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A B S T R A C T   

Removal or recovery of acids by solvent extraction is highly relevant for recycling, process control, and 
wastewater decontamination, especially in the hydrometallurgical industry. The construction and optimization 
of such processes would benefit from a molecular thermodynamic model that can predict liquid–liquid equilibria. 
Past attempts resulted in models that were not very predictive. Therefore, a new approach was followed and 
demonstrated for the extraction of the mineral acids (inorganic acids) HNO3, HCl, H2SO4, H3PO4, and H3AsO4 by 
tri–n–butyl phosphate (TBP). The semi-empirical OLI Mixed-Solvent Electrolyte (MSE) framework was used to 
construct the thermodynamic model for calculating the liquid–liquid equilibria. Contrary to previous attempts, 
this framework allows the description of both the aqueous and organic phases in one model, and it can accurately 
deal with the non-ideal behavior of concentrated electrolyte solutions. The best agreement between calculated 
and experimental distribution data was achieved by assuming that the extraction of mineral acids occurs via 
protonation of TBP and coextraction of the anions. At very high acid concentrations, also neutral acid molecules 
are transferred to the organic phase. The high accuracy of the thermodynamic model for all mineral acid systems 
considered in this study is an indication that this approach for modeling liquid–liquid equilibria is a universal 
one. Furthermore, the extraction of mineral acids can be predicted in mixed-acid systems and acid-salt systems 
that were not used to construct the model.   

1. Introduction 

Recovery of acids from aqueous streams is essential in a broad range 
of chemical and metallurgical processes. Examples include acid removal 
from waste solutions to manage environmental concerns, acid recycling 
to lower the consumption of chemicals, and acidity control during or in 
between unit operations [1–3]. Solvent extraction is an interesting 
technique for acid recovery. It avoids the large chemical consumption 
and waste generation typical for the neutralization of acids by addition 
of alkali. 

Many chemical reactions occur in a single solvent extraction process, 
often at conditions far from thermodynamic ideality when electrolytes 
are involved [4,5]. Usually, several moles of acid per liter are dissolved 
in an aqueous phase that also contains significant quantities of inorganic 
salts or organic molecules. This complex aqueous phase is then con-
tacted with an organic phase containing an extractant, a diluent, and 
sometimes a modifier. The interaction of the acid and other species with 
the extractant, and the solvation of the resulting species by the diluent 
only add to the complexity of the system. The modifier is used to fine- 

tune the solvent extraction process and to avoid third-phase forma-
tion, but it also further increases the complexity. 

Because of this complexity, solvent extraction processes require 
careful optimization of a large number of process variables [6]. It is also 
difficult to predict the effects of changes in these variables on the liq-
uid–liquid equilibria and the distribution ratios, due to the large de-
viations from thermodynamic ideality in the aqueous and organic 
phases. This leaves a large degree of freedom to design optimal solvent 
extraction processes, but it also leads to a time-consuming trial-and- 
error approach to finding the optimum conditions. 

Computational modeling can significantly reduce the time required 
for the design and optimization of solvent extraction processes, 
including extraction processes for acids [7]. Such computational models 
become more useful if they are predictive, i.e. when they can predict the 
behavior of a system outside the range of conditions used to construct 
them [8]. This makes the model more broadly applicable and improves 
its reliability. There exist already a few computational models to 
calculate solvent extraction involving electrolyte solutions, but these are 
based on mathematical or chemical frameworks that have limited 
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predictive power [9–17]. Most of these models have been developed by 
the nuclear industry, to model the reprocessing of spent nuclear fuel, 
such as the PUREX process. 

The simplest models are completely empirical, in the sense that 
parametric mathematical functions are fitted to the experimental dis-
tribution isotherms. These models ignore any underlying chemistry and 
hence have no predictive power. The simplest chemical models rely on a 
set of reaction equations with equilibrium constants to describe a solvent 
extraction process. Here, fictitious chemical species are necessary to 
describe processes that occur far from thermodynamic ideality. By 
working in a chemical model with activities rather than concentrations, 
the need to introduce fictitious species is avoided, but it is extremely 
difficult to rigorously calculate the activity of a species at highly non- 
ideal conditions. These activity equations are typically semi-empirical 
[18]. They have a sound chemical basis, but they also contain parame-
ters that must be determined by fitting the activity equations to exper-
imental data such as water vapor pressures. The available solvent 
extraction models that use activity equations still have limited predict-
ability because a thermodynamic framework is used that cannot 
describe the whole solvent extraction process. For instance, several 
publications report a thermodynamic framework with activity equations 
to describe the aqueous phase, but they assume ideal thermodynamic 
behavior of the organic phase [9–11,17]. This assumption is not correct 
when high extractant concentrations are used or when the organic phase 
is highly loaded with acids or other electrolytes. 

There exist also purely theoretical models, such as COSMO-RS [19]. 
Although these are highly predictive and they do not require any 
empirically determined parameters, they cannot (yet) calculate a com-
plete solvent extraction process [6]. The chemical species and in-
teractions between these species are too complex for the current 
computational methods to converge in a reasonable amount of time. 

To get a predictive model that can reliably calculate liquid–liquid 
equilibria relevant to solvent extraction of acids, we constructed a semi- 
empirical model based on the OLI Mixed-Solvent Electrolyte (OLI-MSE) 
thermodynamic framework [20,21]. Hereby, one consistent thermody-
namic framework is used to describe the whole solvent extraction pro-
cess for all compositional varieties of the modeled chemical system. In 
this paper, we demonstrate that this model can accurately calculate and 
predict the solvent extraction of HNO3, HCl, H2SO4, H3PO4, and H3AsO4 
by the neutral extractant tri-n-butyl phosphate (TBP), without the need 
for introducing fictitious chemical species in the model. For this 
modeling approach, we chose TBP as the extractant because it is a well- 
known compound, often used in solvent extraction processes [6]. The 
mineral acids were chosen to test whether our approach is generic and 
can be applied to more than one acid because these mineral acids make 
up the bulk of mineral acids used in relevant processes. H3AsO4 
extraction by TBP is relevant for, for instance, the removal of toxic 
arsenic from copper refinery electrolytes [22]. The research presented 
here also aims to provide better tools to develop these new solvent 
extraction processes and to get insights into the molecular mechanisms 
behind them [23–26]. 

2. Model description 

2.1. Thermodynamic framework 

The OLI Mixed-Solvent Electrolyte (OLI-MSE) thermodynamic 
framework version 11.0 of OLI Systems Inc. (Parsippany NJ) was chosen 
to model the solvent extraction of acids using the OLI Studio 11, OLI 
Databook 11, and OLI Chemistry Wizard 11 software packages of OLI 
Systems Inc. (Parsippany NJ). These are commercial software packages 
that allow users to build their own thermodynamic model and database. 
The thermodynamic framework can describe the behavior of electro-
lytes and non-electrolytes in mixed-solvent systems (mixtures of 
aqueous and organic solvents) [20,21]. Thus, it is suited to calculate the 
complete liquid–liquid equilibrium (LLE) that describes the solvent 

extraction process of acids by TBP. The OLI-MSE framework achieves 
this by combining speciation-based standard-state thermodynamic 
properties (like the standard-state Gibbs energy (G0) with extensive 
activity-coefficient equations to account for physical interactions be-
tween molecules. The excess Gibbs energy (GEX) is used for the activity 
equations: 

GEX

RT
=

GEX
SR

RT
+

GEX
MR

RT
+

GEX
LR

RT
(1) 

This expression is divided into a short-range (SR), a mid-range (MD), 
and a long-range (LR) contribution, and R and T are the gas constant and 
temperature, respectively. 

The local-composition-based Universal Quasi-Chemical (UNIQUAC) 
framework is used for the short-range contributions [27]. It requires 
only binary interaction parameters between species i and j (aij and aji), a 
surface parameter (qi) and a size parameter (ri). The UNIQUAC frame-
work is appropriate to model complex phase equilibria because it cap-
tures both intermolecular forces and entropic contributions, and only a 
limited number of adjustable parameters are required [18]. Further 
extension of GEX with mid-range and long-range contributions is 
necessary to model solvent extractions of acids because the UNIQUAC 
framework cannot deal with electrolytes. 

The long-range electrostatic interactions enable to describe electro-
lyte chemistry of dilute to semi-concentrated solutions (up to 6 molal). 
These interactions are calculated in the OLI-MSE framework by a Pitzer 
extension of the Debye-Hückel equation (modified Pitzer–Debye–Hückel 
equation) [20]. No interaction parameters are necessary for the long- 
range contribution as it only depends on the charges in the solution 
surrounding the ion in question and on the dielectric constant of the 
solution. The charge of a solute is entered directly into the OLI database, 
and the dielectric constant of any solution is estimated by a general 
model that uses the pure components’ dielectric constants [20,28]. The 
dielectric constants of the solvents are already available in the general 
OLI database. Therefore, the long-range interactions are calculated 
automatically, and they are not further discussed in this paper. 

The long-range and short-range interactions do not suffice when 
calculating concentrated electrolyte solutions (above 6 molal) and 
overly complex systems. To solve this problem, mid-range contributions 
are introduced. It is a symmetrical second virial coefficient-type equa-
tion that resembles the approach to account for deviations from the ideal 
gas law in the gas phase [20]. The mid-range equations use an ionic- 
strength-independent binary interaction parameter (b) and an ionic- 
strength-dependent binary interaction parameter (c) to describe ion/ 
ion and ion/neutral interactions at high ionic strengths. 

All these binary interaction parameters, and, if necessary, also the G0 

or other standard-state thermodynamic values, can be determined by 
fitting the activity-coefficient equations to experimental data via 
regression procedures. The OLI regression tool was used for this work. 
These data ideally reflect directly the activity of every species in all 
relevant binary mixtures, but this is impractical or even impossible for 
most species. To model solvent extraction, data about the speciation of 
species in a phase, water activity data, and distribution data for every 
species should thus suffice. The experimental data used to construct the 
thermodynamic model are always data at room temperature unless 
otherwise stated. 

To obtain a consistent thermodynamic framework, which is essential 
for calculating the LLE, the OLI-MSE framework uses the symmetrical 
reference state internally for its standard state and excess contributions. 
It also assures that the chemical potential of a species (µi) is equal in every 
phase [21]. This is the basis for LLE equilibria. By requiring equal µi in 
two liquid phases (α and β) at equilibrium and calculating the activity 
coefficient (γi) of that species i in every phase, the distribution of that 
species between both liquid phases is found as the mole fraction of that 
species (xi) in both phases: 

μα
i = μβ

i (2) 
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i γα
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And then by substituting (3) in (2) 

μ0
i +RTln
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i
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i ) (4)  

xα
i γα

i = xβ
i γβ

i (5) 

Although the OLI-MSE framework is designed to calculate mixed- 
solvent systems and electrolyte solutions, it is not able to completely 
calculate all chemical processes relevant to all types of solvent extrac-
tions [29]. More particularly, this framework can calculate only equi-
libria in homogeneous phases, but some extractants aggregate in the 
organic phase under certain conditions to form inverse micelles or 
microemulsions. An OLI-MSE-based solvent extraction model of a sys-
tem where these aggregates are formed, and where the aggregates 
significantly influence the solvent extraction process will thus give less 
reliable results [30]. For the presented acid–TBP model, and for many 
other solvent extraction systems, such problems do not arise. Further-
more, the OLI-MSE framework was chosen to create a solvent extraction 
model of acids by TBP because no other framework was identified that 
can calculate simultaneously the complex electrolyte solution chemis-
try, mixed-solvent systems, and aggregation. It is also easily accessible 
and applicable for the calculation of multistage solvent extraction pro-
cesses with, for instance, flowsheet simulators. The OLI-MSE framework 
uses UNIQUAC interaction parameters for the short-range contributions, 
which is preferred over the (e)NRTL framework when calculating sol-
vent extraction. The (e)NRTL framework is not very successful in 
describing larger molecules, like extractants, because it is more suited 
for the calculation of the excess enthalpy rather than the excess Gibbs 
energy [18]. There were some attempts to unify the short-range coor-
dination and solvation chemistry with long-range aggregation interac-
tion into a thermodynamic model, but these require further 
development before they can be used accessibly on a large variety of 
systems [31,32]. 

2.2. Chemical model 

There are several experimental and modeling studies available on the 
extraction mechanism of mineral acids by TBP [3,10–12,33–38]. 
Traditionally, any deviation of the experimental or calculated data from 
a concentration line predicted by the formation of one acid–extractant 
complex was mitigated by the introduction of another acid–extractant 
complex in the chemical model. Often there was no experimental evi-
dence for the existence of the postulated species, nor were these pre-
dicted by means of computational chemistry. Without any experimental 
or theoretical evidence, it is difficult to justify adding several extra 
species to the model. The deviations often disappear if calculations are 
done by considering activities rather than concentrations of the species. 
Different speciation studies often give contradictory results about the 
concentration ranges in which a certain species is the dominant one. 
This is especially true at the high acid concentrations that are relevant 
for the solvent extraction of these acids. At these high concentrations, 
significant deviations from ideal thermodynamic behavior are expected 
that require the use of the activities rather than concentrations in both 
the aqueous and organic phase to account for all types of physico-
chemical interactions between the acids, extractants, and their sur-
roundings. Unfortunately, it is not easy and often even not possible to 
directly measure the activity of a species in a complex solution. 

The OLI-MSE thermodynamic framework can accurately calculate 
the activity of the species involved in the extraction process. This avoids 
the need to introduce fictitious species. Therefore, the number of 
chemical species required to accurately calculate the liquid–liquid 
equilibria of acids can be kept at a minimum. 

Because TBP is a weak Brønsted base, the phosphate oxygen atom of 
TBP can bind a proton to form the protonated species TBPH+ [39,40]. 

Literature data suggest a pKa < 0 for TBPH+, and hence, protonation of 
TBP occurs only at high proton activities [41,42]. An accurate estima-
tion of the pKa value of TBPH+ at thermodynamic ideal conditions is 
required to calculate the formation energy of TBPH+ from that of TBP. 
However, the determination of a sufficiently accurate pKa value of 
TBPH+ at standard conditions is difficult because high concentrations of 
reagents are necessary to protonate TBP. Furthermore, the pKa will vary 
depending on the solvent that surrounds TBP. A pKa value of − 0.5 was 
used, as a reasonable estimate, as the initial value of the formation en-
ergy of TBPH+ in the thermodynamic model we present. Weak acids will 
not protonate TBP. In that case, the acid can still be extracted as a 
neutral molecular compound by only weakly interacting with the 
phosphoryl oxygen atom of TBP. 

Depending on the acid, a larger or smaller fraction of it will be 
extracted by proton transfer. The complete extraction mechanism then 
becomes: 

HX+TBP⇌ TBPH+ +X− (6)  

HX⇌ HX (7) 

Here, HX depicts a mineral acid, and the overbar denotes a species in 
the organic phase. This extraction mechanism is a universal one for any 
acid. To assess the feasibility of this extraction mechanism, the extrac-
tion of three different strong acids (HNO3, HCl, and H2SO4) and two 
weak acids (H3PO4 and H3AsO4) were modeled. It should be possible to 
model the extraction of all these acids by optimizing the behavior of 
TBPH+, while also fine-tuning the extraction efficiency of the neutral HX 
species and the water uptake of the organic phase by adjusting the 
interaction between the coextracted anion (X− ) or acid molecule (HX) 
and the extractant. 

3. Results and discussion 

The overall method to build the thermodynamic model is schemat-
ically represented in Fig. 1. This is a general workflow that can be 
applied to model complex systems with the OLI-MSE thermodynamic 
framework using the OLI software packages. A more in-depth discussion 
of all steps in this flowchart is given throughout the results and dis-
cussion section. This detailed discussion is combined with a presentation 
and discussion of the modelling results because the exact contents of a 
modelling step in the flowchart are determined by the results of the 
previous step and vice versa. This is also evident from the feedback loops 
built into the flowchart. 

3.1. Standard-state thermodynamics 

The standard-state thermodynamic values and UNIQUAC surface (q) 
and size (r) parameters of TBP were already available in the OLI-MSE 
database (Table 1). These were used as a starting point for the con-
struction of the thermodynamic model. The standard-state Gibbs for-
mation energy (ΔG0

f ) of TBPH+ was calculated based on its estimated 
pKa value and the ΔG0

f of TBP, H2O and H3O+ (Table 1). This value for 
TPBH+ was kept constant during the construction of the model while the 
interaction parameters of TBPH+ with the other species were optimized. 

The initial value for the standard-state entropy (S0) of TBPH+ was 
estimated by adding the entropy of H3O+ to that of TBP and subtracting 
the entropy of H2O. This gave only a rough estimate that was further 
optimized during the construction of the complete model to achieve an 
accurate calculation of the temperature dependence of the extraction of 
the acids between 20 ◦C and 60 ◦C. 

The standard-state enthalpy of formation (ΔH0
f ) of TBPH+ was then 

determined as follows: 

ΔH0
f ,TBPH+ = ΔG0

f ,TBPH+ + T
(

S0
TBPH+ −

∑
S0

elements

)
(8) 
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This ΔH0
f was treated as a constant with respect to temperature, 

because temperature effects were limited in the investigated tempera-
ture range. 

The UNIQUAC surface (q) and size (r) parameters of TBPH+ were 

allowed to change during the construction of the model to find an 
optimal fit between the calculated and all available experimental data. 
The final values of the UNIQUAC surface and size parameters (Table 1) 
deviate significantly from the initial values of TBP but are closer to the 
typical values for ions in the OLI-MSE framework (q = 0.92 and r = 1.4). 

Also, molar volumes (υ0) of every pure liquid are required in the OLI- 
MSE framework to help with the conversion of mole fraction or mole- 
based quantities in volumes and volumetric concentrations. This is 
specifically important for the calculation of solvent extraction data 
because these are almost always depicted in volumetric concentrations. 
Contrary, the OLI-MSE framework uses mole fraction internally and the 
experimental data used to determine the interaction parameters by data 
fitting should be added in units of moles. 

3.2. Water and extractant solubility 

Interaction parameters between TBP/TBPH+ and their surroundings 
are required to accurately calculate the activity coefficients of all species 
in the biphasic solvent extraction system because the LLE is calculated 
based on the differences in activity coefficients of a species in both liquid 
phases. Before the extraction of acids can be calculated, the LLE between 
extractant and water should be added to the thermodynamic model. This 
was done by fitting the UNIQUAC binary interaction parameters of TBP 
and water to experimental solubility data of water in TBP and of TBP in 
water (Fig. 2 and Fig. 3) [35,43]. The resulting interaction parameters of 
this and other regressions are summarized in Table 2. 

The data of Colón et al. give the solubility of water in organic phases 
from low to high TBP concentration [35]. n-Dodecane is used as the 
diluent. At the start of the optimization procedure, no interaction pa-
rameters between TBP and n-dodecane are needed, because only binary 
interaction parameters between species and the measured property in 
the experiment are necessary. The UNIQUAC binary interaction pa-
rameters between n-dodecane and water were already available in the 
OLI-MSE database, so only interaction parameters between TBP and 
water were added to calculate the LLE for the systems comprising water 
and (un)diluted TBP. 

From the data of Velavendan et al., only the data points without acid 
were modeled to initialize the LLE calculations of TBP and water [43]. 
The other data points with acid can only be used for the regression of 
interaction parameters together with all other relevant data for these 
systems. Thus, the data points with acids can only be used once the 
extraction of acid is optimized by also including acid extraction data. 
Other binary interaction parameters should also be taken into account 
for that optimization. For instance, these are the parameters represent-
ing the physicochemical interactions between TBPH+ and water. 

Fig. 1. High-level flowchart on how to build a thermodynamic model for a 
complex chemical system using the OLI-MSE framework and the OLI soft-
ware packages. 

Table 1 
Standard-state thermodynamic properties and UNIQUAC surface and size pa-
rameters of TBP, H2O, H3O+, and TBPH+. The values for TBP, H2O, and H3O are 
taken from OLI Systems, while these of TBPH+ are the optimized values in the 
thermodynamic model.  

Species ΔG0
f 

(kJ mol¡1) 
ΔH0

f (kJ mol-1) S0
f (J mol K¡1) υ0 (L mol¡1) q r 

TBP  − 812.9  − 1423.4  234.7  0.272  14.82  11.85 
H2O  − 237.3   103.4    
H3O+ − 274.3   70.04    
TBPH+ − 800.1  − 1380.7  400.1  0.272  2.685  3.366  

Fig. 2. Final model fit (filled markers) to experimental data for the solubility of 
water in TBP diluted in n-dodecane (open markers). Experimental data from 
Colón et al. [35]. 
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3.3. Single acid extraction by undiluted TBP 

From the moment that acid is present in the system, the extraction of 
acid should be included in the construction of the model. From this point 
on, also the protonation of TBP should be optimized together with the 
distribution ratio of TBPH+ between the aqueous and organic phases. 
The anions of the mineral acids are coextracted and their interactions 
with the extractant and the diluent can be described in the model using 
interaction parameters. At the highest acid concentrations and for weak 

acids, significant amounts of undissociated acid molecules are present 
and they will also distribute between the organic phase and the aqueous 
phase. Hence, interaction parameters between the extractant and the 
undissociated acid molecules should be included as well. 

Note that it was not necessary to determine the behavior of the acids 
in the aqueous phase because OLI Systems already extensively optimized 
acids in water. For instance, OLI researchers have published a paper that 
describes the H2SO4 system for the whole concentration range from 0 % 
to 100 % H2SO4 [21]. Similarly, the solubility of H2O and the acids in 
common diluents has already been added to the OLI-MSE database by 
OLI systems. The only change necessary here was the optimization of the 
n-dodecane – HSO4

− MIDRANGE interaction parameter to get a higher 
solubility of the lower charged HSO4

− species in the organic phase 
compared to SO4

2− (Table 2). 
First, only data from systems with undiluted TBP and a single min-

eral acid were added to the regression to limit the complexity of the 
parameter optimization. These include the extraction of HNO3, HCl, 
H2SO4, and H3PO4. A combination of literature sources was used to 
collect the data necessary to build the thermodynamic model. The 
thermodynamic model can accurately calculate the extraction of the 
four investigated acids by undiluted TBP under the conditions described 
above (Fig. 4a). Experimental data came from Hanson and Patel [37], 
Peppard et al. [34], Hanson and Patel [37], Kertes [34], Hesford and 
McKay [33], Ziat et al [44], Dhouib-Shanoun et al. [45], and Zhang et al. 
[46]. To fully characterize the composition of both phases of the LLE, 

Fig. 3. Final model fit (filled markers) to experimental data of aqueous solu-
bility of TBP (open markers) from Velavendan et al. [43]. [TBP]initial increases 
from light to dark green as follows: 5 vol% (●), 20 vol% (■), 1.1 mol L–1 (▴), 
65 vol% (◆), undiluted TBP (●). 

Table 2 
Optimized UNIQUAC and MIDRANGE binary interaction parameters for the 
extraction of HX by TBP.  

Species UNIQUACa MIDRANGEb  

aij aji bij cij 

H2O–TBP (0)c − 10695  6822.3   
H2O–TBP (1)c 71.123  − 36.089   
H2O–TBP (2)c − 0.10391  0.076991   
H2O–TBPH+ 11,699  3634.7   
n-dodecane–TBP − 2267.9  1768.8   
n-dodecane–TBPH+ 5432.0  − 5762.2   
TBP–H3O+ − 8.9536  
TBPH+–H3O+ − 25.528  
TBPH+–HNO3 − 6649.0  12.739  − 18.587 
TBP–HCl − 12714    
TBPH+–HCl   2.000  
TBP–Cl− − 6.8515  
TBPH+–Cl− − 5.8180  
TBP–HSO4

− − 5.8593  
TBPH+–HSO4

− − 12.925  
TBP–SO4

2− − 10.000  
TBPH+–SO4

2− − 10.000  
TBP–H3PO4 (0)d   4921.5 − 19.769  
TBP–H3PO4 (2)d   7217.0  
TBPH+–H3PO4   6443.3 3.6487  
TBP–H2PO4

− − 2.9429  
TBPH+–H2PO4

− 1.7381  
TBP–Ca2+ (2)d   − 7500  
n-dodecane–HSO4

− (2)d   − 4583.23   

a short-range binary interaction parameters. 
b mid-range binary interaction parameters: MR(ij) = bij 

+cij • exp
(
−

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
I + 0.01

√ )
withIthe ionic strength of the solution. 

c aij = a(0)ij +a(1)ij • T +a(2)ij • T2 with T the absolute temperature in Kelvin. 
d bij = b(0)ij + b(2)ij/T  

Fig. 4. Final model fit (filled markers and lines) to experimental data (open 
markers) of (a) acid extraction and (b) the solubility of water in the organic 
phase [13,33,34,37,44–47]. HX is HNO3 (◊), HCl (○), H2SO4 (□), or H3PO4 (Δ). 
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also the solubility of water in undiluted TBP was fitted (Fig. 4b). Rele-
vant experimental data were taken from Puzikov et al. [11], Hesford and 
McKay [33], Kertes [34], and Ziat et al. [44]. 

The basis for the calculation of the acid extraction is the protonation 
of TBP with coextraction of the anions of the acids for all four acids. An 
accurate calculation of the distribution of water, TBP and TBPH+ be-
tween the aqueous and organic phases is obtained by optimizing the 
UNIQUAC binary interaction parameters between water and TBP/ 
TBPH+ (Table 2). MIDRANGE binary interaction parameters between 
H3O+ and TBP/TBPH+ were used to further fine-tune the system. 

A large part of the experimental differences between acid and water 
extraction in the different systems can be explained by differences in 
acid hydration and by the different pKa values of the acids. These dif-
ferences between the four acid systems arise in the thermodynamic 
model because of the correct calculation of the acid and water activity, 
and because of the accurate calculation of the deprotonation equilibria 
of the mineral acids. No changes were made in this regard to the ther-
modynamic model because the aqueous phase behavior is already 
accurately added to the OLI-MSE database by OLI systems (vide supra). 
The OLI-MSE thermodynamic model was optimized further by intro-
ducing binary interaction parameters between the specific mineral acids 
and TBP/TBPH+ (Table 2). This was necessary to account for the non- 
covalent interactions of the acids with the extractant in the organic 
phase, which explain the remaining differences in acid and water 
extraction. An overview of the calculated speciation in the organic phase 
is given in Fig. 5. This calculation is chemically logical, with only the 
formation of undissociated inorganic acid molecules at the highest acid 
concentrations for the strong acids, and it follows the order of the pKa 
values of the mineral acids in the aqueous phase [48]. As expected, the 
weak acid H3PO4 is extracted predominantly as the undissociated acid in 
the thermodynamic model. 

Note that the number of adjustable binary interaction parameters is 
kept to a minimum that still accurately reflects the experimental data. 
This approach is followed to reduce the risk of overfitting. The differ-
ences between the fit and experimental data of the concentration of 
[H2O]org (Fig. 4b) could not be improved by introducing more binary 
interaction parameters. First, the discrepancy of [H2O]org in the HCl 
system arises from experimental errors. The data from Kertes (high 
[H2O]org) do not match with those of Hesford and McKay. It was not 
possible to verify which experimental dataset is correct, or whether both 
are inaccurate. Secondly, the drop in [H2O]org calculated by the ther-
modynamic model at very high acid concentrations is not reflected in 
the experimental data. The lowered [H2O]org in the calculations might 
be explained by a very low calculated water activity at these data points 

(0.05–0.3). This suggests that almost no water is present under these 
conditions and the water that is present is significantly less free. The 
available water molecules strongly interact with the acid, which is also 
available in very large quantities. 

No significant amounts of TBPH+ are formed when H3PO4 is 
extracted from aqueous solutions that contain only H3PO4. Nevertheless, 
it is important to determine the relevant binary interaction parameters 
between phosphoric acid species and TBPH+ for the calculation of 
H3PO4 extraction in mixed-acid systems. To determine these interaction 
parameters, a dataset for the extraction of H2SO4 and H3PO4 from mixed 
acid aqueous solutions was added [49]. The extraction of H2SO4 is 
calculated quite accurately (Fig. 6a), even without optimization of bi-
nary interaction parameters that contain H2SO4 or its deprotonated 
species. The fit for the extraction of H3PO4 can be found in Fig. 6b. It was 
combined with the previous datasets that contain H3PO4 to finetune the 
relevant binary interaction parameters (Table 2). 

In general, extractants are used in diluted form rather than in un-
diluted form. Mixing the extractant with a non-reactive diluent might 
improve the physicochemical properties of an extraction system and the 
extractant concentration can be used as an extra variable to optimize the 
selectivity and extraction power of the extraction system [6]. Therefore, 
the extractant concentration and diluent effects were added to the 
thermodynamic model. Long-chain aliphatic organic solvents are 
frequently used to dilute TBP [33,50]. n-Dodecane was used as a model 

Fig. 5. Speciation of the extracted acids, as calculated by the MSE-OLI model. 
HX is HNO3 (◆), HCl (●), H2SO4 (■), or H3PO4 (▴). 

Fig. 6. Model fit (filled markers) to experimental data of the extraction of (a) 
H2SO4, and (b) H3PO4 from mixed acid solutions (open markers) [49]. The 
labels show the initial H3PO4 concentrations: 0.5 mol− 1 (●), 1.5 mol− 1 (■), 2.5 
mol− 1 (◆), and 3.5 mol− 1 (▴). 
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diluent in the thermodynamic model for these types of diluents because 
the differences between different diluents on the solvent extraction 
system are usually small [51]. 

More specifically, UNIQUAC interaction parameters between n- 
dodecane and TBP/TBPH+ were determined by fitting the thermody-
namic model to experimental data on the extraction of HNO3, H2SO4, 
and H3PO4 (Fig. 7a and Fig. 8) [33,35–37,45,47,50]. The solubility of 
water in the organic phases of the HNO3 − TBP extraction systems was 
also optimized during the optimization of the binary interaction pa-
rameters (Fig. 7b) [13,33]. 

The initial standard-state entropy S0 of TBPH+ was only an estima-
tion. To optimize this value, it was fitted to the available temperature- 
dependent data of the extraction of H2SO4 and H3PO4 by undiluted 
TBP (Fig. 9) and HNO3 by 40 vol% TBP (Fig. 10) [37,46,50]. The opti-
mized entropy of TBPH+ can be found in Table 1. The temperature seems 
to have only a very limited effect on the extraction of HNO3 and H2SO4, 
but significant differences in the extraction strength of H3PO4 are 
encountered. The introduction of a temperature-dependent MIDRANGE 
interaction parameter between TBP and H3PO4 was necessary to 
represent the temperature dependence of H3PO4 extraction in the 
thermodynamic model (Table 2). 

3.4. Overview of the thermodynamic model 

The use of different literature sources for the extraction and water 
solubility data entails that the model cannot calculate all data points 
with perfect accuracy, because the results of these different literature 
sources are not always fully consistent. This happens because different 
experimental procedures and/or analytical techniques have been used. 
Nevertheless, the thermodynamic model is able to accurately fit the 
extraction of the modeled acids by TBP and the solubility of water in the 
organic over the entire range of relevant chemical conditions (Fig. 11). 

The Gibbs energy of transfer (ΔGtransfer) of an acid is more directly 
related to the underlying thermodynamics of the extraction process and 
the thermodynamic OLI-MSE model. Therefore, ΔGtransfer of the experi-
mental data and model fits are also calculated for the most important 
graphs. The resulting graphs can be found in the Supporting Information 
(SI) to avoid cluttering the main text. More specifically, Fig. 4a is 
reproduced in energy terms to show the extraction from single-acid 
solutions by undiluted TBP. Fig. 6 is reproduced as an example of the 
extraction from multi-acid solutions. Fig. 7 is recalculated to show the 
effect of the diluent on the ΔGtransfer of HNO3 and water, while Fig. 9 is 
recomputed in energy terms to show the effect of temperature. 

In general, the ΔGtransfer are slightly positive, indicating a quite 
inefficient extraction of acids. Furthermore, the model fits in energy 
terms also agree well with the experimental data. Significant scatter of 
the experimental data is observed on the ΔGtransfer scale at low total acid 

Fig. 7. Model fit (filled markers) to experimental data in HNO3 systems of (a) 
the extraction of HNO3 by, and (b) the solubility of water in, undiluted and 
diluted TBP (open markers) [13,33,35,47,50]. The labels show the TBP con-
centration in n-dodecane. 

Fig. 8. Model fit (filled markers) to experimental data (open markers) of (a) the 
extraction of H2SO4, and (b) the extraction of H3PO4 by undiluted TBP and TBP 
in n-dodecane [36,37,45]. 
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contents. This is probably related to significant experimental errors 
when only small absolute changes in acid concentrations are measured 
at these low total acid contents. 

3.5. Non-reactive thermodynamic model 

The addition of extra species to a thermodynamic model should be 
critically evaluated. One must refrain from introducing a new species 
that is only hypothetical in nature, and for which there exists no 
experimental evidence. This ensures a model is obtained with the 
highest chemical accuracy, and thus, prediction power. As mentioned 
earlier, the proton transfer of the strong mineral acids to TBP is docu-
mented in both experimental and quantum computational studies, but 
the existence of TBPH+ species should not be taken for granted. To 
decide whether it is absolutely necessary to introduce the TBPH+ species 
in the model, the construction of an alternative thermodynamic model 
was attempted. This alternative model, for clarity, termed the non- 
reactive thermodynamic model, is based on the distribution of protonated 
and deprotonated mineral acid to the organic phase. The extraction of 
deprotonated acid (Cl− , NO3

–, or HSO4
− ) also requires the stabilization of 

H3O+ in the organic phase. Thus, the following non-reactive solvent 
extraction equilibria can occur in the non-reactive thermodynamic 
model for a monoprotic acid (HX): 

Fig. 9. Model fit (filled markers) to experimental data of the extraction of (a) 
H2SO4 and (b) H3PO4 (open markers) [37,46]. The labels show the equilibrium 
temperature. 

Fig. 10. Model fit (filled markers) to experimental data of the extraction of 
HNO3 (open markers). The labels show the equilibrium temperature [35,50]. 

Fig. 11. Quality of fit graphs for (a) the extraction of acid, and (b) the solubility 
of water in the organic phase. The grey diagonal lines represent a perfect fit. LIT 
means literature data. The dotted lines are linear fits of the data with their 
details shown in the text next to the lines. 
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X− +H3O+⇌X− +H3O+ (9)  

HX⇌HX (10) 

For clarity, the main thermodynamic model discussed in this paper, 
with the formation of TBPH+, is a reactive thermodynamic model, where 
chemical bonds are formed during the extraction. Equation (9) does not 
occur in the reactive thermodynamic model and is replaced by: 

HX+TBP⇌X− +TBPH+ (11) 

An overview of the non-reactive thermodynamic model is given in 
the SI, together with an extensive comparison of that model with the 
reactive thermodynamic model described in the main text. In summary, 
the non-reactive thermodynamic model is inferior to the reactive ther-
modynamic model. It is less accurate for the calculation of strong acids 
by undiluted TBP, and it fails to describe the extraction of strong acids by 
diluted TBP. 

3.6. Model validation 

The solvent extraction of H3AsO4 in strongly acidic media was added 
to the thermodynamic model to test whether the model can be extended 
without the need to change the already optimized thermodynamic 
values and binary interaction parameters. This is a verification of the 
generality of the current approach. H3AsO4 is a weak acid with three 
acid deprotonation constants (pKa1, pKa2, and pKa3). These constants, 
and their temperature dependence, were optimized in the thermody-
namic model by determining the ΔG0

f and S0 values of H3AsO4 and its 
(partly) deprotonated species (Table 3). The data used to regress these 
values came from Perrin (Fig. 12a) [48]. Data on the water activity of 
H3AsO4 solutions were used to determine the H2O–H3AsO4 binary 
interaction parameter, which is required to describe the behavior of 
H3AsO4 in the thermodynamic model at higher ionic strengths (Fig. 12b) 
[52]. 

Once the aqueous phase was optimized, the extraction of H3AsO4 
could be modeled by optimizing the binary interaction parameters be-
tween H3AsO4/H2AsO4

− and the extractant (Table 4). Interactions be-
tween HAsO4

2− /AsO4
3− and the extractant were not necessary because 

these species do not form in acidic conditions. The complete extraction 
behavior of As(V) could be modeled using H3AsO4 solvent extraction 
data from Navarro and Alguacil [53], Jantunen et al. [54], and Demi-
rkiran et al. [55]. An overview of the model fits can be found in Fig. 13 
and Fig. 14. Extraction, scrubbing, and stripping data were used to 
determine the binary interaction parameters. These three steps in the 
solvent extraction process can be used together because they represent 
the same chemical equilibria. H3AsO4 extraction is strongly 
temperature-dependent (Fig. 13 c). This temperature dependence could 
be modeled by introducing a linear temperature dependence in the 
TBP–H3AsO4 UNIQUAC binary interaction parameter (Table 4). 

The binary interaction parameters with H2SO4 or HSO4
− were not 

altered because they were already optimized. This means that the H2SO4 
extraction and the formation of TBPH+ are predictions and not fittings. 
Both the H3AsO4 extraction fit and the H2SO4 extraction predictions are 
within 5 % error of the experimental data (Fig. 15). 

Upon extraction of large amounts of acid and water, the volume of 
the undiluted TBP organic phase significantly increases, while the vol-
ume of the aqueous phase decreases. This non-negligible change in 
organic over aqueous ratio (O/A) is more pronounced when the initial 
O/A is higher. By defining the molar volume of TBP and TBPH+ in the 
thermodynamic model (Table 1), it is possible to calculate the equilib-
rium volume of the organic phase starting from the initial number of 
moles or masses of the constituents of the aqueous and organic phases. 

Table 3 
Standard-state thermodynamic properties of the relevant As(V) species, opti-
mized in the thermodynamic model.  

Species ΔG0
f (kJ mol¡1) ΔH0

f (kJ mol¡1) S0
f (J mol¡1 K¡1) 

H3AsO4  − 767.1  − 931.2  91.07 
H2AsO4

− − 754.0  − 894.5  105.0 
HAsO4

2− − 714.0  − 864.0  7.621 
AsO4

3− − 646.6  − 881.3  − 341.6 
As2O5 (s)a  − 782.5    

a (s) means solid 

Fig. 12. Model fit (filled markers and solid lines) to the experimental (a) pKa 
values and (b) water activity of H3PO4 (open markers and dotted lines) [48,52]. 

Table 4 
Extra UNIQUAC and MIDRANGE binary interaction parameters to calculate the 
extraction of HNO3 from Ca(NO3)2 media, and As(V).  

Species UNIQUACa MIDRANGEb 

aij aji b c 

H2O–H3AsO4   2.9631  
TBP–H3AsO4 (0) − 13401c 10000c − 2.1766  
TBP–H3AsO4 (1) 19.519c    

TBP–H2AsO4
− − 2  

TBP–Ca2+ (2)   − 7500d   

a UNIQUAC binary interaction parameters. 
b MIDRANGE binary interaction parameters: MR(ij) = bij 

+cij • exp
(
−

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
I + 0.01

√ )
withIthe ionic strength of the solution. 

c aij = a(0)ij +a(1)ij • T with T the absolute temperature in Kelvin. 
d bij = b(0)ij + b(2)ij/T  
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The equilibrium volume of the aqueous phase is already accurately 
calculated because of the data present in the standard OLI-MSE database 
[20]. OLI uses the molar volume of water and binary interaction pa-
rameters between water and the most important solutes to obtain an 
accurate value for the density in the aqueous phase. 

Data from Jantunen et al. on the relation between initial and equi-
librium O/A were used to assess the accuracy of this volume calculation 

(Fig. 16) [54]. The results show that this simple approach of only adding 
the molar volume of TBP and TBPH+ works very well for the calculation 
of densities and organic volume in acid extraction systems with TBP. 
Hence, the presented thermodynamic framework can be used in both 
units of amount and concentration. 

Finally, the prediction capabilities of the thermodynamic model 
were validated by calculating the extraction of acids in mixed acids and 
salt/acid systems. This type of data was not used to determine the 
thermodynamic parameters in the model; hence the quality of these 
calculations reflects the model’s extrapolation capabilities. 

The first validation dataset comprises the extraction of HNO3 from 
mixtures of aqueous HNO3 and Ca(NO3)2 [46]. The behavior of Ca 
(NO3)2, Ca2+

, and nitrate in Ca2+ media are accurately calculated in the 
aqueous phase because their thermodynamic data is available in the 
database from OLI. However, no binary interaction parameters between 
Ca2+ and TBP or other species that are related to the calculation of acid 
extraction by TBP are determined. Fig. 17 shows that the thermody-
namic model can accurately predict the extraction of HNO3 from mixed 
HNO3–Ca(NO3)2 systems. 

The second type of validation data relates to the extraction of acids 
from mixed-acid systems. One dataset includes the extraction of HCl and 
H3PO4 from 0.2 to 2.1-mol L–1 HCl, and 1.6 to 3.7 mol L–1 H3PO4 solu-
tions [56], while the other handles the extraction of HNO3 and H3PO4 
from 0.2 to 4.0 mol L–1 HNO3, 0 to 1 mol L–1 Ca(NO3)2, and 0 to 4 
mol L− 1 H3PO4 solutions [46]. All these extractions are performed with 
undiluted TBP at an initial O/A of 1. The predictions of the acid ex-
tractions in these datasets are well within ±10 % deviation from the 
experimental data (Fig. 18). This is within acceptable limits given the 

Fig. 13. Model fits (filled markers) to experimental H3AsO4 extraction data (open markers). (a) extraction isotherms from several initial H2SO4 concentrations 
(labels), (b) extractant dependence – 0.12 mol L–1 As(V) in the feed, (c) equilibrium temperature dependence – 0.1 mol L–1 As(V); 0.25 mol L–1 H2SO4, and (d) 
equilibrium pH dependence – 0.13 mol L–1 As(V) [53–55]. 

Fig. 14. Model fits (filled markers) to experimental H3AsO4 scrubbing and 
stripping data (open markers). The labels show the composition of the initial 
organic phase, with M representing mol/L. 
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variability in the experimental data between different sources. Also, 
note that the deviations tend to increase at lower acid concentrations. 
This is expected, given the larger relative experimental error when the 
measured concentration is lower. On the other hand, the extraction of 
acid from higher acid concentrations is almost perfectly predicted, with 
significantly less spread. 

4. Conclusions 

A semi-empirical molecular thermodynamic model was constructed 
that can be used to calculate the complete equilibrium of solvent ex-
tractions of HNO3, HCl, H2SO4, H3PO4, and H3AsO4 by undiluted and 
diluted TBP between 10 and 60 ◦C. This model is based on one ther-
modynamic framework, the OLI Mixed-Solvent Electrolyte (OLI-MSE) 
framework, which describes the speciation of all compounds, the ac-
tivity corrections in all phases, and the multi-phase equilibria. The 
extraction of mineral acids (HX) is universally described in this model by 
protonation of TBP to form the TBPH+ species in the organic phase with 
coextraction of the mineral acid anion X− . At very high mineral acid 
concentrations and for weak mineral acids, the extraction of neutral HX 
molecules can become dominant. The universality of this approach is 

Fig. 15. (a) Quality of fit graph, and (b) quality of prediction graph for the 
H3AsO4–H2SO4 mixed acid data. LIT means literature data. The dotted lines are 
linear fits of the data. 

Fig. 16. Equilibrium organic over aqueous ratio (O/A) against initial O/A. The 
full markers represent the thermodynamic model prediction, while the open 
markers and dotted lines represent the experimental data [54]. 

Fig. 17. Prediction (filled markers) of HNO3 extraction from mixed HNO3–Ca 
(NO3)2 systems (open markers) [46]. 

Fig. 18. Quality of the prediction of the acid extractions from mixed-acid so-
lutions by undiluted TBP. The acids are HNO3, HCl, and H3PO4. LIT means 
literature data. The dotted lines are linear fits of the data with their details 
shown in the text next to the lines. 
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demonstrated by the accurate calculation of five different mineral acid 
extraction systems with the same thermodynamic framework and 
chemical model. The protonation of TBP by strong mineral acids is 
supported by literature data and by the inability to construct an accurate 
thermodynamic extraction model without the introduction of the 
TBPH+ species. The predictive power and robustness of the presented 
modeling approach are supported by two different examples. First, the 
thermodynamic model is easily extended to calculate the extraction of a 
new mineral acid. Second, the extractions of acids from mixed-acid/salt 
systems are accurately predicted, while the model is mainly constructed 
using single-acid systems. 
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