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Methanesulfonic acid (MSA) is a promising reagent for hydrometallurgy, but the fundamental chemistry
of methanesulfonate salts remains largely underexplored. Given the important role of nickel in cathode-
active materials of lithium-ion batteries, the solubility of nickel(n) methanesulfonate and the influence of
MSA on the solubility of this salt were studied. Solid—liquid equilibria of Ni(CH3SO3),—H,O—-MSA systems
were investigated by the isothermal solubility method, followed by water activity and density measure-
ments on the saturated aqueous solutions. Solid phases of different hydrates were formed and identified
by thermogravimetric analysis and single-crystal X-ray diffraction, showing the presence of three
hydrates: Ni(CH3SOz3),-2H,0, Ni(CH3SO3),-6H,O and Ni(CH3SOs),-12H,0. The solubility behavior of
nickel(n) methanesulfonate in mixtures of MSA and H,O shows a decrease in solubility with increasing
acid concentration, reaching a minimum at 95 wt% MSA. Experimental data were obtained over a wide
range of Ni(CH3SOs3), and MSA concentrations at different temperatures and used to build a thermody-
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Thermodynamic properties of the different hydrates and interaction parameters for the aqueous phase
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Introduction

Hydrometallurgical flowsheets for metal recovery typically
focus on conventional acids such as sulfuric acid and hydro-
chloric acid, as both systems are well-established, highly reli-
able, and widely used in the industry."™ However, these acids
have several inherent shortcomings, such as corrosivity and
poor solubility of certain metals, that could be mitigated by
using an alternative acid.*’

A promising alternative acid for hydrometallurgy is metha-
nesulfonic acid (MSA, CH3SO;3H). This acid has long seen only
limited industrial applications and research interest in hydro-
metallurgy, which is therefore a lesser known reagent. MSA and
its advantages were first presented by Gernon et al. (1999).°
These authors demonstrated the useful properties of MSA as a
replacement for HBF, and H,SiF, in electrochemical applica-
tions. Unlike other organic acids, MSA is a very strong acid
(pKs = —1.9). It has a good chemical and electrochemical
stability, and is only weakly oxidizing. Its environmental impact
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is considered low due to its biodegradability and low toxicity,
and hence it is considered as a green acid. In addition to these
advantages, another remarkable property is the high solubility
of some methanesulfonate salts compared to the corres-
ponding salts of other acids. Consequently, MSA has experi-
enced a recent surge in research interest in the field of
hydrometallurgy."* Despite its extensive use in organic synth-
esis and the tin plating industry, the chemistry of methanesul-
fonate salts remains insufficiently explored. Therefore, deeper
study on the chemistry of these systems would facilitate the
application of MSA in hydrometallurgy, particularly in solvent
extraction and leaching processes.

Further optimization of this MSA-based processes is
required, which is often a demanding task due to the many
parameters involved.® Use of a computational model could
reduce the required time and resources, as less experimental
work is necessary and the effect of various flowsheet config-
urations and process parameters can rapidly be assessed.
Building and using these models can also provide a better view
and understanding of the chemistry and interactions in these
systems. Accurate and predictive models are crucial and they
should be capable to handle the increasing complexity of
mixed-solvent systems with various species and deviations from
thermodynamically ideal behavior.”™°
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Various modeling approaches exist, each with their distinct
strengths and limitations. The simplest models are empirical
and are based solely on experimental data to which arbitrary
mathematical functions are fitted. Empirical models lack
chemical insight and have limited accuracy and predictive
power outside the range of experimental conditions."™"
Chemistry-based models incorporate chemical reaction equili-
bria and generally use concentrations as variables. The latter
can be inadequate for systems showing non-ideal thermody-
namic behavior, which is the case for highly concentrated
electrolyte solutions or high loadings of the organic phase in
solvent extraction processes. Therefore, effective concentra-
tions, or activities, should be used. Neglecting activity correc-
tions not only leads to the introduction of fictitious species in a
model, but also results in significant errors in the calculation of
solubilities and distribution ratios. This outcome should be
avoided to enhance the model’s ability to provide meaningful
insights and reliable predictions. Semi-empirical models com-
bine a chemical foundation with a theoretical framework, in
which adjustable interaction parameters are optimized through
regression of activity equations against experimental data.
These models require a robust thermodynamic framework
capable of handling the complexity of the system to ensure
sufficient accuracy and predictability. To construct such
models, relevant data must be obtained from experimental
studies of the systems in question. For the model to perform
well, it must accurately represent the chemistry of these sys-
tems. In contrast, purely theoretical models are based on first
principles, fundamental physical laws and statistical thermo-
dynamics. However, their practical application in hydrometal-
lurgical processes is constrained by the high computational
Costs.11,13,14

The currently available thermodynamic models for the
Ni(CH;3S03),-MSA-H,0 system have several shortcoming that
hamper their application in hydrometallurgy.'>'® First, they are
not able to calculate mass density of the solutions, although
knowledge of the density is essential for the conversion of
mass- and mole-based units in the thermodynamic framework
to the volumetric units typically used in hydrometallurgy.
Secondly, incorporating the acid-base equilibrium of MSA in
the model would allow to calculate the behavior of more
concentrated MSA solutions and to improve the reliability of
the model over the whole MSA concentration range.'”"® Third,
a model using the Gibbs free energy of formation, enthalpy
of formation and the entropy would have a more sound
thermodynamic basis compared to models using temper-
ature-corrected equilibrium constants.

This study employs a semi-empirical thermodynamic model
based on the OLI mixed-solvent electrolyte (OLI-MSE) thermo-
dynamic framework."®° This type of model has successfully
been applied to model solvent extraction processes of relevance
for hydrometallurgy.”"** The successful development of ther-
modynamic models for other acids demonstrates the feasibility
of extending this approach to MSA, whose inclusion could
provide substantial advantages in accurately describing the
system.®
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To construct the model, experimental data on metal-H,0-
MSA systems are required. Although only limited experimental
data are available as yet, Belova et al. have reported solubility
and phase diagram data for several metal methanesulfonate
salt-water systems (e.g. Zn, Cu, Co, Mn, Ni) in water up to 44 °C,
with some limited extension to H,O-MSA systems.'>'®?>372¢
However, a more extensive characterization of MSA salt chem-
istry in MSA-containing systems over the whole MSA-H,O
concentration range is required to understand and calculate
MSA-based systems in the context of hydrometallurgy. Our
study aims to investigate the Ni(CH;3SOj3),-MSA-H,0 systems
over a broad range of temperatures and concentrations. To
provide a comprehensive description of the equilibrium beha-
vior, we include isothermal solubility measurements as well as
determinations of water activity, density, precipitate speciation
and water content. In addition, literature data reported by
Belova et al. are incorporated to complement and validate our
findings.">"®

The focus is on nickel due to its relevance in battery-related
hydrometallurgical flowsheets. The aqueous chemistry of
Ni(CH3S0;3),-H,O-MSA systems was investigated, as these
experimental data are essential for developing a thermody-
namic model that incorporate the aqueous Ni(CH3S03),-MSA
chemistry and interactions, enabling the calculation of solid-
liquid equilibria and aqueous chemistry of Ni(CH;3SO;), sys-
tems. This will be the foundation for later thermodynamic
models to be used to describe solvent extraction of transition
metals from MSA media. The software used for this thermo-
dynamic model is provided by OLI Systems, which employs the
OLI-MSE thermodynamic framework. The constructed model is
a semi-empirical model that uses experimental data and the
theoretical framework to optimize interaction parameters and
thermodynamic properties. This method, from experimental
setup to the modeling procedure, can be extended to battery
metals other than nickel.

The goal of this study is to generate experimental data for
the Ni(CH3S0;3),-MSA-H,0 system and use it to develop a
robust semi-empirical thermodynamic model within the OLI-
MSE framework. This includes a detailed investigation of solid-
liquid equilibria and aqueous speciation, which are essential
for accurately describing the system’s behavior. The resulting
model will serve as a foundation for future modeling of solvent
extraction processes involving nickel and other battery-relevant
metals in MSA-based media.

Experimental
Chemicals

Nitric acid (68-70%) and nickel(u) oxide (NiO, general purpose
grade) were purchased from Fisher Scientific (Merelbeke,
Belgium). Methanesulfonic acid (99.5%) was purchased from
Carl Roth GmbH (Karlsruhe, Germany). Imidazole (99%) was
obtained from Acros Organics (Geel, Belgium). The ICP stan-
dards of nickel, cobalt and manganese (each 1000 mg L™ " in 3-
5% HNO;), were obtained from ChemLab (Zedelgem, Belgium).
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All chemicals were used as received, without any further
purification. Ultrapure water was used, prepared by a Merck
Millipore Milli-Q® Reference A+ system, deionized to a con-
ductivity of less than 18.2 MQ cm at 298.15 K.

Nickel(n) methanesulfonate was synthesized by reaction of
nickel(u) oxide with MSA in water (eqn (1)).>” A twofold excess of
the oxide was used to ensure prevent contamination of the final
product with unreacted MSA.

NiOg) + 2CH3SO;3H(aq) = Ni(CH3503)5aq) + H:O (1)

This reaction was magnetically stirred overnight at 500 rpm
at a temperature of 70 °C. The mixture was filtered twice using a
Biichner filter and glass fiber filtration paper (pore size:
1.6 um), ensuring removal of all NiO residues. Subsequently,
water was evaporated from the aqueous solution using a rotary
evaporator, at a final pressure below 1 mbar. Then, the contents
of the flask were further dried on a Schlenk line overnight
under vacuum at 70 °C. The final product was a pale green salt,
which was characterized by TGA and ICP-OES analysis (see
Results and discussion) to determine the degree of hydration.
The compound was identified as the dihydrate, Ni(CH;SO3),-
2H,0.

Isothermal solubility method

To determine the solubilities of different systems, an isother-
mal solubility method was used. Stock aqueous solutions of 0,
10, 30, 50, 70, 80, 85, 90, 95 and 100 wt% MSA were prepared
and aliquots (5 mL) were added to 20 mL glass vials. These were
subsequently saturated with synthesized Ni(CH3S03), salt, by
addition of a weighed excess of Ni(CH;SOj3), under magnetic
stirring. The samples were stirred isothermally at 500 rpm at
the targeted temperature (25, 50 or 70 °C) in an aluminum
heating block with a temperature uncertainty of +0.5 °C. The
stirring was stopped after 48 hours, and the solution was left to
stand for an additional 48 hours to ensure that equilibrium was
attained and the phases well separated.”®*° The supernatant
was then sampled for ICP-OES analysis to measure the nickel
concentration. The saturated samples were carefully separated
for further individual analysis. For the liquid phase, density,
water activity and water content of the liquid samples were
measured, while for the solid phase the number of water
molecules of hydration were determined. To assess the experi-
mental uncertainty, triplicate measurements were performed
for samples at 25 °C. Subsequent experiments at elevated
temperatures were conducted without replication.

Aqueous chemistry experiments

To obtain data on the water activity, density and viscosity below
saturation level, samples were prepared with varying concen-
trations of Ni(CH;3SO;),, all below the saturation level deter-
mined during the saturation experiments. Again, the MSA
concentration (0 to 50 wt% MSA) was varied and analysis was
executed at two temperatures (25 and 50 °C). The solubility of
Ni(CH;3S03), in solutions containing more than 50 wt% MSA is
too low to justify additional experiments below saturation level,

This journal is © the Owner Societies 2026

View Article Online

Paper

as they would not yield new useful data beyond what was
already obtained through the isothermal solubility method.
Different Ni(CH3S0;3), concentrations were used, depending
on the maximum solubility at a specified MSA concentration,
from 0.2 to 2 mol L™". The samples were stirred at 500 rpm at
room temperature for 2 hours prior to the measurements. After
all the measurements at 25 °C had been executed, the samples
were stirred for another 2 hours at 50 °C before analysis. ICP-
OES analysis was used to determine the exact nickel concen-
tration in solution.

Chemical analysis of liquid phase - ICP-OES

Metal concentrations were determined by inductively coupled
plasma-optical emission spectroscopy (ICP-OES) using a Per-
kinElmer Avio 500 spectrometer, equipped with an axial/radial
dual plasma view, a GemCone High Solids nebulizer, a baffled
cyclonic spray chamber, and a demountable quartz torch
featuring a 2.0 mm internal diameter alumina injector. Sam-
ples, calibrations and quality checks were all diluted with 2
vol% HNO; and all ICP-OES spectra were measured in tripli-
cate. The error on the triplicate measurements was less than
5%. Calibration curves were constructed using solutions con-
taining 0.1, 0.5, 1, 3, 6, 9 ppm of nickel. Additional quality
checks, using a blank sample and a 2 ppm nickel solution, were
added after 10 samples to verify the instrument’s performance
during the measurement. Cobalt (5 ppm) was used as an
internal standard and added to all samples, calibration stan-
dards and quality checks.

Water activity - Density/viscosity — Karl Fischer analysis

For the saturation samples, water activity, density/viscosity and
water content could be determined only for the samples at
25 °C. At higher temperatures, precipitation occurred upon
cooling of the samples during handling, resulting in inaccurate
measurements. Below saturation, density/viscosity and water
activity of the aqueous samples were measured at 25 and 50 °C.

The water activity (a,,) of the aqueous phase was measured
using a water activity meter (AQUALAB TDL by METER). Cali-
bration was performed prior to each measurement using
AQUALAB’s own standards, with water activities ranging from
0.250 to 1.000. Approximately 5 mL of the sample was placed in
a sample cup inside the instrument’s chamber to measure its
water activity from the vapor above the liquid surface at the
desired temperature.

Densities and viscosities of the solutions were measured
using an Anton Paar DMA 4500M densitometer. The density
was measured by injecting 1 mL of the liquid in the density
chamber at the desired temperature, up until 50 °C. Simulta-
neously, the viscosity was determined in the capillary chamber
based on Hoeppler’s falling-ball principle.

The water content of the saturation samples was measured
using a METTLER TOLEDO V30S volumetric Karl Fischer
titrator with HYDRANAL™ - composite 5 titrant. Acidic
samples cannot be measured directly by the Karl Fischer
method. Therefore, the MSA was neutralized by addition of
an excess (2 g) of imidazole to the titration vessel. Samples
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(0.05 to 0.5 mL) were directly injected in the titration vessel to
determine the water content.

Thermal analysis

The synthesized salt was measured by thermogravimetric ana-
lysis (TGA) on a TA Instruments TGA Q500 thermogravimeter to
determine its hydration state. Where possible, solid phases
from the isothermal solubility experiments were analyzed by
TGA to determine the hydrates present.

Differential scanning calorimetry (DSC) was performed with
a METTLER TOLEDO DSC 1 instrument to determine the
specific heat capacity (Cp) of the three hydrates. The hydrates
were stored in sealed vials to prevent exposure to a changing
ambient humidity and to avoid changes in hydration. The
ASTM E1269-11 sapphire method was used for C, determina-
tion, according to the standard method, by measuring a blank,
a sapphire standard and the sample itself. DSC calibration was
performed with indium and zinc standards to ensure correct
enthalpy and temperature measurements. Standard aluminum
40 pL pans with lid were used, and all measurements and
calibrations were performed under a 30 mL min~' helium
atmosphere. The solids were slightly pressed into the pan using
a Teflon stamper to ensure good thermal contact with the
bottom of the aluminum pan, while minimizing any risk of
altering the hydration state.

Powder X-ray diffraction

The synthesized salt was characterized by a powder X-ray
diffraction (XRD) analysis, performed on a Bruker D2 phaser
Diffractometer with Cu-Ka radiation (30 kV, 10 maA, step size of
0.05° a counting time of 0.5 s per step in the measurement
range 20 between 7 and 50° 20). Data processing was done with
the Bruker DIFFRAC.EVA software.

Single-crystal X-ray crystallography

A good quality single crystal was obtained in the 0 wt% MSA
sample and the X-ray diffraction data were collected at 21(2) °C
on an Agilent SuperNova diffractometer with Eos CCD detector
using MoKa radiation. Crystal data, data collection parameters
and refinement statistics are given in the SI (see SI single-
crystal X-ray crystallography and Table S2). The CCDC deposi-
tion number is 2484546.

Microcalorimetry

Microcalorimetric measurements were conducted using a TA
Instruments Thermal Activity Monitor (TAM) IV microcalori-
meter equipped with a SolCal module for the determination of
dissolution enthalpy. For each experiment, 300 mg of salt was
placed into a stainless steel sample holder, which was sealed
using two thin glass windows, also called the crushing
ampoule. This ampoule was then inserted into a 100 mL SolCal
reaction vessel filled with water. The vessel, which is integrated
with thermistors and calibration heaters, is connected to the
calorimeter. At the base of the vessel, a sapphire tip is posi-
tioned to crush the ampoule during the experiment, but the
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ampoule remains suspended above the tip until the dissolution
step is initiated.

The assembled module was placed into the thermostat, and
thermal equilibrium was achieved after approximately 40 min-
utes, indicated by a stable baseline signal. The experimental
procedure starts with a pre-calibration step, wherein a con-
trolled amount of heat, comparable to the expected heat of
dissolution, was applied. Following each section, a 5-minute
pause took place to re-stabilize the baseline. The dissolution
enthalpy was then measured by mechanically breaking the
ampoule, initiating the reaction. Subsequently, a post-
calibration was performed. The enthalpy of dissolution was
calculated by integrating the temperature signal over time. The
enthalpy value derived from the post-calibration was used for
analysis, as it offers improved accuracy due to the similarity in
conditions between the dissolution and calibration phases.

Thermodynamic modeling

The MSE framework (version 12) by OLI Systems Inc. (Parsip-
pany NJ, USA) was used to build the thermodynamic model for
the solid-liquid equilibria and aqueous chemistry of
Ni(CH;3S0;), in MSA-water systems. The software packages
OLI Studio 12, OLI Databook 12, and OLI Chemistry Wizard
12 of OLI Systems Inc. were used.

Standard Gibbs free energies are insufficient to describe the
thermodynamic properties of solutions at high concentrations
or high ionic strengths. Deviations from ideal behavior are
captured by the excess Gibbs free energy term, which consists
of three contributions corresponding to interactions occurring
at different distances: short-range (SR), medium-range (MR),
and long-range (LR) interactions (see eqn (2)):"’

6™ _ ok
RT RT

Gyik
RT

EX
GLR

+ RT (2)

where R represents the universal gas constant (8.314472(15)
J K ' mol ) and T is the absolute temperature in Kelvin. These
interaction terms consist of activity equations that include
interaction parameters, which are optimized by fitting them
to experimental data. These terms represent different binary
interactions between species present in the system. For the
solid-liquid equilibria studied here, the MR and LR interac-
tions contribute the most. The SR interactions use the local-
composition-based Universal Quasi Chemical (UNIQUAC) fra-
mework, where binary interaction parameters between species
are used, in addition to size and surface parameters. This
framework is capable of incorporating interactions between
neutral species but fails to deal with electrolytes."> A more
elaborate discussion on the other two interactions is particu-
larly important here, as the species involved are ions or charged
species.

The long-range electrostatic interaction parameters are
represented by an extension of the Debye-Hiickel equation,
proposed by Pitzer.*° This term depends on the charges present
in solution, and therefore on the ionic strength and dielectric
constant of the solution. The dielectric constants of solutions
are calculated in OLI, based on a framework that incorporates

This journal is © the Owner Societies 2026
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the dielectric constant of the pure solvent adjusted for mixing
and ionic strength effects.">*" Therefore, no additional inter-
action parameter optimization is required.

The mid-range interaction term is described by a symme-
trical second virial coefficient-type equation and is used for ion/
ion and ion/neutral interactions not included in the long-range
interactions, particularly at higher ionic strengths.™ This term
uses ionic-strength-independent (b;) and ionic-strength-
dependent (c;) binary interaction parameters between species
i and j to describe interactions at higher ionic strengths.

These interaction parameters are calculated by fitting the
activity equations to experimental data via regression. For this,
the OLI regression tool was used. To support the fitting process,
appropriate system data are essential. While activity data for all
present species would be ideal, obtaining such data aside from
water is often practically challenging or even impossible. There-
fore, different data on speciation, solubility, density and water
activity cover many of the equilibria aspects and are considered
sufficient.

In thermodynamic modeling, the choice of the reference
state plays a crucial role in defining solution behavior and
calculating activities. Two commonly used reference states are
based on either Raoult’s law and on Henry’s law. Raoult’s law
defines ideal behavior based on the pure solute as the reference
state, making it suitable for concentrated solutions where the
solute is the dominant component. In contrast, Henry’s law
defines ideality at infinite dilution, which is more appropriate
for dilute systems where solute-solvent interactions dominate.
Selecting the appropriate reference state ensures consistency in
activity calculations and improves the reliability of equilibrium
and speciation predictions. Both reference states are useful for
describing ideal solution behavior, but each is most effective
within its respective concentration range. It is important to
handle thermodynamic calculations with care, as the interpre-
tation of properties depends on the reference state being
applied. Within the framework used here, a normalization of
the mole fraction is applied to all species, resembling Raoult’s
laW.lg’SZ

The thermodynamic model presented below was built upon
the general OLI-MSE database, which is available in the OLI
software package. This general OLI-MSE database already con-
tains the thermodynamic values and interaction parameters
required to calculate the chemistry of water and MSA-water
systems. The performance of the general OLI-MSE database for
the MSA-water system was validated with literature data for acid
dissociation, water activity and solution density (SI, Fig. S8).

Chemical species that are present in the system were added
to OLI Databook and required values for thermodynamic
properties, such as standard state Gibbs free energy of for-
mation (AGy), enthalpy of formation (AH[), entropy (S°) and

specific heat capacity (C;). The formation reaction of the

different hydrates can be described using eqn (3), with x
representing the amount of hydration water. A first estimate
for the AG; of each hydrate was calculated from the solubility
product for each hydrate using eqn (4) and (5).>* This AG; value
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was optimized later, since the solubility product (K,p,) cannot be
determined at standard conditions of infinite dilution. The
entropy was calculated from the formation reaction of the
hydrates, similar to the Gibbs free energy calculation, by
assuming that standard entropy of reaction (AS;) equals 0,
as shown in eqn (6). Further conversion of standard entropy of
formation (AS;) to S° was done by eqn (7) and using standard
thermodynamic values for the elemental species. Standard
thermodynamic values for Ni*" and H,O were taken from the
literature, while values for MSA were obtained from OLI
Studio.***® The enthalpy of formation can then be calculated
using eqn (8).

Ni(CH;S03),-xH,0 — Ni** + 2CH;3S0;~ + xH,0 3)
AG, = —RT InKj, (4)

AG: = Z UAG;(products) - Z DAG;(reactantS) (5)

AS: = Z vAS; (products) — Z UAS; (reactants) (6)

> s )

elements

o o

ASf = Sproduct -

AG; = AH; — TAS; (8)

C; values of each of the three hydrates were determined by DSC
measurements, within the temperature range at which they
were present. The C; values obtained for the hydrates were as
follows: Ni(CH3;S03),2H,0 = 1.59 4+ 0.08 ] g ' K,
Ni(CH;3S03),-6H,0 = 1.93 J g ' K !, Ni(CH3S0;),-12H,0 =
2.44 4+ 0.41 J g ' K. The small standard deviation observed
for the dihydrate is attributed to the ease of handling its
powder form, which allowed for good contact with the sample
pan and hence improved the thermal conduction and measure-
ment accuracy. In contrast, the larger crystals of the dodecahy-
drate posed challenges during measurement as particle size
reduction risked altering the hydration state, contributing
to the larger standard deviation. The hydration state of
Ni(CH;3S03),-12H,0 was verified by TGA after the heat capacity
measurements under conditions where a change in hydration
could occur, but no change was observed. The C; value of the
hexahydrate was estimated by interpolation from the other
hydrates, as isolating and handling this phase for direct
measurement was not feasible in practice.

The enthalpy of dissolution of Ni(CH3S0;),-12H,0 was
measured using a TAM IV microcalorimeter and converted to
the AH, using eqn (9).

AHp,, = AH{ (Ni*") 4+ 2AH; (CH3SO5") + 12AH, (H,0)
9
— AH; (Ni(CH3S03),-12H,0) ©

The dissolution enthalpy (AHp;,) of Ni(CH;S0;),-12H,0
was found to be 57.86 k] mol~". This value, together with AG:
derived from the measured solubility, served as experimental
constraints for calculating AS.. Therefore, these values were
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coupled during the initial optimization so that no individual
variation was possible. Only at the end of the fitting procedure,
individual optimization of AS; was performed to further fine-
tune the model and to extrapolate the AH; based on the
calorimetric dissolution value at finite concentration (3 g L™)
to infinite dilution.

The experimental data were organized into structured data-
sets within a model input file, alongside interaction parameters
and thermodynamic properties requiring optimization. This
optimization procedure uses chemical speciation together with
the thermodynamic framework to fit the thermodynamic values
and interaction parameters to the experimental data.

The chemical species present in the system studied here can
be split up between the aqueous phase and the solid phase. The
aqueous phase consists of H,0, H;O", Ni() (mainly as Ni*"),
CH3SO;H (MSA), and CH3SO;  species, all of which were
already present in the OLI database. For Ni(u), the OLI software
also predicts minor amounts of nickel(u) hydroxide species in
solution, typically less than 1%. To improve the accuracy of the
model, additional interaction parameters between Ni** and
CH3SO;~ species were included in the optimization. The
solid-liquid equilibria show a variety of Ni(CH;3SO3), hydrates
present in the solid phase, none of which were present in the
OLI database. Therefore, these hydrates were included with
initially estimated thermodynamic properties and were later
subjected to optimization. The hydrates (Ni(CH3SO3),-2H,0,
Ni(CH;3S0;),-6H,0 and Ni(CH;3S0;),-12H,0) were added as
solids in the OLI database.

Modeling solid-liquid equilibria requires knowledge of both
liquid and solid phases formed at equilibrium. Experimental
difficulties in determining the full equilibrium composition of
both phases may result in insufficient experimental data being
available to build a model that can accurately predict the
chemistry of both phases.’” Constructing diverse types of
datasets, along with additional speciation datasets, can help
to mitigate this problem. To enhance the accuracy of the
thermodynamic calculations, integrated speciation and solubi-
lity datasets were constructed, allowing for constraints on the
formation of specific hydrates. These datasets were constructed
based on the experimental conditions of each sample, com-
bined with the corresponding analytical results for nickel
concentration and density. Since water content in the liquid
phase was not initially available, additional Karl Fischer (KF)
titration analyses were performed to establish complete mass
balances for all relevant species. From the mass balance of
MSA, Ni(CH3S03),, and water, the quantity of solid phase
formed was calculated. This approach enabled indirect deter-
mination of the yield of solid, which could not be measured
experimentally with sufficient precision.

Results and discussion
Solid-liquid equilibria

The synthesized Ni(CH3S03), salt was characterized using ICP-
OES, powder XRD and TGA analysis. Fig. 1 shows that the
thermal decomposition of the salt occurs in different steps. The
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Fig. 1 Thermogravimetric curve for Ni(CH3SOs3),-2H,O synthesized salt
during heating with a heating rate of 5 °C min~t in nitrogen atmosphere at
60.0 mL min~* flow rate.

mass loss due to water of hydration is of particular interest.
TGA analysis showed a 13.70% mass loss up to 200 °C,
which is in good agreement with the theoretical mass loss
value of 12.65% for 2 water molecules from the dihydrate
Ni(CH3S0;),-2H,0. The mass decrease between 400 and
500 °C can be attributed to thermal decomposition of the
compound, accompanied by the release of volatile decomposi-
tion products, primarily SO, and CO.*® The final black solid
residue is most likely nickel sulfide, as decomposition of other
methanesulfonate salts under inert atmospheres has been
shown to yield sulfide products, as reported by Charbonnier
et al.*®**! A slight excess of water detected by TGA and ICP-OES
indicated the presence of a few percent of the hexahydrate,
resulting in an estimated purity of approximately 96%
Ni(CH;3S03),-2H,0 with 4% Ni(CH3S03),-6H,0. The powder
XRD diffractogram of Ni(CH;3SO;),-2H,0 is provided in the SI
(Fig. S1). This dihydrate salt was used to perform all experi-
ments. It became evident that different ways of drying the
synthesized salt leads to the formation of other hydrates and
even mixtures of hydrates. To ensure consistency of the starting
material, the salt was dried on a Schlenk line to guarantee that
the dihydrate form was consistently used as starting material.

Experimental data on the Ni(u) solubility of the different
Ni(CH;3S03),-MSA-H,0 systems are given in Fig. 2. The solu-
bility decreases upon increasing the MSA concentration. At the
highest concentrations of MSA, almost no Ni(CH3SOj3), is
dissolved and the minimum solubility that could be experi-
mentally measured was 0.0064 4 0.0005 mol L. This decrease
in solubility can be attributed to the amount of free water
present in the solution. To keep nickel(n) ions in solution,
sufficient hydration is needed, which becomes problematic at
high concentrations of MSA with only a small amount of water
present.” As MSA is known to be hygroscopic, the activity of the
remaining water molecules is reduced by their involvement in
the solvation of MSA. While solubility often increases with
temperature, this trend plateaus beyond approximately 50 °C,
as evidenced by the negligible difference between the solubility
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Fig. 2 Solubility of Ni(CH3SO3), as a function of the MSA concentration at

different temperatures, measured by the isothermal solubility method. The
X-axis depicts wt% MSA at equilibrium.

measurements at 50 °C and 70 °C. The data point obtained
at room temperature and 0 wt% MSA by Belova et al
(2.31 mol L") is within the error margin of the data presented
in our work (2.34 4+ 0.047 mol L"), indicating good compat-
ibility of both data.">'® Additionally, Gernon et al. reported a
solubility of 2.13 mol L™" for Ni(CH;SO;), in water.” This
slightly lower value might be explained by the lower tempera-
ture of 22 °C used in that work. More recent work by Belova
et al. reports additional Ni(CH3SO3), solubility data in MSA-
water mixtures and their data also show good agreement with
our results.’® For instance, Belova obtained solubilities of 1.88,
1.02, and 0.247 mol L' at 22.23, 38.41, and 60.31 wt% MSA,
respectively. In the same concentration range, though not at
exactly the same MSA values, our measurements at 21.82, 38.78,
and 66.19 wt% MSA are 1.89 + 0.17, 1.11 £ 0.08, and 0.110 =+
0.007 mol L, respectively. All values agree within their error
ranges except for the point at 60.31 wt% MSA. This deviation
can be explained by the higher MSA concentration of our
corresponding data point (66.19 wt%), which accounts for the
lower solubility observed in this work.

Therefore, the promising advantage of high solubilities of
metals in MSA as reported by Gernon et al., appears to hold true
for the nickel-MSA system, but only at lower concentrations of
MSA.> However, a similar trend is observed for the NiSO,-
H,S0,-H,0 system shown in Fig. 3 where the Ni(CH3SOj3),
solubility data are plotted together with the NiSO, solubilities
in function of the acid mole fraction of MSA and H,SO,. Here
also, the solubility in the sulfate system steeply decreases with
increasing acid concentrations, showing both minimal solubi-
lities at approximately 0.4 mole fraction of acid.**** In H,SO,
media, the solubility curve exhibits lower values within the acid
concentration range of 0.05 to 0.15 mole fraction. Within this
range, the solubility of nickel remains higher in the MSA
system, whereas in H,SO, media, the nickel concentration
decreases to less than 1 mol L™". This lower acid concentration
range is particularly relevant for hydrometallurgical applica-
tions, where minimizing free acid and avoiding excess sulfate
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at 25 °C. The solubility data for NiSO, were taken from Addlestone et al.**

from other cationic salts is preferred due to economic, safety,
and operational considerations. Therefore, this shows a dis-
tinct advantage of the MSA system over the sulfuric acid system
in terms of solubility of nickel.

Additional data on the water activity, density and water
content are given in Table S3 for 25, 50 and 70 °C. The
experimental data are consistent with the trends and estima-
tions observed in related systems, indicating their reliability
and relevance. As such, they provide a solid foundation for the
construction of a thermodynamic model that accurately
describes the behavior of the system. A detailed overview of
all input streams and equilibrium outcomes is provided in the
SI Table S3.

The solid phases in the samples used for solubility measure-
ments already showed major differences in visual appearance
as their color shifted from a dark green to a yellowish light
green upon increasing the MSA concentration (Fig. 4). The
crystal habit of the solid varied likewise from larger crystalline
pieces at low MSA concentrations to a fine powder at high
MSA concentrations. This indicates the formation of different
hydrates upon increasing the MSA concentration. At 0 wt%
MSA and 25 °C, large crystals could be obtained. A crystal of
sufficient quality for single-crystal X-ray diffraction structural
analysis could be isolated. The crystal structure confirmed the
formation of the dodecahydrate Ni(CH3SO;),-12H,0. The

g

e T - T il 1111 I
lowt% 10w 30 ‘“Hfl 50 l‘nm so‘v‘.‘w:; 90 fw 95 “ 100
Il JL | I i I

Fig. 4 Samples saturated with Ni(CHsSOs), at 70 °C with varying initial
MSA concentration from 0 wt% MSA (left) to 100 wt% MSA (right).
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crystal structure was determined at 21 + 2 °C (SI Fig. S7) and
supports the DSC results obtained by Belova et al. that no phase
transition occurs between —163 and 27 °C."° The Ni-O bond is
2.0352(12) A, comparable to 2.037(1) A reported by Belova et al.
at —173 °C. The crystal structure determination of Ni(CH3S053),-
12H,0 at ambient temperature, compared to the low tempera-
ture measurement from Belova et al. adds structural insight
beyond previous studies, more relevant for practical applica-
tions. When the temperature was reduced from 21 + 2 to
—173 °C, a volume contraction of 2.3% was observed, mainly
caused by a shrinkage of the cell parameters a and b. Addition-
ally, TGA analysis confirmed the presence of Ni(CH3SO3),
12H,0. TGA analysis was used to identify the solid phases in
the other samples, because the other crystals were too small for
single-crystal X-ray diffraction. TGA analysis was feasible until
30 wt% MSA (SI Fig. S2-S5). Beyond 30 wt% MSA, TGA analysis
became less reliable due to challenges in solid-liquid separa-
tion. Additionally, drying the solid phase at these concentra-
tions poses a risk of altering its hydration state. At 70 °C TGA
measurements were only feasible at the lowest concentration.
At MSA concentrations above 30 wt%, the light green color
resembles that of the dried, synthesized Ni(CH3S03),-2H,0,
providing a visual indication of the conditions in which the
formation of Ni(CH;3S0;),-2H,0 is dominant. At the highest
MSA concentration, the light green color faded to a more
yellowish color. Here, the amount of water present could be
too low even for the formation of the dihydrate, resulting in a
possible monohydrate or anhydrous solid. Above 30 °C, the
hexahydrate would be formed at 0 wt% MSA according to
Belova et al.'® A cooled, crystallized solubility sample from
the 70 °C series with 10 wt% MSA was analyzed using TGA,
confirming the formation of a hexahydrate under these condi-
tions (SI Fig. S6). Similar to observations made at 25 °C, a color
change was noted at higher MSA concentrations, indicating
that a lower hydrate had formed. The different hydrates are
shown in the last column of Table S3, for the samples where
TGA and/or visual identification of the hydrate was possible.

Water activity and density measurements were not feasible
due to a small decrease in temperature during sample handling
for analysis, inducing precipitation (see Experimental). There-
fore, water activity and density analyses at lower Ni(CH3SO3),
concentrations and elevated temperatures were crucial to
enable accurate modeling under these conditions.

Aqueous Ni(CH;3S03), samples

Samples with varying Ni(CH3SO;3), concentrations below
saturation levels were made and analyzed. Water activity mea-
surements showed a decrease with increasing MSA and
Ni(CH3S03), concentrations, (Fig. 5). Density data at 25 and
50 °C are shown in Fig. 6, displaying a strong increase in
density at higher MSA and Ni(CH3S0;), concentrations. At a
higher temperature, lower densities were measured for similar
conditions because of volume expansion. Viscosity data at 25
and 50 °C are shown in Fig. 7, which follow the same trends as
for the density: lower viscosities at higher temperatures.

Phys. Chem. Chem. Phys.

View Article Online

PCCP
10l@ Ni(CH,SO5),
—=— 479 wt%
05 —— 1.2 wt%
2= —a—14.6 wt%
—v— 20.7 wt%
0.8 —o—28.1 wt%
—<—35.1 wt%
« 0.7
0.6
0.5
0.4 - o
0 10 20 30 40 50
[MSA],, (wt%)
1.0 ®) Ni(CH;S05),
—u—4.79 wt%
9 ——11.2 wit%
: —A—14.6 W%
—v—20.7 Wt%
0.8 —o—28.1 Wt%
—<—35.1 wt%
& 0.7
0.6
0.5
A
0.4
T T T T T T
0 10 20 30 40 50

[MSA],, (Wt%)

Fig. 5 Water activity of samples with different Ni(CH3SO3), concentra-
tions as a function of the MSA concentration, at 25 °C (a) and 50 °C (b).

Thermodynamic modeling

The aqueous chemistry of the system was optimized by incor-
porating MIDRANGE binary interaction parameters between
ionic nickel(n) and methanesulfonic acid (MSA) species. At
higher MSA concentrations, neutral MSA species interactions
were also included. These parameters were fitted using avail-
able experimental data on water activity, density, and solubility
at 25 and 50 °C. Additional data for the water activity and
density of undersaturated samples were integrated, alongside
published data of Belova et al.'®*° The solid-liquid equilibria
were dependent on the thermodynamic stability of various
hydrates in the system. Gibbs free energy minimization
(GEM) was employed to determine the relative stability of these
hydrates, incorporating entropy contributions to account for
the temperature dependence. The initial estimates of thermo-
dynamic parameters were refined by fitting to solubility and
speciation data for different temperatures.

Challenges in simultaneously optimizing solubility and spe-
ciation data for the hydrates were addressed by introducing
combined solubility and speciation datasets. The final opti-
mized thermodynamic values for the hydrates are presented in
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Fig. 6 Density of samples with different Ni(CH3zSOs), concentrations as a
function of MSA concentration, at 25 °C (a) and 50 °C (b).

Table 1. Speciation calculations revealed a transition from the
dodecahydrate to the dihydrate via the intermediate hexahy-
drate in the solubility samples. The model accurately calculates
the speciation of saturation samples at 25 and 50 °C. These
results are illustrated in Fig. 8 and are consistent with the
expected speciation behavior from visual observations and TGA
measurements.

Experimental data obtained in this study, along with solu-
bility data at various temperatures in water, as reported by
Belova et al.,'® are compared with model calculations in Fig. 9.
In the low-temperature region, where the dodecahydrate dom-
inates the speciation, the calculated values show minimal
deviation from the experimental results and align well with
the data reported by Belova et al. At temperatures above
approximately 30 °C, the hexahydrate Ni(CH3SO3),-6H,O starts
to form, leading to a shift in speciation. In this higher-
temperature region, larger deviations are observed between
calculated and experimental solubility values. Attempts to
improve the fit for this region led to increased deviations in
other datasets, particularly those at elevated temperatures and
higher MSA concentrations. In addition, higher temperatures
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function of MSA concentration, at 25 °C (a) and 50 °C (b).

Table 1 Standard-state thermodynamic properties of the different
nickel() methanesulfonate hydrates, optimized in the thermodynamic
model

Species AG; kJmol™!  AH; kImol™' $°Jmol "K'
Ni(CH,S05),2H,0  —1549.34 ~2005.48 48.08
Ni(CH;S0,),-6H,0  —2510.40 ~3169.17 300.84
Ni(CH,S0,),-12H,0  —3947.26 —4981.22 440.98

may introduce additional experimental challenges, such as
increased measurement uncertainty and reduced reliability of
supporting data such as density. Together, these factors con-
tribute to the observed discrepancies between the model pre-
dictions and experimental results in this part of the system.
Fig. 10 compares the experimental solubility data of
Ni(CH3S03), at 25 °C and 50 °C with the values predicted by
the thermodynamic model, plotted as a function of the equili-
brium MSA concentration. A good agreement between the
experimental results and the calculated values is observed at
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Fig. 8 Calculated speciation and experimental hydrate speciation in
solubility samples at 25 °C (top) and 50 °C (bottom). Hydration states
associated with excessive experimental uncertainty were omitted to
ensure the reliability of the model.

both temperatures, confirming that the model allow to accu-
rately describe the solubility behavior under the studied
conditions.

Density parameters were initially optimized using under-
saturation density data collected between 15 and 50 °C.>° To
achieve an accurate fit, both ionic-strength-independent and
-dependent parameters, as well as temperature-independent
and -dependent parameters, were introduced (Table 2). These
density parameters were later refined together with the other
parameters during the final optimization steps. For water
activity data, both temperature-dependent and -independent
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Fig. 10 Model fit (line) to experimental solubility data from this work
(open markers) for Ni(CH3SO3), as a function of equilibrium MSA concen-
tration at 25 °C (red circles) and 50 °C (blue diamonds).

MIDRANGE binary interaction parameters were required to
improve the agreement between model and experimental data.
The MIDRANGE binary energy and density interaction para-
meters were essential for accurately modeling the aqueous
chemistry. The final set of optimized parameters is presented
in Table 2.
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Table 2 Optimized MIDRANGE binary interaction parameters for the Ni(CH3SO3),—MSA system

MIDRANGE® MIDRANGE density”
Species by Cif d;
Ni*'-CH,;S0;~ (0) —~71.35187 1.646710
Ni**-CH,S0;~ (1)* 7.6610450 x 10> 7.8421665 x 102 1.280136
Ni*>'-CH,S0;~ (2)%* —2.157762
Ni?*-CH,50;~ (4) —2.7534679 x 10~*
Ni**-CH,S0; (0) —28.64634 21.44289

Ni*'-CH,S0; (1) —3.1201256 x 102

“ Mid-range binary interaction parameters: Bj(I,) = b; + c; x exp(—vI; + ai). b Mid-range binary density

by
D,‘]‘ = di/'] +di,'2 X exp(— Ix + 001) + d,‘j4 xT.°¢ b,‘j = bo,i/' -‘rb]\,‘,’ X T—‘r%

To statistically evaluate the performance of the thermody-
namic model in describing various aspects of the solid-liquid
equilibria in the Ni(CH3S0;),-MSA-H,0 system, quality-of-fit
(QoF) plots were constructed for each type of dataset used in
the optimization procedure. Due to uncertainty regarding the
hydrate speciation of the data points at 95 wt% MSA, and the
possibility of lower hydration states introducing larger devia-
tions in solubility and water activity calculations, these points
were excluded from the QoF analysis. Density and water activity
QoF plots are presented in Fig. 11, while solubility QoF is
shown in Fig. 12. Calculated values are compared with experi-
mental data points in these plots, alongside an ideal fit line
(y = 1x + 0, dashed black) representing a perfect agreement
between model calculations and experimental data.

In Fig. 11, the 95% confidence interval overlaps with the
ideal fit line in the lower value range for water activity and in
the middle range for density, indicating good agreement. At
higher water activities and at both lower and higher density
ranges, a slight lack of fit is observed, primarily due to model
overestimation at saturation conditions. For the density, the
deviations are more pronounced at elevated temperatures,
which can be attributed to the limited availability of experi-
mental density data in this region. The root mean square error
(RMSE) and the 95% prediction intervals provide insight into
the expected error range of the model. The RMSE value repre-
sents the level of accuracy with which the model can predict
values. A range of two times the RMSE corresponds to a 95%
confidence level for prediction. The model predicts mean
density and water activity values within £0.06 and 40.06 units,
respectively, from the linear regression line, indicating strong
predictive accuracy in these regions. This non-zero error value
highlights the limitations of the current model and potential
experimental uncertainties.

Similarly, the solubility QoF plots in Fig. 12 provide insight
into the model’s performance for the different MSA concen-
tration ranges, for all tested temperatures. The solubility data
show a good overall agreement between calculated and experi-
mental values. Nevertheless, assessing model accuracy across
the full concentration range within a single QoF plot is challen-
ging due to solubility differences exceeding one order of
magnitude. On a linear scale, the larger absolute experimental
errors at high solubility values result in an overestimation of
the deviations between the model and experiments at low
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solubilities. Conversely, on a log scale, higher relative experi-
mental errors at low solubility values lead to an overestimation
of the deviation between the model and experiments at high
solubilities. To address this, the QoF plot is split in a high-
solubility and low-solubility plot or low (0-10 mol L™, Fig. 11
top) and high (=10 mol L', Fig. 11 bottom) MSA concen-
tration plot, respectively.

In the QoF plot for MSA concentrations up to 10 mol L™*
(Fig. 12, top), the highest solubility values show a slight lack of
fit. This deviation is primarily due to the underestimation of
the solubility at elevated temperatures, particularly in the
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presence of the hexahydrate, as discussed in Fig. 9. Below
27 °C, no significant lack of fit is observed. The RMSE analysis
indicates that at low MSA concentrations, the mean solubility is
predicted within 0.163 mol L ™" of the experimental values at a
95% confidence level. Above 10 mol L' MSA (Fig. 12, bottom),
the very low solubility values pose challenges for experimental
analysis, increasing the likelihood of measurement errors.
These uncertainties make it more difficult for the model to
accurately reproduce the experimental data. Nevertheless, a
slight lack of fit is present, and the RMSE indicates that the
mean solubility is predicted within £0.0098 mol L' of the
experimental values in this region.

Conclusions

Experimental data were obtained for the Ni(CH3SO;),~MSA-
H,0 system over a broad range of conditions. Isothermal
solubility experiments were conducted between 25 and 70 °C,
over the whole MSA-H,O concentration range. These data were
supplemented by additional water activity, viscosity, and liquid
density measurements at and below saturation to expand the
dataset. Hydrate speciation revealed the presence of at least
three distinct hydrates of nickel(i) methanesulfonate, depend-
ing on the experimental conditions.

The solubility behavior of nickel(n) methanesulfonate in
mixtures of MSA and H,O is similar to that observed for
nickel(n) sulfate in sulfuric acid media, namely a decrease in
solubility with increasing acid concentrations. A decline in
solubility occurs with increasing MSA concentration, reaching
a minimum at 95 wt% MSA. Although both systems exhibit
similar trends at high acid concentrations, the steep decrease
in nickel(u) sulfate occurs at lower sulfuric acid concentrations.
This difference is relevant for hydrometallurgical applications,
where lower acid concentrations are often preferred, highlight-
ing the potential advantages of MSA in such processes.

The experimental results were used to build a semi-
empirical thermodynamic model, using the OLI-MSE frame-
work, with the objective to describe the aqueous chemistry and
solid-liquid equilibria of the Ni(CH3S03),-MSA-H,0O system.
The model successfully integrated solid-phase speciation, solu-
bility, water activity, and density, with calculated values show-
ing strong agreement with experimental data across a range of
experimental conditions. The model demonstrated a robust pre-
dictive capability, and RMSE values indicate that density and
water activity can be predicted at 95% certainty within £0.06 and
40.06 units, respectively, and solubility within 40.163 mol L™ * at
low MSA concentrations and 40.0098 mol L' at high MSA
concentrations. These small error margins confirm the reliability
of the model and its suitability for application in hydrometallur-
gical process design and optimization.
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