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Abstract


A direct leaching on the hydrometallurgical residue with sulfuric acid was developed in this work. The influence of leaching temperature, the leaching time, the particle size and the sulfuric acid concentration was examined. Results of leaching studies that the recovery extraction of Zn, Fe and Cu for hydrometallurgical residue increases with increasing acid concentration and temperature; while it decreases with particle size.


The optimum conditions for the extraction Zn, Fe and Cu are: leaching temperature 85 °C; sulfuric acid concentration 2 mol.L-1; the smaller particle size 63μm and the solid-to-liquid ratio 1:10. After 2 h of leaching treatment at these optimum conditions, over 80% of metals are extracted from the residues.


The shrinking core model for the diffusion was established to control the mechanism with surface chemical reaction as the rate controlling step for the dissolution process.
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Introduction




The hydrometallurgical processes are regarded as more eco-friendly for treating materials having a low zinc content. Zinc is primarily produced from sphalerite ores; however, some zinc is produced from oxide-carbonate ores and different secondary resources such as zinc ash, zinc dross, leach residues, etc. Pyrometallurgical and hydrometallurgical routes or their combination can be employed for treating secondary materials [1].



Zinc, the 25th most abundant element, is widely distributed in nature, making up between 0.0005 % and 0.02 % of the Earth's crust [2]. The estimated world production of zinc is 7.1 million metric tons. Zinc is an important metal required for many applications from metal products to chemical, paint, and agriculture industries. It is mainly recovered from sphalerite (ZnS), which is commonly associated to other sulphide minerals, such as chalcopyrite (CuFeS2), galena (PbS), Pyrite (FeS2) [3-7].



Generally speaking, hydrometallurgical processes without pretreatment are more advantageous and less harmful than pyrometallurgical processes from an economic and environmental point of view, especially for complex ores [8]. Zinc exists in the earth crust predominantly as sphalerite is most important ores occurring in Algeria (chaabet -el-Hamra, Setif). Conventional zinc concentrates typically contain 5-10 % of iron, the iron commonly associated with zinc concentrate can be present as either a replacement for zinc in sphalerite or marmatite or as separate minerals, such as pyrite [9-11].



The objectives of this work are to develop a hydrometallurgical process for recovering Zn, Fe and Cu from hydrometallurgical residue of Chaabet El Hamra in acidic solution are reported and discussed.



Experimental



Hydrometallurgical residue characterization











Table 1: Chemical composition of hydrometallurgical residue (mass fraction, %).
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Table 2: Mineralogical composition of head sample (mass fraction, %).
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The hydrometallurgical residue was collected from zinc obtained from chaabet -el-Hamra, Setif of Algeria. Tables 1&2 show the chemical compositions of the feed and the mineralogical analysis results of bulk concentrate, respectively. The major minerals present in the concentrate were sphalerite (ZnS), marmatite (ZnFeS), quartz (SiO2), and other minerals including Pb (Tables 1&2).


Figure 1 shows the XRD pattern of the zinc sulfide concentrate and Figure 2 shows the Optical micrograph for hydrometallurgical residue (Figure 1&2). 
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Figure 1:  XRD pattern for hydrometallurgical residue.
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Figure 2:  Optical micrograph of hydrometallurgical residue (X1000).

 






Leaching procedure





Table 3: Experimental parameters and their levels for leaching.
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All the chemicals used were of analytical grade. The leaching experiments were carried out in flask fitted with a reflux condenser and a mechanical stirrer. The flask was placed on a thermostatically controlled heating mantle [12-14]. The solution temperature was controlled to specific values with continuously monitored by a thermometer. Samples of clay weighing 10gm were taken in 100ml of leaching solution. The order of levels was randomly chosen as the order of experiments to avoid any bias (Table 3). Possible interactions between variables were not considered significantly and were therefore not covered in the matrix, which focused on the main effects of the three independent parameters. Finally, the validity of this assumption was checked using the confirmation experiment with triplicate measures at optimum conditions [15] (Table 3).





The optimum concentrations of the acids were determined by leaching in (0.25, 0.5, 1 and 2 (mol.L-1)) sulfuric acid solutions. The subsequent leaching was performed in the optimized acid concentrations at temperatures of (25, 45, 65 and 85 °C) for (0.5, 1, 1.5 and 2 hour) at each temperature. A variable speed stirrer operated at a speed of100rpm was maintained during in all leaching experiments at 1MPa. At the end of leaching for a specific period of time at a specific temperature of leaching solution was taken out of the round bottom flask by a pipette. The collected sample of leach liquor was cooled, filtered and used for the concentrate of Zn, Fe and Cu metals estimation with an atomic absorption spectrometer.




Results and Discussion 






Leaching mechanism





In this leaching system, ZnS and sulfate inter-reacted and generated S, ZnSO4, FeSO4, CuSO4, H2O, etc [4,10]. The dissolution reaction proceeds according to the following chemical equilibrium:





ZnS(s) + H2SO4==== ZnSO4 +H2S(aq)	(1)


2ZnFeS+2H2SO4==== 2FeSO4 + 2ZnSO4 + 2H2S	(2)


2FeSO4 + H2SO4==== Fe2(SO4)3 + H2O	(3)


H2S + Fe2(SO4)3 ==== 2FeSO4 + H2SO4 + SO	(4)


CuS(s) + H2SO4==== CuSO4 +H2S(aq)	(5)




Hydrogen sulfide is distributed between aqueous and gas phases according to:





H2S(aq) ====H2S(g)	(6)


The leaching efficiencies of Zn, Fe and Cu metals were calculated according to the following equation:


Metals extraction = [(C1×V1) / (W1×C2)]x100%	(7)




Where


W1 (g): the mass of Zn, Fe and Cu metals content in the hydrometallurgical residue,


V1 (L): the volume of leaching solution,


C1 (g/L): the metals concentrations in the leaching solution,


C2 (%): the percent of metals Zn, Fe and Cu metals content in the hydrometallurgical residue.


Effect of leaching temperature
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Figure 3:  Effect of leaching temperature.

 







The leaching temperature is an important thermodynamic parameter. The effect of temperature on the recovery of metals Zn, Fe and Cu was studied at constant sulfuric acid concentration (2mol.L-1), particle size (63μm), and leaching time (2h).


Figure 3 shows that the solubility of ZnS, FeS and CuS in acidic solution is enhanced with increasing temperature; at 25 °C about 86.49% Zn, 13.87% Fe and 11.74% Cu were extracted; while the maximum extraction of this metals Zn, Fe and Cu from the residue occurred with contribution rates of 99.82%, 30.76%, and 20.26% respectively at temperature of leaching solution 85 °C (Figure 3).




Effect of leaching time




The effect of leaching time on the recovery of metals Zn, Fe and Cu were studied at constant sulfuric acid concentration (2mol.L-1), particle size (63μm) for solid-to-liquid ratio (1:10) and at a temperature of leaching solution of 85 °C.
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Figure 4:  Effect of leaching time on leaching.

 









Figure 4 shows that with increasing time the solubility of ZnS, FeS and CuS in acidic solution is enhanced with increasing time; when the leaching time was over 1h, the curve of leaching rate was changed to be steady; the suitable leaching time is 2h Xu et al. [11] they seen that the rate of iron and silica dissolution decreases greatly with an increase in leaching time. Thus, leaching time for higher productivity was standardized to 120 min on the basis of leaching selectivity of zinc (Figure 4).








Effect of particle sizes
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Figure 5:  Effect of leaching time on leaching.

 










 The effect of particle size had a significant effect on the leaching of the recovery of metals Zn, Fe and Cu was studied at constant sulfuric acid concentration of 2mol.l-1, leaching time of 2h and solid-to-liquid ratio (1:10) at leaching temperatures(85 °C). Measurement of the reaction rates on the influence of particle sizes on the recovery of metals Zn, Fe and Cu dissolution in H2SO4 was investigated for four different sized fractions; the results are summarized in Figure 5. The maximum extraction rate of Zn, Fe and Cu, from the residue used in this study obtained at the smaller particle size of 63μm (Figure 5).


Effect of acid Concentration




The effect of sulfuric acid on the leaching of the recovery of metals Zn, Fe and Cu was studied at constant temperature (85 °C),particle size (63μm); leaching time of 2h and solid-to-liquid ratio (1:10). The results of the effect of H2SO4 concentration on of the recovery of metals are illustrated in Figure 6. It is apparent from figure 4 that the recovery of Zn, Fe and Cu increases with increasing acid concentration. It appears that the effect was very mild when the acid concentration was increased from 1-2M. For efficient recovery of Zn, Fe and Cu (99.82%, 30.76% and 20.26%, respectively); 2.00mol/L H2SO4 in the leaching solution was the best (Figure 6).
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Figure 6:  Effect of acid Concentration.






Dissolution kinetic models




 The kinetic of shrinking core model (shrinking core) was used by Hackl et al. [16], explains the kinetics of chemical oxidative leach chalcopyrite. In bioleaching, it has been exploited for the dissolution of complex sulphide Gomez et al. [17], for the dissolution of sphalerite Lizama [18].




 If we consider X as the fraction leached at time t, the fraction not dissolved is given by:



 1-X = (1 - kt/r,)3 (8)


 1-(1 - X)3/2 = (k/r)t (9) 




 ri: the particule radius and k: constant linear velocity.




 It can be applied to the results of our experimental trials. The assumptions underlying this model correspond to the part of the curve after the leaching of oxide (after 20 minutes) where the assumptions therefore correspond to the time interval between 30 particle is leached surrounded by a layer of insoluble products and 120 minutes of leaching. of the reaction and before the termination of the reaction. The assumptions therefore correspond to the time interval between 30 and 120 minutes of leaching.










Table 4: The values of term kinetic models proposed for leaching solution at different temperatures for smaller particle size (63pm) by 2M H2SO4.
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To apply this kinetic model, we calculated based on the time the term 1-(X-1)3/2 (Table 4).	





 	
 The modeling equations and kinetic constants found are listed in Table 5 & 6.
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Figure 7:  Plot of [1-(X - 1)3/2] as a function of leaching time (a) Zn, (b) Fe and (c) for Cu.









Table 5: The modeling equations for leaching dissolution at different temperatures.
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Table 6: The values of rate constants and their correlation coefficients for leaching dissolution at different temperatures
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 Figure 7 shows that in the time interval considered leaching (30 to 120minutes), there is a linearity between the term [1-(1-X)3/2] and the leaching time , we can therefore assume that the reweaving core model is consistent with the dissolution of zinc , iron and copper concentrate processed . Well understood the modeling equations are not of the type y=ax that would leave axis origin but shows the relationship of the type y=ax+b where b is the rapid dissolution of the oxides in the first 20minutes (Figure 7).








[image: ]

Figure 8:  Arrhenius plot for determining activation energy Ea.








 The slopes of the lines in Figure 7 is equal to k/ri which follow the Arrhenius law k = A eEa/RT with A is the Arrhenius constant, Ea is the activation energy , T the absolute temperature and R is the Boltzmann constant. This law allows us to calculate the activation energy Ea is the minimum that the reactants must acquire to be able to react and turn into a product of leaching reaction energy. This energy is equal to the value of the slope ln k Arrhenius graph of the inverse function of the temperature in Figure 8. Figure 8 show that the dissolution of zinc gives a small linear dependence between the logarithm of the rate constant and 1/T. As for iron and copper against, there is a great dependency. The value of the activation energy is calculated by multiplying the slope of the Arrhenius curve by the value of the Boltzmann constant (8.314J/mol.K).



 The calculated value for zinc Ea is 46.63kJ/mol, for iron Ea is 28.09kJ/mol and for copper Ea is 20.91kJ/mol. When the value of the activation energy is between 4.2 and 12.6kJ/mol, the reaction rate is controlled purely by the diffusion and when this value is greater than 46kJ/mol, the control is purely chemical kinetics (Figure 8).



Conclusion


 This systematic study showed that four parameters, including temperature, H2SO4 concentration, particle size, time of leaching, all had significant effects on the recovery of metals from a hydrometallurgical residue.


 On the basis ofthe results ofthe characterization and dissolution studies undertaken, the following conclusions can be drawn:


 i.	The recovery of Zn, Fe and Cu from a hydrometallurgical residue leaching was studied. It is found that temperature is an important parameter for Zinc, Iron and Copper extraction.


 ii.	The results of leaching investigations showed that the particle size and sulfuric acid concentration also have significant effects on the recovery of Zinc, Iron and Copper.


 iii.	The optimum leaching conditions to the maximum extraction of Zn, Fe and Cu from the residue occur at temperature leaching 85 °C, H2SO4 concentration 2mol/L, particle size 63μm; after 2h of treatment at the optimum conditions, the extraction rates from the residue are 99.82% Zn, 30.76% Fe and 20.26% Cu is suitable for the recovery of Zn, Fe and Cu from the hydrometallurgical residues.


 iv.	The overall results of the dissolution studies indicated that the data fitted the shrinking core model for the diffusion controlled mechanism, with surface chemical reaction as the rate controlling step.


 This is consistent with the following relation:


 [1 - (1-X)3/2]= A exp(Ea / RT)t. The activation energy, Ea for zinc is 46.63kJ/mol, that for iron is 28.09kJ/mol and for copper is 20.91kJ/ mol. Finally, the leaching by sulfuric acid give the best dissolution
of zinc, iron and copper from the hydrometallurgical residue of
chaabet -el-Hamra, Setif of Algeria.
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