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Abstract

:

Arsenic–iron precipitate was treated using a carbon thermal magnetization reduction method in order to recover arsenic and iron. Arsenic–iron precipitate mixed with coke powder was roasted at a low temperature; arsenic was recovered in the form of As2O3, and iron was recovered in the form of Fe3O4. The volatilization rate of arsenic was 97.45%, and the content of arsenic in the precipitate was decreased to 0.60%. Iron and arsenic were recovered in the form of Fe3O4 and As2O3 with a purity of 99.91 wt.% under the conditions of a roasting temperature of 650 °C, coke powder addition of 25 wt.%, a roasting time of 180 min, and an argon flow rate of 10 L/min. The volatilization of arsenic was controlled by a chemical controlling step at 20–100 min, and this was switched to a diffusion controlling step at 120–180 min by kinetic experiments. The reaction mechanism of arsenic and iron under carbon thermal magnetization reduction was as follows: in the early stage of the reaction, a large amount of FeAsO4 was decomposed into As2O3 and Fe3O4; in the middle and late stages of the reaction, FeAsO4 was continuously decomposed and reduced, and the content of Fe3O4 was continuously increased until all iron was magnetized to generate Fe3O4, and the decomposed As2O3 volatilized into dust. Arsenic reacted with CaO to generate Ca3(AsO4)2, and this may be the reason why arsenic could not be removed completely.
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1. Introduction


With the exhausting of mineral resources, complex arsenic-containing mineral resources are gradually being exploited and used. During the smelting process, a proportion of arsenic enters into the smelting wastewater, forming arsenic-containing wastewater, which must be treated up to the standard and recycled. The iron precipitation method is one of the main methods to treat arsenic-containing wastewater. This method involves adding ferric salt into arsenic-containing wastewater to generate the iron salt precipitation of arsenic, namely, arsenic–iron precipitate, so as to achieve the purpose of arsenic removal [1,2,3,4,5,6].



Arsenic–iron precipitate is a hazardous waste substance that must be treated to render it harmless to the environment. At present, the treatment methods of arsenic–iron precipitate are mainly solidification, including polymer solidification, glass solidification, and cement solidification [7,8,9,10]. The polymer solidification method is based on polymer compounds, such as asphalt, polyethylene, polyester resin, etc., which solidify arsenic in organic polymer compounds to block the dissolution of arsenic [10,11,12]. This method has high solidification efficiency and a low arsenic dissolution rate; however, the polymer solidification method has the disadvantages of easy aging to a solidified body and high cost, and it is still in the theoretical research stage. The glass solidification method is mainly a solid waste solution that mixes arsenic–iron precipitate with the components of relevant glass and then seals the arsenic-containing waste precipitate in the glass body after high temperature melting at 850–1300 °C and cooling to room temperature [13,14,15]. When arsenic–iron precipitate is treated with the glass matrix, the waste precipitate particles will be coated by the surrounding vitrified components, thus forming a compact protective film to prevent the arsenic element from leaching out. The treatment must go through a high-temperature melting process. As the arsenic-containing compounds are volatile, the glass solidification method is mainly used in the treatment of low-volatility or non-volatile arsenic-containing industrial waste residue. This method has the disadvantages of a complicated preparation process and a high running cost, and it is difficult to apply on an industrial scale. The cement solidification method uses the gel formed by cement hydration to wrap arsenic–iron precipitate, so as to achieve the purpose of inhibiting arsenic leaching [16,17]. This method is simple in terms of the process, is low in terms of equipment and operating costs, and is the main method for the solidification treatment of arsenic–iron precipitate. The disadvantages of the cement solidification method are that arsenic–iron cannot be utilized as a resource; the volume after solidifying is increased by 3–5 times, and the solidification of arsenic–iron precipitate must be stored in a precipitate yard, which increases the running cost of the precipitate yard and shortens the service life of the precipitate yard. Therefore, the solidification method is not the best way of treating arsenic–iron precipitate.



Arsenic–iron precipitate contains 20–35 wt.% iron and 30–40 wt.% arsenic. It is not only a hazardous waste substance but is also an important iron resource that needs to be comprehensively utilized. The methods of resource utilization of arsenic-containing precipitate are mainly the pyrometallurgical method, hydrometallurgy method, and pyrometallurgical–hydrometallurgy combined method [18,19,20,21,22,23,24,25,26]. The pyrometallurgical method is based on the volatile characteristics of arsenic trioxide, which volatilizes arsenic in the form of As2O3 to recycle arsenic, and the arsenic-removed precipitate is returned to the smelting process to recycle valuable metals [27,28]. This method is mainly based on the difference in the saturated vapor pressure between different elements and arsenic to realize the separation of arsenic. It is suitable for the separation of non-volatile elements and arsenic. This method is not applicable to systems containing many volatile elements. The hydrometallurgy method is based on the characteristic that arsenic is easily soluble in acid and alkali. Consequently, acid or alkali is used to leach arsenic into the leaching solution, and valuable metals in the arsenic-removed precipitate are recycled by wet leaching [29,30,31,32]. This method can realize the effective separation of arsenic and other valuable metals, and the effective recovery and utilization of valuable metals can be realized by a multi-step leaching method. The disadvantage of this method is that arsenic is removed in the form of slag, forming new arsenic-containing hazardous waste, which is difficult to use. In addition, arsenic-containing wastewater will also be produced, which requires treatment to render it harmless. The pyrometallurgical–hydrometallurgy combined method recovers arsenic via the pyrometallurgical method and recovers valuable metals via the hydrometallurgy method [33,34]. This method uses the pyrometallurgy method to recycle arsenic in the form of arsenic trioxide or arsenic product and then uses the wet leaching method to recover valuable metals from the arsenic-removed slag, effectively avoiding the generation of secondary arsenic-containing waste slag and arsenic-containing wastewater. The disadvantages of this method are the long and complex process required and the large equipment investment.



Arsenic in arsenic–iron precipitate mainly exists in the form of ferric arsenate. Determining how to efficiently remove arsenic from arsenic–iron precipitate and recover iron from the precipitate is the key difficulty associated with the resource utilization of arsenic–iron precipitate. Based on the characteristics of As2O3 making it volatile and iron being magnetic, this paper used the carbon thermal magnetization reduction method to reduce the iron in arsenic–iron precipitate using ferroferric oxide and to reduce the arsenic by using arsenic trioxide. In this paper, the effects of the roasting temperature, coke powder addition, and roasting time on the experimental results were investigated, and the kinetics of arsenic volatilization during carbon thermal magnetization reduction in arsenic–iron precipitate was systematically studied. The reaction mechanism of arsenic and iron in carbon thermal magnetization reduction was studied. This method realized the resource utilization of arsenic and iron in arsenic–iron precipitate, and it provides a new idea for treating arsenic–iron precipitate.




2. Experimental Section


2.1. Materials


Arsenic–iron precipitate was collected from a copper smelting factory in Southwest China, which was produced in the treatment process of arsenic-containing wastewater. As it contained a lot of water, the factory used the method of filter pressing and dried the precipitate. The raw material of this experiment was the roasted and dried arsenic–iron precipitate of this factory. The reductant was coke powder, with a carbon content of 75.51%, ash content of 18.48%, and volatile content of 6.01%, which was milled to a particle size of ≤0.15 mm; and the particle sizes were as follows: 0.075–0.15 mm of 87.53 wt.% and 0.00874–0.075 mm of 12.47 wt.%. The purity of the commercial argon was 99.999%. The chemical composition analysis of the arsenic–iron precipitate is shown in Table 1, and the X-ray diffraction analysis is shown in Figure 1. The mineral composition distribution of the arsenic–iron precipitate was determined by electron probe microanalysis (EPMA), as presented in Figure 2. It can be seen from Figure 1 that the main components of the arsenic–iron precipitate were FeAsO4 and CaO. Moreover, it can be seen from Figure 2 that the mineral phase distribution of arsenic and iron in the arsenic–iron precipitate was mainly FeAsO4, consisting of a small amount of free As2O3 and a small amount of CaO.




2.2. Experimental Device and Methods


Experimental device: The experimental device was a vertical tubular atmosphere furnace, as shown in Figure 3, with a size of Φ20 mm × 150 mm. A silicon carbide rod was used for heating; the highest heating temperature was 1000 °C, and the temperature control accuracy was ±2 °C. In the kinetic experiments, a quartz crucible was hung on the analytical balance.



Experimental method: The arsenic–iron precipitate and coke powder were mixed in proportion, put into a quartz crucible, and reacted at a certain temperature under an introduced argon atmosphere. The dust was collected by the absorption bottle, and the tail gas was absorbed by alkali liquor. The volatilization rate of arsenic was calculated by Equation (1).


xi = (m0 × x0 − m1 × x1) × 100%/m0 × x0



(1)







In Equation (1): xi wis the volatilization rate of arsenic, wt.%; m0 is the weight of added arsenic iron precipitate, kg; x0 is the arsenic content in the arsenic iron precipitate, wt.%; m1 is the weight of the arsenic–iron precipitate after reaction, kg; x1 is the content of arsenic in the precipitate after reaction, wt.%.




2.3. Analysis and Detection Methods


An X-ray diffraction analyzer was used for phase analysis (model D/max-3B, manufactured by Nishiko Corporation in Osaka City of Japan), with a scanning range of 5–80° and a step length of 8°/min. An electron probe analyzer was used for the mineral phase distribution of the arsenic–iron precipitate (EPMA-8050G, manufactured by Shimadzu Company in Kyoto City of Japan). When the arsenic content was ≥1%, an EDTA volumetric method was used for determination; when the arsenic content was <1%, ICP-AES was used for determination. Other elements were determined by ICP-AES.




2.4. Thermodynamic Analysis


The possible chemical reactions of carbon thermal magnetization reduction in the standard-state of the arsenic–iron precipitate are shown in Equations (2)–(6).


3FeAsO4 + 7/2CO(g) = Fe3O4 + 7/2CO2(g) + 3/2As2O3



(2)






2FeAsO4 + 2CO(g) = Fe2O3 + 2CO2(g) + As2O3



(3)






2FeAsO4 + 3CO(g) = 2FeO + 3CO2(g) + As2O3



(4)






2FeAsO4 + 5CO(g) = 2Fe + 5CO2(g) + As2O3



(5)






3CaO + 8/3As2O3 + 3CO(g) = Ca3(AsO4)2 + 10/3As + 3CO2(g)



(6)







HSC software (version 6.5 provided by Thermo-Calc Software Company in Stockholm City of Sweden) was used to calculate the ΔGθ of Equations (2)–(6) at 300–700 °C and to draw the ΔGθ − T diagram of Equations (2)–(6) at 300–700 °C, as shown in Figure 4.



The phase of arsenic and iron in the arsenic precipitate was mainly FeAsO4. The following can be seen from Figure 3: (1) FeAsO4 was reduced to Fe2O3, Fe3O4, FeO, and Fe by carbon. At 300–700 °C, FeAsO4 was most likely reduced to Fe3O4 by carbon. (2) During the carbon thermal magnetization reduction process, the arsenic in FeAsO4 would finally exist in the form of As2O3. (3) Fe3O4 is magnetic and could be recovered from roasting the precipitate by magnetic separation, and As2O3 could be volatilized into dust for recovery. (4) Ca3(AsO4)2 [35,36,37] would be generated by Equation (6), which would hinder the volatilization of arsenic. Due to the low content of CaO in the raw materials, this reaction would not seriously affect the volatilization of arsenic; however, it also indicated that arsenic could not be removed completely due to the generation of Ca3(AsO4)2. Therefore, the method of carbon thermal magnetization reduction can be adopted to recover iron from arsenic–iron precipitate with Fe3O4 and arsenic with As2O3 so as to realize the resource utilization of iron and arsenic in arsenic–iron precipitate.





3. Experimental Results and Discussion


3.1. Influence of Temperature on the Experimental Results


Experimental conditions: coke powder addition was 25 wt.%, the roasting time was 180 min, and the argon flow rate was 10 L/min. The influence of temperature on the experimental results was investigated. The arsenic volatilization rates and arsenic content in the precipitate roasted at different temperatures are shown in Figure 5. The precipitate roasted at different temperatures was analyzed by X-ray diffraction, and the results are shown in Figure 6.



As shown in Figure 5, the volatilization rate of arsenic increased with the increase in temperature. At 500 °C, the volatilization rate of arsenic was 60.31%, and the content of arsenic in the precipitate was 14.19%. At 600 °C, the volatilization rate of arsenic was increased to 97.45%, and the content of arsenic in the precipitate was decreased to 0.60%. After that, the volatilization rate of arsenic remained basically unchanged when the temperature continued to rise; therefore, 650 °C was determined to be the best experimental temperature for arsenic volatilization.



The following can be seen from Figure 6: (1) With the increase in the reaction temperature, FeAsO4 was gradually decomposed, and iron in the arsenic–iron precipitate was mainly magnetized to Fe3O4 according to Equation (2). (2) At 650 °C, there was no peak in FeAsO4 in the XRD pattern, FeAsO4 was completely decomposed, and the generated As2O3 volatilized into dust and was separated from the precipitate. (3) At 500 °C, the peak of Ca3(AsO4)2 could be clearly observed, which indicated that CaO would hinder the volatilization of arsenic according to Equation (6). (4) With the increase in temperature, the content of Ca3(AsO4)2 gradually decreased, and the peak of Ca3(AsO4)2 could hardly be observed at 650 °C. This may be because the volatilization rate of As2O3 increased rapidly with the increase in temperature, which led to As2O3 being unable to fully react with CaO, thus reducing the generation of Ca3(AsO4)2. Moreover, because the content of CaO in the raw material was very small, the generated amount of Ca3(AsO4)2 was very small. Therefore, in order to decompose FeAsO4 and avoid the formation of Ca3(AsO4)2 as much as possible, the optimal experimental temperature was 650 °C. At this temperature, the volatilization rate of arsenic in the arsenic–iron precipitate was 97.36% and the content of arsenic in the precipitate was 0.60%. Iron was basically magnetized to Fe3O4.




3.2. Influence of Coke Powder Addition on the Experimental Results


Experimental conditions: the roasting temperature was 650 °C, the roasting time was 180 min, and the argon flow rate was 10 L/min. The influence of coke powder addition on the experimental results was investigated. The arsenic volatilization rates and arsenic contents in the precipitate roasted at different coke powder additions are shown in Figure 7. The precipitate roasted at different coke powder additions was analyzed by X- ray diffraction, and the results are shown in Figure 8.



As shown in Figure 7, when 0 wt.% coke powder was added, the volatilization rate of arsenic was 5.28%, which was the direct volatilization of a small amount of free As2O3 in the arsenic–iron precipitate. With the increase in coke powder addition, the volatilization rate of arsenic increased rapidly. When the coke powder addition was 10 wt.%, the volatilization rate of arsenic was 55.45%. When the coke powder addition was 25 wt.%, the volatilization rate of arsenic was 97.45%, and the arsenic content in the precipitate decreased to 0.60%. With the addition of 30 wt.% coke powder, the volatilization rate of arsenic decreased significantly to only 53.16%. As can be seen from Figure 8, with the addition of 30 wt.% coke powder, FeAsO4 was excessively reduced to Fe due to the excessive reduction atmosphere, and the roasted precipitate partially melted, which greatly reduced the volatilization rate of arsenic.



The following can be seen from Figure 8: (1) With the increase in carbon addition, FeAsO4 was gradually decomposed. In addition, iron in the arsenic–iron precipitate was magnetized to Fe3O4 mainly according to Equation (2). (2) When 25 wt.% coke powder was added, the peak of FeAsO4 could hardly be detected in the XRD patterns, FeAsO4 was completely decomposed, and the generated As2O3 was volatilized into dust and was separated from the precipitate. (3) When 30 wt.% coke powder was added, the peak of Fe could clearly be observed in the XRD patterns. An excessive reducing atmosphere made part of FeAsO4 generate Fe according to Equation (5). Furthermore, the burning of a large amount of coke powder caused overheating, resulting in partial melting of the roasted precipitate, which greatly reduced the volatilization rate of arsenic. From the experiments, it was determined that 25 wt.% coke powder addition was the optimal experimental condition.




3.3. Influence of the Roasting Time on the Experimental Results


Experimental conditions: the roasting temperature was 650 °C, the coke powder addition was 25 wt.%, and the argon flow rate was 10 L/min. The influence of the roasting time on the experimental results was investigated. The arsenic volatilization rates and arsenic contents in the precipitate roasted at different roasting times are shown in Figure 9.



It can be seen from Figure 9 that the volatilization rate of arsenic was significantly increased by prolonging the roasting time. At 60 min, the volatilization rate of arsenic was 50.27%, and the arsenic content in the precipitate was 16.20%. At 180 min, the volatilization rate of arsenic was 97.45%, and the content of arsenic in the precipitate was 0.60%. After that, the volatilization rate of arsenic remained stable when the time was prolonged. Therefore, 180 min was the optimal roasting time.




3.4. Kinetic Analysis of the Arsenic Volatilization Process


The shrinking core model (SCM) [37,38,39,40] was used to study the kinetic volatilization process of arsenic in the carbon thermal magnetization process. The volatilization rates of arsenic under different temperatures and roasting times with coke powder of 25 wt.% are shown in Figure 10. The kinetic equations with different controlling steps of the SCM are shown in Table 2. In Table 2, kd, kr, and km are the apparent rate constants (min−1) that were controlled by a diffusion controlling step, a chemical reaction controlling step, and a hybrid controlling step.



With roasting time as the x-axis and 1 − (1 − x)1/3 as the y-axis, the relationship between roasting time and 1 − (1 − x)1/3 is shown in Figure 11. As shown in Figure 11, there was a good fit between the roasting time and 1 − (1 − x)1/3 at 20–100 min under 610–650 °C. In Figure 11, the slope of the fitting line was ki; with 1000/T as the x-axis and –lnki as the y-axis, the relationship between 1000/T and –lnkr is shown in Figure 12. In Figure 12, fitting the points, a straight line with a slope value of 7.12563 was observed. Therefore, the value of Ea was 59.24 kJ/mol, and the controlling step in the volatilization was the chemical controlling step.



With the roasting time as the x-axis and 1 − 2/3x − (1 − x)2/3 as the y-axis, the relationship between the roasting time and 1 − 2/3x − (1 − x)2/3 is shown in Figure 13. As shown in Figure 13, there was a good fit between the roasting time and 1 − 2/3x − (1 − x)2/3 at 120–180 min at 610–650 °C. In Figure 13, the slope of the fitting line was kd. With 1000/T as the x-axis and –lnki as the y-axis, the relationship between 1000/T and –lnkd is shown in Figure 14. In Figure 14, fitting the points, a straight line with a slope value of 2.509 was observed. Therefore, the value of Ea was 20.89 kJ/mol, and the controlling step in the volatilization was the diffusion controlling step.




3.5. Mechanism Analysis of Arsenic Volatilization and Iron Magnetization


The mineral composition distribution of the roasted precipitate was determined by EMPA. The EPMA photos of the precipitate roasted at different times are presented in Figure 15. According to the previous experiments above and the EPMA photos, the following was observed: (1) During the early stage of the reaction, a large amount of FeAsO4 was decomposed into As2O3 and Fe3O4. At 60 min, As2O3 was obviously detected in the roasted precipitate. As2O3 was volatilized into dust, and at the same time, Fe3O4 was generated. (2) In the middle and late stages of the reaction, FeAsO4 was continuously decomposed and reduced, and the content of Fe3O4 was continuously increased until all iron was magnetized to generate Fe3O4, and the decomposed As2O3 volatilized into the dust. After 100 min, As2O3 could no longer be detected in the precipitate. This is because As2O3 was volatilized immediately when it was formed due to the volatile property of As2O3. (3) A small amount of arsenic reacted with CaO to generate Ca3(AsO4)2. As time extended, the arsenic content in CaO increased significantly, and the generation of Ca3(AsO4)2 may be the reason why the arsenic content in the final product was still 0.60%.



Before 20 min, a small amount of arsenic volatilized, mainly due to the volatilization of free As2O3 in the arsenic–iron precipitate. After that, FeAsO4 in the arsenic–iron precipitate began to decompose in large amounts. A large amount of As2O3 was released and volatilized to dust, and a large amount of iron trioxide was generated. This process occurred at 20–100 min, and the key controlling step was the chemical controlling step. At 120–180 min, with the continuous reduction of FeAsO4, the decomposition rate of residual FeAsO4 became slower. As2O3 was slowly generated and volatilized into dust, and a small amount of iron trioxide was produced until arsenic was volatilized completely. This process occurred at 120–180 min, and the key controlling step was the diffusion controlling step. Arsenic remained in the roasted precipitate, with 0.60% wt.% being due to the generation of Ca3(AsO4)2. The reaction mechanism of arsenic and iron in the carbon thermal magnetization reduction is shown in Figure 16.




3.6. Products


The chemical composition analyses of the roasted precipitate and dust are shown in Table 3, and the X-ray diffraction analyses of the roasted precipitate and dust are shown in Figure 17 and Figure 18.



The following can be seen from Figure 17 and Figure 18 and Table 3: (1) The roasted precipitate was mainly Fe3O4, containing arsenic at 0.60 wt.% and a very small amount of Ca, Si, and Cu. Iron was separated from other impurities by magnetic separation and recovered in the form of Fe3O4. (2) The dust was mainly As2O3, and the purity of As2O3 was 99.91 wt.%, which can be used as the raw material for smelting arsenic.





4. Conclusions


	(1)

	
Arsenic and iron in iron–arsenic precipitate can be recovered via the carbon thermal magnetization reduction method. Iron and arsenic were recovered in the form of Fe3O4 and As2O3 with a purity of 99.91 wt.%. The volatilization rate of arsenic was 97.45%. The content of arsenic in the precipitate was decreased to 0.60% under the conditions of a roasting temperature of 650 °C, coke powder addition of 25 wt.%, a roasting time of 180 min, and an argon flow rate of 10 L/min.




	(2)

	
It was shown via kinetic experiments that the volatilization of arsenic was controlled by the chemical controlling step at 20–100 min, which switched to the diffusion controlling step at 120–180 min.




	(3)

	
The reaction mechanism of arsenic and iron in carbon thermal magnetization reduction was as follows: During the early stage of the reaction, a large amount of FeAsO4 was decomposed into As2O3 and Fe3O4 and As2O3 was volatilized into dust. During the middle and late stages of the reaction, FeAsO4 was continuously decomposed and reduced, and the content of Fe3O4 was continuously increased until all iron was magnetized to generate Fe3O4, and the decomposed As2O3 volatilized into dust.




	(4)

	
A small amount of arsenic reacted with CaO to generate Ca3(AsO4)2. This may be the reason why arsenic could not be removed completely. Future experimental studies are required to determine how to eliminate the generation of Ca3(AsO4)2 and realize the removal of arsenic completely.
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Figure 1. XRD patterns of the arsenic–iron precipitate. 
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Figure 2. Mineral phase distribution of the arsenic–iron precipitate analyzed by EPMA. 
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Figure 3. Experimental device. 
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Figure 4. ΔGθ−T diagram of Equations (2)–(6) at 300–700 °C. 
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Figure 5. Influence of temperature on the experimental results. 
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Figure 6. XRD patterns of the precipitate roasted at different temperatures. 
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Figure 7. Influence of coke powder addition on the experimental results. 
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Figure 8. XRD patterns of the precipitate roasted under different coke powder additions. 
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Figure 9. Influence of the roasting time on the experimental results. 
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Figure 10. Volatilization rates of arsenic under different roasting temperatures and roasting times. 






Figure 10. Volatilization rates of arsenic under different roasting temperatures and roasting times.



[image: Metals 13 00407 g010]







[image: Metals 13 00407 g011 550] 





Figure 11. The relationship between the roasting time and 1 − (1 − x)1/3. 
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Figure 12. The relationship between 1000/(T/°C) and −lnkr. 






Figure 12. The relationship between 1000/(T/°C) and −lnkr.



[image: Metals 13 00407 g012]







[image: Metals 13 00407 g013 550] 





Figure 13. The relationship between the roasting time and 1 − 2/3x − (1 − x)2/3. 
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Figure 14. The relationship between 1000/(T/°C) and −lnkd. 
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Figure 15. EPMA photos of the precipitate roasted at different roasting times. 
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Figure 16. The reaction mechanism of arsenic and iron in carbon thermal magnetization reduction. 
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Figure 17. XRD patterns of the roasted precipitate. 
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Figure 18. XRD patterns of the dust. 
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Table 1. Chemical composition analysis of the arsenic–iron precipitate/wt.%.
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	As
	Fe
	Ca
	Si
	Cu
	O





	33.25
	27.79
	5.28
	0.53
	0.04
	33.11
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Table 2. Kinetic equations of the SCM.






Table 2. Kinetic equations of the SCM.





	Controlling Steps
	Kinetic Equations





	Chemical reaction control
	1 − (1 − x)1/3 = krt



	Diffusion control
	1 − 2/3x − (1 − x)2/3 = kdt



	Hybrid control
	1 − (1 − x) 1/3 − 1/3ln(1 − x) = kmt
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Table 3. Chemical composition analysis of arsenic–iron precipitate /wt.%.
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	Type of Products
	Fe
	As
	Ca
	Si
	Cu
	O





	Roasted precipitate
	71.08
	0.60
	0.98
	0.12
	0.10
	27.11



	Dust
	-
	75.69
	0.04
	0.05
	-
	24.22
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