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Abstract: Vanadium-extraction residue (VER) is rich in silicon and the high temperature and high 

pressure alkali leaching can be used to prepare white carbon black (WCB). The effects of the mass 

ratio of alkali to slag, liquid-solid ratio, reaction temperature and reaction time on the silica leaching 

ratio were investigated. Response surface methodology was used to analyze the interaction of these 

main leaching parameters and the final regression equation can be obtained. By using the regression 

equation, the leaching schemes can be designed as the maximum leaching ratio of silica was set, 

thereby the optimal leaching parameters also can be obtained to reduce the leaching cost. Repeated 

experiments showed that the optimized leaching ratio can reach 95.26% which was just lower the 

predicted value by 2.17%, indicating that the regression equation was reliable to be used to optimize 

the leaching process. The WCB product with specific surface area of 105.1 m2/g was verified by XRD 

and FTIR. 
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1.Introduction 
Vanadium-bearing shale is an important vanadium resource in China, and the vanadium reserves in 

it are much larger than that in vanadium-titanium magnetite. Vanadium-extraction residue (VER) is the 

main solid waste produced in vanadium extraction from vanadium-bearing shale [1-4]. Approximately 

120-150 tons VER is generated for every ton V2O5 production from the shale due to the low vanadium 

grade in the shale (c.a. 0.8~1.5%) [5]. Currently, the enormous residues are generally stored in the 

open air, which occupies the vast amount of land and causes potential geological disaster [6]. 

Moreover, the accumulated VER also leads to serious threat to the environment due to the presence of 

heavy metals and the remaining chemical agents. Therefore, the utilization and treatment of VER has 

attracted a great deal of attention. 

It has been studied to prepare geopolymers, autoclaved bricks, blocks and other building materials 

by using VER over the years [7-9]. Although these techniques, in a certain extent, can realize the 

utilization of VER, the added-value of these produces is low and their applications are limited. White 

carbon black (WCB) is a kind of amorphous silica material and is extensively applied in rubber 

industry, coating industry and paper industry due to its high specific strength, excellent high-

temperature resistance, chemical stability, and electrical insulation as a high value-added product [10, 

11]. Commonly, WCB is produced by organic silicate and inorganic silicate, for example tetraethyl 

orthosilicate and sodium silicate but these materials are expensive [12]. Therefore, there is an urgent 

need to seek an economic and alternative source of silica for the production of WCB. VER is mainly 

composed of silica, which can be considered as raw material for the preparation of WCB. Many 

studies have been attempted to prepare WCB from waste slags such as fly ash and rice hull ash [13, 

14].  
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The alkali treatment-chemical precipitation method is widely adopted to prepare WCB from these 

waste slags [15], i.e., the silica component in the silica-rich materials is firstly converted into a soluble 

silicate by alkali leaching [16, 17] and then pH value of the leachate is adjusted with acid to obtain 

WCB product. The process flow chart is shown in Figure 1. The production processes are commonly 

carried out under ambient temperature and pressure at present, but it is not feasible for VER because 

most silica component in VER is quartz resulting in the leaching ratio of silica is low the process is 

time-consuming [18]. Thus, it is necessary to develop an efficient production technique for WCB from 

VER. In this study, a high-temperature alkali reaction-precipitation method was developed to increase 

the leaching ratio of silica. There are few studies on the leaching of silica at high-temperature 

environment and the existing literatures only focuses on the effect of single factors on experimental 

results without considering the interaction of variables, and the parameters optimization from the 

perspective of mathematical-statistical analysis has rarely examined. 

 
Figure 1. Flow chart of alkali leaching process 

 

Response surface methodology (RSM) is a statistical and mathematical method helpful for 

experiment design and optimization of process conditions [19]. RSM determines the influence of 

independent variables on the process and generates a mathematically accurate description of the 

process model [20, 21]. It can optimize the experiments rapidly and efficiently along a path of 

improvement toward the general vicinity of the optimum [22]. Therefore, it not only reduces the 

workload of experiments but also get the best experimental conditions quickly and accurately by virtue 

of RSM [23].  

In this study, the alkali leaching technique was used to produce WCB from VER, and the 

interaction effects of experimental factors on silica leaching were studied by using RSM. A prediction 

model of the leaching ratio of silica and experimental parameters was also established, and the 

prediction model was discussed by analysis of variance (ANOVA), model correction and sufficiency 

verification. RSM was expected to provide guidance for the WCB production in large-scale, which can 

realize the comprehensive utilization of the secondary resources and create environmental and 

economic benefits.  

 

2. Materials and methods 
2.1.Materials 

The VER used for WCB production was obtained from the sodium salts roasting-water leaching 

technique for vanadium extraction [1]. The chemicals used in this study are sodium hydroxide and 

concentrated sulfuric acid (Supplied by Sinopharm Chemical Regent Co., Ltd) and deionized water 

was used in all experiments. 

 

2.2.Method of silica leaching 

Firstly, a known weight of VER was mixed with appropriate sodium hydroxide in high temperature 

and high-pressure reaction kettle (Beijing Century Senlong experimental apparatus Co., Ltd.) and 

deionized water was added to the kettle as a certain liquid-solid ratio. Then the kettle was sealed and 

the mixture was heated to a set temperature with constant mechanical stirring. After reaction, the kettle 
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was cooled down naturally to ambient temperature and the solution was filtered, and pH value of the 

filtrate was adjusted to 8.5 by sulfuric acid to form precipitation as Equation (2). WCB can be obtained 

after the precipitation was filtered, washed and dried at 60 ℃ in drying oven. 

2 2 3 2
SiO 2NaOH Na SiO H O+ → +                           (1) 

   
2 3 2 4 2 2 2 2 4

Na SiO H SO n 1 H O SiO nH O Na SO( )+ + − →  +                 (2) 

In the high temperature leaching process, the optimal range of each condition was determined 

through single-factor experiments, and then the response was optimized with four factors. Finally, the 

verification experiments were conducted according to the optimized conditions. 

 

2.3.Experimental design 

2.3.1 Single‐factor leaching experiment 

The single-factor experiments were conducted to investigate and determine the effects of factors on 

the silica leaching in the alkali leaching process. In these univariate experiments, alkali-slag mass ratio 

(1:3, 2:3, 3:3, 4:3 and 5:3), liquid-solid ratio (3:1, 4:1, 6:1, 8:1, 10:1 and 12:1), reaction time (30, 60, 

90, 120, 150 and 180 min) and reaction temperature (100, 120, 140, 160, 180 and 200℃) were 

selected. During the leaching process, other factors should be set at their maximum when one factor 

was examined unless the optimal value was identified. 

 

2.3.2 Response surface optimization  

The extent of the RSM independent variables were determined taking account into the results of the 

single-factor experiments: the mass ratio of alkali to slag (A=0.5-2.0), liquid-solid ratio (B=3.00-6.00), 

reaction temperature (C=140-200 ℃) and reaction time (D=60-180 min). Factors and their levels are 

shown in Table 1, and the experiments designed by the BBD (Box-Behnken design) model in Design 

Expert 10.0 software are shown in Table 2. Evaluated response Y (%) is the leaching ratio of silica 

from VER. Using the BBD model, only 29 experiments were needed to get the conclusions of 81 

groups of experiments due to the fact that this study is 4 factors and 3 levels. The second-order 

polynomial used in the response surface is given as follows: 
4 4 3 4

2

0

1 1 1 1

   
= = = = +

+ + +  i i ii i ij i j

i i i i j

Y= X X X X                  (3) 

where β0, βi, βii, and βij are the regression coefficients for the intercept, linear, quadratic and interaction 

terms, respectively, and Xi and Xj are the independent variables [24]. The positive, negative and the 

magnitude of these coefficients represent the direction and strength of the experimental conditions 

affecting the reaction system. 

 The experiments were conducted according to the schemes given by BBD model (Table 2) and the 

experimental leaching rate can be obtained (the Y in Table 2). Then, the Design-Expert software was 

used to fit the BBD model by virtue of the least-squares calculation based on the experimental data and 

some important parameters with the help of analysis of variance (ANOVA) can be obtained, such as 

the value of “F”, “Prob > F”, “predicted R-squared (R2)” and “adjustment correlation coefficient 

(R2
Adj)”. These parameters can be used to determine the simulation effect of this model. Finally, the 

Design-Expert software generated a three-dimensional response surface and contour plots of the 

dependent variable and the independent variable. These figures could help us study the interaction 

between independent variables more intuitively. 

 

Table 1 Independent variables and factor levels 

Independent variable Units Symbols 
Uncoded levels 

Low Middle High 

Mass ratio of alkali to slag 1 A 0.5 1.25 2 

Liquid-solid ratio 1 B 3 4.5 6 

Reaction temperature °C C 140 170 200 

Reaction time min D 60 120 180 
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Table 2 Results of the designed experiments 

Experiment 

number 

Mass ratio of 

alkali to slag 

(A) 

Liquid-solid 

ratio 

(B) 

Reaction 

temperature/°C 

(C) 

Reaction 

time/min 

(D) 

Experimental 

Leaching 

ratio/% 

(Y) 

1 1.25 3.00 170.00 180.00 87.73 

2 0.50 3.00 170.00 120.00 70.47 

3 1.25 4.50 140.00 60.00 37.71 

4 2.00 4.50 170.00 60.00 80.34 

5 1.25 4.50 170.00 120.00 87.80 

6 1.25 3.00 170.00 60.00 83.08 

7 1.25 4.50 200.00 180.00 93.25 

8 2.00 3.00 170.00 120.00 88.63 

9 0.50 4.50 200.00 120.00 82.72 

10 1.25 4.50 170.00 120.00 89.51 

11 0.50 4.50 170.00 180.00 70.95 

12 1.25 6.00 140.00 120.00 47.42 

13 1.25 3.00 140.00 120.00 56.94 

14 1.25 6.00 200.00 120.00 94.95 

15 1.25 6.00 170.00 180.00 85.87 

16 2.00 4.50 170.00 180.00 91.60 

17 1.25 6.00 170.00 60.00 82.65 

18 2.00 4.50 200.00 120.00 89.17 

19 2.00 4.50 140.00 120.00 54.81 

20 1.25 4.50 170.00 120.00 88.34 

21 0.50 4.50 140.00 120.00 32.92 

22 0.50 6.00 170.00 120.00 65.36 

23 0.50 4.50 170.00 60.00 59.14 

24 1.25 3.00 200.00 120.00 91.16 

25 2.00 6.00 170.00 120.00 84.35 

26 1.25 4.50 140.00 180.00 58.13 

27 1.25 4.50 170.00 120.00 84.98 

28 1.25 4.50 200.00 60.00 89.96 

29 1.25 4.50 170.00 120.00 89.68 

 

2.4. Analytical method 

The chemical composition of the VER was analyzed with an X-ray fluorescence spectrometer 

(XRF) made by PANalytical B.V in Netherlands. The phase composition of VER and WCB product 

was analyzed by X-ray Diffractometer (XRD) made by Bruker-D8 in Germany working on 40 kV 

instrument using a Cu Kα Ni-filtered radiation (λ=1.5406 Å). Fourier transform infrared spectroscopy 

(FTIR) pattern of WCB product was acquired using Nicolet6700 made by Thermo Scientific in USA. 

Samples were tested at the wavenumber range of 4000-400 cm-1. The BET surface area of WCB 

particle was analyzed using the Nitrogen Adsorbtion-Desrobtion isotherm at 77 K by surface area 

analyzer. 

The silicate content of the leaching solution was measured in accordance with silicon molybdenum 

blue spectrophotometry. The leaching ratio of silica was given by Equation (4): 

100%


= 


c V

w m
                             (4) 

in which η is the leaching ratio of silica (%), c is the silicon content of the alkali leaching solution 

(mg/L), V is the volume of the alkali leaching solution (mL), w is the silicon content of the sample 

(mg/g), m is the weight of VER (g). 

 

3.Results and discussions 
3.1.Characterization of VER 

The chemical composition of the VER is shown in Table 3. The silica content of the residue is 

83.47% and other main compositions were Al2O3, Fe2O3, and P2O5, accounting for 5.09%, 2.40%, and 

1.20% respectively. By coupling with the XRD pattern of VER (Figure 2), it can be known that the 
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main phase in the residue is quartz, reaching more than 80%, and it can be used as raw material for 

producing WCB. 

 

Table 3 Chemical composition of VER 
Element SiO2 Al2O3 CaO MgO P2O5 Na2O K2O V2O5 Fe2O3 TiO2 Loss 

Content/% 83.47 5.09 0.95 0.65 1.20 3.20 0.66 0.23 2.40 0.21 1.25 

 
Figure 2. XRD pattern of VER 

3.2. Single-factor experiments 

3.2.1 Effect of mass ratio of alkali to slag on leaching ratio 

The effect of alkali-slag mass ratio on the leaching ratio of silica is shown in Figure 3. 

 
Figure 3. Effect of mass ratio of alkali to slag on leaching ratio 

 (reaction temperature: 160 ℃; liquid-solid ratio: 10:1; reaction time: 120 min) 

 

Figure 3 shows that the leaching ratio increases first and then decreases as the amount of alkali 

increases. According to the reaction principle, the more the amount of alkali added, the greater the 

leaching ratio is. The leaching ratio of silica decreases as the mass ratio of alkali to slag exceeds 3:3 

(Figure 3), which may be due to the increased concentration of sodium silicate in the solution. High 

concentration of sodium silicate may lead to an increase in the viscosity of the solution, which in turn 

reduced the reaction rate. Furthermore, according to the content of Si and Al in the VER, the silica and 

the alumina can be nearly completely reacted with alkali as the mass ratio of alkali to slag is 3:3. 

Therefore, the alkali-slag ratio was determined to be 3:3. 

 

3.2.2 Effect of reaction temperature on leaching ratio 

Reaction temperature has greater impact on the leaching ratio of silica. It is clear that the leaching 

ratio of silica increases with the increasing temperature from Figure 4. 
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Figure 4. Effect of reaction temperature on leaching ratio  

(mass ratio of alkali to slag: 3:3; liquid-solid ratio:  

10:1; reaction time: 120 min) 

 

It is clearly to see from the curve trend that the leaching ratio is sharply increased in the 

temperature range of 120 to 160°C. The leaching ratio continually increases with the increasing 

temperature, and reaches as high as 93.93% at 200°C but the slope of the curve is significantly reduced 

after 160°C. Thus, the reaction temperature was set as 160°C considering the energy consumption. 

 

3.2.3 Effect of liquid-solid ratio on leaching ratio 

The effect of liquid-solid ratio on the leaching ratio of silica is shown in Figure 5. 

 

 
Figure 5. Effect of liquid-solid ratio on leaching ratio  

(mass ratio of alkali to slag: 3:3; reaction temperature:  

160 ℃; reaction time: 120 min) 

 

As shown in Figure 5, the leaching ratio of silica increases firstly when the liquid-solid ratio 

changes from 3:1 to 4:1, but it drops sharply with the increasing liquid-solid ratio. As the decrease of 

liquid-solid ratio, the formed sodium silicate is high and it is likely to form silica coated on the surface 

of reactants [25], thereby influencing the leaching of silica. Therefore, the liquid-solid ratio was set 

preferably as 4:1. 

 

 

 

3.2.4 Effect of reaction time on leaching ratio 
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The effect of reaction time on the leaching ratio of silica is shown in Figure 6. The leaching ratio is 

increasing much rapidly with the reaction time from 30 to 120 min. After 120 min, the leaching ratio 

tends to be stable. Therefore, the appropriate reaction time was chosen as 120 min. 

 
Figure 6. Effect of reaction time on leaching ratio  

(mass ratio of alkali to slag: 3:3; reaction temperature: 

 160 ℃; liquid-solid ratio: 4:1) 

 

3.3.Analysis of RSM 

3.3.1 Model fitting and ANOVA 

According to the 29 experiments given by BBD and the results in Table 2, we can get final 

equation in Terms of Coded Factors after fitting the experimental results as follows:  

 

               
2 2 2 2

=88.06+9.03 -1.45 +21.19 +4.55 +0.21 -2.61 +0.36 +2.33 +

                    0.14 -3.78 -9.36 0 72 14 53 2 99. . .− − −

Y A B C D AB AC AD BC

BD CD A B C D
            (5) 

 

The coefficients before A, B, C and D represent the direction and influence of the parameters on the 

response. The coefficients of them are 9.03, -1.45, 21.19, 4.55 respectively, which confirms that A, C 

and D have positive impact on the response, oppositely, and B’s impact on the response is negative. 

The order of influence is C > A > D > B, which shows that the reaction temperature has the greatest 

influence on the leaching ratio of silica. 

The variance analysis of the polynomial equation is shown in Table 4. If the P value is less than 

0.05, we can think that the fitting degree is better [26, 27]. The index P of the model is less than 

0.0001, indicating that the simulation effect of the model on this reaction system is significant and has 

a good regression effect. The P-value of “Lack of Fit F-value” is 0.2227, which implies that it was not 

significant. This model shows a not significant “Lack of Fit F-value”, reflecting the completeness of it. 

The other significant terms in equation (5) are A, C, D, AC, BC, CD, A2, C2, D2 and their respective P-

values are <0.0001, <0.0001, <0.0001, 0.0106, 0.0236, 0.0056, <0.0001, <0.0001, <0.0001, 

respectively. The correlation coefficient R2 of the model is 0.9888, and the R2
Adj is 0.9776 indicating 

that the given quadratic response surface model can fully fit the experimental data by Equation (5). 

Furthermore, in order to simplify the calculation of the equation, the inconspicuous terms (P-value 

<0.05) in Equation (5) were removed. Although the P-value for B is higher than 0.05 (Table 4), this 

term was retained considering B is an independent variable. Thus, the simplified quadratic model can 

be obtained as Equation (6) and the variance analysis of the modified model is shown in Table 5. 

 

     
2 2 2

=87.51+8.95 -1.45 +21.11 +4.55 -3.86 3.33 +4.28 -

                                 9.20 14 53 2 96. .

+

− −

Y A B C D AC BC CD

A C D
       (6) 
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Table 4 Variance analysis results of quadratic model 

Source 
Sum of 

Squares 
df Mean Square F Value P-value Prob > F Significance 

Model 8482.36 14 605.88 88.26 < 0.0001 significant 

A 960.43 1 960.43 139.90 < 0.0001  

B 25.26 1 25.26 3.68 0.0757  

C 5346.11 1 5346.11 778.75 < 0.0001  

D 248.60 1 248.60 36.21 < 0.0001  

AB 0.17 1 0.17 0.025 0.8761  

AC 59.64 1 59.64 8.69 0.0106  

AD 0.076 1 0.076 0.011 0.9177  

BC 44.30 1 44.30 6.45 0.0236  

BD 0.51 1 0.51 0.075 0.7884  

CD 73.42 1 73.42 10.69 0.0056  

A2 568.47 1 568.47 82.81 < 0.0001  

B2 4.60 1 4.60 0.67 0.4265  

C2 1368.70 1 1368.70 199.37 < 0.0001  

D2 63.02 1 63.02 9.18 0.0090  

Residual 96.11 14 6.87    

Lack of Fit 81.73 10 8.17 2.27 0.2227 not significant 

Pure Error 14.38 4 3.60    

Cor Total 8578.47 28     

     Notice: R2=0.9888, R2
Adj=0.9776 

 

The variance analysis results indicate that this modified model is also significant (P-value of the 

model < 0.0001), and its Lack of Fit is not significant (Table 5), which implies that the modified model 

can still meet the requirements of response surface analysis [19]. Particularly, the P-value of B was 

reduced from 0.0757 to 0.0485, which became significant in the new model after simplification. 

Moreover, the F value of Lack of Fit 1.73 implies the Lack of Fit is not significant relative to the pure 

error. Non-significant lack of fit is good, in addition, the F value of Lack of Fit in the new model 

became smaller than Equation (5), which indicates that the former fits the experimental results better 

than the latter. 

 

Table 5 Variance analysis results of the modified model 

Source 
Sum of 

Squares 
df 

Mean 

Square 

F 

Value 

p-value 

Prob > F 
Significance 

Model 8476.99 10 847.70 150.36 < 0.0001 significant 

A 960.43 1 960.43 170.36 < 0.0001  

B 25.26 1 25.26 4.48 0.0485  

C 5346.11 1 5346.11 948.29 < 0.0001  

D 248.60 1 248.60 44.10 < 0.0001  

AC 59.64 1 59.64 10.58 0.0044  

BC 44.30 1 44.30 7.86 0.0118  

CD 73.42 1 73.42 13.02 0.0020  

A2 569.67 1 569.67 101.05 < 0.0001  

C2 1388.52 1 1388.52 246.30 < 0.0001  

D2 58.85 1 58.85 10.44 0.0046  

Residual 101.48 18 5.64    

Lack of Fit 87.09 14 6.22 1.73 0.3166 not significant 

Pure Error 14.38 4 3.60    

Cor Total 8578.47 28     

      Notice: R2=0.9882, R2
Adj=0.9816 

 

3.3.2 Model validation 

In order to further evaluate the fitting of the silica leaching by the model (Equation (6)), some 

important diagnostic plots, i.e. normal % probability against internally studentized residuals, internally 

studentized residuals against predicted, internally studentized residuals against run number and 

predicted against actual, are shown in Figure 7. 
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Figure 7. Diagnostic plots of the quadratic model. (a-normal % probability against internally  

studentized residuals; b-internally studentized residuals against predicted; c-internally  

studentized residuals against Run Number; d-predicted leaching results against actual results) 

 

It can be seen from the Normal % Probability against Internally studentized residuals plot (Figure 7 

(a)) that all points are distributed along a straight line, indicating that the error terms are normally 

distributed and independent of each. In Figure 7 (b) and Figure 7 (c), whether it is the predicted value 

or the experimental value in 29 experiments, their residuals are randomly distributed between +3.00 

and -3.00, suggesting that the BBD model can successfully establish the relationship between the 

independent variables and the leaching ratios [22]. The points are approximately distributed along a 

straight line with slope of 1 in Figure 7 (d), which indicates that this model can accurately predict the 

actual value. 

The response surface and contour plots for the interaction effect between independent variables on 

the leaching ratio can be seen in Figure 8. According to the 3D response surfaces and the contour plots, 

the degree of interaction effect can be judged [20]. It is clear to see that the leaching ratio of silica 

increases with the growth of the mass ratio of alkali to slag and the temperature and then decreases 

gradually after it reach the maximum, as shown in Figure 8 (a), 8 (b), indicating that the excessive 

reaction temperature and alkali-slag mass ratio has a negative influence on the leaching ratio of silica. 

However, as one variable is liquid-solid ratio or reaction time, the reaction temperature always 

imposes the positive effect on the leaching ratio as shown in Figure 8 (c) and Figure 8 (e). The curving 

surface of Figure 8 (a), Figure 8 (c) and Figure 8 (e) indicates the significant interactions between mass 

ratio of alkali to slag and reaction temperature, liquid-solid ratio and reaction temperature, as well as 

reaction temperature and reaction time. As far as the influence of the individual variable is concerned 

reaction temperature, the mass ratio of alkali to slag, and reaction time have great influence on the 

leaching ratio of silica, which is accordance with Equation (6). 
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Figure 8. Response surfaces (a-mass ratio of alkali slag vs reaction temperature; c-liquid-solid ratio vs 

reaction temperature; e-reaction temperature vs reaction time) and contour plots (b-mass ratio of alkali 

slag vs reaction temperature; d-liquid-solid ratio vs reaction temperature; f-reaction temperature vs 

reaction time) for the interactions effect between independent variables on leaching ratio 

 

3.3.3 Optimization and comparison 

  According to the above analysis, it indicates that the quadratic model can accurately describe the 

leaching process of silica from VER. Based on the fitting equation (Equation (6)) given by the model, 

the maximum leaching ratio was set as the target, and the software generated 30 schemes as shown in 

Table 6.  

  As can be seen from Table 6, the leaching ratios in all schemes are more than 97% with a gap of 

less than 0.2% except for the last three. Compared with other schemes, their liquid-solid ratios are at a 

low level, which will cause the solid concentration and alkali concentration in the solution to be at an 
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excessive level, and long-term reactions can easily cause abrasion and corrosion on the equipment. 

Taking energy and alkali consumption into account, No. 26 scheme was selected and the optimal 

leaching conditions, i.e. mass ratio of alkali to slag is 1.48:1, liquid-solid ratio is 6.00:1, reaction time 

and reaction temperature are 193.8°C and 119.2 min respectively also can be determined. The 

verification experiments showed that real leaching ratio of silica was 95.26%, and the error was only 

2.17% when comparing to the predicted value 97.33%, indicating that RSM can be used to predict the 

leaching ratio of silica. 

 

Table 6 Optimal optimization scheme conditions and results prediction 
Number A B C/°C D/min Y/%  

1 1.49 6.00 193.30 132.43 97.46  

2 1.49 6.00 193.46 131.33 97.46  

3 1.50 6.00 193.04 133.32 97.46  

4 1.49 6.00 193.13 130.61 97.46  

5 1.50 6.00 192.96 134.26 97.46  

6 1.48 6.00 193.54 132.68 97.46  

7 1.50 6.00 193.78 131.26 97.46  

8 1.49 6.00 192.87 131.03 97.46  

9 1.49 6.00 193.48 135.55 97.45  

10 1.50 6.00 192.61 131.46 97.45  

11 1.50 6.00 192.47 132.47 97.45  

12 1.49 6.00 192.08 135.34 97.44  

13 1.52 6.00 193.52 128.68 97.44  

14 1.51 6.00 193.85 126.15 97.43  

15 1.46 6.00 192.95 137.26 97.42  

16 1.44 6.00 193.68 133.49 97.42  

17 1.46 6.00 194.91 126.41 97.41  

18 1.50 6.00 191.85 140.35 97.41  

19 1.56 6.00 193.08 133.41 97.40  

20 1.53 6.00 192.40 140.91 97.40  

21 1.48 6.00 191.74 127.95 97.39  

22 1.55 6.00 192.53 139.99 97.38  

23 1.48 6.00 190.65 135.33 97.36  

24 1.48 6.00 195.30 137.32 97.36  

25 1.42 6.00 193.42 138.79 97.34  

26 1.48 6.00 193.84 119.17 97.33 Selected 

27 1.52 6.00 189.88 137.61 97.30  

28 1.49 4.70 189.84 132.48 96.62  

29 1.52 3.00 184.76 132.52 95.96  

30 1.78 3.00 182.37 120.82 94.50  

 

3.4.Characterization of WCB 

The XRD peaks of produced WCB from VER are shown in Figure 9. Significant dispersion peaks 

appeared in the range of 20 to 25°, and there are no particularly sharp peaks in the figure. The 

diffraction peak confirms the presence of amorphous silica, which may be related to the presence of 

disordered cristobalite [12], which is consistent with the results of other studies [28, 29].  

                         
            Figure 9. XRD pattern of WCB extracted                  Figure 10. FTIR spectrum of WCB 
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The FTIR spectrum (Figure 10) shows the major chemical groups on the WCB product. The broad 

peaks at 3449 and 1639 cm-1 are due to the stretching vibration of the H-O-H and O-H bond 

respectively, which can be assigned to the presence of absorbed water on the surface of the product 

[30,31]. The strong absorption peak at 1114 cm-1 is due to the asymmetric stretching vibration of the 

siloxane bonds (Si-O-Si) [32-34], while the peak at 799 cm-1 is assigned to the Si-O-Si symmetric 

bond stretching vibration and the peak at 469 cm-1 is associated with the bending vibration modes of 

network O-Si-O [35]. The weak absorption peak at 956 cm-1 is ascribed to the bending vibration of Si-

OH [36]. These bonds indicate that the obtained product is amorphous hydrated silica, i.e. WCB, 

which is also confirmed by XRD analysis. 

The specific surface area of the prepared WCB product was measured as 105.1 m2/g, which is 

similar to the specific surface area of the silica prepared by Wang et al [37], the researcher added it 

into the rubber as additive successfully. The hydroxyl groups on the surface of WCB form a physical 

and chemical bond with rubber molecules, and a molecular adsorption layer is formed on the surface 

of WCB to enhance the reinforcing effect of rubber [38, 39]. So it can be used as reinforcing or flow-

aid reagent in rubber.  

 

4.Conclusions 
RSM was used in this study to optimize the high temperature and high pressure alkali leaching 

process of silica from VER for preparation of WCB. The quadratic equation can be obtained by 

analyzing the experimental results by using the BBD model. This equation can fit the leaching process 

well and it can be used to design the leaching parameters and to predict the leaching ratio of silica. A 

variety of leaching schemes can be obtained if the leaching ratio was set by using the quadratic 

equation and the optimal conditions for preparing WCB, i.e. mass ratio of alkali to slag is 1.48:1, 

liquid-solid ratio is 6.00:1, reaction time and reaction temperature are 193.8°C and 119.2 min 

respectively, can be determined by taking energy and alkali consumption into account. Under these 

conditions, the actual leaching ratio of silica was 95.26% which is close to the predicted value 97.33%, 

indicating that the equation is reliable to determine the parameters in the silica leaching process. The 

XRD, FTIR were used to verify the product with a surface area of 105 m2/g, and the results showed 

that the product was WCB. 
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