product slag and metal 
particles, and the slag composition has also reached 
good conditions. Under the optimized conditions, 
the recovery rates of Fe, Cr and Ni reach more  
than 90%. This study has important guiding 
significance for the effective recycling of secondary 
iron containing solid wastes such as stainless steel 
dust. 
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Fig. 8 Analysis of CBSL reduction products under optimized conditions 
 

 
Fig. 9 XRD pattern of reduced slag 
 
4 Conclusions 
 

(1) Quadratic models of Fe, Cr and Ni 
recovery from CBSL reduction products were 
successfully established using RSM. The significant 
parameters influencing the quadratic models were 
determined using ANOVA, and the accuracy of the 
models was verified. 

(2) Significant interactions between the 
amount of laterite nickel ore added and reduction 
temperature, the amount of laterite nickel ore added 
and reduction time, and the reduction temperature 
and reduction time are observed. The interactions 
between the amount of added laterite nickel ore and 
FC/O, reduction temperature and FC/O, and 
reduction time and FC/O are low. The influence 
order of each parameter on the recovery of Fe, Cr 
and Ni is as follows: reduction temperature > 
reduction time > amount of laterite nickel ore 
added > FC/O. 

(3) Through the multiobjective collaborative 
optimization of the response surface method, the 
final optimization parameters are 5.47% of added 
laterite nickel ore, a reduction temperature of 

1428.02 °C, reduction time of 23.10 min, and FC/O 
of 0.85. The model predicts that the Fe, Cr and Ni 
recovery will be 93.15%, 91.63% and 92.70%, 
respectively. The experimental results are close to 
the predicted values, which prove that the model 
has high accuracy and reliability. 
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摘  要：采用基于响应面法的中心复合设计，通过碳热还原实现不锈钢粉尘和红土镍矿中 Fe、Cr 和 Ni 金属回收

的多目标协同优化，获得高金属回收率和高品位 Fe−Cr−Ni−C 合金颗粒。结果表明，红土镍矿的配入量和还原温

度对金属回收率有显著影响，还原产物中金属 Fe、Cr 和 Ni 的回收率之间存在显著的交互作用。通过模型优化得

到的最优工艺参数为：红土镍矿配入量 5.47%、还原温度 1428.02 ℃、还原时间 23.10 min 和碳氧比(FC/O)0.85。

该模型的 Fe、Cr 和 Ni 的回收率预测结果分别为 93.15%、91.63%和 92.70%。 

关键词：不锈钢粉尘；红土镍矿；金属回收；响应面法；Fe−Cr−Ni−C 合金颗粒 
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