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Recovery of excess acid after leaching is essential in circular hydrometallurgical processes, because it
reduces reagent consumption and generates less waste. Solvent extraction can be used for acid recovery
from aqueous solutions. This study presents a thermodynamic model for the synergistic solvent extraction
of H,SO4, HCL, and methanesulphonic acid (MSA) using tris(2-ethylhexyllamine (TEHA) and 1-octanol in
n-dodecane. The model is developed using the mixed-solvent electrolyte (MSE) framework of OLI Systems,
integrating an extensive set of own experimental data and literature data. It captures both individual and
synergistic extraction behaviours and accurately calculates equilibrium properties such as acid distribution,
water uptake by the solvent, volume change during extraction, and organic phase mass density at room
and elevated temperatures. Validation with H,SO,4 recovery from NiSO4 solutions confirms its predictive
capabilities for industrially relevant conditions. This work offers a robust tool for designing acid recovery
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1. Introduction

Hydrometallurgical flowsheets often involve leaching with
mineral acids, and an excess of acid is present after the
leaching operation has finished.! Also, bleed streams of spent
electrolyte from copper electrorefining or zinc electrowinning
operations, as well as spent steel pickling solutions, contain
large amounts of acids.>* Neutralising these acids by adding
a base results in a larger chemical consumption and produces
salts or metal hydroxide precipitates that are typically
classified as waste. This undermines the environmental
benefits of the shift to climate neutrality, which requires
hydrometallurgical flowsheets to purify the energy-transition
metals. Sulphuric acid is most frequently used in
hydrometallurgy, while chloride-based processes are also
common.” Methanesulphonic acid (MSA) is less known in
hydrometallurgy, but it has appealing properties for the
development of circular hydrometallurgical flowsheets.”®
Recovery of mineral acids can lower the environmental
impact. This can be done either directly through, for
example, a solvent extraction or membrane-based process for
the recovery of the acid or through neutralisation of the acid
and thermal decomposition of the salt in its acid and base
(e.g. pyrohydrolysis).>” Solvent extraction (SX) processes offer
high productivity and low waste generation for acid recovery,
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processes through solvent extraction and gives mechanistic insights into the studied extractant systems.

but their design is complicated due to the need for several
integrated stages (extraction, scrubbing, and stripping) and
complex chemical processes.® The aqueous feed can contain
high concentrations of acid and dissolved salts. The targeted
acid then distributes to an immiscible organic phase that
contains one or more extractants with a certain selectivity for
that acid, through mixing both phases. This organic phase
sometimes also contains a diluent to lower the viscosity and
a phase modifier to stabilise the organic phase and avoid
third-phase formation.

Trialkylamines (e.g., trioctylamine (TOA) and tris(2-
ethylhexyl)amine (TEHA)), organophosphates (e.g, tri-n-butyl
phosphate (TBP)), and phosphine oxides (e.g. trioctylphosphine
oxide, and the commercial mixture Cyanex 923) have good
properties for the extraction of mineral acids.”" Literature on
MSA extraction is sparse. A limited study on extraction by
TOA," a study on volume changes and water uptake in a MSA-
tributyl phosphate system,”® and a master's thesis on MSA
recovery by TEHA and 1-octanol,'* have been identified. The
study demonstrates that the TEHA + 1-octanol system is highly
effective for MSA recovery, offering strong extraction
performance, efficient stripping, rapid phase separation, and no
third-phase formation. Heidari et al further show that this
system is also suitable for H,SO, recovery, outperforming TOA
at higher acid concentrations and enabling easier stripping
through dilution." Stripping efficiencies would probably be too
low if a modifier like 1-octanol were present. Addition of
1-octanol to trialkylamines has a dual function in these systems:
it avoids third-phase formation and increases the extraction
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efficiency of acids.""'®'” At least for the extraction of MSA and
H,S0,, mixtures of TEHA and 1-octanol exhibit synergy, i.e., the
extraction performance of the mixture exceeds the sum of the
individual extractant contributions. TEHA, without 1-octanol or
any modifier, can also be used as an extractant for HCI
recovery.'®

The availability of a robust and predictive thermodynamic
model can support the design of complex solvent extraction
processes. Such a model should be built on a thermodynamic
framework that can capture the non-ideal interactions in mixed
solvent-electrolyte systems. The thermodynamic modelling of
solvent extraction processes has gone from purely empirical to
frameworks that account for non-ideality in both aqueous and
organic phases. Early empirical models fit purely mathematical
equations to distribution data.'®' They do not take chemistry
into account, which results in a lack of predictive power outside
their calibrated conditions. Chemical reaction-based models
introduce equilibrium constants to describe extraction reactions
but still rely on concentrations rather than activities. This often
results in the need to include hypothetical chemical species to
account for non-ideal behaviour. Statistical thermodynamics
offers, in principle, a rigorous route based on first principles,
but the complexity of mixed-solvent-electrolyte systems renders
this impractical for routine process design.*>>® Practical
implementations use semi-empirical activity models based on
physical chemistry to convert concentrations to activities.
Examples include the Pitzer equations for the aqueous phase
and Margules, NRTL, or UNIQUAC approaches for the organic
phase.”®*” However, these often treat the organic phase as ideal
or employ separate frameworks for each phase, failing to
capture the non-ideal behaviour of the organic phase at
significant extractant loading or the coupled non-ideal
behaviour of the same electrolytes in both the aqueous and
organic phases.>”°

A more unified, predictive framework can be found in
mixed-solvent electrolyte (MSE) models, which describe both
aqueous and organic phases within a single thermodynamic
formalism. For instance, OLI systems' MSE model has been
used to build thermodynamic models for acid and metal
extraction from dilute solute and extractant conditions to higher
concentrations and maximum loading capacities.> > This
framework considers speciation changes to represent chemical
reactions, solid-liquid and vapour-liquid equilibria, and
combines this with a three-term activity equation that also
governs the liquid-liquid equilibria.*®®” These three terms
account for long-range electrostatic interactions through the
Pitzer-Debye-Hiickel formula, middle-range interactions
through a second-virial-coefficient-type expression, and short-
range interactions through the UNIQUAC equations. The
interaction parameters in the middle- and shortrange are
determined through fitting to experimental data.

The framework uses a standard state defined at infinite
dilution. The chemical potential of a species (y;) at conditions
deviating from this standard state is corrected by the activity
equations. The distribution of a species in a heterogeneous
system at liquid-liquid equilibrium is constrained by the
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necessity for equal g; in each phase. The solution density can
also be calculated based on single-species molar volumes and
an equation for excess volume corrections. This is valuable for
converting the mole- and mole-fraction-based units from the
thermodynamic framework in g L™ and mol L™, which are
often encountered in hydrometallurgy.

Complementary approaches for activity corrections in
mixed-solvent electrolyte systems, such as the mean-spherical
approximation - NRTL model, combine the mean-spherical
approximation for ionic interactions with a modified NRTL
term.>® This seems to work well, but is only applied to
ternary systems with a fully dissociated salt, water, and
solvent. Chemical reactions and density correlations,
important to describe solvent extraction systems, are not
incorporated. Also, perturbed chain statistical associating
fluid theory (PC-SAFT) based equations of state show
promising results to calculate mixed-solvent electrolyte
systems.*”*®  They have possibly an  improved
physicochemical basis, but to the best of the authors'
knowledge, there exists not yet an integrated platform to
combine this approach with the speciation calculations and
density corrections required to describe a solvent extraction
system. Consequently, the state-of-the-art favours semi-
empirical, single-framework activity models that balance
chemical soundness with adjustable interaction parameters,
offering the broadest applicability and best predictive
capability for designing next-generation hydrometallurgical
processes.

In this paper, we describe a thermodynamic model based
on the OLI-MSE framework to calculate the equilibria of
solvent extraction systems for H,SO,, HCl, and MSA by an
organic phase containing TEHA, 1-octanol, and their
mixtures, undiluted or diluted in aliphatic diluents. The
construction of the model requires an analysis of the liquid-
liquid equilibrium data obtained from the literature and new
experiments, and the extraction mechanisms. Data on H,SO,
extraction from a feed with H,SO, and NiSO, are used to
validate the model.

2. Experimental
2.1. Chemicals

Hydrochloric acid solution (~37 wt%), sulphuric acid (95%),
1-octanol (99%), imidazole (99%), and n-dodecane (99%) were
purchased from  Fisher Scientific (Geel, Belgium).
Methanesulphonic acid (MSA, 99.5%) was purchased from Carl
Roth (Karlsruhe, Germany). Tris(2-ethylhexyl)amine (99.8%) was
purchased from Merck Life Science (Darmstadt, Germany).
Potassium hydroxide solution (0.1 mol L™, nitric acid solution
(>65%), and propan-2-ol (>99%) were purchased from
AnalytiChem (Zedelgem, Belgium). Disodium oxalate (>99.8%)
was purchased from VWR Chemicals (Leuven, Belgium). Water
was always of ultrapure quality, deionised to a conductivity of
less than 0.055 pS cm™ (298.15 K) with a Merck Millipore Milli-
Q Reference A+ system. All chemicals were used as received,
without any further purification.
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2.2. Solvent extraction experiments

Solvent extraction experiments were performed by contacting
5 mL of aqueous feed with 5 mL of organic phase in 20 mL
glass vials for 30 min at 200 rpm and 25 °C in a
Thermoshake THL 500/1 from Gerhardt. Shaking was carried
out for 30 minutes to ensure that the equilibrium condition
was attained; these systems typically reach equilibrium
within 2 to 5 minutes.*"** After shaking, the glass vials were
centrifuged, and the phases were physically separated.
Aqueous feed solutions were prepared by diluting a known
mass of acid to a certain volume. The acid concentration
ranges were selected to cover the typical conditions for acid
recovery that are met in hydrometallurgical processes.
Similarly, the organic phase was prepared by weighing a
defined mass of TEHA and 1-octanol, and diluting with
n-dodecane whenever necessary.

Acid concentrations in the aqueous feed, the aqueous
solution after extraction, and the organic solution after
extraction were determined by titration with 0.1 mol L™" KOH
using a METTLER TOLEDO T5 Excellence autotitrator. A
DGi111-SC pH electrode (METTLER TOLEDO) was used for
the equivalence point determination in aqueous solutions,
and a DGi113-SC pH electrode (METTLER TOLEDO) was used
for analysing the organic phase. Propan-2-ol was used as the
medium for the titration of the organic solution, as both the
organic solution and the titrant were soluble in this solvent,
based on preliminary tests. Sodium oxalate was added to the
aqueous solutions to prevent Ni(u) hydrolysis. The water
content in the organic phase at equilibrium was determined
by titration using a volumetric V30S Karl Fischer titrator
(METTLER TOLEDO) by direct addition to the reactor.
Imidazole was added to the reactor to maintain an optimal
pH. The density of the organic phase was measured using a
DMA 4500 M density meter (Anton Paar). Volume changes
and the connected organic to aqueous volume ratio at
equilibrium (O/A). were either determined visually in a
graduated cylinder or through calculation from the complete
composition of the organic phase and its density. Fourier-
transform infrared (FTIR) spectra on undiluted TEHA loaded
with different amounts of MSA through solvent extraction
were recorded in ATR mode on a Bruker Vertex 70 FTIR
spectrometer, equipped with a platinum ATR module and a
diamond sample crystal at a resolution of 1 cm™.

The distribution ratio (D) of an acid was calculated by
dividing its measured molarity in the organic phase ([HX],)
by that in the aqueous phase ([HX],). From this value, the
Gibbs free energy of transfer (AGrg) for an acid was calculated
as follows:

-R-T-In(D)

AGmr =500

1)
AGry is expressed in k] mol ™, with R being the universal gas
constant (8.314 ] mol™ K™) and T the temperature in Kelvin.
Also, the extraction efficiency (% E) of an acid was calculated
as follows:
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00- [HX]O'VO

nyx f

%E=1

(2)

with V,, being the volume of the organic phase at equilibrium
and nyyx s being the number of moles of HX in the feed. The
percentage loading (% L) of the extractant was expressed as:

[HX] Vo

NTEHAf

%L = 100- 3)
based on the hypothesis that the acid : TEHA stoichiometry in
the extracted species is 1 (vide infra).

3. Results and discussion
3.1 Experimental data

Literature data have been extended with new experiments to
build a dataset used to construct the thermodynamic
model."">*17*8 An overview of the experimental conditions
covered by the literature data and new experimental data is
presented in the SI (SI, Table S1). These data comprise feed
solutions containing only water or aqueous solutions of
H,S0, (0.04-14 mol L™), HCI (0.08-9.4 mol L"), or MSA
(0.06-10.2 mol L™"). The organic phase is either TEHA or
1-octanol, or mixtures of these two extractants with or without
an aliphatic diluent. The initial organic-to-aqueous volumetric
phase ratio (O/A) was almost always equal to 1.0, except when
stated otherwise in SI Table S1. The data contain one or more
of the following equilibrium properties, measured between 25
and 80 °C: acid extraction, water—-extractant mutual solubility,
volume change, organic phase density, and pH.

New experiments were needed to fill gaps in the literature
dataset, specifically for undiluted 1-octanol and undiluted
TEHA systems, data on organic phase water uptake, and
volume changes. The experimental details and all measured
equilibrium properties are provided in SI Table S2.

For organic phases containing only 1-octanol, data were
limited to systems with H,SO,. Therefore, the extraction,
density of the organic phase, and volume changes of H,SO,,
HCIl, and MSA systems with 1-octanol were determined at
equilibrium (Fig. 1). D values are similar for all three acids,
but MSA extraction efficiency is significantly higher at high
MSA concentrations due to the larger phase ratio at
equilibrium, (O/A).. More coextraction of water most likely
leads to this larger (O/A). and results in the formation of a
single phase at 10 mol L™ MSA. Despite the lower (O/A). and
reduced water uptake in the H,SO, system, the organic
phases loaded with MSA and H,SO, exhibit similar densities.
This can be attributed to the inherently higher density of
H,SO, solutions.

The behaviour of systems with undiluted TEHA as the
organic phase was investigated experimentally, as only a
single data point with this condition and an MSA feed
solution was found in the literature."* The extraction of MSA
by undiluted TEHA was studied by varying the (feed) MSA
concentration ([MSAJ) at room temperature, while also some
data were collected for H,SO, and HCI (Fig. 2). The H,SO,
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Fig. 1 Solvent extraction data of H,SO,4 HCl, and MSA - undiluted
1-octanol systems at 25 °C. Distribution ratios (a), volume changes (b),

and organic phase densities (c) are shown.
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Fig. 2 Solvent extraction data of H,SO, HCl and MSA - TEHA
systems at 25 °C. Distribution ratios (a), volume changes (b), and

extractant loadings (c) are shown.
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and HCIl systems were studied in less detail, as the
thermodynamic model can interpolate based on the
combined data of all three systems due to the similar
extraction mechanism (see below).

Third-phase formation was encountered in all samples
with % L between 5 and 100. Further analysis showed that
the top organic phase was lean in water and acid. In contrast,
the bottom organic phase was richer in water content and
fully loaded with acid, indicating that the extracted acid-
TEHA complex has a low solubility in free TEHA. The average
properties of the total organic phase under these conditions
were determined by taking the volume-weighted average of
the measurements in the separate organic phases. D
increases with increasing [HX]¢ until 100% organic loading is
reached. The extractant loading still increases above 100% at
higher [HX]s, but the corresponding decrease in D indicates
that this is less favourable. Similar to the 1-octanol system,
the (O/A). increases much more in MSA systems compared to
H,SO, and HCI systems. This results in a higher % E for
MSA, despite the similar D values for the extraction of all
acids by TEHA. This larger increase in (O/A). when MSA gets
extracted coincides with a larger uptake of water by the
organic phase (see SI, Table S2).

Dilution of TEHA can be useful to fine-tune acid recovery
and reduce viscosity. In industry, aliphatic diluents are
preferred over aromatic diluents because they are safer, have
a lower environmental impact, and result in relatively higher
extraction efficiencies.” Only limited extraction efficiency
data are available in the literature, covering TEHA
concentrations between 9 and 43 vol% and lacking key
experimental details.*****” New experiments were performed
to investigate the system at higher TEHA concentrations and
under selected conditions from previous studies to complete
and validate the existing dataset.

n-Dodecane was chosen as a model diluent for a large
group of aliphatic diluents, as they all have a similar effect
on the solvent extraction equilibrium. Aliphatic diluents are
often ineffective in solvating the extracted complex. For the
extraction of mineral acids by TEHA, this also leads to third-
phase formation between 5 and 100% extractant loading
(Fig. 3). The order of % E is HCl > H,SO, > MSA in the
region below 3 mol L™ acid in the feed. Only the aqueous
acid concentration was measured for this set of experiments
due to third-phase formation in several samples. The average
acid concentration in the organic phase and the percentage
extraction were determined based on the mass balance, with
volume changes taken into account.

Adding 1-octanol can enhance the acid - TEHA solvent
extraction system by reducing viscosity, improving extraction
efficiency, and preventing third-phase formation. While
extensive literature exists on TEHA, 1-octanol, and
n-dodecane systems, these reports focus only on the acid
extraction itself.'>">***%® A limited number of new
experiments with TEHA and 1-octanol in the organic phase
were performed to investigate acid extraction, water uptake
by the organic phase, volume changes, organic phase density,
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Fig. 3 Solvent extraction data of H,SO4 HCl, and MSA - TEHA +
dodecane systems at 25 °C. Graph ¢ compares this to literature data
from Eyal et al*® Distribution ratios are shown for three TEHA
concentrations with varying H,SO,4 concentrations in the feed (a), and
with varying initial TEHA concentrations in the solvent (b). (c)
Compares the extraction of HCL, H,SO,4, MSA by 43 vol% TEHA.
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Fig. 4 Solvent extraction data of H,SO,4, HCI, and MSA - TEHA + 1-octanol systems at 25 °C. Systems depicted in a to c contain 50 vol% TEHA in
1-octanol, and in d to f contain a variable amount of TEHA in 1-octanol. Distribution ratios (a and d), volume changes (b and e), and water uptake

by the solvent (c and f) are shown.

and aqueous equilibrium pH in MSA, H,SO,, and HCI
systems. This results in a more complete picture of the
equilibrium (Fig. 4).

No third-phase formation was observed at the investigated
TEHA concentration in 1-octanol. HCI extraction by 50 vol%
TEHA + 1-octanol is significantly more efficient than H,SO, or
MSA extraction at low acid concentrations. The extraction of
H,SO, and MSA is very similar in terms of D and % E below 4
mol L™ acid in the feed, but % E of MSA will be higher than that
of H,S0, and HCI above 4 mol L™ acid due to a larger volume
increase of the organic phase. The similar extraction efficiency
of MSA and H,SO, at lower acid concentrations can also be
inferred from the literature by comparing data from Haghshenas
et al., Eyal et al., and the thesis of Kwok et al.'****® Only a few
data points with TEHA and 1-octanol could be compared,
specifically around 43 vol% TEHA and 1.0 mol L™ acid in the
feed. Haghshenas et al. and Eyal et al. reported % E(H,SO,) of 68
and 70% respectively. Kwok et al., working exclusively with MSA,
observed a % E of 66 at 40 vol% TEHA and 70 at 50 vol% TEHA.

The amount of water in the organic phase ([H,O],) generally
increases with increasing acid concentration in the feed
(Fig. 4c). The interpretation of the relation between [H,0], and
acid extraction is not straightforward, indicating that there is
no evidence for the formation of one complex with a fixed acid-
TEHA-H,O stoichiometry in mixed TEHA - 1-octanol systems.
Non-linearity is also observed for [H,O], versus TEHA
concentration in 1-octanol at 3.9 mol L™ MSA; (Fig. 4f). Here,

This journal is © The Royal Society of Chemistry 2026

the [H,0], stays almost constant above an equimolar ratio of
[MSA], and [TEHA],, but increases at the equimolar ratio with
increasing [TEHA],. The non-linear trends might even indicate
a change in solvent extraction mechanism, but too few data
were available to draw any decisive conclusions at the time of
our study. Therefore, a more detailed analysis of the extraction
mechanism, based on Fourier-transform infrared (FTIR)
spectroscopy and a literature analysis, was performed.

3.2. Solvent extraction mechanism

First, the solvent extraction mechanism for 1-octanol is
discussed, followed by TEHA, and finally the synergistic TEHA +
1-octanol system. This approach is also followed for the part on
the model development. The extraction of mineral acids by
1-octanol is governed by a partial replacement of the hydration
sphere of the acid by 1-octanol. This process can be described
as a non-reactive extraction, as no covalent bonds are broken or
formed. Since 1-octanol is slightly polar and can form hydrogen
bonds, both molecular and dissociated acid could be stabilised
in the organic phase. Thus, it is assumed that the acid
dissociation constant is not negligible in the organic phase.
Gromov et al. observed a significant decrease in extraction
efficiency for 6.0 mol L™ H,SO, by 1-octanol, indicating the
exothermic nature of the extraction.”’ A similar effect is
expected for the extraction of MSA and HC], since the extraction
mechanisms are the same.
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TEHA is a rather alkaline branched ternary amine with a
predicted pK, of 9.3 + 0.5.>° The lack of an experimental pK,
value likely stems from TEHA's poor solubility in water. TOA
is the most similar extractant to TEHA. They only differ in
the branching of the alkyl chain, resulting in a slightly lower
basicity for TEHA due to steric hindrance. TEHA can accept a
proton on its nitrogen lone pair and solvate the conjugate
base to extract acid:

HX, + TEHA, = (TEHAH")(X), (4)

Here, HX, represents an acid in the aqueous phase. This can be
either in the protonated form or a hydrated proton and its
conjugated base. This mechanism limits the extraction of an
acid to a 1:1 stoichiometric ratio with TEHA. Literature data
and experimental data presented above indicate that more acid
can be distributed to the organic phase, necessitating a second
extraction mechanism. It is assumed that (TEHAH')(X ), and
some coextracted water can stabilise additional molecular acid
in the organic phase through weak interactions:

HX, = HX, (5)

The protonation of TOA is confirmed in the literature by
FTIR analysis, but no spectra are available for TEHA.">'® FTIR
spectroscopy was performed on undiluted TEHA loaded with
MSA to study both proposed extraction mechanisms for TEHA
(Fig. 5).

MSA vibrations are most clearly visible in the FTIR spectra,
with key peaks between 1350 cm™ and 1000 cm ™" (Fig. 5b). The
SO; symmetric stretch appears at 1172-1165 cm ' and 1115
em™, compared to 1122 cm™" in pure liquid MSA.>* Weakened
hydrogen bonding due to the protonation of TEHA most likely
leads to the shift to higher wavenumbers. Thus, the signal at
1172-1165 cm™" indicates the formation of a (TEHAH')(OSO,-
CH; ) complex as proposed by eqn (4). The direct environment
of SO; from the signal around 1115 em™" should more closely
resemble that of MSA in its pure liquid state (1122 cm™),
indicating stronger H-OSO,CH; interactions. This may involve
direct bonding or bridging via coextracted water (H'-(O,H),
OSO,CH; ), and corresponds to the second part of the
extraction mechanism (eqn (5)) that governs acid extraction
beyond an equimolar MSA : TEHA ratio.

For further analysis, the spectra in the spectral region
between 1300 and 1100 cm™' were deconvoluted with a
Lorentzian profile (Fig. 6). The area of the signal around 1169
em™ remains almost constant with increasing loading
compared to the area of the signal at 9% L, confirming the
stable concentration of the protonated TEHA complex (eqn (4)).
Meanwhile, the growing signal at 1115 cm™ closely follows the
increase in free MSA, supporting its role in eqn (5). Here, free
MSA indicates the MSA concentration above a 1:1
stoichiometry with TEHA.

Other signals from MSA include the S-O-H in-plane bend
and the SO; asymmetric stretch. The S-O-H bend shifts from
1166 cm™" in pure MSA to 1219 cm™" in the (TEHAH")(0SO,-
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Fig. 5 FTIR spectra of TEHA loaded with increasing MSA

concentrations from light red to black. 1% L and 0.003 mol L*
H,O (), 95% L (—), 112% L and 4.2 mol L™* H,O (—), 122% L and
4.3 mol L™ H,0 (—), 137% L and 5.3 mol L™ H,O (—), 179% L and
6.3 mol L™ H,O (—). (a) Shows the full spectra, while (b) displays
a zoom on the most relevant region for MSA vibrations.

CHj'), while the SO; symmetric stretch shifts slightly above
1325 cm".”" The signal around 1100 cm™ on the spectrum
with % L = 1 corresponds to the C-N stretch of TEHA, based
on the similar location of the C-N stretch in TOA.">"'® This
signal shifts to 1042 cm™' upon protonation of the N lone
pair. Since spectra were recorded at either negligible % L or
% L > 100 due to third-phase formation, only the original or
shifted signal was observed. The relatively constant intensity
of the shifted signal above 100% L suggests no further TEHA
protonation, consistent with the analysis above.

The H,O: MSA ratio in the organic phase above 100% L is
2.03 + 0.08, indicating coextraction of two water molecules
per additional extracted MSA above 100% L. At non-zero % L,

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Areas of deconvoluted FTIR peaks relative to their area at 95%
L (m), compared to free acid concentration in the organic phase based
on eqgn (4) and (5) (a).

a H,O signal at 1643 cm™' remains constant with increasing
% L above 100, while a second H,O signal emerges with
increasing loading above 100% L. These 2 distinct signals
show that water is present in the organic phase in two
distinct coordination environments. The signal at 1643 cm™
probably corresponds to H,O involved in the reactive
extraction of MSA (eqn (4)), while the second signal reflects
water associated with excess MSA extraction (eqn (5)). The
latter H,O molecules are likely part of a solvent-shared ion
pair as presented above (H'-(O,H),-OSO,CH; ). A H,O signal
can also be found around 3400 cm™ and this seems to split
towards lower wavenumbers. Most likely, both vibrations of a
protonated amine (N-H) bond and water contribute to this
shoulder, making further analysis more difficult.”>

The HCI > H,SO, > MSA extraction trend with diluted
TEHA (Fig. 3) appears to contradict the more efficient
extraction of 4 mol L™ or more MSA by undiluted TEHA
(Fig. 2), but this is explained by differences in % L. Fig. 3
reflects conditions below a 1:1 acid:TEHA molar ratio,
where extraction is driven by preferential acid-extractant
interactions. Above 100% L, these interactions become less
relevant, and the higher (O/A). from increased water uptake
in MSA-loaded organic phases becomes the dominant factor.

When 1-octanol is added, the extraction mechanism
remains unchanged, but 1-octanol acts as a modifier and a
synergist. It prevents third-phase formation below 100% L by
solvating the (TEHAH')(X ) complex, as seen by the absence
of third-phase formation in Fig. 4 while % L varies between
58.5 and 230 (SI Table S2). The literature also shows
improved H,SO, extraction when part of the aliphatic diluent
is replaced by 1-octanol in systems where % L is below
100.">*>%%3 The combined TEHA + 1-octanol system shows
a synergistic effect:

This journal is © The Royal Society of Chemistry 2026
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(D)x(TEHA)+y(1—0ctanol) > (D)x(TEHA) + (D)y(l—octanol) [6)

This synergy is also evident for MSA. While SI Table S2
lacks data that directly fits eqn (6), stronger synergy was
observed with 100 vol% of each extractant. For example,
D(MSA) for 1.0 mol L' MSA with 50 vol% TEHA and
1-octanol is 2.3, compared to 0.28 for undiluted TEHA and
0.016-0.020 for undiluted 1-octanol.™* Similarly, D(HCI) for
0.9 mol L™" HCI by 50 vol% TEHA and 1-octanol is 6.3, versus
1.8 for undiluted TEHA and 0.025 for undiluted 1-octanol.

The reduction of third-phase formation and synergy when
adding 1-octanol to systems containing TEHA probably relate
to the tendency of ternary amines to form reverse micelles in
solvent extraction systems.’® TOA and other ternary amines
readily form reverse micelles, especially when the polarity of
the head is increased by protonation through acid extraction
or by extraction of metal-ligand ion pairs.>**>® TEHA's
branched alkyl chains close to its polar head hinder micelle
formation compared to linear-chain amines. No evidence for
reverse micelles was found for TEHA at 0.2 mol L™ amine in
n-dodecane and 5 vol% 1-octanol, while systems with linear
or differently branched amines did show reverse micelle
formation.>® Third-phase formation in the system studied by
Guerinoni et al. occurred only at TEHA concentrations
exceeding 1.17 mol L™" in n-dodecane (>50 vol%).”" For TOA,
third-phase formation was observed at 0.1 mol L™, matching
its critical aggregation concentration (CAC) of 0.08 mol L™ in
a similar system. Although the limit for third-phase
formation is not necessarily linked to the CAC, its match for
TOA suggests that the CAC for TEHA is around 50 vol% at 0.1
mol L™! H,SO,.

The study uses higher TEHA and acid
concentrations, increasing the likelihood of exceeding the CAC.
This is supported by the significantly higher acid extraction and
water uptake compared to a system from Lu et al. with 0.1 mol
L? H,SO, ¢ and 0.2 mol L' TEHA in n-dodecane with 5 vol%
1-octanol.”® TEHA's higher CAC may also explain the opposite
extraction trends with increasing [H,SO4).'> TOA shows
decreasing % E due to loading effects, while TEHA shows
increasing % E up to 1.5 mol L™ H,SO, s, possibly due to CAC
crossing. In both cases, % L remains significant but below 100.

The relations between the compound type, concentration,
reverse micelle formation, third-phase formation, and
synergistic effects are complex.”® Due to TEHA's relatively high
CAC, detailed studies on its micelle behaviour are lacking.>*>”>
Consequently, insights from TOA and other amine-based
systems have been extrapolated here to TEHA systems.
1-Octanol acts as a cosolvent, penetrating only the outer shell of
the TOA reverse micelles. This inhibits reverse micelle
coalescence and prevents third-phase formation.”® A similar
mechanism likely applies to TEHA. Synergistic effects in TEHA
- 1-octanol systems may arise from two mechanisms.’>*® (1)
1-Octanol's linear chain offers less steric hindrance, solvating
(TEHAH')(X') more effectively than TEHA. (2) 1-Octanol may
stabilise reverse micelles large enough to accommodate acid
and water by reducing the packing parameter of the system.®!
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TEHA's branched chains near its polar head significantly
increase its packing parameter compared to TOA, hindering the
formation of sufficiently large reverse micelles.”® Both
mechanisms suggest favourable interactions among (TEHAH')
(X)), TEHA, and 1-octanol, but further research is needed to
clarify their individual contributions.

3.3. Thermodynamic model development

The aqueous and solid-state species, thermodynamic values,
and interaction parameters of MSA, H,SO,;, and HCI are
already available in the general MSE database of OLI Systems,
Inc.***”%* This aqueous phase chemistry is the first
requirement for calculating a solvent extraction equilibrium.
An accurate description of the chemistry in the organic phase
and its interaction with the aqueous phase is the second, but
the general MSE database of OLI Systems, Inc. only covers
the chemistry of n-dodecane. 1-Octanol, TEHA, and its
conjugated acid (TEHAH') were added to a new OLI-MSE
database that can be used on top of the general database,
and their solution state properties at the standard state of
infinite dilution in water were estimated. Literature and
experimental data (SI Tables S1 and S2) were used to
optimise the standard state thermodynamic values along with
the interaction parameters through fitting procedures.

The solvent extraction database was constructed in several
stages. In each stage, only the thermodynamic values and
interaction parameters that were newly introduced were
optimised. The process began by modelling the extraction of
acids by 1-octanol. Then, the acid - undiluted TEHA
chemistry was modelled, followed by a dilution of TEHA with
an aliphatic diluent. Finally, the data of synergistic systems
were added to the fitting procedure. This stepwise approach
enhances the model's reliability and reduces the risk of
overfitting by ensuring that the optimised parameters are
directly aligned with the experimental data they influence.

1-Octanol does not undergo any chemical reaction in the
solvent extraction systems presented here. Only relevant are
the mutual solubility of 1-octanol and water, the liquid
density, and the weak interaction of 1-octanol with MSA,
H,SO,, and HCIL. An estimation or approximation of its
standard state thermodynamic values thus suffices and can
be found in Table 1. These values were not further optimised
during the fitting procedure. The standard state Gibbs free
energy of formation (AG{) of 1-octanol infinitely diluted in
water could not be found in the literature; instead, that of
the ideal gas was used.”’ The standard state enthalpy of
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formation (AH{) was added as the average of four values
found in the literature.®*®” The standard state heat capacity
(cp) was determined as the average of the two most recent
values found in the literature.®®® The standard state entropy
(5°) was calculated using the following formula:

AGY = AHS-T (s" - Zvﬁ?) 7)
i

where i represents the ith element of 1-octanol in its
standard state and v; is its stoichiometry of that element in
1-octanol.

The UNIQUAC equations are used in the OLI-MSE
framework to represent deviations from ideality due to short-
range chemical interactions.*® These deviations represent the
weak interactions between neutral molecules that govern the
mutual solubility of water and 1-octanol. The entropic
contribution to the UNIQUAC equations requires a size and
surface parameter.”’ These were estimated based on the
UNIFAC method from Hansen et al.”’" Finally, the standard
state molar volume (V9,) was calculated based on the pure
liquid density at 25 °C, while temperature corrections were
also added to represent the density between 5 °C and 85
°C.”” These one-species-specific values can also be found in
Table 1.

The short-range binary interaction parameters (a;; and a;;)
were fitted to data of the mutual solubility with water.****
The variations with temperature were introduced in the
model by a temperature dependence on a; and gj;, expressed
in Kelvin:

a=ap+a,T+aT* (8)

Afterwards, new and literature data on AGrg(acid), volume
changes, organic phase density, and H,O - 1-octanol mutual
solubility were introduced for systems containing MSA,
H,S0, or HCL*" From these 112 data points, short-range
binary interaction parameters between the protonated acid
and 1-octanol and mid-range binary interaction parameters
(b) between acid anions, H;0', and 1-octanol were fitted.
Despite limited data on full organic phase composition,
organic phase density was calculated with acceptable
accuracy, without using binary density parameters. Only
temperature-dependent data for H,SO extraction (25-70 °C)
were available. To avoid overfitting, only a; was used for
temperature corrections, and the values for a;(MSA -
1-octanol) and a;(HCI - 1-octanol) were set equal to a;(H,SO,
- 1-octanol). For the mid-range interaction parameters, an

Table 1 Standard-state properties, molar volume (V,,,), and UNIQUAC size (r) and surface (g) parameters in the thermodynamic model after optimisation

with experimental data

Species AG? AH} S° cg r q Vin

kJ mol* k] mol™* Jmol 'K Jmol *K* L mol™
1-Octanol -120.2 -428.7 289.5 304.8 6.622 5.828 0.1585
TEHA 321.0 -490.8 841.9 765.4 17.15 13.96 0.4329
TEHAH" 268.3 -563.4 838.1 765.4 27.81 28.95 0.4329
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ionic strength (I,) correction (c;, eqn (9)) and a temperature-
dependent term (b,, eqn (9)) were included, with b,(H;0" -
1-octanol) set equal to b;(HSO, - 1-octanol). Table 2 contains
an overview of all interaction parameters and their final
values.

b
b:bo—l—blT—Q—?Z—Q—co-exp(—\/lx—i—O.Ol) (9)

AGrg provides the most direct relation between solvent
extraction and thermodynamics. Fig. 7a compares fitted and
experimental AGrg as a function of feed acid concentration,
while Fig. 7b shows the calculated acid speciation in the
organic phase. The latter is expressed as the ratio of
protonated acid to total acid in the organic phase. The
remaining extracted acid exists as contact- or solvent-shared
ion pairs between H;O" and the acid anion. Since this
speciation cannot be directly measured and no literature data
are available, the prediction may not fully reflect reality.
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Nevertheless, it results from a chemically-constrained, semi-
empirical thermodynamic model that accurately reproduces
acid extraction and water uptake.

A general overview of the thermodynamic model's
performance, as indicated by quality-of-fit (QoF) plots, is
presented in Fig. 8. These plots show the calculated versus
the experimental datapoints, together with the ideal fit line
(dashed grey) that represents a perfect fit of the experimental
data by the thermodynamic model. A linear regression has
been performed on the data.

The overlap of the confidence interval with the ideal fit
line does not give any indication of a lack of fit for all QoF
plots, except for that of (density),. This lack of fit stems from
an underestimation of the (density), in systems with H,SO,.
For the (O/A). QoF plot, the MSA data point around an
experimental (O/A). of 3.0 is excluded from the linear
regression, as it deviates significantly from the other data
points. The initial O/A ratio was always 1.0. Thus, only at a

Table 2 Optimised short- and mid-range binary interaction parameters in the OLI-MSE framework for the acid - TEHA - 1-octanol thermodynamic

model
Short-range® Mid-range
Species ajj aji bijb Cijb dijc
H,0 - 1-octanol (0) 14486 -10453
H,0 - 1-octanol (1) -73.284 70.169
H,0 - 1-octanol (2) 0.11035 -0.10192
H,SO, - 1-octanol (0) -6260.9 -17 469
H,S0, - 1-octanol (1) 3.4568 23.8464
CH,3SO;H - 1-octanol (0) -4209.6 -10303
CH,;SO;H - 1-octanol (1) 3.4568 23.8464
HCI - 1-octanol (0) -891.83 -23932
HCI - 1-octanol (1) 3.4568 23.8464
HSO,” - 1-octanol (1) —6.8648 x 107
S0, - 1-octanol (1) -0.12880
CH;S0;” - 1-octanol (1) -5.1612 x 107
CI” - 1-octanol (1) 3.3911 x 107> —4.2000 x 1072
H;0" - 1-octanol (1) —6.8648 x 107
OH™ - 1-octanol (1) —6.8648 x 107
H,O - TEHA (0) 2803.4 10116
H,0 - TEHAH" (0) 21.741 4619.3
H,S0, - TEHA (0) -5632.7 2184.8 5.7162
CH;SO;H - TEHA (0) -4064.4 2184.8 6.9926
HCI - TEHA (0) -7388.2 2184.8 -14.261
HSO, - TEHAH' (0) -4.6562 x 10
CH,S0;™ - TEHAH" (0) -3.3903 x 10>
Cl” - TEHAH" (0) 1.8526 x 107
S0,>” - TEHA (2) -7583.2
H;0' - TEHA (2) -7583.2
OH™ - TEHA (2) -7583.2
S0,>” - TEHAH" (2) -7583.2
H;0" - TEHAH' (2) -9583.2
OH - TEHAH' (2) -7583.2
n-Dodecane - TEHA (0) -2461.3 1953.3
n-Dodecane - TEHAH' (0) 831.46 -546.00
n-Dodecane - CH3S0;™ (0) 9.6205 -9.2271
n-Dodecane - HSO,™ (0) 12.672 -12.107
n-Dodecane - Cl™ (0) 14.583 -12.199
1-Octanol - TEHA (0) -3348.1 14613.0
1-Octanol - TEHAH" (0) -2076.7 1186.3 7.4452 -11.277

“ Short-range binary interaction parameters: a = a, + ;T + a,T°. * Mid-range binary interaction parameters: b = by + by T + by /T + ¢o - exp( - /T, + 0.01).

¢ Mid-range binary density parameter.

This journal is © The Royal Society of Chemistry 2026
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calculated acid speciation, in solvent extraction systems with undiluted
1-octanol.

substantial change in (O/A)., for systems containing a high
concentration of MSA, an underestimation of the (O/A). is
calculated by the thermodynamic model.

The root mean square error (RMSE) and prediction interval
indicate the expected error range of the thermodynamic model.
With 95% confidence (2 times RMSE), the mean % E is
predicted within +5.1 of the experimental value. This non-zero
error reflects limitations in the model, fitting inaccuracies, and
experimental uncertainty. An experimental error of maximum
+10% E can be expected when combining both instrumental
and random errors. As a result, the +5.1% prediction error
suggests that the thermodynamic model closely reflects reality.
Similarly, the prediction error for (O/A). is +0.06 for
experimental values in a range of 1.00-3.00. For (density),, this
is +0.02 g mL™ for values ranging from 0.80 to 1.30 g mL ™.
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The mutual solubility QoF plot is more difficult to
interpret, since it is shown in a log scale due to the 5 orders
of magnitude difference in the solubility of 1-octanol in
aqueous solution of H,SO, and that of H,O in 1-octanol.
Also, the residuals are not normally distributed, as the
deviations on the mutual solubility data of 1-octanol in
(H,S0,), are significantly larger. This is likely due to the
challenges associated with accurately measuring such low
concentrations of 1-octanol, especially considering that this
solubility was not the primary focus of the original study.*"

TEHA, TEHAH', and their standard state properties were
added to the solvent extraction database following the same
approach used for 1-octanol (Table 1). No direct
thermodynamic data are available for TEHA and TEHAH', so
these values are a rough estimate. AHY, cg, and S° were
estimated using a Benson method.””””> AG{ was calculated
from the estimated AH{ and S° values using eqn (7). The AGY
value of TEHAH" was later fitted to reproduce the pK, value
of TEHA, which is estimated to be 9.3 + 0.5 in water.”® As a
result of this approach, the thermodynamic values of TEHA
and TEHAH' can only be used relative to each other, and
these values should not be used in a broader context. V2, was
calculated from the density of TEHA at 25 °C (0.817 ¢ mL ™).
TEHA's and TEHAH"'s UNIQUAC size and surface parameters
were estimated using a UNIFAC method.”" The following
chemical reaction was added to connect TEHA to TEHAH' in
the thermodynamic model, for mass balance requirements:

TEHAH, + H,0 = TEHA, + H;0. (10)

The OLI-MSE framework cannot handle more than two
liquid phases. Thus, the third-phase formation observed
below 100% L cannot be replicated by this thermodynamic
model. This limitation is expected to have only a small effect
on the performance of the thermodynamic model, as acid
extraction between the aqueous phase and the organic phase
still reaches equilibrium, and the average composition of the
organic phase can be determined experimentally. In the
model, this average composition is used to fit and validate
equilibrium properties such as acid distribution, [H,0],, and
(density),. While third-phase formation may complicate
phase separation in practical applications, it affects the
thermodynamic equilibrium itself only to a minor extent.”®

No data on the solubility of TEHA in water or aqueous
acidic solutions could be found in the literature. Therefore,
the solubility of TOA in water (1.1 x 107" mol L™) and
trioctylmethyl ammonium chloride in 2 mol L™ HCI (0.002
mol L") were used to fit the binary short-range interaction
parameters between TEHA and water, and TEHAH' and
water, respectively.””””® To optimise these interaction
parameters further, new data on the water uptake by
undiluted TEHA in MSA, H,SO,, and HCI solvent extraction
systems were used (SI Table S2). The thermodynamic model
for the system with undiluted TEHA was finalised by fitting
acid distribution data in the form of AGrg, pH, (density),,
(O/A)e, and acid speciation in the organic phase according to

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5re00386e

Open Access Article. Published on 21 October 2025. Downloaded on 6/17/2026 10:28:28 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Reaction Chemistry & Engineering

Calculated %E

100
Y =1.134 + 0.9528*%E EXP g2
RMSE: 2.55
80 R?: 0.984
60 -
40
e H2S04 data
= HCl data
20 ¢ MSA data
—Linear regression
Confidence interval
0+ Prediction interval

T T T

T T T
0 20 40 60 80 100
Experimental %E

Calculated (density)o (g/mL)

Y =0.1332 + 0.8419*X
1.14 RMSE: 0.01
" | R2: 0.987

1.0+

0.9+

0.8+

T T
0.8 0.9 1.0 1.1
Experimental (density)o (g/mL)

View Article Online

Paper

Calculated (0O/A)e

3.0 Y =0.02458 + 0.9782*X

RMSE: 0.03

R2: 0.989
2.5+ Point excluded

from fit
2.04
1.5
1.0
T T T T T
1.0 1..5 2.0 2.5 3.0

Experimental (0/A)e

log(calc. mutual solubility) (mole fraction)
0_
Y =-0.02303 + 0.9691*X

RMSE: 0.17
-1 R2: 0.991
-2
-3
-4
'. e 1-octanol in (H2504)a
5 A 1-octanol in water

v v Water in 1-octanol

T T T
-5 -4 -3 -2 -1 0
log(exp. mutual solubility) (mole fraction)

Fig. 8 Quality of fit graphs for 1-octanol data. Statistical intervals are given with 95% confidence. The dashed grey line represents the ideal fit.

the extraction mechanism presented above. 98 data points on
systems with undiluted TEHA were used in total. This way,
the effects of acid type and concentration at 25 °C were
incorporated into the thermodynamic model by also
optimising binary short-range and mid-range interaction
parameters between molecular acid and TEHAH', and density
parameters between acid anions and TEHAH' (Table 2). Large
repulsive binary mid-range interaction parameters (b,) were
added for H,O", OH, and SO,> interactions with TEHA/
TEHAH' to avoid the distribution of dissociated acid without
reaction with TEHA and to limit the extraction of H,SO, to
the formation of (TEHAH')(HSO, ), and (H,SO,),. This is
customary practice in the OLI-MSE thermodynamic
framework when no data are available on the very low
distribution of a species between an aqueous phase and a
solvent. The absence of SO,>” in the organic phase seems
logical, as this higher-charged species is more difficult to
stabilise than HSO, in apolar media. Also, the short-range
size and surface parameters of TEHAH' and its S° values

This journal is © The Royal Society of Chemistry 2026
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Fig. 9 Model fit of AGrr and the calculated speciation of MSA
extracted by undiluted TEHA.
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Fig. 10 Quality of fit graphs for undiluted TEHA data. Statistical intervals are given with 95% confidence. The dashed grey line represents the ideal fit.

were optimised to improve the performance of the
thermodynamic model (Table 1).

The thermodynamic model can fit both AGrr and the
speciation change at 100% L of undiluted TEHA (Fig. 9). This
clear match between model and experiments is not direct
evidence for the proposed extraction mechanism (eqn (3) and
(4)), as the mechanism is an input for building the model.
Nevertheless, the proposed extraction mechanism is
chemically feasible according to the model, on top of the
experimental evidence provided for the extraction mechanism
above.

The QoF graphs for the undiluted TEHA part of the
thermodynamic model (Fig. 10) show no lack of fit for the %
E and density. Most data points for (O/A). show a good fit.
Only at the highest (O/A). data points in systems containing
MSA, the thermodynamic model slightly underestimates the
experimentally observed (O/A). values. This is also observed
for MSA - 1-octanol systems (Fig. 8). This discrepancy may be
related to an underestimation of the water content in the

246 | React. Chem. Eng., 2026, 11, 234-253

organic phase under these conditions, but the limited
number of data points for [H,O], limits the significance of
this result.

A mean % E value can be calculated within an interval of
8.6 (95% confidence) based on two times the RMSE
(Fig. 10). This is again lower than the 10% E threshold, but
higher than for the 1-octanol systems (Fig. 8). The error
margin on (O/A). of 0.18 indicates that the volume changes
can be calculated within a relative error of +20% for (O/A).
values of 1, which decreases further with increasing (O/A).
values. The underestimated values for the MSA system above
an (O/A). of 1.8 broaden the RMSE. Without these four data
points, the RMSE lowers to 0.06. A very narrow prediction
interval for (density), is again observed, while that for [H,0],
is rather broad. The experimental error on the water content
determined by a Karl Fischer titration is expected to be quite
significant, certainly due to the very high acidity of the
samples. Although imidazole was used to neutralise this
acidity, the residual effects may have compromised the

This journal is © The Royal Society of Chemistry 2026
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Fig. 11 Model fit of H,SO, and HCL extraction by 43 vol% TEHA
diluted in n-dodecane.*’

accuracy of the measurements. This error likely explains
much of the deviation observed in the [H,O], QoF plot. Based
on the QoF plots, it does not seem that the larger deviations
between calculated and measured [H,0], negatively impact
the model accuracy regarding acid extraction.

74 data points from the literature and new experiments
with TEHA and an aliphatic diluent (SI Table S1) were added
to the fitting procedure. For the fitting procedure,
n-dodecane was added as a model diluent for this group. The
interaction parameters of TEHA and its protonated ion with
the acid and acid ions were not further optimised. Only the
temperature dependence was fitted by optimising the S° of
TEHAH', since this was the first time that temperature-
dependent data with TEHA were introduced.

The fit was further improved by introducing short-range
binary interactions between n-dodecane and TEHA/TEHAH',
and mid-range interaction parameters between n-dodecane
and acid anions (Table 2). Both ionic strength independent
(bo, eqn (8)) and dependent (¢, eqn (8)) contributions were
required to fit the solubility of the acids in n-dodecane and
the (de) stabilisation of the acids by n-dodecane with
different concentrations of TEHA. Data on the solubility of
mineral acids in n-dodecane are scarce, probably due to the
difficulties in measuring such low solubilities in apolar
solvents. Only one value for HCI (0.142 mol L™V, the most
soluble acid, could be found in the literature.”” A fitted
solubility of 0.196 mol L™" was obtained when optimising this
data point at 20 °C in equilibrium with HCI gas, together
with the other data. Due to the lack of a value for the
solubility of H,SO, and MSA in n-dodecane, their calculated
solubilities were kept below that of HCI.

Only acid extraction data were available for the systems
with diluted TEHA. No volume changes were recorded in the
literature, and they were too small to measure in the new

This journal is © The Royal Society of Chemistry 2026
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Fig. 12 Quality of fit graph for diluted TEHA data. Statistical intervals
are given with 95% confidence. The dashed grey line represents the
ideal fit.

experiments. Also, no (density), and [H,O], data are available
because little deviations from an ideal molar volume and a
low water uptake are expected due to the presence of the
apolar solvent. The current extension of the thermodynamic
model builds further upon the model for undiluted TEHA,
which is fitted to (O/A)., (density), and [H,O], data.

The exothermic nature of acid extraction by amine
extractants allows for improved stripping efficiencies of the
acid by increasing the temperature.'*” This is especially
interesting, as there are few tools to tweak the distribution
for the extraction and stripping steps when the goal is to
recover the acid directly rather than neutralising it first. Apart
from the temperature effect, only dilution can be used to
extract and strip significant or quantitative amounts of acid.
The temperature effect is clearly visible for the extraction of
HCI and H,SO, by 43 vol% TEHA in n-dodecane, as shown in
both the experimental data and the fitted curves (Fig. 11).
This translates to an average decrease of 15 + 4% E. No
temperature-dependent data were available for MSA; however,
the fitting results shown in Fig. 11 were obtained by
optimising only S°(TEHAH'). Since the thermodynamic
model did not incorporate specific parameters for H,SO, or
HCI, there is no reason to expect that the temperature effect
for MSA would be calculated less accurately.

At the 95% significance level, there is no indication of a
lack of fit of % E, except at the highest % E values (Fig. 12).
However, this lack of fit coincides with very few data points
and is evident due to a very narrow confidence interval. Any
calculated % E is still expected to be within +4.9% E based
on two times the RMSE values (95% confidence). This is a
quite narrow prediction interval, compared to the tolerable
error of +10% E related to the plausible errors on the
experimental data.

Finally, 239 data points for the synergistic system with
both 1-octanol and TEHA were introduced to the fitting
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procedure (SI Table S1). This includes both data for systems
with and without an aliphatic diluent, mainly with feeds
containing MSA or H,SO,. The number of data points clearly
shows that the synergistic system is more popular in the
literature, which is not surprising given its improved
performance for the extraction step of a solvent extraction
process. One of the downsides of this synergistic system is its
reduced stripping efficiency, which tends to decrease as
extraction efficiency increases.

The interaction parameters already included in the model
did not yield an accurate prediction of acid extraction by the
synergistic system (Fig. 13, top). The absence of direct binary
interactions between 1-octanol and TEHA causes an
underestimation of % E, indicating that there is some
favourable interaction between 1-octanol and TEHA, enhancing
the acid extraction. This observation matches the explanation of
synergy in the amine-alcohol systems as described in the solvent
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Fig. 13 Quality of fit graph for % E data of the synergistic system before
(top) and after (bottom) optimisation. Statistical intervals are given with
95% confidence. The dashed grey line represents the ideal fit.
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extraction mechanism section above (§4.2). Therefore, short-
and mid-range binary interaction parameters were introduced
between 1-octanol and TEHA/TEHAH' (Table 2).

The short-range interaction parameters are embedded in
the UNIQUAC equation, which governs the local composition
around a species.*® This can be roughly correlated to their
first coordination sphere. These parameters are non-
symmetrical, meaning that the interaction energy a; is not
equal to @j;. Thus, the interaction of a central species i with
surrounding species j is not equal to the interaction of
central species j with surrounding species i. a;; and a;; often
have the same sign, ie., they are both positive for non-
miscible species and negative when both species mix well.
Values with opposite signs are fitted for a;; and a;; between
1-octanol and TEHA/TEHAH' (Table 2), underpinning the
complex underlying chemical interactions. The negative a;
values suggest that 1-octanol likes to be surrounded by TEHA
and TEHAH', while TEHAH" and certainly TEHA do not want
much 1-octanol in their direct vicinity. Overall, a net negative
short-range interaction between 1-octanol and TEHAH'
improves the extraction of acid in synergistic systems. The
mid-range parameters account for non-ideal chemical
interactions between neutral molecules and ions, or between,
within and beyond the first coordination sphere. These were
required between 1-octanol and TEHAH' to achieve a good
fit, suggesting that 1-octanol influences the stability of
(TEHAH')(X") in the outer spheres of the complex or the
reverse micelles.”®®°

The QoF graph improves significantly when interactions
between TEHA and 1-octanol are included in the
thermodynamic model (Fig. 13, bottom). Now, there is only the
slightest indication of a lack of fit at low and high % E, which

AGrg(HX) (kJ mol)

6 - -
o 1 mol L 43% TEHA
MSA; (o) 20% 1-octanol (<)
4 i 40% 1-octanol (0O)
57% 1-octanol (A)
2 | : 0
o A
A
0 Jd -
(o)
oo
(m]
A
A
0 25 50 75 100 O 1 2 3

[TEHA], (vol%) [H,SO,]¢ (mol L")

Fig. 14 Model fit (lines) of MSA and H,SO, extraction mixtures of
TEHA and 1-octanol (left) and 43 vol% TEHA in mixtures of 1-octanol
and n-dodecane (right).**2
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originates rather from the very narrow confidence interval than
from any problematic discrepancy between the model
calculation and the data. A newly measured % E is expected to
fall within an interval of +7.5 with a 95% confidence (2 times
RMSE).

The synergistic effect is clearly visible in the calculated
extraction of 1 mol L' MSA by a mixture of TEHA and
1-octanol with varying concentrations measured by Kwok
et al. (Fig. 14, left)."* The distribution of MSA at 50 vol%
TEHA is, with its -2 k] mol™", more than 6 k] mol™ more
efficient than that at 100 vol% 1-octanol or 100 vol% TEHA.
Also for H,SO, systems, the AGrg is calculated significantly
lower when n-dodecane is exchanged for 1-octanol at 43 vol%
TEHA (Fig. 14, right).*?

Fig. 15 gives an overview of the accuracy for the whole
thermodynamic model and shows no evidence of a lack of fit
for % E. The error on the mean % E is +6.8 (95% confidence,
two times RMSE), showing that the extraction of MSA, H,SO,,
and HCI by single extractant and synergistic systems can be
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calculated with a confidence that falls in line with that of
experimental data. The broadest distribution of residuals on
% E is found for the TEHA-1-octanol (synergistic) system,
likely due to its extensive coverage in the literature by
multiple authors. This broad dataset increases the likelihood
of systematic deviations within certain subsets of the data.
For comparison, previously published thermodynamic
models for acid extraction in solvent extraction systems have
reported deviations between predicted and experimental
values ranging from +6% to +21.3%.5%%!

When all data is consolidated in one QoF graph, the
thermodynamic model still slightly underestimates the
highest values of (O/A). and (density), (Fig. 15). There are
only a few data points available in this region, limited to
systems with undiluted TEHA or undiluted 1-octanol at very
high acid concentrations in the feed (>6.5 mol L™"). Although
this reduces the accuracy of the analysis in that region, it is
of limited relevance for solvent extraction applications due to
mutual solubility issues and higher viscosities. Below these
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Fig. 15 Quality of fit graph for all data. Statistical intervals are given with 95% confidence. The dashed grey line represents the ideal fit.
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extremities of high acid concentrations and undiluted TEHA
or 1-octanol, no lack of fit is observed. Overall, the prediction
interval is narrow with an error on the mean (O/A), of +0.12
and on (density), of +0.02 g mL™". Both are given with 95%
confidence, calculated using RMSE.

The underestimation in the (O/A)e and (density)o QoF plots
likely stems from the model undercalculating [H,O], in this
region. The overall QoF graph for [H,O], shows significantly
more deviation than the QoF graphs for the other aspects of the
equilibrium (Fig. 15). Experimental measurement difficulties
and limitations of the OLI-MSE framework contribute to these
increased residuals and some lack of fit. Measuring [H,O],
accurately is challenging due to the complexity of the organic
phase, possible interference from co-extracted acid, and
difficulties with avoiding environmental water during the whole
measurement. Additionally, the framework is designed for
homogeneous phases and cannot accurately capture the effect
of reverse micelle formation in solvent extraction systems.*” As
a result, fitted interaction parameters may lack physical
meaning. One example of this lack of physical meaning might
be the use of mid-range interaction parameters between
1-octanol and TEHAH', on top of short-range interactions
between these species (Table 2).

This study indicates that homogeneous-phase models can
still accurately describe solvent extraction systems when the
aggregation behaviour is relatively simple. Such aggregation
behaviour could be the formation of spherical reverse micelles
of constant size or cylindrical reverse micelles that vary only in
length. In such scenarios, the interaction energies in the actual
system and the corresponding interaction parameters in the
thermodynamic model would be constant, even as the
composition of the organic phases changes. Only the number of
spherical reverse micelles or the length of cylindrical ones
would vary, but that is captured by the mole fraction
dependencies in  the thermodynamic  frameworks.”®
Consequently, incorporating aggregation behaviour in a semi-
empirical MSE framework does not appear necessary to develop
a predictive thermodynamic model for solvent extraction
equilibria.

3.4. Thermodynamic model validation

The number of subsystems and variables in these subsystems
complicates the division of the limited data available for the
fitting procedure into training and validation datasets.
Additionally, validating with data under the same conditions
as the training set only tests the model's interpolation ability.
Thermodynamic models that can extrapolate, or predictive
models, are more useful for designing and optimising solvent
extraction flowsheets. Hence, an experiment outside the
training conditions was performed. This focuses on H,SO,
recovery from aqueous streams containing NiSO, by 40 vol%
TEHA in 1-octanol, a system representative of industrial
hydrometallurgical processes.*

Due to the absence of coordinating anions at the process
conditions, no Ni(i) was extracted by TEHA and 1-octanol.
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Fig. 16 Validation calculation (line) of experimental data (markers) on H,SO4
recovery from NiSO, solutions by 40 vol% TEHA in 1-octanol at 25 °C.

This was visually confirmed by the organic phase remaining
completely colourless, while the aqueous phase was still dark
green. Only a slight increase in experimental D(H,SO,) was
observed with increasing NiSO, concentration (Fig. 16 and SI
Table S2). Although the salting-out effect would enhance
extraction,®” this is likely offset by a reduced [H;O]
concentration due to SO,>  protonation from NiSO,. The
model predicts a slightly stronger increase in D(H,SO,), but
calculated and experimental values remain close.

Fig. 17 provides a more quantitative comparison, showing
the 95% prediction interval and RMSE to evaluate the
model's predictive accuracy. The ideal fit line falls within the
prediction interval, showing no significant deviation between
a new experiment and its prediction by the thermodynamic
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100
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Fig. 17 Quality of fit graph for validation data. Statistical intervals are
given with 95% confidence. The dashed grey line represents the ideal fit.
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model, even when more representative hydrometallurgical
streams with dissolved (leached) salts are used. The RMSE
suggests a prediction error of +5.3% E (95% confidence),
well within the acceptable experimental error interval of
+10%.

4. Conclusions

This study demonstrates the development of a predictive
thermodynamic model for the solvent extraction of H,SOy,
HCI, and MSA using TEHA, 1-octanol, and their mixtures.
The model, built within the OLI-MSE framework, integrates
both literature and newly acquired experimental data to
describe the complex equilibria and interactions in these
systems. The extraction mechanism was investigated through
FTIR spectroscopy and thermodynamic modelling. It involves
reactive extraction by protonation of TEHA and non-reactive
acid extraction above an equimolar ratio of HX:TEHA. The
synergistic behaviour of TEHA and 1-octanol was investigated
and mechanistically explained, with 1-octanol acting as both
a phase modifier and a stabiliser of extractant-acid
complexes. The model accurately reproduces acid
distribution ratios, extraction efficiencies, liquid densities,
and water uptake across a broad range of conditions.
Furthermore, it reproduces synergistic effects by
incorporating binary interaction energy parameters between
TEHA and 1-octanol. Validation with recovery of H,SO, from
NiSO,-containing feeds confirms its applicability to more
realistic hydrometallurgical processes. The thermodynamic
model retains its predictive accuracy despite not explicitly
accounting for inverse micelle formation, which has been
reported in the investigated solvent extraction systems. This
outcome suggests that either such micelles are not
significantly present under the studied conditions, or their
effects are sufficiently captured through the existing semi-
empirical framework without requiring an explicit
description.
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