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Abstract: Supersaturation occurs in many industrial applications promoting reactive crystallisation
between the reactants to form solutes. These solutes accumulate during precipitation, leading to the
formation of scales on the inner walls of the reactor and particularly around the stirrer, causing
modifications in the hydrodynamics. This encrustation is responsible for process shutdowns in
continuous crystallisation processes. Supersaturation control is essential for industrial processes aimed
at controlling or inhibiting the formation of these solids. Knowledge of mineral solubility and chemical
speciation is required to account for the composition of the complexes in the system in their various
solid or aqueous forms. This speciation is obtained by considering the thermodynamic equilibrium
constants of the dissociation/complexation reactions involved in the system, the pressure, and the
activity coefficients of the chemical species in their molecular or electrolyte form. From these
thermodynamic quantities and the state of the system, we can predict the direction of the reaction. This
study highlights the risk of the lack of experimental information on equilibrium constants at high
temperatures and moderate pressures. Our goal is to evaluate the accuracy of existing models classically
used to predict the equilibrium constant in such very hard conditions encountered in
hydrometallurgical processes. Furthermore, we demonstrate the influences of equilibrium constants
estimation and activity coefficient models on the speciation of HxSO;-Alx(SO4)3-MgSOs systems,
forming hydronium alunite and kieserite in the laterite liquor of hydrometallurgical processes.

Keywords: activity coefficient, equilibrium constant, hydrometallurgy, speciation, thermodynamics

1. Introduction

Speciation calculations allow the chemical composition of species in solution to be determined at
specific conditions. Direct speciation measurements are complex and require specific techniques
depending on the studied metal (Yan & Ni, 2001; Moldovan et al., 2004).
The High-Pressure Acid Leaching (HPAL) mechanism consists of the dissolution of the desired metals
(Ni, Co, etc.) from the mineral matrix with strong acid, followed by the hydrolysis and precipitation of
insoluble oxides and sulphates of iron, aluminium, and silica. In hydrometallurgy which utilises high
temperatures and pressures in the range of 230-270 °C (Whittington & Muir, 2000) and 30-56 bar
(Gultom & Sianipar, 2020), respectively, metals are separated based on their difference in solubilities
and other electrochemical properties (Meshram et al., 2019).

Optimal leaching conditions vary according to the mineralogy of the ore being processed
(Whittington & Muir, 2000). During the hydrometallurgical treatment process, complex formation and
electrolyte dissociation occur simultaneously in the aqueous solutions formed. In a typical solute and
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solvent mixture, ions in the solution interact with each other. At low salt concentrations, these
interactions are small and negligible due to their low impacts. But, they chemically behave like they are
less concentrated than they are in reality at higher concentrations. However, other insoluble or poorly
soluble complexes may precipitate. The activity coefficient accounts for the sample’s deviation from the
ideal mixing behaviour in a mixture of chemical substances. Modelling the speciation of electrolytes in
solution is an indispensable tool for the development, analysis, and control of supersaturation
(Papangelakis et al., 2004). The objective of this paper is to select the best model (activity coefficient &
equilibrium constant) combination, considering the unavailability of experimental data in the operating
conditions of HPAL. As a case study to realize this selection, we have considered the study of Baghalha
& Papangelakis, (1998) and Marshall & Slusher (1965) where the measured experimental data in our
domain of temperature and pressure of interest are available.

1.1 Activity coefficients models (¥;1)

The activity coefficient measures the deviation from the ideal mixture and can be calculated from
various models (Bromley, 1973; Helgeson & Kirkham, 1974; Zemaitis et al., 1986; Pitzer, 1991). These
models differ in their degree of complexity (Helgeson, 1981; Ross, 2012) and are computed as a function
of ionic strength and temperature. Due to the intricacy of the Pitzer activity coefficient model, Egs. (1),
(2), and (3+4) were used in our investigations to compare the influence of these activity coefficient
models on aqueous solution speciation with values obtained from the Pitzer model and experimental
data.

Truesdell-Jones
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In Eqs. (1)-(4), I is the ionic strength expressed as I = 0.5(% mj X Z]-Z), where m; is the molality of ionic species j, and Z; is
the charge of ionic species (squared), which can also be represented as |Z+Z-|; as seen in Eqs. (3) and (4) if the
computation involves a molecular species. yi(T) is the mean molar activity coefficient at a given temperature. Ay
(kg®5mole95) and/or By (kg®>mole5cm) in Egs. (1) - (3) are the Debye-Hiickel parameters (Helgeson & Kirkham, 1974).
bb (kg/mol) and & (cm) in Eq. (1) are the experimentally determined parameters for ionic species (Parkhurst, 1990;
Langmuir, 1997). B (kg/mol) in Eq. (3) is an interaction parameter between ions, its value for some salt species is reported
by Bromley, (1973) at 25 °C. T (°C) in Eq. (4) is the temperature of interest (Zemaitis et al., 1986).

1.2 Equilibrium constant models (Ki, r)

The equilibrium constant of a given chemical reaction is the value of its reaction quotient at chemical
equilibrium. It is affected by reaction parameters such as temperature, solvent, and ionic strength.
Knowledge of the equilibrium constant is essential to understanding many chemical systems. Unlike a
change in pressure or concentration of the reactants, temperature changes result in changes in the value
of the equilibrium constant. The calculation of the equilibrium constant at reference conditions (298.15
K and 1 bar) is easy, provided that values for the standard thermodynamic properties are available.
However, extrapolation at a higher temperature is not straightforward. Different models for the
computation of the equilibrium constants at temperatures other than 25 °C have been developed by
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different authors (Hoff, 1896; Helgeson, 1967; Cobble et al., 1982; Anderson et al., 1991). The Density
model, which gives similar values to the Revised HKF model (Liu & Papangelakis, 2005) has been
ascertained to be the “best” owing to its simplicity and assumption (Anderson et al., 1991). The models
in Egs. (5) - (8) were used for modelling the equilibrium constants of aqueous species in this study.
a. The Unexpanded Helgeson-Kirkham-Flowers (HKF) model
log(Ki1) = 2%,250¢ (298_15 - Zwﬂ(l — exp (exp(b +aT) —c+ T_Z%'ls))) _ Miasoc )

2.303RT 6] 2.303RT

where a = 0.01875, b = —12.741, ¢ = 0.000784, w = 1.003229

Eq. (5) is applied only where the enthalpy and entropy of dissociation at 25 °C are both negative.
This is also true for certain reactions for which enthalpy is a large positive number and the entropy is
negative (Helgeson, 1967).

b. The Density model

~ AH{ 00 (1 1
]n(Ki‘T) = ln(Ki’zsoc) - lR (? - 298.15) 298.15R(%)Po

ACp‘i’,zsf’c 1 P(25°¢,1bar) a,s00
: (3mn( . ) — 2% (T - 298.15) ) (6)
=1Dbar

a is the coefficient of thermal expansion of H2O. p;50¢ 1par) and p is the density of the medium (water)
at the reference temperature and the desired temperature respectively (Helgeson & Kirkham, 1974;
Anderson et al., 1991).

c. The van’t Hoff model

AH; ,g00 (1 1
ln(Ki'T) = ln(Ki'zsoc) - ;5 ‘ (? - 298.15) @)
d. Determination from regressed experimental data correlation
log(Kir) = A+ BT + CT~* + Dlog(T) + ET 2 8)
In(K)

where T is the temperature (K) and Log(K;r) = logyo(Kir) = .The parameters R, ASE 250¢ AH; 250¢

AC,

Py, 250¢
capacity of the reaction. A, B, C, D and E in Eq. (8) are parameters determined by experimental fitting
from the Thermoddem database.

In(10)
in Eqgs. (5) - (7) are the gas constant (8.314 JK-'mol), entropy, enthalpy and the specific heat

2. Methodology and calculation
a. Equilibrium constant determination

To confirm the influence of different thermodynamic equilibrium constant models on the obtained
equilibrium constant results, four dissociations (two for aluminium species and two for magnesium
species) reactions were considered.

AlSOF s APt + S0%~ 0
Al(S0,); 5 AIRY + 2507~ (IT)
MgS03q S Mg®* + SO;~ I1I)

MgSOs+H:0) S Mg?t + 505~ + H.O (V)

b. Speciation

For the speciation of the solid formation, predominant reactions leading to the formation of Hydronium-
alunite and Kieserite as specified by Baghalha & Papangelakis, (1998) were considered for the
aluminium species and magnesium species respectively.

HO s H* + OH- V)
HSO; s H* + SO05~ (V]
Aluminium species (H-alunite formation)
A+ + SO~ 5 AISO} (XT)
2A1S0% + HSO; S Aly(S04)3q + H* (VIII)

3AlSOI + 7H,O s (H3O)Al3(SO4)2(OH)6(S) + 4H* + HSO; (IX)
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Magnesium species (Kieserite formation)
Mgz + SO0;” S MgSOZ(aq) X)
MgS05q + H:O 5 MgSOyH,O (XI)

Rxns. (V), and (VI) were used in both cases for both solid speciations. For Aluminium species, the
values of the equilibrium constant Ky, and Ky were computed from the respective equilibrium
constant models in Egs. (5) - (8). On the other hand, the values of K(vy (Marshall & Franck, 1981), Ky
and Kqx) as reported by Baghalha & Papangelakis, (1998) were maintained due to the unavailability of
the complete thermodynamic data (AH;25 0 Syz0c, CPysoc) Of the species needed for the computation
with our various models. While for magnesium species, the equilibrium constants value K, K, Kx),
and, K, for the four reactions were computed from the respective equilibrium constant models [Egs.
() - (7)] used for the extrapolation.

For MgSO, speciation, the results obtained with the van’t Hoff model were out of range, thus, the
model was not considered in the Fig.. Consequently, due to the unavailability of the thermodynamic
data for some species needed to compute the equilibrium constant values of the reactions used in the
speciation of kieserite formation, Eq. (8) was not used for MgSOj speciation.

In the first case of the speciation for both MgSO, and Al>(SO4)s, only the equilibrium constant models
were used without taking into account the activity coefficients models. In the second case, the activity
coefficient and equilibrium constant models were interchanged independently. The activity coefficient
model in Eq. (4) was used to complement Eq. (3) to account for higher temperature extrapolation due
to the unavailability of the “B” parameters in Eq. (3) at elevated temperatures. Thus, Egs. (3), and (4)
were combined as one model for the ‘Bromley + Meissner” activity coefficient (yi) calculation.

The MATLAB software was used to resolve the equations and the solubility results compared with
the experimental data of H:SO4-Al(SO4)3 (Baghalha, 1999), H>SO4~-MgSO, (Marshall & Slusher, 1965)
and the calculated values from Baghalha & Papangelakis, (1998) obtained with the Pitzer activity
coefficient model and fitted equilibrium constant values. The values of the calculated equilibrium
constant for each participating species in Rxns. (V) - (XI) using Egs. (5) - (8) and the parameters for the
activity coefficient models in Eqgs. (1), and (3) are shown in the Appendix.

3. Results and discussion
3.1 Effects of models on the equilibrium constant values

The reference thermodynamic data (enthalpy, entropy, and specific heat capacity) of aluminium and
magnesium species from Liu & Papangelakis, (2005) which is consistent with the data from Shock &
Helgeson, (1988) were used for the extrapolation of the equilibrium constant values at elevated
temperatures with Egs. (5) - (7) for each participating reaction species in Rxns. (V) - (XI) within the
range of 25 - 300 °C, except for Eq. (8) which is obtained from regressed experimental parameters (See
Thermoddem database), hence, does not require the input of the thermodynamic data for equilibrium
constant extrapolation.

Figs. 1, and 2 show the results obtained with the four equilibrium constant models in Egs. (5) - (8)
differ from one another and the deviation increases with temperature. This supports the need to choose
a reliable model for the calculation of the equilibrium constants at elevated temperatures. Using
different models for extrapolation gives inconsistent results, therefore, models should be validated
against experimental measurements before they can be considered reliable (Liu & Papangelakis, 2005).
Due to the lack of experimental data for the considered reactions [Rxns. (I) - (IV)], the results obtained
from Eq. (8) were used as a base for the comparison of the models. For MgSO4, MgSO4H>O, and AISO4*
species, the Density equilibrium constant model gave the ‘best” result with close approximation to the
results calculated from the regressed experimental data across the temperature axis with a maximum
deviation of 9, 10, and 10% respectively at the highest considered temperature (300 °C) in comparison
with the van’t Hoff and unexpanded HKF models with deviations of 40, 44, & 68% and 3, 25, & 41%
respectively for the three species. For Al(SO4)z, the Cp,s o data were not reported, hence the reaction
could not be obtained with the Density model. Likewise, the experimental fitting parameters in Eq. (8)
were not documented for the species in the Thermoddem database. Hence, no comparison was made
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Fig. 2. Variations of equilibrium constant models for AlSOf{(aq) (left) and Al(SO,4); @) (right) dissociation reaction

species. The term ‘Regressed exp. data’ is obtained from Eq. (8).

with the regressed experimenta ]l data and the Density models for Al(SO4)2 species. But the differences
in the results obtained from the van’t Hoff and unexpanded HKF models are clearly defined. The van't
Hoff model is seen to have the highest deviation from other equilibrium constant models as
temperatures increased above 100 °C. The model though simple to use, is not well suited for aqueous
speciation, at higher temperatures. Its assumption that takes ACp:’ ,s0p = 0 is too strong for the
dissociation of most complexes and leads to errors when used to determine the equilibrium constant of
a reaction (Helgeson, 1967). Figs. 1 - 2 confirm the inconsistency that arises when different models are
used for the extrapolation of the equilibrium constant. The validity of these models with available
experimental data is tested in Figs. 4 - 5.

3.2 Influence of activity coefficient and equilibrium constant models on speciation

In Fig. 3 with no incorporation of the activity coefficient of the reactions, there is a greater deviation in
the solubility speciation values obtained from different equilibrium constant models from the
experimental data compared to the results obtained in Figs. 4, and 5 which incorporate the activity
coefficient models. For Al>(SO4); speciation in Fig. 3, the percentage deviation for the van't Hoff,
unexpanded HKF, Density and Regressed experimental equilibrium constant models are the same
(17%) irrespective of the model used. This is because, only the equilibrium constant values for reactions
(VD) and (VII) [Kwvr and K] were computed directly from the models, while Kv) (Marshall & Franck,
1981), Kvmy and Kgx) obtained by Baghalha & Papangelakis, (1998) from experimental fitting which
considered the activity coefficients calculated from the Pitzer ion interaction model were used.
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Fig. 3. Comparison of the solubility speciations of Al,(S0,)3 at 250 °C (left) and Mg(S0,) at 235 oC (right) with
different equilibrium constant models without incorporating the activity coefficient models. The term ‘Regressed
Exp. data’ is the equilibrium constant obtained from Eq. (8)
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Fig. 4. Comparison of the solubility speciations of Al,(S04); with different equilibrium constants [Egs. (5) - (8)]
and activity coefficient models [Egs. (1), (2), and (3+4)] at 250 C.
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Fig. 5. Comparison of the solubility speciations of MgS0, with different equilibrium constants [Egs. (5), and (6)]
and activity coefficient models [Egs. (1), (2), and (3+4)] at 235 °C.

Contrasting to MgSOs speciation where all the equilibrium constant values for the four reactions

were obtained directly from the respective models without the activity coefficient in Fig. 3, there is a
noticeable difference between the unexpanded HKF and the Density model with deviations of 97 and
69% respectively.
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In the comparison of the speciation of Alx(SO.)3, and MgSO, without the activity coefficient in Fig. 3
and with the activity coefficient in Figs. 4, and 5, the Density equilibrium constant model with the
Truesdell-Jones activity coefficient model gave the best fit to the experimental data for both solubility
speciations with a deviation of 7% (with the incorporation of the activity coefficient model) compared
to 17% (without the incorporation of the activity coefficient model) for Al>(SO.)s speciation, and 3%
(with the incorporation of the activity coefficient model) compared to 69% (without the incorporation
of the activity coefficient model) for MgSOy speciation. This result is similar to the results obtained by
Baghalha & Papangelakis, (1998) with the Pitzer activity coefficient model for Al>(SO4);, and even gave
slightly a better fit for MgSOs speciation than the results of Baghalha & Papangelakis, (1998) when
compared to the experimental data.

The Density model is more accurate in estimating the equilibrium constant of a reaction at higher
temperatures (Anderson et al., 1991). The validity of the Density equilibrium constant model has been
proven in different speciation studies but mainly with the Bromley activity coefficient models where
the “B” parameters for the reaction species are available.

The Density equilibrium constant and Bromley activity coefficients models were used in the
speciation modelling of Fe;O3-H>SO,-H>O (Liu et al., 2003; Papangelakis et al., 2004), and Al>(SO4)s-
MgS0,4-NiSO4-H>SO04-H»O, (Papangelakis et al., 2004; Liu & Papangelakis, 2005) in the temperature
range of 200 - 300 °C with the OLI® process modelling software. The “B” parameter in the Bromley
equation [Eq. (3)] for each species at the modelled temperature is embedded in the software, hence, Eq.
(3) was used directly without combining with Eq. (4). For each of the studied speciation modelling, the
Density model proved to be a good model for the extrapolation of the equilibrium constant provided
that accurate thermodynamic data (enthalpy, entropy, specific heat capacity) at the reference state are
available. The results obtained showed that the modelled solubility of Fe;Os, Al>(SO4)3, MgSO,, and
NiSOy in H2SOy is in good agreement with the obtained experimental measurements for the respective
species.

This paper has further shown the comparison of the Density model with other equilibrium constant
models as well as compared results obtained when different activity coefficient models are incorporated
with the various equilibrium constant models. The Pitzer activity coefficient model is a good model for
speciation modelling for higher ionic strengths (Pitzer, 2002), but the unavailability of the parameters
for most of the salt species and the complexity of the equation limits the applicability of the model.

4. Conclusions

This study presents different equilibrium constant models used to extrapolate the equilibrium constant
of chemical reactions at higher temperatures. The obtained results depict that discrepancies exist
between the models used for the calculation of the equilibrium constants and speciation of aqueous
electrolyte solutions at high temperatures. This is mainly due to the assumptions of the model used for
the computation of the equilibrium constants. It is worth noting that the extrapolation of the equilibrium
constants with the models presented in this paper except Eq. (8) depends on the acquisition of reliable
thermodynamic data (enthalpy, entropy, heat capacity) at the reference temperature to obtain accurate
equilibrium constant values when extrapolated.

Furthermore, the activity coefficient models were incorporated in the determination of the
equilibrium constant of each reaction for the speciation of H>SO4-Al>(SO4)3-MgSOs. The results of the
speciation at 235 and 250 °C show that the activity coefficient (y) plays a major role in the chemical
speciation of aqueous solutions since it accounts for the samples’ deviation from the ideal mixing
behaviour in a mixture of chemical substances.

The Truesdell-Jones activity coefficient model gave the best fit to the experimental data when
modelled with the regressed experimental correlation or the Density equilibrium constant model,
similar to the result of Baghalha & Papangelakis, (1998) with the Pitzer activity coefficient model. The
Truesdell-Jones activity coefficient model accounts for the observation that in high-ionic-strength
experimental systems, the activity coefficients increase with increasing ionic strength because of the
presence of bb (kg/mol) and the ionic size parameter & (nm) in the equation.

The Davies model gave a good result for Al>(SO4)3 but not for MgSO, speciation. This can be linked
to the fact that the model is purely empirical and does not consider the effect of the ion interaction in
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the aqueous system which becomes more pronounced at higher ionic strength. The combination of the
Bromley and Meissner activity coefficient model did not give a favourable result in comparison with
experimental data. But, provided the “B” in Bromley’s equation parameters are available and reliable,
the Bromley model has been identified to give a similar result to the Pitzer model at high ionic strength
(Zemaitis et al., 1986; Liu et al., 2003; Liu & Papangelakis, 2005).

The Density model with the Truesdell-Jones model yields a good result similar to the regressed
experimental data correlation with a deviation of 7% and 3% at the maximum studied H>SO4
concentration for Al(SOs)s and MgSOs speciation. Thus, the Density model has been proven as a
suitable model for high-temperature equilibrium constant extrapolation when experimental data are
not available. This consideration could be linked to its incorporation of the specific heat capacity and
the thermal expansivity of the solution medium (e.g. water). Provided the experimental fitting
parameters in Eq. (8) are available, the equation can be used to obtain the equilibrium constant of a
given reaction at higher temperatures. The regressed experimental model from the Thermoddem
database with the Truesdell-Jones model gave a good fit to the experimental data for the Alx(SOs)3
speciation with a deviation of 6%. It will be recommended to use the Density equilibrium constant
model with the activity coefficient models that consider the effects of ion interactions for modelling
aqueous systems in areas where experimental data of a given reaction is not available.
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Appendix

Species parameters and equilibrium constant values used for the speciation

Table Al: Parameters for Truesdell-Jones and Bromley equations.

Species @ x 1078 (cm) by, (kg/mol) B (Bromley, 1973) at

25 °C

H~* 4.78 0.24 0.1905
OH- 10.65 0.21 -0.924
SO42- 5.31 -0.07 -04

HSOy 4.5W 0.034W -0.2095
Mg?2+ 5.46,5.5 0.22,0.20 0.214

MgSO’4(aq) 3.0¢ 0.034¢ -0.0058
A+ 6.65 0.19 0.172
AISOy* 4.0¢ 0.0034¢ 0.004
Al (SO4)°3(aq) 3.0¢ 0.0034¢ -0.004

Unless otherwise stated, all & and by, data are as reported by Parkhurst (1990). The activity of water and solids are 1 and 0
respectively. C: (Casas et al., 2005); W: WATEQA4F database (Plummer et al., 1976).

Table A2: Calculated equilibrium constant values of different reactions obtained with different models

Al>(SO4)3 speciation
Temperature (250 °C)
Models log(Ky) | log(Kvy) log(Kyn) log(Kyrp) log(Kix)
H,0 HSOs AlSOy*(aq) Al (SO4)3°(aq) H30A13(SO4)2(OH)g(s)
Reaction | Reaction Reaction Reaction Reaction
Eq. (5) -11.191M | -5.845H 5.730H 25238 1.4158
Eq. (6) -11.191M | -5.827E 8.526E 2.5238 14158
Eq. (7) -11.191M | -1.995V 3.727V 25238 1.4158
Eq. (8) -11.191M | -5.447T 9.564T 2.5238 14158
Baghalla (1999) -11.191M | -5.355D 12.0008 25238 1.4158
MgSOy speciation
Temperature (235 °C)
Models log(Ky) H,0 log(Ky;) HSOs | log(Kx) MgSOs0nq | log(Kxy) MgSO4+HO
Reaction Reaction Reaction Reaction
Eq. (5) -11.313H -5.440H 4.308H 2.585H
Eq. (6) -10.945E -5.526E 4.255E 1.514E
Eq. (7) -9.962v -1.995v 3.218v -2.680v
Baghalla (1999) -11.200M -5.110p 4.4548 1.664B

All the equilibrium constant values from van’t Hoff, Unexpanded HKF and Density models were obtained with the
thermodynamic data from Liu & Papangelakis, (2005) which is consistent with Shock & Helgeson, (1988). V: values
calculated with the van’t Hoff model, H: values obtained with the Unexpanded HKF model, E: values obtained with the
Density model, B: data from Baghalha, (1999), D: data from Dickson et al., (1990) used by Baghalha & Papangelakis (1998),

M: data from Marshall & Franck, (1981) used by Baghalha & Papangelakis (1998). T: values obtained with the regressed
experimental model from the Thermoddem database.



