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Abstract 4 

A novel process for the integral treatment of polymetallic sulphide ores is proposed. The 5 

process consists of a global flotation, two stages of ferric leaching, the first stage dissolves 6 

the sphalerite and the rest of secondary sulphides, and the second dissolves the 7 

chalcopyrite with a silver catalyst, and finally a brine leaching to recover lead and silver 8 

(added as catalyst).  The proposed process offers several advantages comparing to 9 

traditional pyrometallurgical techniques. This study is focused on the sphalerite 10 

dissolution with ferric sulphate, as the first stage of the treatment of Cu-Zn-Pb 11 

concentrates. The ferric ion concentration, the temperature and the particle size have an 12 

important role in the sphalerite oxidation. However, the initial sulphuric acid, ferrous ion 13 

and sulphate ion concentrations have no influence in the process rate. The formation of 14 

an elemental non-porous layer of sulphur along the reaction hinders the ferric ion 15 

transport to the sphalerite surface. Two kinetics regimes are proposed, in the beginning 16 

the chemical reaction is the rate controlling step, and, at 30% Zn extraction, the rate 17 

controlling step changes to diffusion through a non-porous film of elemental sulphur. The 18 

activation energy obtained for the chemical reaction has a value of 51.3 kJ/mol, and the 19 

apparent activation energy in the diffusional stage is the 47.7 kJ/mol. The reaction order 20 

with respect ferric ion is 0.26 and the reaction rate is proportional to the zinc sulphide 21 

amount in the first stage. The behaviour of sphalerite, contained in a bulk concentrate, is 22 

similar to the pure sphalerite or the sphalerite contained in a differential concentrate. 23 
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Almost all of the world’s primary zinc production is derived from the treatment of 1 

sulphide concentrate, obtained through differential flotation, in which sphalerite is the 2 

dominant zinc mineral (Dutrizac, 2006). The roast-leach-Electrowinning Process (R-L-3 

E) is currently responsible for more than 85% of the total zinc production (Souza et al., 4 

2007b). This process has several troubles, such as the restrictions to treat sphalerite 5 

concentrate with silica, calcium, copper and iron, the emissions of SO2 and marketing of 6 

sulphuric acid (Deller, 2005). Several processes have been studied, in the last years, to 7 

extract Zn from differential concentrates, such as atmospheric pressure leaching (Salmi 8 

et al., 2010; Souza et al., 2007a; Babu et al, 2002), bioleaching (Haghshenas et al., 2012) 9 

or heap-Bioleaching (Lizama et al., 2003).  10 

Most of these processes need a previous concentration of zinc sulphide through a 11 

differential flotation. Differential flotation has several disadvantages regarding global 12 

flotation, where a concentrate of all non-ferrous metals is obtained, such as a lower 13 

recuperation of non-ferrous metals, high content of impurities in the concentrates or a 14 

greater grinding energetic consumption (Carranza, 1985; Majima, 1969; Tipre et al., 15 

1999; Carranza et al., 1993). Global concentrates must be treated through 16 

hydrometallurgical processes because these processes offer a greater versatility to extract 17 

the valuable metals from different ores, and low-grade concentrates, and are more 18 

environmentally friendly than pyrometallurgical processes (Córdoba et al., 2008; 19 

Carranza et al., 1997b; Conic et al., 2014). Zinc, and the rest of metals, can be extracted 20 

from global concentrates through bacterial leaching (Tipre and Dave, 2004; Conic et al, 21 

2014; Gómez et al., 1999 and Gómez et al., 1997), pressure leaching with O2 (Xu et al., 22 

2011 and Xu et al., 2016) and atmospheric pressure leaching with ferric ion, as ferric 23 

sulphate, only studied with Cu-Zn concentrates (Carranza et al., 1997a and Palencia et 24 

al., 1990). Ferric chloride reaches higher reaction rates, but this leaching agent increases 25 

industrial costs due to equipment corrosion. Conversely, ferric sulphate is a cheap and 26 

efficient oxidant agent to dissolve non-ferrous metals and can be regenerated by bio-27 

oxidation (Mazuelos et al., 2000; Carranza et al., 1993; Palencia et al., 1990; Gómez et 28 

al., 1997; Dutrizac et al., 2003; Aydogan et al., 2005). 29 

Global concentrates obtained from polymetallic sulphides of the Iberian Pyritic Belt (IPB) 30 

are composed, basically, of sphalerite, chalcopyrite, galena and pyrite, as majority 31 

sulphide (Ortega and Bonilla, 1983). Fig. 1 shows some possibilities to benefit these 32 

polymetallic sulphides: the traditional processes, by pyrometallurgical methods, and the 33 
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hydrometallurgical processes. The hydrometallurgical treatment, shown in Fig. 1, of bulk 1 

concentrates (Cu, Zn and Pb) is proposed as an integral treatment where Cu, Zn and Pb 2 

are recuperated from one sole concentrate and through a unique process. This 3 

hydrometallurgical plant can be located within the mining facilities, changing the 4 

production model of concentrates sales to production and sales of metals. 5 

 6 

Figure 1: Diagram of hydrometallurgical process vs. traditional processes to 7 

polymetallic sulphides exploitation. 8 

From a conceptual point of view (see Fig. 1), the ferric sulphate leaching, to benefit a 9 

concentrate that contains Zn, Cu, Pb and Ag, could consist of a first stage where zinc 10 

sulphide, and the rest of secondary sulphides, are dissolved and a catalytic second stage 11 

in presence of silver salts, where chalcopyrite is oxidised. First stage is necessary because 12 

silver catalyst is not selective and passives the dissolution of the rest of non-ferrous 13 

sulphides. Silver and lead are extracted through a chloride leaching of solid residue 14 

(Palencia et al., 1998 and Bahram and Javad, 2011). In this stage, the silver added as 15 

catalyst is recovered (Carranza et al., 2004; Carranza et al., 1997a; Barriga Mateos et al., 16 

1993). Chemical reactions in the ferric leaching of a global concentrate, containing FeS2, 17 

ZnxFe1-xS, CuS, Cu2S, PbS and CuFeS2 are r1-r5: 18 

FeS2 + 14Fe3+ + 8H2O → 15Fe2+ + 16H+ + 2SO4
2- (r1) 19 

Cu2S + 2Fe3+ → CuS + Cu2+ + 2Fe2+ (r2) 20 

CuS + 2Fe3+ → Cu2+ + 2Fe2+ + S0 (r3) 21 

ZnxFe1-xS + 2Fe3+ → xZn2+ + 3-xFe2+ + S0 (r4) 22 
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PbS + 2Fe3+ → Pb2+ + 2Fe2+ + S0 (r5) 1 

In this medium, chalcopyrite is passivated due to the formation of a metal deficient film 2 

according to r6 (Ghahremaninezhad et al., 2015). 3 

CuFeS2 → Cu1-xFe1-yS2 + yFe2+ + xCu2+ + 2(x+y)e- ; y > x (r6) 4 

Various secondary reactions take place, as the lead sulphate precipitation (r7) or the 5 

possibility to regenerate the leaching agent (r8), which can be catalysed by bacteria. A 6 

possible mechanism to sphalerite dissolution found in literature, where sulphuric acid and 7 

ferric ion concentrations affect the reaction rate, is given by r9-r10. 8 

Pb2+ + SO4
2- → PbSO4 (r7) 9 

2Fe2+ + 1/2O2 + 2H+ → 2Fe3+ + H2O (r8) 10 

ZnS + 2H+ → Zn2+ + H2S (r9) 11 

H2S + 2Fe3+ → 2Fe2+ + 2H+ + S0 (r10) 12 

Sphalerite leaching reaction with ferric ion has been extensively studied in zinc sulphide 13 

concentrate and natural crystals of pure sphalerite (Dutrizac, 2006; Salmi et al., 2010; 14 

Palencia and Dutrizac, 1991; Souza et al., 2007a; Crundwell, 1987b; Dutrizac and 15 

Macdonald, 1978; Estrada-de los Santos et al., 2016; Chang et al., 1994; Weisener et al., 16 

2003; Da Silva, 2004). These studies can be summarized in the following points: 17 

 Fe content in sphalerite structure has a great influence on sphalerite leaching 18 

reaction rate. The increment of iron impurities in sphalerite enhances the 19 

sphalerite leaching rate, decreasing the activation energy. An activation energy of 20 

70 kJ/mol was observed for a sphalerite with 0.04% wt of iron, instead, for a 21 

sphalerite with 12.5% wt of iron the activation energy was around of 40 kJ/mol 22 

(Palencia and Dutrizac, 1991; Crundwell, 1988). 23 

 The presence of other sulphides can change the reactivity of sphalerite due to the 24 

formation of galvanic couples. Sulphides with a higher rest potential than 25 

sphalerite enhance the sphalerite dissolution, and the sulphides with a lower rest 26 

potential, such as galena and chalcocite, decrease the sphalerite leaching rate 27 

(Mizoguchi and Habashi, 1983; Lo et al., 1985; Elsherief, 1994; Estrada de los 28 

Santos et al., 2016; Da Silva et al., 2003; Mehta and Murr, 1982). 29 
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 Many authors have found a great influence of sulphuric acid concentration on 1 

sphalerite leaching rate, according to r9-10, where H2S is formed as a reaction 2 

intermediate (Dutrizac, 2006; Dutrizac and Macdonald, 1978; Souza et al., 2007a; 3 

Verbaan and Crundwell, 1986). Dutrizac (2006) observed that the reaction rate 4 

depends on sulphuric acid concentration only when this concentration is higher 5 

than 0.1M. However, other authors found no influence of sulphuric acid on 6 

sphalerite oxidation rate (Salmi et al., 2010; Santos et al., 2010). 7 

 The rate controlling step is a reason for discrepancy between authors. Some 8 

authors have observed that chemical reaction is the rate controlling step (Dutrizac, 9 

2006; Palencia and Dutrizac, 1991; Markus et al., 2004; Salmi et al., 2010). While, 10 

in other cases, the rate controlling step is the diffusion through a passive film 11 

(Dutrizac and Macdonald, 1978; Palencia et al., 1990; Lampimen et al., 2015). 12 

Also, other authors have found a mixed control, where at the beginning of the 13 

reaction the rate controlling step is the chemical reaction and later the controlling 14 

step changes to the diffusion through a non-porous film (Souza et al., 2007a; 15 

Lochmann and Pedlik, 1995; Weisener et al., 2003). 16 

From the above, the sphalerite behaviour has a great dependence on the ore nature and 17 

the treatment performed. Unlike samples (high-grade or pure sphalerite) used in previous 18 

studies, bulk concentrates are low-grade in copper, zinc and lead, can present galvanic-19 

couples formation (due to the presence of different sulphide phases) and the leaching 20 

behaviour of these sulphides can be affected by reaction products formed along 21 

dissolution reactions, such as PbSO4, or by the nature of passivating film formed (Estrada 22 

et al., 2016 and Da Silva et al., 2003). Also, physical hindrances can be found due to 23 

occlusion of different mineral phases in others. For these reasons it is of great importance 24 

to study the sphalerite dissolution from a bulk concentrate to optimise the first stage of 25 

the above proposed process. 26 

The exhaustive knowledge of kinetic and thermodynamic aspects of these solid-liquid 27 

reactions is crucial to the optimisation of processes and industrial plants (Grénman et al., 28 

2011; Habashi, 2005). The knowledge of reaction kinetic can be performed by means of 29 

the adjustment of experimental data to different models, these models are based on ideal 30 

cases, and on the solid characterisation, such as the specific surface area measurement. 31 

Table 1 shows different kinetic equations for solid particles dissolution (Levenspiel, 32 

2004, Dickinson and Heal, 1999; Órfao and Martins, 2002). In previous studies models 33 



6 
 

R3 and D4 have been the most used to explain the sphalerite dissolution, but other kinetic 1 

equations, shown in Table 1, can be useful to describe this reaction as well. For a more 2 

complete review of the kinetic models see Dickinson and Heal (1999), Órfao and Martins 3 

(2002), Levenspiel (2004), Brown et al (1980) and Khawam and Flanagan (2006). 4 

Table 1: Equations of different kinetic models for solid particles dissolution. Being k the 5 

rate constant, α the reaction conversion and t the reaction time (adapted from Dickinson 6 

and Heal, 1999). 7 

Notation  𝐠(𝛂) = 𝐤𝐭 Type of model 

F1 −ln(1 −  α) = kt First-order kinetics 

F3/2 (1 −  α)−1/2 − 1 = kt  Three-halves-order kinetics 

F2 (1 −  α)−1 = kt Second-order kinetics 

R2 1 − (1 −  α)1/2 = kt One-half-order-kinetics; 2-D advance of the reaction interface 

R3 1 − (1 −  α)1/3 = kt Two-thirds-order kinetics; 3-D advance of the reaction interface 

R4 1 − (1 −  α)2/3 = kt One-thirds-order-kinetics; film diffusion 

D3 [1 − (1 −  α)1/3]
2
= kt Jander; 3-D 

D4 1 −
2

3
𝛼 − (1 −  α)2/3 = kt Crank-Ginstling and Brounshtein 

D5 ⌊
1

(1−∝)
1
3⁄
− 1⌋

2

= kt Zhuravlev, Lesokhin and Tempelman 

D6 [(1 +  α)1/3 − 1]
2
= kt Anti-Jander (3-D) 

D8 [1 − (1 −  α)1/2]
2
= kt Jander; cylindrical diffusion 

D10 
1

(1−∝)
1
3⁄
− 1 = kt Dickinson and Heal 

 8 

This work is part of a research project for the integral treatment of bulk concentrates 9 

through the proposed hydrometallurgical process and aims the study of the sphalerite 10 

dissolution with ferric sulphate as the first stage of this process. This work consists of two 11 

sections: the first is an exhaustive study of the effect of variables that can affect the 12 

process rate (Temperature, pulp density, particle size, elemental sulphur film and the 13 

concentrations of ferric ion, sulphuric acid, ferrous ion and sulphate ion), and the second 14 

is the evaluation of the sphalerite dissolution kinetic by the application of several models. 15 

2. Materials and methods 16 

2.1 Bulk concentrate 17 
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The concentrate used in this work is a bulk concentrate of polymetallic sulphide ore from 1 

Cobre las Cruces Mine (Spain). The concentrate was separated in two fractions: one 2 

higher than 25 μm (Cl-A) and other lower than 25 μm (Cl-B), also, a part of the bulk 3 

concentrate was reground (Cl-C). The chemical composition of the bulk concentrate and 4 

the different samples is shown in Table 2. The chemical composition of Cl-C is the same 5 

as that of bulk concentrate. Chemical composition is similar in all cases, having a high 6 

non-ferrous metal concentration the sample with higher particle size (Cl-A). Table 3 7 

shows the specific surface area (σ), measured by nitrogen physisorption, the shape factor 8 

(a), and the mean diameter (d0) and D80, obtained from laser diffraction, Beckman 9 

Coulter LS 13-320-MW model, for the different samples. Also, Fig. 2 shows the 10 

differential granulometric curves, where is observed that Cl-A differs from other samples. 11 

σ is higher than the surface area corresponding to a spherical geometry in all cases, and 12 

the porosity raise up as the particle sizes increases. Besides, specific surface area has not 13 

a direct relationship to particle size, it also was observed by Souza et al. (2007a). Fig. 3 14 

shows the X-ray pattern where the following mineral phases: pyrite, sphalerite, 15 

chalcopyrite and galena, are identified. Fig. 4 shows two micrographs where chalcopyrite, 16 

pyrite and sphalerite are identified, part of sphalerite is encapsulated in the pyrite 17 

particles. The concentrate characterization shows a low-grade sulphide in target metals, 18 

this is proper in a global flotation process. Sphalerite is associated with other sulphides 19 

(pyrite, galena and chalcopyrite) that could affect the sphalerite dissolution behaviour. 20 

Table 2: Chemical composition and sphalerite percentage of different samples. 21 

Sample Fe (%) Zn (%) Pb (%) Cu (%) Ag (ppm) Sphalerite (%) 

Bulk concentrate 34.60 8.47 3.98 4.92 116 12.43 

Cl-A 36.90 10.09 4.90 5.54 173 14.81 

Cl-B 32.50 6.99 3.79 4.76 72 10.26 

 22 
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 1 

Figure 2: Differential granulometric curves of samples used in this work. 2 

 3 

Figure 3: X-ray pattern of global concentrate (kα1-Cu radiation, wave length (λ) = 4 

0.1542 nm and 2θ from 3 to 70º). 5 

Table 3: Sample Characterisation through physisorption measurement with N2 and laser 6 

diffraction. 7 

Concentrate 
BET Surface 

area (m2/g) 

Micropore 

area (m2/g) 
D80 (µm) d0 (µm) 

Shape factor 

(a) 

Cl-A 2.025 0.241 43.7 27.7 127.3 

Cl-B 1.884 0.117 14.8 9.1 38.9 

Cl-C 3.760 0.030 10.2 6.2 52.9 

 8 
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 1 

Figure 4: Micrographs: Sphalerite partially occluded in a pyrite particle (A) and 2 

chalcopyrite particle and sphalerite disseminated in a pyrite particle (B). 3 

2.2 Leaching procedure 4 

Ferric leaching experiments were carried out in a cylindrical 3L-reactor, with mechanical 5 

agitation fixed to 600 rpm, 3 deflectors and a heat exchanger connected to a thermostat. 6 

Leaching liquors were prepared from a commercial ferric solution (210 g/L Fe3+), 7 

sulphuric acid solution (95% wt) and distilled water. Leaching dissolution was heated to 8 

the experimental temperature and later a determined mass of concentrate, previously 9 

magnetically shaken with a minimum amount of distilled water, is added. At selected time 10 

intervals, samples of a known volume were withdrawn and filtered. Zn2+, Fe2+ and Fetotal 11 

on liquid fraction were measured. Zn2+ was measured by AAS, Perkin Elmer 2380 model, 12 

and Fe2+ and Fetotal were measured by redox titration with K2Cr2O7. For Fetotal 13 

determination, a previous step of reduction with SnCl2 was performed. From solid 14 

residue, weight loss was calculated and Zn, Cu, Pb and Ag concentration was analysed 15 

by AAS, previous acid digestion. 16 

2.3 Kinetic model adjustment 17 

Kinetic equations shown in Table 1 are fit to experimental data of different tests with the 18 

aim of confirming the kinetic model that estimates better the sphalerite leaching. The 19 

interpretation of kinetic models is discussed more fully in Dickinson and Heal (1999), 20 

Órfao and Martins (2002), Levenspiel (2004) and Khawam and Flanagan (2006). 21 

In order to compare kinetic parameters obtained from different kinetic models, the initial 22 

rate of sphalerite dissolution is determined through the fitting of experimental data to a 23 

hyperbolic equation (eq. 1). This approach has been utilized by Souza et al. (2007a). 24 
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[Zn2+] =  
k1·t

k2+t
          (eq. 1) 1 

Where [Zn2+] = zinc concentration, t = time, k1 and k2 = constants. The initial leaching 2 

rate is the slope of eq. 1, at t = 0. That means the ratio between k1 and k2 (k1/k2 = K), since 3 

the first derivate of eq. 1 is eq. 2: 4 

d[Zn2+]

dt
= 

k1·k2

(k2+t)
2  
t=0
→  

d[Zn2+]

dt
= 

k1

k2
= K       (eq. 2) 5 

And for all purposes, K can be written as K = A·k0·[Fe3+]n, where A = reaction area, k0 = 6 

Arrhenius constant, [Fe3+] = ferric ion concentration and n = order of reaction.  7 

Hyperbolic equation adjustment to experimental data is carried out with MATLAB 2017a 8 

software, using the Levenberg-Marquardt algorithm, where eq.3 is minimised, being 9 

[Zn2+
theo] the zinc concentration obtained from eq. 1. 10 

Q = ∑ ([Zn2+]exp,k − [Zn
2+]theo,k)

2 k       (eq. 3) 11 

R2 is obtained according to eq. 4, where [Zn2+]theo,ave,k
 is the mean value of Zn2+

theo in data 12 

set. 13 

R2 = 
∑ ([Zn2+]

exp,k 
− [Zn2+]

theo,k 
)
2

k

∑ ([Zn2+]exp,k − [Zn
2+]theo,ave,k )

2
k

          (eq. 4) 14 

3. Results and discussion 15 

3.1 Effect of Variables  16 

3.1.1 Effect of pulp density 17 

Table 4 shows a summary of experiments carried out at different pulp densities (0.5-3%). 18 

In these experiments an increase of pulp density enhances the Zn extraction, because 19 

ferric ion concentration is not a limiting reagent. These results are according to Markus 20 

et al. (2004). Other authors (Dutrizac, 2006; Santos et al., 2010) observed a negative effect 21 

of an increase of the pulp density (upper than 5%) in batch experiments due to the 22 

depletion of ferric ion. Also, the increase of pulp density decreases the ratio final 23 

concentration of ferrous iron per mass of concentrate, due to the diminution of the 24 

dissolution rate of pyrite, as this sulphide has the higher rest potential. The decrease in 25 

weight loss when the pulp density increases also supports a lower pyrite dissolution rate. 26 
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Table 4: Results of experiments carried out with different pulp densities (0.36M Fe3+, 1 

0.2M H2SO4, Cl-B and 60 ºC). 2 

Pulp density 

(%) 

Zn extraction 

(%) 

Weight loss 

(%) 

Fe2+ final 

(mol/L) 

Fe2+ final/concentrate mass 

 (1·10-3·molL-1g-1) 

0.5 51.8 28.51 0.045 3.02 

1.5 56.9 17.76 0.046 1.02 

3.0 62.3 15.33 0.090 0.99 

 3 

 4 

 5 

3.1.2 Effect of ferric ion concentration 6 

Ferric ion is directly involved in sphalerite leaching reaction, so it is expected an 7 

important role of ferric ion in reaction rate. Table 5 shows the results obtained with 8 

different ferric ion concentrations, where it can be observed that an increase of ferric ion 9 

concentration gradually enhances the sphalerite dissolution, these results are consistent 10 

with those obtained by Salmi et al. (2010), Dutrizac (2006), Markus et al. (2004) and 11 

Souza et al. (2007a).  12 

Table 5: Results of experiments carried out at different ferric ion concentrations (0.5% 13 

pulp density, 0.2M H2SO4, Cl-B and 60 ºC). 14 

Initial ferric 

ion (mol/L) 

Zn extraction 

(%) 

Weight loss 

(%) 

Fe2+ final (1·10-3 

mol/L) 

Fe2+ final / mass concentrate (1·10-

3·molL-1g-1) 

0.18 47.9 21.39 38 2.51 

0.36 51.8 28.51 45 3.02 

0.72 71.0 29.13 69.7 4.65 

 15 

3.1.3 Effect of sulphuric acid concentration 16 

Table 6 shows a summary of results obtained from experiments at different sulphuric acid 17 

concentrations, it seems that these results have not dependence with the initial sulphuric 18 

acid concentration. This is according to Salmi et al. (2010) and Santos et al. (2010).  Also, 19 

the ratio between Fe2+
final and mass of concentrate shows that no sulphide, in this bulk 20 

concentrate, is affected by sulphuric acid concentration. 21 
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Table 6: Results of experiments with different sulphuric acid concentrations (0.36M Fe3+, 1 

0.5% pulp density, Cl-B and 60 ºC). 2 

Initial sulphuric 

acid  

(mol/L) 

Zn extraction 

(%) 

Weight loss 

 (%) 

Fe2+ final 

(10-3 mol/L) 

Fe2+ final / mass concentrate  

(10-3·molL-1g-1) 

0.20 51.8 28.51 45 3.02 

0.51 51.9 28.45 45 3.01 

1.02 52.5 28.50 46 3.06 

 3 

 4 

 5 

3.1.4 Effect of ferrous and sulphate ions concentration 6 

In all leaching commercial processes there is an initial ferrous concentration, as during 7 

the leaching process ferric ion is reduced to ferrous ion (Dutrizac, 2006). Therefore, it is 8 

important to know the influence of ferrous ion concentration on sphalerite oxidation 9 

kinetics. This possible dependence may be due to a decrease of redox potential, according 10 

to the electrochemical model proposed by Verbaan and Crundwell (1986), or to an 11 

increase of initial sulphate concentration. To determinate how the addition of ferrous 12 

sulphate concentration can affect the process rate, some experiments at different initial 13 

FeSO4 and MgSO4 concentrations (0-0.36M) are carried out. Fig. 5 shows Zn extraction 14 

as a function of the time for different concentrations of ferrous sulphate (A) and of 15 

magnesium sulphate (B) concentrations. In both cases, the presence of an initial 16 

concentration of Fe2+ or SO4
2- (until 0.36M) have no influence on sphalerite dissolution 17 

rate. The lack of this influence would be advantageous in the continuous operation. 18 

These results are not in concordance with those obtained by Dutrizac (2006), where a 19 

dependence between the process rate and the initial ferrous sulphate concentration was 20 

found, other references about these observations have not been found in literature.  21 
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 1 

Figure 5: Effect of ferrous ion (A) and sulphate (B) concentrations on Zn extraction 2 

(0.54M Fe3+, 2% pulp density, 80 ºC and bulk concentrate). 3 

3.1.5 Effect of particle size 4 

Particle size plays a key role in sulphide dissolution reactions. Dutrizac (2006) and Da 5 

Silva (2004) observed a notorious effect in the dissolution rate when particle size 6 

decreased. In return, Souza et al. (2007a) did not observe this effect with a minor particle 7 

size, due to a similar surface area in all particle sizes fractions, as samples with a higher 8 

particle size shown a greater porosity. In Fig. 6A it can be observed that a decrease of 9 

particle size substantially enhances the sphalerite dissolution rate. The decrease of the 10 

particle size also has a great influence on the dissolution of other sulphides. In Table 7 11 

the final ferrous ion concentration and the weight loss of different experiments are shown. 12 

Table 7: Ferrous ion concentration and weight loss measured in experiments at different 13 

particle sizes. 14 

Sample D80 (μm) Fe2+final (10-3 mol/L) Weight loss (%) 

Cl-A 43.7 34 20.05 

Cl-B 14.8 45 28.51 

Cl-C 10.2 54 30.71 

 15 

 16 
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Figure 6: Zn extraction as a function of time and particle size (A) (0.36M Fe3+, 0.2M 1 

H2SO4, 0.5% pulp density and 60 ºC); Zn extraction as a function of time and 2 

temperature (B) (0.72M Fe3+, 0.2M H2SO4, 0.5% pulp density and Cl-B). 3 

3.1.6 Effect of temperature 4 

Fig. 6B shows the evolution of zinc extraction when Cl-B is leached at different 5 

temperatures, in the range of 50-90 ºC. Similar results were observed by Dutrizac (2006), 6 

Souza et al. (2007a), Salmi et al. (2010), Palencia et al. (1990) and Markus et al. (2004). 7 

At 50 ºC Zn extraction is lower than 40% in 6 hours. However, an increment of 8 

temperature to 90 ºC enhances Zn extraction to 97.9% in 4.75 hours.  The rest of sulphides 9 

are also dissolved at a higher rate when temperature is increased, inasmuch of at the end 10 

of the experiments ferrous ion concentrations, that is directly related with the sulphides 11 

dissolution, varies from 0.04M at 50 ºC to 0.15M at 90 ºC. 12 

3.1.7 Effect of elemental sulphur film 13 

Many authors (Da Silva, 2004; Souza et al., 2007a; Crundwell, 1987a; Chang et al., 1994; 14 

Lochman and Pedlík, 1995) observed a key role of elemental sulphur in sphalerite 15 

oxidation kinetic. Elemental sulphur forms a non-porous film around sphalerite particle 16 

that hinders the ferric ion transport from solution to mineral surface. SEM images of 17 

leaching residues obtained by Souza et al. (2007a) show a progressive increase in the 18 

amount of elemental sulphur covering the particle surfaces, after 45% zinc extraction the 19 

particles present their surface completely covered by an elemental sulphur layer. 20 
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With the aim to determinate the effect of elemental sulphur layer, two experiments with 1 

the same experimental conditions are performed. In one of them, after 30 min of reaction, 2 

the pulp is filtered and the elemental sulphur is removed from the solid with CS2, later 3 

the concentrate without S0 is added into the leaching solution recuperated after filtration. 4 

In Fig. 7 it can be seen that after elemental sulphur removal, the process rate does not 5 

suffer a deceleration. Therefore, elemental sulphur plays an important role in sphalerite 6 

leaching process, limiting reaction rate to diffusion through a non-porous film. 7 

 8 

Figure 7: Effect of elemental sulphur film on Zn2+ concentration as a function of time 9 

(0.54M Fe3+, 0.2M H2SO4, 2% pulp density, 80 ºC and global concentrate). 10 

3.2 Kinetic analysis 11 

A non-acceptable linear relationship is obtained when kinetic model are fit to the set of 12 

experimental data. Models with diffusion as the rate controlling step have a R2 higher 13 

than 0.93 in all cases, but the early experimental data are deviated always above the values 14 

predicted by the models. As long as model with chemical control only have a linear 15 

relationship with data at short reaction times. 16 

Two kinetic regimes are proposed in view of these observations. A first stage, where the 17 

process rate is the maximum and the rate controlling step is the chemical reaction on 18 

sphalerite surface; and a second stage where the rate decreases due to a passivating film 19 

formation that changes the rate controlling step to the diffusion through an elemental 20 

sulphur layer. This change of mechanism is produced around 30% Zn extraction. The 21 

hypothesis of two kinetic regimes is according to Souza et al. (2007a), Lochman and 22 

Pedlik (1995); Weisener et al. (2003), Crundweel (1987b) and Karimi et al. (2017). Also, 23 
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Da Silva (2004), and Bobeck and Su (1985) observed a mixed control (chemical and 1 

diffusion). 2 

Models F1, F2 and R3 are the models with the best linear relationship at the first stage, 3 

and the models D3, D4, D5 and D8 have a good linear fit to the second stage. The model 4 

D8 supposes a cylindrical geometry with a slight surface area, therefore this model is 5 

discarded to explain the reaction in a rough bulk concentrate. To check the kinetics 6 

parameters obtained from the kinetic model applied in the first stage, where the 7 

experimental data is limited, the initial rate of different tests is calculated. Fig. 8A shows 8 

the fit of hyperbolic equation (initial rate) to experimental data at different temperatures. 9 

In order to observe which model estimates better the sphalerite dissolution reaction, the 10 

kinetic parameters are calculated from the different models and from the initial rate 11 

determination. In Table 8 the estimation of the kinetic parameters is shown.  12 

Table 8: Kinetic parameters estimation from different models (Fe3+ = reaction order with 13 

respect ferric ion; ZnS = dependence on sphalerite amount in the process rate; Ea = 14 

Apparent activation energy; IR = initial rate). 15 

 Chemical stage Diffusional stage 

Model F1 R3 F2 IR D3 D4 D5 

R2 0.939 0.932 0.957 0.981 0.984 0.977 0.981 

Ea  

(kJ/mol) 

51.3 ± 

11.5 
38.7 ± 8.3 49.6 ± 8.6 50.7 ± 10.1 

67.6 ± 

10.3 
47.7 ± 9.8 131.0 ± 17.0 

Fe3+ 
0.26 ± 

0.04 

0.25 ± 

0.03 

0.30 ± 

0.06 
0.203 ± 0.002 1 1 1 

ZnS 1 2/3 2 1.08 ± 0.11 2/3 1/3 5/3 

 16 

Kinetic parameters, for chemical stage, from model F1 are those that have a greater 17 

similarity with respect IR determination, this is according to Markus et al. (2004) and 18 

Salmi et al. (2010), where the reaction rate is proportional to available sphalerite, 19 

contained in a rough and porous solid. The activation energies and the reaction order with 20 

respect ferric ion obtained from different models are similar in all cases. 21 

In the second stage, models D3-D5 have a high value of R2, but the apparent activation 22 

energies estimated for each model oscillate from 47.7 to 131.0 kJ/mol, the lower value, 23 

corresponding to model D4, is the most similar with the values obtained in the first stage. 24 
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Fig. 8B shows as model F1 is adjusted to early experimental data and about 30% Zn 1 

extraction experimental data is fit to model D4. 2 

 3 

 4 

Figure 8: Fit of hyperbolic equation to experimental data at different temperatures 5 

(0.72M Fe3+, 0.2M H2SO4, 0.5% pulp density and Cl-B sample) (A) and fit of the model 6 

F1 in the first stage and the model D4 in the second stage (0.72M Fe3+, 0.2M H2SO4, 7 

0.5% pulp density, Cl-B and 60 ºC) (B). 8 

Kinetic parameters of sphalerite leaching reaction with ferric sulphate of the two kinetic 9 

regimes are estimated from model F1, model D4 and the IR. Two different apparent 10 

activation energies are observed for the different kinetic regimes. The activation energy 11 

of the chemical stage is 51.3 kJ/mol (model F1) that corresponds with the activation 12 

energy of the chemical reaction on the sphalerite surface, this value is similar to Ea 13 

calculated from IR (50.7 kJ/mol) because at the beginning of the reaction the rate 14 

controlling step is the chemical reaction, supporting the chemical control at early reaction 15 

time. The apparent activation energy for the diffusional stage (47.7 kJ/mol) is lower than 16 

for the first stage, as the rate controlling step is the diffusion. This activation energy is 17 

high for a diffusionally controlled process, with a typical value about 12.6 kJ/mol, but in 18 

a mixed process, the activation energy can be similar to processes with a chemical control 19 

(Bobeck and Su, 1985). Table 9 presents several values of activation energies obtained 20 

from various studies, the values obtained in this work are according to most of them.  21 

 22 

 23 
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 1 

 2 

Table 9: Activation energies, obtained in other studies, to different sphalerite samples. 3 

Activation energy (kJ/mol) Model applied System Reference 

46,9 ± 11,3 Mixed control FeCl3 (Bobeck and Su, 1985) 

34 ± 4 Differential method O2 (Weisener et al., 2003) 

44 Chemical control Fe2(SO4)3 (Dutrizac, 2006) 

41± 2 Diffusional control K2S2O8 (Babu et al, 2002) 

58,4 Chemical control FeCl3 (Jin et al., 1984) 

27,5 (chemical) 

19,6 (diffusion) 
Mixed control Fe2(SO4)3 (Souza et al., 2007a) 

53,2 Chemical control Fe2(SO4)3 (Salmi et al, 2010) 

67 Chemical control Fe2(SO4)3 (Markus et al, 2004) 

75,2 (50-70 ºC) 

20,3 (70-90 ºC) 
Diffusional control Fe2(SO4)3 (Palencia et al., 1990) 

70 (0,04% Fe) 

40 (12,5% Fe) 
Chemical control Fe2(SO4)3 – FeCl3 

(Palencia and Dutrizac, 

1991) 

 4 

The reaction order calculated for ferric ion is 0.26, a low value that supports a chemical 5 

control at the beginning of the reaction, as the diffusional control order expected with 6 

respect to liquid phase is 1. Other authors found an order of 0.34 (100 ºC) and 0.39 (75 7 

ºC) with respect to ferric ion, as Fe2(SO4)3, (Dutrizac, 2006), and a value of 0.36 with 8 

respect ferric ion, as FeCl3, (Dutrizac and Macdonald, 1978), applying kinetic models 9 

with chemical control.  10 

Concentration of solid reagent is not usually a meaningful term in solid state reaction. 11 

However, the reaction rate depends on the reaction surface area, and this depends on the 12 

sphalerite amount. It is expected that the process rate is proportional to the sphalerite 13 

amount in a concentrate with a high specific surface area, according to eqs. 5-7. Eq. 6 14 

defines the shape factor (a) as the relation between accessible surface area and particle 15 

volume, and the eq. 7 relates the reaction surface area (A) with the shape factor (a), the 16 

solid molar mass (M), the initial molar fraction (xoi), the initial sphalerite amount (n0i) 17 

and the sphalerite amount (ni). When σ is high, the value of 1 – 1/a is close to 1, that is 18 

the value observed in this work, and it is according to Markus et al. (2004) and Salmi et 19 

al. (2010). 20 
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dZn2+

dt
= υZn2+ · r · A           (eq. 5) 1 

a =  
Ap

Vp
r0 =  ρr0σ           (eq. 6) 2 

A = 
σM

x0i
n0i
1/a
ni
1−1/a

 
𝑎≫3
→    A = 

σM

x0i
ni        (eq. 7) 3 

The values of k for model F1, obtained with different particle sizes, show a linear 4 

relationship with respect to 1/r0 and 1/D80 (μm-1). The k values of the model D4, in the 5 

diffusional stage, fit a linear relationship with respect to 1/r0
2 and 1/D802 (μm-2). Fig. 9 6 

presents these linear relationships, supporting the assumption of an initial chemical 7 

control and later a diffusional control. 8 

 9 

Figure 9: Linear fit between 1/r0, and1/D80, and k for model F1 (A) and between 1/r0
2, 10 

and 1/D802, and k for model D4 (B). 11 

In the same way, Fig. 10 shows the representation of surface area of the bulk concentrate 12 

versus K (IR) at different particle sizes and pulp densities, where the surface area 13 

increases according to eq. 7. Theoretically, K (IR) is proportional to sphalerite surface 14 

area, but in this case only the surface area of the bulk concentrate (A) is known, being K 15 

= 0 when A = 0. Only the samples with a particle size minor than 25 µm follow a linear 16 

relationship between surface area and K, so that in these samples the sphalerite surface 17 

area can be considered proportional to the surface area of the bulk concentrate. This 18 

observation suggests that a part of sphalerite in Cl-A (> 25 μm) is occluded in pyrite 19 

matrix, which hinder the access of leaching liquor to sphalerite particles, that is according 20 

to the micrographs shown in Fig. 4. This could be a pivotal factor, because greatly affects 21 

the sphalerite dissolution rate. Therefore, it should be considered in the design of a 22 
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hydrometallurgical process, where the majority sulphide is pyrite, and in large particles 1 

of pyrite a part of non-ferrous sulphides can be encapsulated. 2 

 3 

Figure 10: Surface area (m2) vs K (mol·L-1·min-1), linear fit excluding sample Cl-A 4 

(0.32M Fe3+, 0.20M H2SO4, 60 ºC). 5 

3.2 Leaching solid residue 6 

Solid residues obtained after ferric leaching have the mean composition in Cu, Pb and Ag 7 

shown in Table 10, copper is found as chalcopyrite and lead as anglesite (PbSO4). This 8 

residue is susceptible to be treated through other hydrometallurgical processes to benefit 9 

the target metals. Within the framework of the project described above, the following 10 

leaching stages are a silver-catalysed ferric leaching, where Cu is dissolved, and a brine 11 

leaching to dissolve Pb and Ag (contained in the concentrate and added as catalyst), such 12 

as it is shown in Fig. 1.  Results of the catalysed ferric leaching and the brine leaching are 13 

expected to be published in forthcoming papers. 14 

Table 10: Mean composition and standard deviation in valuable compounds of solid 15 

residue. 16 

Compound Cu (%) Pb (%) Ag (ppm) CuFeS2 (%) PbSO4 (%) 

Mean value 5.01 5.76 116 14.47 8.43 

Standard deviation 0.86 2.07 42 2.48 3.03 

 17 
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4. Conclusions 1 

The kinetics of the sphalerite dissolution contained in a bulk concentrate with ferric 2 

sulphate is studied for the first time. Only the variables that are directly involved in the 3 

oxidative dissolution of sphalerite play a key role in the leaching rate (Ferric ion, 4 

Temperature and particle size). The addition of sulphuric acid (0.2-1.0 M), ferric sulphate 5 

(0-0.36 M) and magnesium sulphate (0-0.36 M) have no influence on the reaction rate. 6 

When the elemental sulphur is removed from partially leached solid, the reaction rate 7 

does not suffer a deceleration at long reaction times. 8 

At the beginning of reaction, experimental data fits a first order-kinetics to solid particle 9 

model (F1), where the rate controlling step is the chemical reaction on the sphalerite 10 

surface. At 30% Zn extraction, experimental data is deviated from model F1 and is fit to 11 

model D4, possibly due to the formation of a non-porous film of elemental sulphur. 12 

The estimated activation energy of the chemical reaction has a value of 51.3 kJ/mol. 13 

When the diffusion is the rate controlling step, the second stage, the apparent activation 14 

energy is 47.7 kJ/mol. Order-kinetics to ferric ion is 0.26 and 1 in the chemical and the 15 

diffusional stage, respectively. The process rate is proportional to the sphalerite amount. 16 

When samples are lesser than 25 µm, the reaction rate is proportional to surface area of 17 

bulk concentrate, because at higher particle sizes part of the sphalerite is occluded. 18 

These results evidence that the ferric leaching of sphalerite in the presence of other 19 

sulphides has a similar behaviour to that of the high-grade sphalerite. These observations 20 

show the possibility to obtain Zn from a bulk concentrate and enable the treatment of the 21 

solid leaching residue through a hydrometallurgical process to extract the rest of valuable 22 

metals, in this case Cu, Pb and Ag. 23 
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