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Abstract

This work presents theoretical and experimental results on the speciation of the Fe(Il)-Fe(Ill)-H,SO4—H,0 system in
concentrated solutions (up to 2.2 m H,SO,4 and 1.3 m Fe). The aim was to study the chemical equilibria of iron at 25 and 50 °C in
synthetic aqueous sulphuric acid solutions that contain dissolved ferric and ferrous ion species. Raman spectroscopy, volumetric
titration and conductivity measurements have been carried out in order to study the presence of specific ions and to characterize the
ionic equilibrium. A thermochemical equilibrium model incorporating an extended Debye—Hiickel relationship was used to
calculate the activities of ionic species in solution. Model calculations were compared with experimental results. Model simulations
indicate that anions, cations and neutral complexes coexisted in the studied system, where the dominant species were HSO,, H,
Fe?* and FeH(SO,4)3. This indicated that these solutions showed a high buffer capacity due to the existence of bisulphate ions
(HSO3), which presented the highest concentration. A decrease in the concentration of H" and Fe®* took place with increasing
temperature due to the formation of complex species. Standard equilibrium constants for the formation of FeH(SO,)3 were obtained
in this work: log K_?-=8.1 +0.3 at 25 °C and 10.0£0.3 at 50 °C.
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1. Introduction
1.1. Previous work

Dissolved and precipitated iron compounds are
relevant in many metallurgical processes. For example,
iron compounds are by-products in the zinc and copper
industries, which are obtained from the dissolution of
limonite (FeOOH*nH,0) or sulphide minerals such as
pyrite (FeS,), pyrrhotite (FeS), chalcopyrite (CuFeS,),
and bornite (CusFeS4). In mineral and aqueous
compounds iron exists in the 0, +2 and +3 oxidation
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states (Lide, 1999; Langmuir, 1997). During the last 40
years a great number of scientific studies have been
performed with iron solutions to measure and to
evaluate the solubility, the speciation and the kinetics
of mineral leaching, precipitation and crystallization,
where this metal participated (Linke, 1958; Dutrizac and
MacDonald, 1974; Dutrizac and Harris, 1996; Dutrizac
and Monhemius, 1986; Tozawa and Sasaki, 1986; Dry
and Bryson, 1988; Barrett et al., 1993; Swash and
Monhemius, 1994; Rao et al., 1995; Stumm and
Morgan, 1996; Butler and Cogley, 1998; Welham et
al., 2000; Roine, 2002; Cifuentes et al., 2003; Casas et
al., 2005). In aqueous sulphuric acid solutions iron
distributes as dissolved Fe(Il) and Fe(Ill) species
(oxidation states +2 and +3, respectively), as free ions
(Fe**, Fe*") or complex compounds [FeSOS, FeSO;,
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Fe(SO4)>]. The concentration of these species is
strongly dependent on solution composition and
temperature. Corresponding aqueous equilibrium reac-
tions are summarized as follows (Dutrizac and Harris,
1996; Barrett et al., 1993; Stumm and Morgan, 1996;
Langmuir, 1997):

Fe?* + SO2” < FeSO!
Fe'™ 4 S0} <FeSO;
Fe’™ + 2803 < Fe(S0s),
H' + SO} <HSO,

Depending on solution concentration and tempera-
ture a large number of iron minerals could precipitate in
the mentioned system, such as: hematite (Fe,03),
magnetite (Fe;O,), goethite (FeOOH), hydrous ferric
oxides (Fe,03nH,0), brucite [Fe(OH),], hydronium
jarosite [H3OFe5(S04),(OH)g], schwertmannite (FegOg
(OH)¢S0,4), melanterite (FestjﬁHzO), rozenite
(FeSO4'4H,0), szomolnokite (FeZSOjHZO), rhombo-
clase [FeH(SOy4),], coquimbite [Fe,(SO4);*9H,0], cor-
nelite [Fe,(SO4)3*7H,0], iron—hydroxy-sulfates [Fe,
(SO4),(OH).], among others (Linke, 1958; Dutrizac and
Harris, 1996; Stumm and Morgan, 1996; Langmuir,
1997; Welham et al., 2000).

The speciation of iron in natural and industrial
environments, as well as iron separation and control in
metallurgical processes, has undergone tremendous
improvements during the last decades (Dutrizac and
Harris, 1996; Dry and Bryson, 1988; Senanayake and
Muir, 1988; Swash and Monhemius, 1994; Rao et al.,
1995; Stumm and Morgan, 1996; Das and Krishna,
1996; Marconi et al., 1996; Langmuir, 1997; Butler and
Cogley, 1998; Cifuentes et al., 1999; Welham et al.,
2000). However, only limited thermodynamic informa-
tion regarding iron species, which are present in
concentrated sulphuric acid solutions, can be derived
from reported experiments and available geochemical
databases. Moreover, most of the studies were carried out
in diluted systems, while complete thermochemical data
derived from iron sulphate solubility in aqueous
sulphuric acid systems are unavailable.

1.2. Objectives

The aim of this work is to study, from both
experimental and theoretical points of view, the chemical
equilibrium and speciation of iron at 25 and 50 °C in
synthetic aqueous sulphuric acid solutions that contain

dissolved ferric and ferrous ion species. Systems to be
studied correspond to: Fe(Il)-Fe(I1ll)-H,SO4—H,O0,
with 2.2 m H,SO, and 0—1.3 m Fe.

A thermodynamic model was developed to quantify
the speciation of aqueous iron—sulphate compounds at
various concentrations. Model calculations are com-
pared with experimental results.

2. Experimental methodology

Experimental work to study the iron(III) speciation in
the Fe(Il)-Fe(1lT)-H,SO4—H,0O system was carried out
by preparing a set of solutions formed by ferrous
sulphate, ferric sulphate, sulphuric acid and water.
Experiments were performed for 3 h using an orbital
shaker with 250 cm® glass shake flasks. Solutions were
equilibrated in agitated beakers at 25 and 50+0.5 °C, and
then liquid samples were taken and filtered at room
temperature with 0.1 pm Millipore® membrane filter.
Chemical analyses were performed to determine the
concentration of total iron as Fe(tot) and Fe(IT). Solution
density, pH, and ionic conductivity were measured.

The analytical procedure was as follows: distilled
water was used throughout, solution samples were
measured in duplicate and the reproducibility was +1%.
The stock solution of sulphuric acid was prepared by
dilution of the concentrated analytical reagent (H,SO,
95-97%, p.a., Merk®) and titrisol 0.5 M H,SO, (No
1.09981, Merck®).

The iron reagents used were: FeSO}7H,0 (99%
purity, Fluka® Chemie A.G.), and FeH(SO,), (98%
purity Aldrich® Chem. Co.). The concentration of total
dissolved iron [Fe(tot)], was determined by atomic
absorption spectroscopy at A 296.7 nm for low levels
and 4 305.9 nm for high levels with a precision of £0.5%,
using a Perkin Elmer® 1100B spectrophotometer. The
concentration of ferrous iron [Fe(II)] was determined by
modified ortho-phenanthroline method (Herrera et al.,
1989), using visible spectrophotometry at 510 nm with
a precision of +2%, using a Perkin Elmer® Lambda 1
spectrophotometer.

Solution densities were determined by means of a
10 cm® glass pycnometer and an analytical digital
balance (PRECISA® XB22A), with a precision of
0.0001 g. The values of pH of the solution were
measured with a Jenway® meter, model 4350, using a
combination electrode with Ag/AgCl (No. 924005,
Jenway®). The ionic conductivity of the solution was
determined with a reproducibility of 5-10% using a
Jenway® meter and a glass platinum cell of 1.3 cm™ ',
which works in the range of 1x10~* to 2000 mS/cm.
The conductivity cell was calibrated at 25 and 50 °C,
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using standard sulphuric acid solutions for the 100—
1100 mS/cm range, depending on the conductivity
interval of the tested solutions.

Raman vibrational spectroscopy was carried out with
a Jobin—Yvon® spectrophotometer by using the 632.8
nm excitation line, provided by a He—Ne laser. The
liquid samples were placed in a Petri dish and mounted
in an Olympus® BX-40 microscope (objective x10),
taking one scan with an integration time of 150 s. The
solid samples were placed on a glass slide and analysed
with the X100 objective of the microscope using a filter
to screen 99% of the laser incident light to prevent
sample alteration, and then taking one scan with an
integration time of 300 s.

Molality was used as concentration unit (mol/kg
H,0) in order to allow for solution density effects.

3. Modelling

Aqueous speciation in multi-component ionic sys-
tems can be determined by the application of a
thermodynamic model which consists of a set of defined
species, components and reactions, plus a set of
equilibrium relationships and mass balance equations
for each defined component. This calculation method-
ology was presented in previous articles (Casas et al.,
2000, 2003). The electrolyte speciation in aqueous
solutions can be estimated using appropriate ionic
activity coefficient models, depending on the solution
concentration (Helgeson et al., 1981; Zemaitis et al.,
1986; Rafal et al., 1994; Wolery, 1996; Grenthe and
Plyasunov, 1997).

In the case of electrolytic solutions at moderate
concentrations (0.3 to 1.5 m), the main models that
could be applied are: extended Debye—Hiickel (Helgeson
et al., 1981; Wolery, 1996; Casas et al., 2003), Bromley—
Zemaitis (Zemaitis et al., 1986; Rafal et al., 1994), and
specific interaction (Grenthe and Plyasunov, 1997). In the
present work, the extended Debye—Hiickel model is used
to evaluate the activity coefficients (y;) of dissolved
species in the system. This model has been shown to
produce good results in solutions in similar aqueous-
sulphuric acid-metal systems (Helgeson et al., 1981;
Cifuentes et al., 2002, 2003), which indicates its
suitability for the present study. A detailed speciation
modelling methodology is presented by Stumm and
Morgan, 1996. The main relationships are:

Equilibrium:

Nsp.ri +
K. :j:1 aj_vj (1)

Mass balance:

Ngp
TOT X; = Zvimi (2)
i=1

where K,;, is the equilibrium constant of reaction for the
formation of the i-th species; m;, a; and £v are the molal
concentration, the activity, and the stoichiometric coef-
ficient (+ for products and — for reactants) of the i-th
species, respectively. TOT X; is the total molal concen-
tration of the j-th component. Activity and concentration
are related by a;,=m;-7y; where 7; is the activity
coefficient of the i-th species (see units in Notation
section below).

The extended Debye—Hiickel model is represented
as:

—AZ? VI .

log(vi):1+&'3ﬁ+3'1 3)

Eq. (3) is also known as the B-dot equation; 4, is the
hard-core diameter of the i-th ionic species, z; is the
charge of the i-th species, 4 and B are Debye—Hiickel
parameters and 7 is the solution ionic strength. This
model has three temperature dependent parameters (4, B
and B), as shown in Table 1, and one parameter for each
of the solvated species, the “hard-core diameter” (d).
This is a modification of the classical Debye—Hiickel
model and it is valid for binary interactions. In order to
correct the activity coefficient for those cases where
molecular interactions—other than electrostatic ones—
come into play, the same value in the B-dot parameter is
included for all participating species. The model is valid
for aqueous electrolyte solutions with moderate ionic
strength values. The validity range for this model has
been reported up to /=1 m (Helgeson et al., 1981;
Wolery, 1996; Casas et al., 2003). The term B-I
represents a correction for short-range interactions.
The extended Debye—Hiickel model has been used by
Helgeson and coworkers and introduced in several

Eilt);c:ed Debye—Hiickel parameters at 25 and 50 °C (Wolery, 1996)
Parameter Temperature

25 °C 50 °C
A (kg®3/mol®?) 0.5114 0.5365
B (kg™ /mol®/A) 0.3288 0.3329

B (kg/mol) 0.0410 0.0430
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Table 2
Experimental measurements for the Fe(Il)-Fe(IlI)-H,SO4—H,0
system at 25+0.2 °C and 50+0.2 °C

[Fe(I)] [Fe(tot)] Density at Solution Solution
(g/L) (g/L) 25 °C conductivity conductivity
(g/em?) at 25 °C at 50 °C
(mS/cm) (mS/cm)
System Fe(Il)-H>SO ~H>0
0.00 0.00 1.1159 667 1039
5.05 5.55 1.1290 582 904
14.00 14.20 1.1464 542 780
28.02 28.70 1.1781 493 715
42.25 43.40 1.2042 444 618
55.66 56.40 1.2323 403 542
77.26 78.00 1.2814 330 456
System Fe(Ill)-H>SO ~H,0
0.003 4.47 1.1309 639 1002
0.005 10.80 1.1509 596 918
0.006 21.30 1.1837 547 812
0.009 32.40 1.2152 493 720
0.011 43.10 1.2483 450 634
0.014 53.80 1.2773 401 553
0.016 65.40 1.3113 355 489
System Fe(ll)-Fe(1ll)-H,SO ,~H,0
2.38 5.0 1.1298 626 939
6.17 12.2 1.1498 596 883
13.25 25.1 1.1799 546 784
21.15 37.6 1.2024 490 680
27.11 50.1 1.2393 446 593
35.18 71.6 1.2874 366 489

speciation codes and geochemical software, such as:
MINTEQA2 (Allison et al., 1991); PHREEQC (Par-
khurst, 1995), and EQ3/6 (Wolery, 1996).

A rigorous methodology was applied to validate the
speciation. First, the model was defined by selecting an
appropriate ion activity model and a list of main species

according to the published literature and measurements
obtained by laser Raman spectroscopy. Second, the
model was calibrated using revised equilibrium constant
values for the selected iron species and the supporting
electrolyte (sulphuric acid). Solubility data for the
rhomboclase as a function of pH was used to obtain
the equilibrium constant for FeH(SO,)5 by mathemat-
ical regression. Third, the model was validated on the
basis of solution conductivity measurements using
independent sets of experimental data, which corre-
spond to an indirect determination of iron speciation in
the studied solutions.

4. Results and discussion
4.1. Experimental results

Experimental results of the speciation study per-
formed by chemical analysis of aqueous solutions
containing sulphuric acid and iron sulphates are shown
in Table 2 and Figs. 1 and 2.

Table 2 presents solution density and conductivity of
Fe(Il)-Fe(Il1)-H,SO4—H,0 systems in the following
conditions: 2.2 m H,SOy4, 0—1.3m Fe, at temperatures
25 and 50 °C.

A decrease in conductivity is observed when
temperature decreases and iron concentration increases.
The conductivity of aqueous sulphuric acid solutions
that contain dissolved metals is mainly determined by
the concentration of hydrogen ion (H"), (Casas et al.,
2000, 2003), because this ion exhibits the highest
mobility.

Fig. 1 and Table 3 show respectively the Raman
spectra and the bands assigned to aqueous solutions
formed by mixtures of H,SO4 and FeH(SO,),. The
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Fig. 1. Laser Raman spectra of solutions: (a) 2.22 m H,SO4+H,0; (b) 0.64 m FeH(SO4)5+2.22 m H,S04+H,0; (c) 1.09 m FeH(SO,)3+2.22 m

H,S0,4+H,0; (d) solid reagent FeH(SOy),.
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Fig. 2. Equilibrium pH of solutions formed by dissolution of
rhomboclase [FeH(SO,),] in water as a function of Fe(III) concentra-
tion. Experimental data; o: 25 °C and [: 50 °C. Model predictions : —
including FeH(SO4)(aq) species and —- without FeH(SO4)zaq)
species.

figure presents the spectra of the supporting electrolyte
(2.2 m sulphuric acid solution) and iron solutions, as
well as the spectra of the pure reagents (solid iron
compounds).

The band at 985 cm™ ' corresponds to S—O stretching
vibrations, indicating the presence of sulphate. In this
case sulphate displays tetrahedral coordination geome-
try. When an iron sulphate salt is dissolved in water,
sulphate ions (the ligands) show some distortion of their
tetrahedron-type geometry due to the presence of
counter ion interaction; in this case the spectrum
shows a frequency shift for the band in the 910-920
cm ' range [v,(SO3 ) symmetric stretching] and in the
984-1210 cm ™' range [v5(SO3") asymmetric stretch-
ing]. The triple degeneration of v; is high with its
corresponding unfolding in 2 or 3 bands, depending on
the symmetry of the formed structure (Nakamoto,
1997). This effect reveals the presence of bisulphate
ions in solution (HSOy), the relative intensity of the
mentioned bands increases with solution concentration.

Table 3
Raman spectral bands assignment in the Fe(II)-Fe(IlI)-H,SO,~H,0
system (Nakamoto, 1997)

Band range (cm™ ') Molecular interaction

242-276 v(Fe—0)
373-382 v(Fe—0)
440-475 v,(SO%)
596—620 va(SOT)
910-920 vi(SO%)
984-1013 vi(SO3)
1030-1098 va(S0%)
1140-1210 v3(S03)
16281680 H,0 bending

Sulphate vibration modes v;: symmetric; stretching, v,: bending, v;:
asymmetric stretching, v4: bending.

Evidence of the interaction between dissolved iron
jons and sulphate appears in the 440—-620 cm ' and
1140—1210 cm™ ' ranges, which correspond to bending
and asymmetric stretching vibrations, respectively
(Nakamoto, 1997). The bands in the 242-282 cm '
range are attributed to vibrations of Fe—~OH—-S which
suggests the presence of neutral FeH(SO,)S species.
These start to be detected at concentrations over 0.64 m. A
summary of spectral band assignment is presented in
Table 3.

Fig. 2 shows experimental results for pH at 25 and
50 °C in solutions formed by the dissolution of the
rhomboclase (acid iron sulphate) in deionised water.
These measurements show that solution pH decreases
from about 2.5 to 1.25 as Fe(IIl) concentration increases
from 2x107% to 0.5 m, which is explained by the
increase in solution acidity according to the reaction:

FeH(SO,)y e Fe’™ + H + 2802

For the studied conditions, a small effect of
temperature was observed: iron hydrolysis is favoured
by increasing temperature, producing a slight decrease
in the pH value of the solution. Results of these
experiments were used to calibrate and validate the
speciation model according the results present below.

4.2. Modelling results

The developed thermodynamic model was used to
study the speciation (i.e., the distribution and concen-
tration of dissolved species) in aqueous solutions which
contain sulphuric acid and dissolved iron, at 25 and
50 °C. The used model implements an extended
Debye—Hiickel formalism and is analogous to the one
described in detail in previous articles (Casas et al., 2000,

Table 4
Stoichiometry of the main species as a function of components in the
Fe(II)-Fe(I1l)-H,SO4—H,0 system

Species Components Log Log Ref
- K7 Ky

H,0 H" 80i Fe™ Fe™ 0

2 ©OTC T gsec seec
HSO, 0 1 1 0 0 1.98 232 (1)
FeSOj 0 2 0 1 0 225 244 (23)
Fe(SO4)> 0 0 2 0 1 538  7.64 (2,3)
FeSOy 0 0 1 0 1 404 476 (2,3)
FeH(S0,)% 0 1 2 0 1 8.10 10.00 (*)
Molality 5551 44 22-3 0-1 0-1

1: Shock (1998).

2: Stumm and Morgan (1996).

3: Roine (2002).

*: Calculated from solubility data of rhomboclase in this work.
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2003, 2005; Cifuentes et al., 2002). Table 4 summarizes
the speciation model and calculation results are
presented in Fig. 3 and 4. Dissolved iron species
were selected from the data published by Stumm and
Morgan (1996), Langmuir, 1997, and Welham et al.
(2000). Tron bisulphate ions like FeHSO; and FeHSO3
" were not considered in this speciation model due to
the evidence reported by Tremaine et al. (2004), who
studied the Fe—H,0-H,SO, system using Raman
spectroscopy and did not find any evidence of contact
ion pairs between HSOy,q) and iron cations, and
explained that the bisulphate is a non-complexing
anion. Model calculations are compared with the
present experimental data and results published by
other workers (Baes and Mesmer, 1976; Ryzhenko et
al., 1985; Stumm and Morgan, 1996; Shock, 1998;
Roine, 2002).

4.2.1. Model calibration

In the present work, the equilibrium constant
approach is adopted to model the solution equilib-
rium because standard equilibrium constants are the
key parameters for the speciation model. The model
formulation that represents the aqueous speciation in
the Fe—H,0-H,SO, system is summarised in the
Table 4 as a “speciation tableau”, where reactions
are represented as stoichiometric combinations of
components. The aqueous species were selected from
the literature (Stumm and Morgan, 1996; Roine,
2002).

The neutral FeH(SO4)? species must be incorporated
in the model to fit the ferric sulphate solubility data. The
existence of these species was demonstrated by the
results obtained by Raman spectroscopy presented
above and calculations shown in Fig. 2. This figure
shows that, if the FeH(SO,) is not included, the model
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Fig. 4. Solution conductivity at 25 and 50 °C as a function of ferric plus
ferrous iron concentration in aqueous solution with 2.22 m H,SOj,.
Experimental data; ¢: 25 °C and O: 50 °C. Model predictions: —.

fails to predict the pH, while its inclusion leads to
agreement with measurements carried our for the Fe
(IIH—-S04—H,0 system.

The system can be evaluated by the following set of
mass balance equations for each defined component:

H(tot) = [H*] + [HSO,] + [FeH(SO4))] (4)
SO4(tot) = [SO3 7] + [HSO,] + [FeSO; ]
+ [FeSOY] 4 2*[Fe(SO4),]
+ 2*[FeH(SO4)g] (5)
Fe(Il) = [Fe’"] + [FeSOY)] (6)
Fe(Ill) = [Fe**] + [FeSO;] + [Fe(SO4),]
+ [FeH(S04)] (7)

To solve the balance equations, 4 concentrations
must be fixed in advance: those of H(tot), SOy(tot), Fe
(II) and Fe(IIl), that correspond to selected system
components.
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Fig. 3. Calculated speciation at 25 and 50 °C for an aqueous solution containing: [H,SO,4]=2.22 m (200 g/L); [Fe(I1I)]=0.543 m (27 g/L); [Fe(1ll)]

=0.437 m (23 g/L).
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In summary, the equilibrium speciation model used
in this work consists of an algebraic non-linear system
formed by a set of mass balance equations for each
defined component, the equilibrium relationships and
the ionic activities {Eq. (1)—-(3)}. A computer program
developed with the Matlab® software was used to
solve the model equations. This program implements a
multi-dimensional Newton—Raphson numerical algo-
rithm and allows the calculation of the aqueous multi-
component speciation in the presence of ions,
complexes and solid species for a wide range of
solution concentration values.

Model calibration was obtained first by using
revised standard equilibrium constants of iron com-
plexes at 25 and 50 °C; the selected values are
presented in Table 4. Data at 50 °C were estimated
using the heat capacity integration method and
calculations were performed with the help of the
HSC-Chemistry software (Roine, 2002). Then, as a
second calibration step, solubility data obtained from
the dissolution of rhomboclase (acid iron sulphate) in
water were selected to estimate the standard
equilibrium constants for the aqueous neutral species
FeH(SO,4)5. These key-value parameters were
obtained by fitting the model to experimental data
for solution pH as a function of Fe(Ill) concentration.
Mathematical regression was carried out by minimis-
ing the sum of squares of the differences between
experimental and calculated data presented by Fig. 2.
The K-values obtained for this species were: log
K?FeH(so4)2(aq):8-1 +0.3at25°Cand 10.0+0.3 at 50 °C.

4.2.2. Model calculations

Thermodynamic simulations for the speciation of the
Fe(I)-Fe(Il)-H,SO4—H,0 system were carried out at
25 and 50 °C. Fig. 3 shows the results of the equilibrium
calculation for an aqueous solution formed by 2.22 m
H,S04 (200 g/L), 0.543 m Fe(Il) (27 g/L), and 0.437 m
Fe(1II) m (23 g/L).

A decrease in the concentration of free ions was
observed as temperature increased due to the increased
stability of HSO, and Fe(SQO,), species with temper-
ature. Fe(II) species distribute as 78—83% Fe? and 22—
17% FeSOj. Fe(Ill) species distribute as 96.6-93.9%
FeH(SO,)3, 2.1-5.9% Fe(SO4)5, and 1.3-0.2% FeSOj.
Sulphate species distribute as 70.2—72.2% HSOy,
23.2-22.5% FeH(SO,)5, and 3.3-2.5% FeSOj, 2.6—
1.4% SO; and 0.5-1.4% Fe(SO,); . Hydrogen species
distribute as 52-54% HSOx, 39-38% H', 9-8% and
FeH(SO4)3.

Model simulations indicate that anions, cations and
neutral complexes are present in the concentrated Fe

(I)-Fe(Il)-H,S04—H,0 system. Dominant species in
the studied conditions were HSO,, H', Fe? and FeH
(SO4)g, which indicates that this solution presents a
high buffer capacity due to the existence of bisulphate
ions (HSO,4) as main species. The concentration of
free ferric ion (Fe*") is very low and Fe(IIl) distributes
mainly as FeH(SO,)S and Fe(SO,); species. The
concentration of free ferrous ion (Fe?") is very high
and Fe(Il) distributes mainly as Fe’'and FeSOY
species.

4.2.3. Model validity

The inclusion of FeH(SO,) species in the speciation
model is validated according to the Raman spectra
observations and model calculations presented by Figs.
1 and 2, respectively.

A comparison between conductivity measure-
ments and model calculations was used to validate
the thermodynamic speciation model (Anderko and
Lencka, 1997; Sperry and Nagy, 1998; Baghalha
and Papangelakis, 2000; Casas et al., 2000, 2003).
The conductivity of the solution was calculated
as:

F2 NI
K = R—TZ Z%CiDef,j (8)

where k is the solution conductivity measured with a
conductivity cell (mS/cm), F is Faraday’s constant, R is
the ideal gas constant, T'is the absolute temperature, NI is
the number of ionic species, and z;, C; and D¢, are the
ionic charge, the molar concentration and the effective
diffusivity of the ionic species “i” in solution,
respectively.

At present, no theoretical methods are available for
predicting the conductivity of concentrated solutions
that contain several ions, therefore the use of Eq. (8)
demands knowledge of ion concentrations and their
diffusivities in aqueous solution. Ionic concentrations
can be calculated with the help of the speciation model
and the effective diffusivity (Def;) must be determined
via mathematical regression from experimental data for
multi-component solutions.

It is known that hydrogen ions are the most mobile
species in solution, so the following approximation was
introduced to obtain a relationship between hydrogen
ion diffusivity and solution conductivity:

NI-1

Def,[
CH+ * Z:ZZZCI Def,H+

F2
K = ﬁ Def’H‘F
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Then, the effective diffusivity ratios are approxima-
ted by standard diffusivity ratios at 25 °C, which are
known for diluted solutions, as follows:

Def,i ~ D?
Det = DY

(10)

For the case of the complex ions, the standard
diffusivity was calculated according to the methodology
proposed by Anderko and Lencka (1997) for multi-
electrolyte solutions as follows:

complex —

0 |Zc0mplex| (1 1)

Table 5 shows the standard diffusivities of ionic
species at 25 °C calculated for iron sulphate complexes
using the Eq. (11) and the ionic conductivities of the free
ions reported by Lide (1999).

Finally, the effective diffusivity of hydrogen ions was
corrected for solution concentration using an empirical
relationship, developed by the authors, which was then
fitted to experimental data for the studied systems, the
proposed model is:

Def“’H‘F = Dy+ €Xp (— Zrl:;) (12)
H

where Dy, is the hydrogen ion diffusivity in the
supporting electrolyte, mp. is the total dissolved iron
concentration and m}s' corresponds to an empirical
parameter for hydrogen ion diffusivity.

Measurements and calculations of the ionic conduc-
tivity for various solution compositions are shown in
Table 2 and Fig. 4. Ionic conductivity decreases with
increasing iron sulphate concentration in solution. This
phenomenon is explained by the speciation model
simulations, which indicate that the concentration of
hydrogen ions (H") decreases by forming bisulphate ions
(HSOy) as iron sulphate is added to the solution. The
ionic association degree increases with solute concen-

Table 5
Standard diffusivities of ionic species at 25 °C

Species Tonic diffusivity, D° m%s (x 10" %)
H 9.312 (Lide, 1999)

Norm 1.065 (Lide, 1999)

Fe** 0.719 (Lide, 1999)

Fe** 0.604 (Lide, 1999)

HSOy 1.331 (Lide, 1999)

Fe(SO4), 0.198 (estimated Eq. (11))
FeSO} 0.201 (estimated Eq. (11))

~
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Fig. 5. Effective diffusivity of H" in 2.2 m H,SO, aqueous solution at
25 and 50 °C, as a function of total dissolved iron concentration.

tration, i.e. the relative amounts of Fe—SO, and H-SO,
complexes increase if iron sulphate or sulphuric acid
concentration increases.

Fig. 4 shows that there is good agreement between
experimental values and the values predicted by the
presently developed speciation model. The standard
deviation between experimental and calculated values
was about 3—5% depending on solution composition.
Greater differences were observed in more concentrated
solutions.

Comparison of experimental and calculated results
show that the model has been qualitatively and
quantitatively validated, i.e. the predicted species
distribution and solution concentrations are correct for
Fe(Il) and Fe(Ill) in aqueous solutions with 2.2 m
H,S0, in the 25-50 °C temperature range. Average
parameters of Eq. (12) in aqueous solution with 2.2 m
H,S0, at 25 °C are: Dy, =6.7x 10 ° (m?*/s) and m' 6.5
+1.5 (mol/kg), and at 50 °C are: Dy, =11.5x10"° (m?/
s) and m}y'=3.7+0.3 (mol/kg).

Fig. 5 shows the effective diffusivity of H" in 2.2 m
H,S0, aqueous solution at 25 and 50 °C, as a function
of total dissolved iron concentration. A decrease in H"
diffusivity was observed as iron concentration increased
in solution. Hydrogen mobility was reduced by 15.6%
and 30% at 25 and 50 °C, respectively.

Validation of the model could not be extended to a
wider concentration range due to the considerable
difficulties that were found in carrying out quantitative
chemical analysis in high acidity solutions. The
presented model includes long-range (electrostatic)
binary interactions between anions and cations. The
short-range interactions were evaluated as a function of
the ionic strength of the solution using the simplified B-
dot term as an extension of Debye—Hiickel’s model.
Additional molecular, ion-solute and multi-ion interac-
tions, which become significant at higher concentra-
tions, are not included and require further work and the
use of wider range models, such as the one proposed by
Pitzer and co-workers (Pitzer, 1991). Establishing the
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existence of other ionic and neutral iron—sulphate
complexes requires further experimental work.

5. Conclusions

The experimental data and thermodynamic model
described in this work allow the prediction of the
speciation of the Fe(I)—Fe(II1)-H,SO4—H,0 system at
25 and 50 °C. Calculations are in fair agreement with
experimental data throughout the studied ranges.

Raman spectroscopy studies of aqueous solutions
formed by mixtures of H,SO,, FeSOZ7H20 and FeH
(SQOy4),, show displacement of spectral bands with respect
to pure species, indicating the existence of ionic inte-
ractions. This effect reveals the presence of bisulphate
ions HSO, and the complex FeH(SO.,)J in solution.

Free acidity decreases with the amount of dissolved
iron in solution, indicating the existence of association
between dissolved iron compounds and hydrogen ions
(H"), to form FeH(SO,)?.

Ionic conductivity increases with temperature, and
decreases with increasing iron sulphate concentration
due to the formation of bisulphate ions, which reduces
the concentration of the more mobile H' ions.

Model simulations indicate that anions, cations and
neutral complexes are present whenever the dominant
species in the studied conditions are HSOy, HY, Fe**
and FeH(SO4)g, which indicates that this solution
presents a high buffer capacity due to the existence of
bisulphate ions (HSO,) as main species. A decrease in
the concentration of H" and Fe®" was observed as
temperature increased, due to stability increase of HSO,
and Fe(SOy),.

Comparison of experimental and calculated results
shows that the model has been qualitatively and
quantitatively validated, i.e. the predicted species
distribution and solution concentrations are correct for
Fe(IT) and Fe(IIT) in aqueous solutions with 2.2 m H,SO4
in the 25-50 °C temperature range.

Finally, the following standard equilibrium constants
for FeH(SO4)J were obtained by using the thermochem-
ical equilibrium model developed in this work: log
KP=8.1£0.3 at 25 °C and 10.0+0.3 at 50 °C.

6. Notation

Activity, mol/kg

Tonic hard-core diameter, m

Debye—Hiickel parameter, kg'/?/mol'’?
Debye—Hiickel parameter

B-dot parameter of the extended Debye—
Hiickel model, kg/mol

-0 o R

C Molar concentration, kmol/m>

D¢ Effective diffusivity of the ionic species, m?/s

F Faraday’s constant, 96,487 C/mol

1 Ionic strength, mol/kg

K Equilibrium constant of formation reaction on
a molal basis

m Molal concentration, mol/kg

mist Empirical parameter, mol/kg

NC Number of solution components

NI Number of ionic species in the solution

R Ideal gas constant, 8.3173 J/mol K

T Absolute temperature, K

TOT X Total concentration, mol/kg

X Concentration of a component, mol/kg

z; Charge number of ionic species

Greek letters

v Activity coefficient

K Solution conductivity, mS/cm
v Stoichiometric coefficient
Subscripts

a Anion

c Cation or component

f Formation

i Species subindex

j Component subindex

S Species

w Water

Superscripts

0 Thermodynamic standard state
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