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Abstract

:

To realize the high value-added utilization of zinc hypoxide in a rotary hearth furnace, nano-ZnO was prepared by H2SO4 wet leaching combined with the Na2CO3 precipitation process. The effects of different process conditions on the leaching rate of Zn were analyzed, and the feasibility of preparing nano-ZnO from zinc hypoxide was discussed. The results showed that the optimal process conditions for H2SO4 leaching of zinc hypoxide in a rotary hearth furnace were as follows: H2SO4 concentration 2.0 mol·L−1, leaching temperature 60 °C, leaching time 90 min, and liquid-solid ratio 8:1. Under these conditions, the leaching rate of Zn reached 95%. The calculation results of leaching kinetics showed that the restrictive link of the H2SO4 leaching process was a chemical reaction process; the apparent activation energy was 14.45 kJ·mol−1; and the reaction order was 0.6. The precursor obtained by Na2CO3 precipitation treatment was Zn5(OH)6(CO3)2. After calcination at 400 °C, the nano-ZnO with a diameter of less than 100 nm and length greater than 1 μm was obtained. H2SO4 leaching combined with the Na2CO3 precipitation process provided a new approach for high value-added utilization of zinc hypoxide in a rotary hearth furnace.
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1. Introduction


Iron and steel production processes inevitably produce the solid waste of dust [1]. With the increase in zinc plating waste steel in steelmaking process, the dust contains a certain amount of valuable metal element zinc [2,3,4,5,6]. Therefore, the recycling of zinc in dust can not only solve the environmental pollution caused by heavy metals, but also produce considerable economic benefits.



The rotary hearth furnace process has gradually become the main method for iron and steel enterprises to deal with metallurgical dust due to its advantages of a large processing capacity, various types of dust, a high dezincification rate and good recovery efficiency [7,8,9,10]. In the dust treatment process of a rotary hearth furnace, the zinc oxide in the dust is reduced to elemental zinc at a high temperature and volatilized into the flue gas. The flue gas is cooled to obtain zinc hypoxide [8]. Due to the high content (40–60%) of zinc in zinc hypoxide and the presence by ZnO, it can be easily leached into the solution [11,12,13,14]. Liang and Ju et al. found the recovery rate of zinc in rotary hearth furnace dust can reach more than 95% using the wet leaching process [8,15]. Therefore, zinc hypoxide can be used as a raw material for the preparation of zinc-based chemical products to achieve a high value [16].



There are many reports on the preparation of high value-added zinc-based chemical products by zinc-rich dust, but the preparation of basic zinc carbonate or nano-ZnO is mainly based on the waste zinc ash from zinc smelter [17], zinc hypoxide produced by lead-zinc plant [18] or zinc ash produced by a lead fuming furnace [19]. Zhan et al. chose zinc oxide dust as a material and prepared an irregular sheet structure and double cone-shaped nano ZnO under low temperature and alkaline conditions [20]. Darezereshki et al. prepared granular and flake nano ZnO with an electric furnace dust by applying the acid leaching NH4OH precipitation method [21]. Yu et al. prepared rod-shaped nano ZnO from electric furnace dust by performing hydrothermal synthesis [22]. Zheng obtained spherical nano ZnO by implementing the wet leaching-(NH4)2CO3 precipitation method from zinc tailings [23]. However, there are few studies on acid leaching kinetics and the preparation of nano-ZnO by zinc hypoxide in a rotary hearth furnace. In this paper, the zinc hypoxide in a rotary hearth furnace treated by a domestic iron and steel enterprise was taken as the research object, and nano-ZnO was prepared by H2SO4 leaching combined with Na2CO3 precipitation. To provide new ideas for the high value-added utilization of zinc hypoxide in a rotary hearth furnace, the effects of different H2SO4 leaching processes on the zinc leaching rate were analyzed, and the feasibility of preparing nano-ZnO by Na2CO3 precipitation after purification was explored.




2. Experimental Materials and Methods


2.1. Raw Materials


The zinc hypoxide used in the experiment was taken from one certain steel mill in China. The main chemical compositions are shown in Table 1, in which zinc content is 55.15%. The XRD patterns of zinc hypoxide in a rotary hearth furnace is shown in Figure 1. Zinc mainly exists in the form of ZnO, and a small amount exists in the form of ZnFe2O4.




2.2. Experimental Method


	(a)

	
Zinc hypoxide leaching experiment







First, the zinc hypoxide was placed in a three-port flask, sulfuric acid was added and then it was placed in a constant temperature water bath at a preset temperature and mechanically stirred using a booster stirrer. After a period of leaching, the liquid–solid separation of the leaching mixture was carried out with a Brinell funnel, and the filter cake was washed 2~3 times. The leaching experiment scheme is shown in Table 2. The concentration of Zn ions in the experimental leaching solution was detected with an atomic absorption spectrophotometer (AA-6800). The zinc leaching rate in zinc hypoxide can be calculated by Equation (1).


  η =   c V   m ω   × 100 %  



(1)




where c is the concentration of the zinc ion in the leaching solution (g·L−1), V is the volume of the leaching solution (L), m is the dust sample quality (g), and ω is the mass fraction of zinc element (%).



	(b)

	
Precipitation experiment of nano-ZnO







Before the precipitation experiment of the leaching solution, the leaching solution was purified. Firstly, Fe was removed by implementing the goethite-oxidation hydrolysis method. Secondly, Fe and Mn were thoroughly removed using ammonium persulfate. Finally, Cd, Cu and other impurities were removed using the zinc powder replacement method to obtain a high-purity ZnSO4 solution. After purification, the concentration of each element in the leaching solution is shown in Table 3. The impurity element content in the leaching solution is very low, which can be directly used to prepare nano-ZnO.



At room temperature, the purified leaching solution (Zn2+ concentration of 0.5 mol·L−1) was added to the continuously stirred Na2CO3 solution (concentration of 1.0 mol·L−1) according to the equal volume ratio. After the addition, the solution was stirred for 30 min. Then, the solution was filtered and washed with deionized water and ethanol many times. The precipitate was dried at 90 °C for 4 h in a blast dryer to obtain nano-ZnO precursor. The obtained precursor was grinded into fine powder particles and calcined at 400 °C for 30 min in a muffle furnace to obtain the final product nano-ZnO. An X-ray diffractometer (XRD, D8 ADVANCE A25, Bruker, Billerica, MA, USA) and scanning electron microscope (SEM, Gemini SEM 300, Zeiss, Oberkochen, Germany) were used to analyze the phase and morphology of nano-ZnO.





3. Kinetic Model of Leaching Zinc Hypoxide


The wet leaching process is a solid–liquid multiphase reaction, and this process has multiple stages such as adsorption, diffusion and chemical reaction [24,25]. Zinc in zinc-rich dust mainly exists in the form of ZnO, and the leaching reaction is a typical liquid–solid reaction. The leaching process is a heterogeneous reaction between solid particles and the liquid phase. The shrinking unreacted core model is the best model to reflect the actual situation of the leaching process, as shown in Figure 2. The leaching process is mainly composed of the following steps [26]:




	(1)

	
H+ in the solution diffuses from the solution to the surface of solid particles;




	(2)

	
H+ diffuses through the product layer film to the surface of the unreacted core;




	(3)

	
Reaction on the surface of the unreacted nucleus;




	(4)

	
Reaction products diffuse from the reaction interface to the surface of solid particles through solid film;




	(5)

	
Reaction product diffuses from the reaction interface to the surface of the product layer.









If the leaching reaction is controlled by means of a chemical reaction, the kinetic equation of the leaching process can be expressed by Equation (2). If the leaching reaction is diffusion controlled, the kinetic equation can be expressed by Equation (3).


  1 −   ( 1 − α )   1 / 3   = k × t  



(2)






  1 − 2 / 3 × α − ( 1 − α  )  2 / 3   = k × t  



(3)




where α is the zinc leaching rate of the reaction time t; k is the apparent reaction rate constant controlled by the chemical reaction.



Based on the dynamic model of diffusion and interfacial mass transfer mixed control, the apparent rate constant k of the leaching process is obtained, and the apparent activation energy of the zinc leaching process is calculated by combining the Arrhenius equation [27], as shown in Equations (4) and (5).


  ln k = −    E α   R  (  1 T  ) + ln A  



(4)






   E α  = −  k s  × R  



(5)




where k is the apparent rate constant (min−1); A is the pre-exponential factor; T is the reaction temperature (K); R is the ideal gas constant (8.314 J/(mol·K)); Eα is the apparent activation energy of the reaction (kJ·mol−1); and ks is the slope of the linear equation.




4. Results and Discussion


4.1. Effect of Different Factors on Zinc Leaching Rate


	(a)

	
Concentration of sulphuric acid







Figure 3 shows the effect of different sulfuric acid concentrations on the zinc leaching rate in zinc hypoxide. With the increase in the sulfuric acid concentration, the zinc leaching rate increases. When the sulfuric acid concentration is 0.5~1.5 mol·L−1, the leaching rate increases from 59.39% to 91.41%, showing a rapid upward trend. When the sulfuric acid concentration is 2.0 mol·L−1, the leaching rate is 94.93%. When the sulfuric acid concentration increases to 3.0 mol·L−1, the leaching rate changes gradually, which indicates that when the concentration of sulfuric acid is 2.0 mol·L−1, the dissolution state of zinc ions is close to saturation. With the continuous increase in the sulfuric acid concentration, the leaching rate of zinc increases by only 1.11%. Although increasing the concentration of sulfuric acid will correspondingly increase the concentration of H+ in the reaction, which is conducive to the leaching of zinc in the sample, as the reaction continues, H+ in the solution is gradually consumed, and the leaching rate gradually slows down [28]. Therefore, considering the leaching rate and the cost of Zn, the optimum sulfuric acid concentration is 2.0 mol·L−1.



	(b)

	
Leaching temperature







Figure 4 shows the effect of different leaching temperatures on the zinc leaching rate in zinc hypoxide. With the increase in leaching temperature, the leaching rate of zinc increases. When the reaction temperature increases from 30 °C to 60 °C, the zinc leaching rate increases from 88.49% to 94.85%; when the temperature continues to increase to 80 °C, the zinc leaching rate does not change significantly. When the temperature of the reaction system increases, the number of activated molecules increases; the diffusion coefficient of metal ions increases; and the dissolution rate accelerates. The viscosity of the solution decreases with the increase in temperature. The decrease in viscosity can accelerate the diffusion rate of molecules and ions, which accelerates the chemical reaction and accelerates the whole process in general [29]. However, when the temperature is too high, the water evaporation is accelerated as the water bath is heated, which is unfavorable to the reaction. Therefore, the optimal leaching temperature is 60 °C.



	(c)

	
Liquid-solid ratio







Figure 5 shows the effect of liquid-solid ratio on zinc leaching rate in zinc hypoxide. With the increase in the liquid–solid ratio, the zinc leaching rate increases. When the liquid–solid ratio is 5:1, the zinc leaching rate is 77.34%. As the liquid–solid ratio increases to 8:1, the zinc leaching rate reaches 94.65%. The liquid–solid ratio not only affects the consumption of sulfuric acid, but also affects the viscosity of the solution, thereby affecting the leaching rate and subsequent treatment. Increasing the liquid–solid ratio of the leaching reaction can reduce the viscosity of the solution, which is conducive to slurry mixing and solid–liquid separation [30]. However, when the residual sulfuric acid concentration is the same, the consumption of sulfuric acid increases, and the subsequent waste acid treatment is large. If the liquid–solid ratio is too little, the solution volume is too small and the stirring is difficult, resulting in the settlement of the sample at the bottom. At the beginning of leaching, the liquid–solid ratio increases to maintain greater unsaturation in the leaching process, and the viscosity of the solution is reduced. The reactants and products at the solid–liquid interface are exchanged and diffused, which is conducive to the acid leaching reaction and increases the leaching rate of zinc [31].



When the liquid–solid ratio increases from 8:1 to 10:1, the leaching rate of zinc is almost unchanged, with a small increase and basically tends to be balanced. This is because with the continuous increase in the liquid–solid ratio, the saturation of the solid–liquid interface does not change, and the zinc leaching rate basically does not increase, which will cause the waste of the acid solution. Therefore, the optimal liquid–solid ratio in the leaching process is 8:1.



	(d)

	
Leaching time







Figure 6 shows the effect of different leaching times on the zinc leaching rate in zinc hypoxide. When the leaching time increased from 30 min to 90 min, the zinc leaching rate demonstrated a rapid upward trend. This is because at the beginning of the reaction, a large number of metal ions enter the sulfuric acid solution. When the reaction time is prolonged, the ion concentration in the solution increases, and it takes enough time to react. When the leaching time is within 30 min, zinc hypoxide reacts strongly with sulfuric acid, and 80% of zinc in zinc hypoxide can be leached. With the extension of time, the leaching rate of zinc has a slow upward trend. When the leaching time is 90 min, the leaching rate of zinc reaches the maximum. Furthermore, as the leaching time increases to 120 min, the leaching rate of zinc does not change significantly, but when the leaching time increases to 150 min, the leaching rate of zinc decreases. This may be due to the formation of colloidal substances between iron and other elements, which coat the leached zinc, leaving some zinc in the leaching residue and resulting in the decrease in the zinc leaching rate. Therefore, the optimal leaching time is 90 min.




4.2. Determination of Kinetic Parameters of Zinc OXIDE Leaching


Figure 7 shows the variation in the zinc leaching rate with leaching time under different sulfuric acid concentrations. With the increase in the sulfuric acid concentration, the zinc leaching rate increases, and with the extension of time, the zinc leaching rate tends to be gradual. This is because increasing the concentration of sulfuric acid increases the concentration of H+ in the leaching system accordingly. A high concentration of H+ is beneficial for zinc ions to enter the solution. However, with increasing time, H+ in the solution is gradually consumed, and the leaching rate gradually slows down. The data in Figure 7 are fitted and analyzed, and the leaching kinetics curve is obtained according to Equation (2), as shown in Figure 8.



Linear fitting is performed on each curve in Figure 8, and the slope of the obtained straight line is the reaction rate constant k. The slope k of the straight line increases with the increase in the sulfuric acid concentration, indicating that the zinc leaching rate is accelerated. The relationship between ln k and ln[H2SO4] was investigated. The fitting curve in Figure 9 shows that the reaction order of leaching zinc is 0.6.



Figure 10 shows the variation in the zinc leaching rate with leaching time at different leaching temperatures. With the increase in the leaching temperature, the leaching rate of zinc increases continuously. However, with the extension of leaching time, the curve of the zinc leaching rate gradually tends to be flat, and the growth trend becomes slow. The data in Figure 10 are fitted, and the leaching kinetics curve is obtained according to Equation (2). Figure 11 shows that the linear slope k increases with the increase in the leaching temperature, indicating that the leaching rate of zinc is accelerated.



According to the k value obtained in Figure 11, the scatter plot of the relationship between ln k and 1/T is plotted, and the linear fitting was performed. The results are shown in Figure 12. The apparent activation energy of zinc leaching calculated by Equation (5) is 14.45 kJ/mol, which proves that the controlling step of zinc leaching is the chemical reaction process.




4.3. Characteristics of Nano-ZnO


The phase of the prepared nano-ZnO precursor is detected by XRD, and the XRD diffraction pattern is shown in Figure 13. The diffraction peaks of 2θ values at 12.96°, 28.18°, 31.25°, 33.12°, 36.13° and 59.57° correspond to the crystal plane of the monoclinic Zn5(OH)6(CO3)2 crystal, which indicates that the precursor is composed of pure monoclinic Zn5(OH)6(CO3)2. Figure 14 is the SEM image of the nano-ZnO precursor. Nano-ZnO precursor presents aggregated flakes and fluffy textures, and the surface shows roughness and certain gaps exist.



The phase and crystallization degree of nano-ZnO were analyzed by performing XRD, which confirmed that nano-ZnO particles have single-phase and polycrystalline properties. The analysis results are shown in Figure 15. The 2θ values at 31.77°, 34.35°, 35.86°, 47.25°, 56.50°, 62.53°, 66.18°, 67.69°, 68.76° and 76.50° correspond to (100), (002), (101), (102), (110), (103), (200), (112), (201) and (202) crystal planes, respectively. These are consistent with the JCPDS standard card of zinc oxide (PDF # 36-1451), indicating that the nanostructure of zinc oxide is related to the wurtzite structure of high purity zinc oxide. In addition, the diffraction peak is sharp. Meanwhile, no diffraction peaks corresponding to metal zinc or any other form of zinc compound are observed in Figure 15, indicating that the precipitate is a single crystalline zinc oxide with good crystallinity [32,33]. In addition, it can be seen from Figure 15 that (100), (002) and (101) crystal planes have high-intensity diffraction peaks, and the diffraction from multiple planes indicates the random orientation of the synthesized nanostructure. The diffraction peak with the highest intensity is a (101) crystal plane rather than a (002) crystal plane, indicating that the preferential growth along the c-axis in the hexagonal structure is hindered.



The morphologies of nano-ZnO are shown in Figure 16. The experimental precipitation product is a linear nanometer zinc oxide with close arrangement and high density. The diameter of the product nanowires is less than 100 nm, and the length is greater than 1 μm. In addition, due to the lack of morphological control, the precipitation products have agglomeration phenomenon. Combined with the phase analysis of the nano-ZnO precursor in Figure 15, the product is a hexagonal wurtzite structure. The nano-ZnO prepared by this process has good crystallinity and high purity.





5. Conclusions


In this paper, the zinc hypoxide from a rotary hearth furnace was taken as the research object. The effects of different process conditions on the leaching rate of Zn were studied by performing H2SO4 wet leaching, and the process feasibility of preparing high value-added nano-zinc oxide from zinc hypoxide was discussed. The results are as follows:




	(1)

	
The optimum process conditions for H2SO4 treatment of zinc oxide in a rotary hearth furnace are as follows: leaching agent concentration of 2.0 mol·L−1, leaching temperature of 60 °C, leaching time of 90 min, liquid-solid ratio of 8:1, and zinc leaching rate of 95%.




	(2)

	
The kinetic calculation results show that the restrictive link of the H2SO4 leaching process is chemical reaction control, the apparent activation energy is 14.45 kJ·mol−1, and the reaction order is 0.6.




	(3)

	
The nano-ZnO precursor is Zn5(OH)6(CO3)2. After calcination at 400 °C, the precursor is completely decomposed to nano-ZnO. The morphology of nano-ZnO is nanowires with high crystallinity. The diameter of nanowires is less than 100 nm and the length of nanowires is greater than 1 μm. It is feasible to prepare high value-added nano-ZnO by performing H2SO4 leaching combined with the Na2CO3 precipitation process with zinc hypoxide as the raw material.
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Figure 1. XRD patterns of zinc hypoxide in rotary hearth furnace. 
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Figure 2. The shrinking unreacted core model of spherical solid particles. 






Figure 2. The shrinking unreacted core model of spherical solid particles.



[image: Metals 12 01364 g002]







[image: Metals 12 01364 g003 550] 





Figure 3. Effect of sulfuric acid concentration on zinc leaching rate. 
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Figure 4. Effect of leaching temperature on zinc leaching rate. 
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Figure 5. Effect of liquid-solid ratio on zinc leaching rate. 
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Figure 6. Effect of leaching time on zinc leaching rate. 
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Figure 7. Variation of Zinc leaching rate with leaching time under different sulfuric acid concentrations. 
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Figure 8. Leaching kinetics curves under different sulfuric acid concentrations. 
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Figure 9. Relationship between ln k and ln[H2SO4]. 






Figure 9. Relationship between ln k and ln[H2SO4].



[image: Metals 12 01364 g009]







[image: Metals 12 01364 g010 550] 





Figure 10. Curves of zinc leaching rate changing with time at different temperatures. 
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Figure 11. Leaching kinetics curves under different leaching time. 
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Figure 12. Relationship between ln k and 1/T. 
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Figure 13. XRD patterns of nano-ZnO precursors. 
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Figure 14. SEM morphologies of nano-ZnO precursor. 
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Figure 15. XRD patterns of nano-ZnO. 
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Figure 16. SEM morphologies of nano-ZnO. 
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Table 1. Chemical compositions of zinc hypoxide in rotary hearth furnace (mass fraction, %).






Table 1. Chemical compositions of zinc hypoxide in rotary hearth furnace (mass fraction, %).





	Zn
	Pb
	Fe
	Cu
	Cd
	Si
	Mn
	S





	55.15
	6.75
	4.53
	0.008
	0.07
	0.25
	0.02
	2.46










[image: Table] 





Table 2. Experimental Scheme of Zinc Oxide Leaching.






Table 2. Experimental Scheme of Zinc Oxide Leaching.












	
	Concentration of Sulphuric Acid/mol·L−1
	Leaching Temperature/°C
	Liquid-Solid Ratio
	Leaching Time/min





	concentration of sulphuric acid
	0.5, 1.0, 2.0, 2.5, 3.0
	60
	10:1
	90



	leaching temperature
	2.0
	30, 40, 50, 60, 70, 80
	10:1
	90



	liquid-solid ratio
	2.0
	60
	5:1, 6:1, 7:1, 8:1, 9:1, 10:1
	90



	leaching time
	2.0
	60
	8:1
	30, 60, 90, 120, 150, 180
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Table 3. Contents of elements after purification (g·L−1).






Table 3. Contents of elements after purification (g·L−1).





	Zn
	Pb
	Fe
	Cu
	Cd
	Si
	Mn





	27.91
	—
	<0.0001
	<0.0001
	<0.0001
	—
	—
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