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1 INTRODUCTION

Strict environmental restrictions imposed on the
plant of sulfide, the need to utilize small and complex
deposits stimulated the development of alternative
methods especially process hydrometallurgical that
avoid the production of SO2, a pollutant [1, 5].

During the last decades, attention has been given to
the leaching of sphalerite by aqueous sulfuric acid
(Forward et Veltman, 1959; Parker, 1961; Demopou�
los et Baldwin, 1999, Peng 2005; T. Pecina et al., 2007)
[5–9].

Electrolytes are important in many applications
that typically occur in the areas of leaching of minerals
in the areas of corrosion, the effects of the fight against
water pollution, the food processing and oil fields
[6, 7–11]. There are many models to represent the
thermodynamic propertyes of aqueous solutions of
electrolytes. The reaction between ZnS crystallites
and aqueous solution can be described by the pseudo�
first�order kinetics, which is rationalized in terms of
the Langmuir–Hinshelwood model (L–H) modified
to accommodate reactions occurring at a solid–liquid
interface [12] .

Pitzer et al. [13, 14, and 15] have developed a
model for calculating the properties of electrolytes
from an improved analysis of the Debye–Huckel
model and semi�numerical models. This model links
the intermolecular forces and the distribution of ions
to the osmotic pressure and reflects the influence of

1 The article is published in the original.

short�range forces in binary interactions. The equa�
tions obtained are similar to those of Guggenheim.

The terms of the activity coefficient and osmotic
coefficient are deduced from the equation of the Gibbs
energy molar excess.

The purpose of our work is to describe the equilib�
rium reaction of dissolution of ZnS without oxygen
present over an extensive temperature: range including
activity coefficients obtained from the elaborate
Pitzer’s model adapted to the mixed electrolytes.

THERMODYNAMIC MODEL

In water, sulfuric acid is dissociated according the
equilibrium:

H2SO4 ⇔ H+ +  K1

 ⇔ H+ +  K2

The dissociation constants at 25°C of these reac�
tions are calculated from the values of standard Gibbs
energies of the species, that is to say: K1 = 80.72 and
K2 = 0.0125

The high value of the equilibrium constant K1

translated into strong shift in equilibrium towards the

formation of  and H+. We admit later that the
first dissociation of sulfuric acid is complete. Only the
second dissociation equilibrium will be considered.

Pitzer et al. [13] give a value substantially different
for K2, given the uncertainty associated with various
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experimental methods: K2 =0.0105. This value will be
used in subsequent calculations.

The law of mass action applied to the dissolution
equilibrium of sulfuric acid is then:

(1)

In the absence of oxygen, the reaction of dissolu�
tion of sphalerite in aqueous sulfuric acid is written as:

ZnS + 2H+ +  ⇔ Zn+2 +  + H2S.

The expression of Pitzer to calculate the activity

coefficients of ions H+,  in the presence of

 and Zn+2. In this case, the coefficients of 

and  can be neglected at species interactions Zn+2

and  as  represents the derivative with respect

to the ionic strength of a term  which is indepen�

dent of I and  is an adjustable parameter that

depends on interactions triples. These parameters are
important only for high concentrations (usually
greater than 2 mol /kg) which give:

(2)

Applying the expression of the activity coefficient

for a mixture of electrolytes in ion pair H+,  in

the presence of ions  and Zn+2, we obtain the fol�
lowing equation:

(3)

As the difference between (2) and (3), we obtain the

term  which is used to calculate the

molarity of H+ ions by applying eq. (1). The calcula�
tion is done by the numerical method using as an ini�
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tial value of molality mH slightly higher than the initial
molality of sulfuric acid.

(4)

For all these expressions the terms f γ, Aγ,  

   are given by the following formulas:

(5)

with

Aγ = 0.0000043T2 + 0.002709T + 0.583022. (6)

Pitzer et al. [15] gives the equations  

  and K2 as a function of temperature:

(7)

 is a function expressing the binary interaction

between Zn+2 ions and sulfate ions , its expres�
sion is given by:

(8)

 is the derivative of  compared to ionic

strength, as:

(9)
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pared to the analogous expressions valid for electro�

lytes 1�1 and 1�2.    are parameters

dependent on temperature.

Pitzer and Mayorga [14] give the values of these
parameters at 25°C:

(10)

The term  corresponding to the ternary inter�

actions here is equal to:

The general expression giving the Pitzer activity
coefficient for a mixture of electrolytes can be applied
to zinc sulfate in the presence of sulfuric acid. In this
case we obtain:

(11)

with  =  –  et  = (  – )/I

and  expressed according to  or 

(12)
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As the leaching experiments of this study cover the
temperature range from 25°C to 200°C, it was neces�
sary to supplement the expressions giving the coeffi�
cients of activity of zinc sulfate at 25°C, introducing
the dependence with respect to temperature.

In this expression the coefficients  

  and Aϕ are temperature dependent.

The partial derivative of the activity coefficient of zinc
sulfate in relation to temperature is:

(14)

Solving this equation requires knowledge of the par�
tial derivatives of the Aϕ with respect to temperature:

(15)

Bradley and Pitzer [15] provide the values of the
apparent molar enthalpy reduced AH/RT for tempera�
tures ranging from 0 to 350°C.

For the convenience of numerical calculation, the
apparent molar enthalpy is expressed as a function of
temperature and pressure equal to the saturation vapor
pressure in the form:

(16)

OPTIMIZATION OF MODEL PARAMETERS

The Pitzer model was applied to calculate the
activity coefficients and the average H+ ion molality in
aqueous solution of sulfuric acid We have developed
for this purpose as a machine code in Fortran that
allowing the calculation of the H+ ion molality in
aqueous solution of sulfuric acid and the activity coef�
ficients.
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EXPERIMENTAL

Zinc analysis in the leach liquor was made volu�
metrically by EDTA titration

Knowing the number of moles of hydrogen sulfide
introduced, liquid and gaseous volumes as well as ini�
tial and final pressures, allows the calculation of the
coefficient of Henry.

The measurements were carried out in a glass reac�
tor with agitation placed in an enclosure regulated at
25°C. Hydrogen sulfide is initially introduced into a
reactor vessel isolated Annex. At temperature equilib�
rium, the reactor containing the aqueous solution and
the stirred vessel containing hydrogen sulfide are com�
municated.

The raised pressure and the initial temperature and
the curve representing the kinetics of dissolution of the
gas, allows the calculation of the coefficient HENRY.
The steps were conducted in the autoclave used for the
leaching experiments zinc sulfide.

Experiments were carried out in function of time in
the absence of oxygen and sulfur aqueous medium.

For temperatures from ambient to 200°C, the auto�
clave head of the initial air is filled with two nitrogen
atmosphere at room temperature, the initial mass of
5 g sphalerite is introduced into 400 mL of sulfuric
solution 0.125 M.

RESULTS AND DISCUSSION

The curves in (Fig. 1) which gives the activity coef�
ficient of sulfuric acid molality for between 0.01 and
5 mol kg–1 at 25°C, and molality of 0.01, 0.05 and
0.1 mol kg–1 in zinc sulfate, can say that the presence
of zinc sulfate affects the average ionic activity coeffi�
cient  in the lower bound, especially at low sto�

ichiometric molality of sulfuric acid. This molality of
zinc sulfide is of the order of magnitude of those we
find in the solution from the dissolution of zinc sulfide
in sulfuric acid medium. The attack of 5 g of zinc sul�
fide in 400 mL of sulfuric acid solution corresponds to
a 0.128 M solution of zinc sulfate to total dissolution.

The curves corresponding to temperatures from
50 to 200°C, show that the presence of zinc sulfate
resulted in lower average activity coefficients of sulfu�
ric acid, regardless of temperature. This influence
becomes negligible at low molality zinc sulfate and
sulfuric acid molality important.

The change in the activity coefficient of sulfuric
acid depending on the temperature data for molality of
zinc sulfate and sulfuric acid is comparable to those
obtained in the absence of zinc sulfate. It may be noted

that the coefficient  of a solution without zinc

sulfate at 190°C is greater than the coefficient  of

the solution containing zinc sulfate.

The values of activity coefficients of zinc sulfate at
room temperature are slightly higher between 10–3 and
10–2 mol/kg the values of 50°C. At a given tempera�
ture, the activity coefficient using the zinc sulfate
passes through a minimum which is located in a zinc
sulfate molality between 1 mol/kg at 25°C and
0.01 mol/kg at 200°C (Figs. 2–4).

The curve (Fig. 5) allows giving an experimental
average value equal to 547.105 Pa by mole fraction for
the Henry coefficient of hydrogen sulfide in water
at 25°C.

For aqueous sulfuric solution, the Henry coeffi�
cient increases as a function of the concentration, and
reached 1080.105 Pa value for a concentration of
8.8 M.

The solubility of the hydrogen sulfide thus
decreases as a function of sulfuric acid concentration
but for the relatively low acid solutions used. The Sol�
ubility varies little as the Henry coefficient only
changing from 547 to 590.105 Pa by molar fraction
when the sulfuric acid concentration passing of 0.125
and 0.5 M.
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The solubility of hydrogen sulfide in aqueous sulfu�
ric media is accompanied above 150°C of a formation
of elemental sulfur and sulfur acid according to the
reaction:

H2S + H2SO4 ⇔ S+ +  + H2O.

The sulfur formation increases with the tempera�
ture, and at 200°C, 22% of hydrogen sulfide intro�
duced is converted into sulfur.

In sulfuric medium 0.125 M the few experimental
points obtained is a consequence of the very rapid cor�
rosion observed on the head of the autoclave and the
pressure sensor. At high temperatures, hydrogen sul�
fide is extremely corrosive. The results for the coeffi�
cient of HENRY in water and sulfuric aqueous solu�
tion are generally tainted with a positive error can be
estimated at 22% maximum. In aqueous sulfuric
medium, HENRY coefficient for hydrogen sulfide is
lower than in water at temperatures above 100°C, the
solubility of the gas is therefore important in the
weakly dilute sulfuric acid in the water.

The dissolution reaction of sphalerite in aqueous
sulfuric medium is written:

ZnS + 2H+ +  ⇔ Zn+2 +  + H2Sgas.

H2SO3
–

SO4
2–

SO4
2–

Experiments were carried out in function of time in
the absence of oxygen and sulfuric aqueous medium.
For temperatures from 25 to 200°C, the autoclave rid
of the initial air, is filled with two nitrogen atmosphere
at room temperature, the initial mass of 5 g of sphaler�
ite is introduced into 400 mL of sulfuric solution
0.125 M.

The curves of (Fig. 7) show that the dissolution is
fast, it varies very little after 15 minutes especially
below 160°C.

The system will be considered in balance after two
hours of experience.

The final concentrations of carried acid were trans�
formed into molality.

The curve (Fig. 8) shows that the equilibrium con�
stant grows rapidly as the temperature after 150°C,
indicating that this reaction of dissolution are endot�
hermic. The temperature increase causes an increase
of the dissolution in the endothermic direction which
opposes the increase of this temperature.

The result obtained for the experimental equilib�
rium constant: 1.05 × 10–4 is of the same order of mag�
nitude as that obtained from the standard enthalpies of
formation and standard entropies.
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This experimental value of the equilibrium con�
stant is leads to a standard free enthalpy to
22.7 kJ mol–1.

The curve (Fig. 8) shows three distinct areas:
between 25 and 100°C, the alignment of the points is
not perfect, the reaction enthalpy is ΔH =
23.2 kJ mol–1, between 110 and 150°C the reaction
enthalpy is ΔH =50.82 kJ mol–1; between 160 and
200°C enthalpy is 106.9 kJ mol–1. The enthalpy of the
reaction calculated from thermodynamic data ΔH298 =
13.43 kJ mol–1 has a value relatively close to that found
below 100°C.

This temperature of 160°C is important in the
study of the liquid sulfur. Indeed, above 120°C, the
sulfur melting temperature, the liquid sulfur is present
mainly in two allotropic, sulfur λ and sulfur μ.

Sulfur λ corresponds to an octagonal left ring inter
atomic distance equal to 2.07 Å; it is especially pre�
dominant (85%) below 160°C. Its proportion
decreases above this temperature, but still remains
above 50%.

The sulfur μ, which is metastable at room temper�
ature and is transformed into sulfur λ corresponds to
chains of sulfur atoms to S8 units of varying lengths.
The interatomic distance of 1.8 Å, this species is gen�
erally below 160°C in a proportion of 0.1 to 5%, which
then increases up to 40% above 160°C.

The autoclave tests, which allowed the determina�
tion of the Henry coefficient for hydrogen sulfide in
aqueous solutions of sulfuric acid, resulted in the pro�
duction of sulfur, which is in yellow compact form
above 160°C, and increases with temperature. Pro�
duce the quantity, expressed in moles, if it is consid�
ered as pure sulfur is substantially equal to the sulfuric
acid concentration of the solution decreased. How�
ever, in concentrated sulfuric medium at room tem�
perature, hydrogen sulfide reacts with the acid:

H2S + H2SO4   + S• + H2O.

The sulfurous acid as written here probably does
not exist in this form, but is a complex mixture of SO2,

H3O
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CONCLUSIONS

The values of activity coefficients of zinc sulfate in
the presence of sulfuric acid show that at a given tem�
perature, the presence of sulfuric acid lowers the activ�
ity coefficient of zinc sulfate. It decreases as the mola�
lity increases in zinc sulfate which results in a weak
sulfuric acid molality.

The study area is divided into three distinct parts:
25°C and 100°C, 110°C and 150°C and 160°C and
200°C. These areas appear to be related to the struc�
ture of sulfur, the melting temperature of crystalline
sulfur of between 110°C and 120°C while the temper�
ature of 160°C corresponds to the transition Sλ → Sp.

NOMENCLATURE
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mi molality of the species considered
Aϕ Debye–Huckel parameter
I ionic strength
T temperature

R gas constant
f γ term describing the effect of electrostatic 

forces

K equilibrium constant

B function expressing the binary interaction
Cx function expressing the triple interactions

derivative with respect to the ionic strength

b adjustable parameter that was optimized 
and set equal to 1.2 kg1/2 mol–1/2 for all 
temperatures

α1 = 2 for most electrolytes
α2 = 12 for electrolytes 2�2

γ activity coefficient of the body considered

Bx'


