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ARTICLE INFO ABSTRACT

Keywords: This work presents a comprehensive experimental investigation into the thermal properties of the binary system
Phase change materials MgS04-CaS0y4, alongside thermodynamic modelling of its thermodynamic properties, with a focus on enhancing
Sulphates

its application in thermal energy storage. The phase diagram and thermodynamic properties of the pure sul-
phates and intermediate compounds were determined using Differential Thermal Analysis (DTA) and Differential
Scanning Calorimetry (DSC). The DSC results led to the refinement of the enthalpy values for phase transitions of
MgS0O4, with updated values of 14.6 kJ/mol and 43.4 kJ/mol for the solid-solid and solid-liquid transitions,
respectively. High-Temperature X-ray Diffraction (HTXRD) was employed to study the intermediate compounds,
leading to the identification of CaMga(SO4)3. For the first time, the melting temperature and the enthalpy of
fusion for this compound were experimentally determined, yielding a value of 145.5 kJ/mol at 1213 + 5 °C. A
novel phase with the composition CaMg(SO4), was identified using DTA, HTXRD, and Scanning Electron Mi-
croscopy (SEM). This phase exhibits a melting temperature of 1309 + 5 °C, as determined by DTA, and dem-
onstrates thermal stability within a high-temperature range of 1020-1308 °C. These experimental data were used
to update the thermodynamic database for the system MgSO4-CaSO4 for more accurate thermochemical calcu-

Phase equilibria
Phase transition enthalpy
Database development

lations and predictions.

1. Introduction

Magnesium sulphate (MgSO4) and calcium sulphate (CaSO4) are
critical compounds in various industrial processes due to their dual roles
in both facilitating and mitigating corrosion, as well as their emerging
applications in energy storage technologies [1]. These sulphates are
commonly found as by-products in systems where alkali and alkaline
earth metals interact with sulphur-containing environments, leading to
the formation of corrosive deposits. Such deposits can cause significant
material degradation, particularly in high-temperature industrial set-
tings, such as gas turbines, metallurgical processes, and cement pro-
duction [2,3]. The aggressive nature of these sulphate melts necessitates
a thorough understanding of their thermochemical properties to prevent
material failure and extend the lifespan of industrial components. Un-
derstanding the thermal behaviour of sulphates in the MgS04-CaSO4
system is crucial for addressing seawater-induced sulphur poisoning in
Solid Oxide Electrolysis Cells (SOECs), as it directly influences the
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development of strategies to mitigate material degradation and enhance
cell longevity in sulphur-rich environments [4,5].

Beyond their role in corrosion, sulphates have attracted interest in
the field of thermal energy storage due to their potential as phase change
materials (PCMs) [6]. The identification and characterisation of
high-temperature PCMs are critical for advancing thermal energy stor-
age technologies, which are essential for applications ranging from in-
dustrial processes to renewable energy systems. In the pursuit of
identifying PCMs candidates, extensive research has been undertaken,
both to identify suitable materials and to enhance system design and
application [7,8]. Within the realm of high-temperature molten salt
PCMs, the majority of research has focused on chloride, nitrate and
carbonate mixtures [9-11]. While these materials have demonstrated
considerable potential, issues related to corrosion and thermal stability
have necessitated the exploration of alternative materials, such as sul-
phates. Given the limited thermodynamic data available in the litera-
ture, there is an urgent need to update thermodynamic databases based
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on new experimental findings. The integration of experimental research
with the development of a comprehensive database will enable more
accurate predictions of thermodynamic properties across various sys-
tems, ultimately advancing the field of PCMs. Several studies have been
conducted on nitrates, chlorides, and sulphates to establish a robust
database pertinent to high-temperature thermal energy storage [12-15].
The present study contributes to this ongoing effort by providing new
data on sulphate-containing systems.

Among potential PCM candidates, MgSO4 and CaSO4 have attracted
significant interest due to their favourable thermal properties and
abundance. The relatively high melting points of MgSO,4 and CaSO4
make them promising candidates for high-temperature energy storage
applications, offering advantages in terms of reducing costs associated
with containment and energy storage equipment [16]. Sulphates meet
the thermodynamic, kinetic and economic criteria necessary for use as
PCMs [17,18], such as high specific heat capacity, heat of fusion, and
density, which are essential for minimizing the volume of heat storage
units. However, they often fail to meet the chemical criteria due to their
tendency to decompose at elevated temperatures and their corrosive
nature, which pose challenges to their practical applications.

This study focuses on a detailed investigation of the phase behaviour
of the MgSO4-CaSO4 system, with the objective of expanding the
experimental data available. The experimental challenges associated
with studying sulphates necessitate robust and innovative experimental
techniques. This work employs advanced thermal analysis methods to
accurately characterise the phase behaviour of MgSO4 and CaSOg,
thereby providing a comprehensive dataset of thermodynamic
properties.

The binary system MgSO4-CaSO4 was experimentally investigated
only by Rowe et al. [19]. Ramsdell [20] and Mukimov et al. [21]
assumed the phase diagram to be a simple binary eutectic system con-
taining no intermediate compounds. Rowe et al. [19] reported instead
the presence of an intermediate compound CaSO4 - 3MgSO4 which
melts congruently at 1201 + 4 °C. The phase diagram was assumed to be
a simple eutectic system with two eutectics at 13.5 mol% (unknown
temperature) and 52 mol% of CaSO4 (at 1116 °C). The liquidus tem-
peratures were determined by sealed tube quenching experiments, the
sub-solidus reactions were investigated by long-time annealing at tem-
peratures below the decomposition temperatures. Calculated phase di-
agrams of this system [15,22] are in good agreement with the
experimental values of Rowe et al. [19]. Du [22] modelled the
congruent-melting compound CaMgs(SO4)4. The optimised eutectic
points were calculated at 1069 °C and 6.4 mol% and 1116 °C and 52 mol
% CaSO0y, respectively. Yazhenskikh et al. [15] reported the calculated
eutectic between CaSO4 and CaMg3(SO4)4 at 1117 °C with the compo-
sition of 53.0 mol% of CaSO,4, and the eutectic between MgSO4 and
CaMg3(S04)4 at 1071 °C and 5.5 mol% of CaSOy4.

The present study confirms, through new experimental evidence, the
existence of the intermediate compound, CaMgy(SO4)s, previously re-
ported in Ref. [23]. Detailed characterisation of CaMg2(S04)s, including
phase transition temperature, structural information, heat capacity and
transition enthalpy, is provided in this work, necessitating a revision of
the phase diagram and an update to the thermodynamic database. In
addition to the intermediate compound with a 2:1 stoichiometric ratio, a
1:1 compound, stable within a restricted temperature range, was
introduced into the assessment based on experimental findings,
prompting further modifications to the phase equilibria. These findings
result in significant updates to the MgS04-CaSO4 phase diagram,
underscoring the complexity of interactions in this system and providing
new insights into the thermochemical behaviour of sulphate mixtures.

In this work, the Gibbs energy of all phases, including stoichiometric
compounds and liquid solution in the MgSO4-CaSO4 system, has been
reassessed based on the available and newly acquired data and included
in the PCM database [15,24]. Thermodynamic data of pure MgSO4 were
assessed based on Differential Scanning Calorimetry (DSC) investigation
of this work, while the data for pure CaSO,4 were re-assessed based on
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this and prior experimental research [25]. The Gibbs energy of
CaMg2(S04)3 compound was modelled by using the heat capacity data
measured in this work. The Gibbs energy of CaMg(SO4)2 compound was
modelled using the Neumann-Kopp rule and subsequently optimised to
accurately represent its thermal stability and phase equilibria. The
liquid phase was described using the modified associate species model to
keep consistency with the previous dataset [15].

Therefore, this research provides new experimental data for pure
compounds and various sulphate mixtures across the full composition
range of the MgSO4-CaSO4 system. It also delivers reassessed thermo-
dynamic properties that enhance the existing database [15], by inte-
grating novel findings that correct previous discrepancies and expand
the understanding of phase stability and thermodynamic behaviour. The
inclusion of these updated properties into the current database aims to
support the accurate prediction of thermodynamic properties in related
systems, advancing the development and optimisation of
high-temperature phase change materials.

2. Experimental
2.1. Samples

The pure compounds MgSO4 (VWR Chemicals, anhydrous >99 %,
metal basis) and CaSO4 (Alfa Aesar, anhydrous 99,993 %) were used for
the preparation of the mixtures. Additionally, the powders were dried at
150 °C in a vacuum furnace for 24 h to remove the moisture prior to use.
All manipulations with the samples were carried out in a glove box
under dry argon atmosphere. The mixtures were prepared directly into
crucibles according to the mass fraction with an amount of 50-100 mg,
by sequentially adding the powdered components one on top of the
other. The determination of the melting temperature of the pure com-
pounds and mixtures under study is hampered by decomposition of the
sulphates into oxides before reaching their melting temperatures [19,
26-28]. The total mass loss attributed to this reaction amounted to
66.90 % and 60.85 % for MgSO4 and CaSO4 respectively, observed
above 1000 °C and 1200 °C in open alumina crucibles from preliminary
thermogravimetry tests. It is justifiable to infer that the residual 33.10 %
and 39.15 % of the mass represent MgO and CaO respectively, which is
in good agreement with the molar fraction of MgO in MgSO4 (33.48 %)
and CaO in CaSO4 (41.19 %). Therefore, the measurements were con-
ducted in sealed platinum crucibles in order to avoid mass loss due to the
decomposition reaction and to achieve equilibrium conditions within
the system.

2.2. Instruments

2.2.1. Differential Thermal Analysis and Thermal Gravimetry (DTA/TG)
DTA measurements were performed using a STA 449 C Jupiter
(Netzsch) with a silicon carbide oven (RT-1600 °C) and a perpendicular
sample holder with type S thermocouple (Pt/(Pt10Rh)). The tempera-
ture calibration was conducted using the structure and phase transitions
temperatures of C¢HsCOOH (122.5 °C), RbNO3 (164.2 °C), KClO4
(300.8 °C), Ag2S04 (462.2 °C), CsCl (470.0 °C), K2CrO4 (668.0 °C),
BaCOs3 (808.0 °C), K2S04 (1069.0 °C), CaFy (1418.0 °C), in sealed
platinum tubes placed in alumina DTA crucibles. The resulting accuracy
of transition temperature measurements is +5 °C. The experiments were
carried out with a heating rate of 5 K/min and three cycles of heating
and cooling under an Ar atmosphere with a gas flow rate of 20 ml/min.
All raw experimental data were evaluated with Proteus Analysis soft-
ware from Netzsch. The results showed good reproducibility from the
second cycle indicating a good equilibration of the samples. In this work,
the phase transformation temperature was defined from the heating
cycle and more specifically, the eutectic temperature was taken as the
onset temperature, and the maximum peak temperature of further
transformations was taken as the liquidus temperature or solid-solid
transformation temperature. Due to the decomposition of sulphates,
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the experimental melting temperatures of pure sulphate compounds
may represent a minimum, because of the potential formation of MO
(with M = Mg or Ca), which would reduce the liquidus temperature as
the system becomes binary (MO-MSOj4). In order to prevent mass loss
due to decomposition of sulphates, sealed crucibles were used for
analysis. The crucible was closed by folding the upper end after filling
the sample (50-100 mg) under dry argon in a glove box and then welded
outside the glove box with a hydrogen/oxygen flame.

2.2.2. Differential Scanning Calorimetry (DSC)

Two different differential scanning calorimeters were used for the
determination of thermodynamic properties. A differential scanning
calorimeter DSC 404 Pegasus (Netzsch) with a Pt-Rh oven (RT-1600 °C)
and type S thermocouple (Pt/(Pt10Rh)) was used to determine the heat
capacity of selected compositions at temperatures below their decom-
position points. The temperature calibration was performed with the
pure compounds CgHsCOOH (122.5 °C), RbNO3 (164.2 °C), KClO4
(300.8 °C), AgsS0O4 (462.2 °C), CsCl (470.0 °C), KoCrO4 (668.0 °C),
BaCOj3 (808.0 °C), K3S04 (1069 °C), CaF; (1418 °C). The average tem-
perature deviation was +2 °C. Ar atmosphere with a gas flow of 20 ml/
min was used. The sample powder of 30-40 mg, loaded in an alumina
liner within the platinum pan, was subjected to a heating rate of 10 K/
min.

A Calvet-type DSC calorimeter, model mHTC 96 (Setaram), was used
for determination of heat capacity of the selected mixtures. Two distinct
types of measurements were conducted: one in the low-temperature
range, where no mass loss is observed, and the other at high tempera-
tures. In the first measurement, a powdered sample of 200-300 mg was
loaded in an alumina liner within a platinum crucible. In the second
measurement, a specimen of 50-100 mg was loaded into a sealed plat-
inum tube in a platinum sample holder. A heating rate of 4 K/min under
He with a flow of 5 ml/min was applied. Temperature and enthalpy
calibration for the first measurement type were performed using the
pure metals In (156.6 °C), Sn (231.9 °C), Pb (327.5 °C), Zn (419.5 °C), Al
(660.3 °C) and Ag (961.8 °C). For the second measurement type, cali-
bration was done with the pure salts BaCO3 (808.0 °C), NaySO4 (241 °C
and 884 °C), K2S04 (584 °C and 1069 °C), MgF; (1263 °C). The average
temperature deviations were +2 °C and +6 °C for the first and second
measurement types, respectively. The three-step ratio method [29] with
sapphire (a-AlyOs3, NIST Standard Reference Material SRM720, purity
99.95 %, metal basis) [30] as a reference was applied for the determi-
nation of the heat capacity (C;,, Jemol teK™1) according to the following
equation:

m, DSC, — DSCy

%) = m, DSC, — DSC, P M
where m is the mass of the substance (g), DSC is the signal of thermopile
(pV), and subscripts b, r and s stand for baseline, reference and sample
respectively. Baseline and reference measurements were performed for
each measured sample separately. The sapphire reference used in the
experiments varied based on the specific instrument and setup. For the
Netzsch DSC, the sapphire reference was a disc-shaped specimen of mass
comparable to that of the sample mass under analysis. For the Setaram
DSC, two configurations were used depending on the crucible type.
When a platinum crucible with an alumina liner was used, stacked
sapphire discs were employed as reference. Alternatively, when plat-
inum tubes were used as crucibles, small sapphire cylinders with a
diameter of approximately 1 mm were used.

2.2.3. High Temperature X-Ray Diffractometry (HTXRD)

An Emperyean diffractometer from Malvern PANalytical equipped
with a Cu-LFF X-ray tube (operated at 40 kV and 40 mA), BBHD miirror, a
PIX-cel3D detector and a high temperature oven chamber Anton Paar
HTK 1200 N was used for HTXRD analysis. A continuous flow of syn-
thetic air was applied during the experiment. Lattice parameters and
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amounts of secondary phases were determined through Rietveld
refinement using the profile analysis software TOPAS version 6 from
Bruker AXS. Crystal structures were obtained from the Inorganic Crystal
Structure Database (ICSD). The uncertainty for molar volume was esti-
mated to be £0.02 cm®/mol and for temperature +2 K. XRD investiga-
tion on MgS04:CaSO4 mixtures was conducted on samples synthesised
by solid-state reaction. The stoichiometric amount of anhydrous MgSO4
and CaSO4 were thoroughly mixed, grinded in an agate mortar and
heated up to 900 °C for 72 h in a sealed quartz ampoule. During that
time the heating was briefly interrupted (three times) to regrind the
charges; the final powder was analysed by X-ray diffraction.

2.2.4. Microanalysis by Scanning Electron Microscopy (SEM) and Energy
Dispersive X-ray spectroscopy (EDX)

Morphology and phase distribution were analysed by scanning
electron microscopy using a Merlin (Zeiss Microscopy, Oberkochen,
Germany) field emission scanning electron microscope (SEM) operated
at 10 kV accelerating voltage and 0.5 nA probe current. Pellets of CaSO4
and MgSO4 were pressed and sintered for the EDX analysis. The non-
conductive samples were sputter coated with Ir using a Q150T coater
(Quorum Technologies, Laughton, UK) prior to SEM investigation. Im-
ages were acquired using an Everhart-Thornley secondary electron (SE)
detector or a four-segment solid-state backscattered electron (BSE) de-
tector. The local chemical composition was investigated by energy-
dispersive X-ray (EDX) spectroscopy. Spectra were recorded using an
X-max 80 silicon drift detector (Oxford Instruments, High Wycombe,
UK). The AZtec software package (Oxford Instruments) was used for
data acquisition and analysis. For the EDX analysis, areas were selected
that were sufficiently large and had a flat surface. An accelerating
voltage of 10 kV was used for the EDX analysis, so that the excitation
volume is small compared to the grain size.

2.3. Self-referencing calibration method

In order to perform DSC measurements over a wide temperature
range up to the melting of pure compounds and selected mixtures, ex-
periments can be conducted using fully sealed crucibles in DSC Setaram
mHTC 96. A customised platinum crucible, fabricated directly in the
laboratory, was tested; the platinum tube was sealed by folding the ends
into a book shape and flame-welding them. The sealed platinum tube
containing the mixture under investigation was placed into a cylindrical
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Fig. 1. Experimental values of molar heat capacity of MgSO4 measured by DSC
Setaram by applying SRCM method.



A. Morsa et al.

platinum sample holder (Fig. S 1) and loaded into the DSC device. It was
observed that the three-step ratio method is influenced by different
positioning and shape of the sealed platinum tube during baseline,
reference and sample runs. Consequently, the resulting heat capacity
curve displays an anomalous, but not uninformative trend.

Since the anomaly in the curve trends presumably arises from the
purely practical handling cause, a novel method of correcting the
experimental G, curves is here proposed. This correction is based on
reliable C;, curves obtained for the same compound in a temperature
range below the decomposition temperature, where measurements were
possible in open containers. If Cj, curves in a stable temperature range
can be accurately described by a polynomial function, it is expected that
the experimental curve of the same sample over a wider temperature
range will conform to the same polynomial trend [31]. This approach is
referred to as a self-referencing calibration method SRCM. It consists of
performing high temperature DSC measurements to obtain the initial
experimental curve Cp .y, using a sealed platinum tube in a platinum
sample holder. A polynomial curve obtained from placing the sample in
an Al,Os3 liner in a platinum sample holder is utilised as the correction
baseline Cp, correction in order to determine the difference ACy(T) between
Cp,exp and Cp, correction- The final curve Cp corrected is determined by applying
the correction factor AC,. This method has been validated using a
well-known standard, confirming its reliability (Fig. S 2).

By applying the method proposed here, heat capacity curves can be
obtained over a wide temperature range without any weight loss due to
the decomposition of sulphates. Additionally, the method allows for the
measurement of the C, value of the liquid phase, which would otherwise
be unattainable. While it is possible to integrate experimental Cj, curves
to derive enthalpy increment versus temperature curves, this approach
is hindered by the anomalous trends of the experimental data, which do
not yield the accurate vertical steps needed to calculate the enthalpies of
transition. This limitation highlights the advantages of the proposed
method. By performing a suitable calibration of standard salts in fully
sealed platinum tubes, it becomes possible to derive the transition en-
thalpies from the areas subtended by the peaks and compare them with
the relative values deduced from the enthalpy increment curves derived
from the integration of Cy corrected CUTVES.
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Fig. 2. Experimental values of molar heat capacity of CaSO4 measured by DSC
Setaram by applying SRCM method.
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3. Thermodynamic modelling
3.1. Thermodynamic data of stochiometric compounds

Thermodynamic data (standard enthalpy of formation and standard
entropy, AHggg,f, 5398, and heat capacity as function of T, C,(T), for pure
solid and liquid compounds) are summarised in Table 1. Transition
temperatures and heats of transformations (solid-solid, solid-liquid) are
listed in Table 2. Thermodynamic data for MgSO4 and CaSOj4 in the
newly developed database were originally extracted from the SGPS
database [32] and have been reassessed in Ref. [15], as well as in this
study. The heat capacity G, of stoichiometric compounds as function of
temperature is described with power series in temperature [33], as
shown in Equation (2).

C,=A+BT+CT?*+DT*+ET*+... 2

In this work, the thermodynamic data of pure sulphates were updated
based on the experimental data obtained, and the reassessment is pre-
sented in the corresponding sections below.

3.2. Thermodynamic model for liquid phase

The Gibbs energy of the liquid phase in the system was represented
by the modified non-ideal associate species model proposed by Besmann
et al. [34], which has proven applicability for complex oxide and salt
liquids, e.g. in Refs. [14,35]. The sulphate liquid phase was considered
as oxide solution to keep consistence with the general database [36].
The pure liquid sulphates were taken as solution components. The in-
teractions between them are responsible for the thermodynamic prop-
erties of the liquid phase. To provide equal weighting of each associate
species with regard to its entropic contribution in the ideal mixing term
in the database, each species contains a total of two non-oxygen atoms
per formula unit according to the model used in Besmann et al. [34].
This has been done to provide compatibility with the general oxide-salt
database GTOx [36].

The molar Gibbs energy of the solution is presented by a three-term
expression with contributions of the reference part, the ideal and the
excess part considering binary interactions as follows:

Gn= Z x;°G; + RTZ x;lnx; + Z inijijv) (3 — )" 3)

i<j v=0

where x; is the mole fraction of phase constituent i (including the
associate species), °G; is the molar Gibbs energy of the pure (liquid)
phase constituent i and ng") with v = 0, 1, 2 are the interaction co-
efficients between components i and j, according to the Redlich-Kister
polynomial. °G; and LE}” are temperature dependent in the same way
according to Equation (4):

°Gi,L}) =A + BT + CTIn(T) + DT* +ET3+F/T (4)

Typically, in Equation (4), only the coefficients A and B are primarily
considered and optimised.

3.3. Assessment of gibbs energy parameters

The assessment of the binary system presented in this study was
performed, by combining the experimental data obtained from the
present investigation with existing experimental information concern-
ing phase diagram and thermodynamic properties. Firstly, the Gibbs
energies of stoichiometric compounds were generated. The C, functions
of all substances were assessed before the optimisation and kept con-
stant. Secondly, the binary interaction parameters (Lg’)) between species

(MgSO4 and CaS0Oy) in the liquid phase were optimised to obtain correct
representation of phase equilibria. The optimisation of the selected
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Table 1
Thermodynamic data of stochiometric compounds used in the present work.
Compound AHfgg - 8998 T (o Ref.
J/mol J/moleK K J/moleK
MgSO4 (LT) —1288800 91.6 [32] 1-42 8.73213058010 °T> [15]
[32]
42-298 10.582036 + 0.44690916T -+ 34086.236T 2 — 4.7507286010 “T2 — 1740.55857/T [15]
298-1283 85.18297 + 0.08756883T-1167240T 2 — 1.982192¢10°T2 [32]
1283-2000 155 [32]
MgSO4 (HT) —1274200° 102.828" LT—HT AH,, = 14.6 kJ/mol at 1300.3 K (1027.1 °C), C, like MgSO,4 (LT) a
MgSO4 —~1238766" 120.880° HT-L AH;, = 43.4 kJ/mol at 1410.2 K (1137.0 °C) [32],
(liquid) a
1-42 8.73213058¢10 °T> [15]
42-298 10.582036 + 0.44690916T + 34086.236T 2 — 4.7507286010 “T2 — 1740.55857,/T [15]
298-505 85.18297 + 0.08756883T-1167240T 2 — 1.982192¢10°T2 [32]
505-2000 155 [32],
[15]
CaSO, (LT) —~1437622 107.492 1-39 1.58639676010“T° [15]
[32] [39]
39-298 60.2427676 + 0.22021804T + 73416.5259T 2 - 1.304824710 “T? - 4185.07635/T [15]
298-1784 100.854288 + 0.06896988T - 1736052.08T 2 - 8.6603105010°T? [15]
1784-2000  195.63 a
CaSO4 (HT) —~1420012 119.282 LT—HT AH,, = 17.6 kJ/mol at 1493.6 K (1220.4 °C), C, like CaSO,4 (LT) [15],
[15] [15] a
CaSO, (liquid) ~ —1425938 107.714° HT-L AH,, = 16 kJ/mol at 1783.6 K (1510.4 °C) [15],
[15] a
1-39 1.58639676010“T> [15]
39-298 60.2427676 + 0.22021804T + 73416.5259T 2 - 1.3048247e10 “T2 - 4185.07635,/T [15]
298-795 100.854288 + 0.06896988T - 1736052.08T 2 - 8.6603105010 °T> [15]
795-2000 195.63 [15]
CaMg(SO4)2 —2678290° 249.173° 1-39 2.459609818¢10 T3 a
39-42 60.2427676 + 0.22021804T + 73416.5259T 2 - 1.304824710 “T? - 4185.07635/T + a
8.73213058010°T°
42-298 70.8248036 + 0.6671272T + 107502.76145T 2 - 6.0555533010 T2 - 5925.63492/T a
298-1800 181.98396 + 0.17561T - 3004485.32926T 2 - 4.59679¢10°T? a
CaMg2(S04)3 —4054080" 281.088" 1-39 3.332822876010 T a
39-42 60.2427676 + 0.22021804T + 73416.5259T 2 - 1.3048247e10 “T2 - 4185.07635,T + a
1.746426116010 T3
42-298 81.4068396 + 1.11403636T + 141588.997T 2 - 1.08062819¢10°T? - 7666.19349,/T a
298-1800 394.68198-0.01296T - 10918147.69689T 2+1.24922110°T?2 a
@ This work.

parameters based on the available experimental data (including own
measurements) was performed using the CALPHAD Optimiser module
included in the FactSage software [37,38].

4. Experimental results and discussion
4.1. MgSOy4

4.1.1. Transition temperatures

MgSO4 exhibits thermal instability at around 1000 °C, decomposing
prior to reaching its melting point [27,28]. As demonstrated by DTA/TG
analysis conducted in open alumina crucible (Fig. S 3), the decomposi-
tion of MgSO4 occurs at approximately 1000 °C, leading to the formation
of magnesium oxide and sulphur oxides. A mass loss of 66.90 % dem-
onstrates complete decomposition of sulphate to metal oxide. The DTA
investigation in sealed platinum tubes enabled the identification of the
transition temperatures by suppressing the decomposition reaction. The
solid-solid transition was identified at 1028 °C (1301 K), and the
solid-liquid transition at 1136 °C (1409 K). Phase transition tempera-
tures of MgSO4 obtained in the present work are compared with those
found in literature in Table 2. The melting temperature detected by DTA
analysis is in agreement with the value proposed by Rowe et al. [19] and
adopted in the SGPS database [32]. The solid-solid transition tempera-
ture proposed in this study differs from the value of 1010 °C (1283 K)
reported by Dewing and Richardson [40] and in use in SGPS database
[32]. Based on the experimental findings of this work, the database is
consequently updated. The transition temperatures were validated also
by DSC measurements in sealed platinum tubes, giving values of 1030 °C
(1303 K) and 1136 °C (1409 K).

4.1.2. Heat capacity and enthalpy increment

Due to the decomposition of MgSO4 into MgO at temperatures above
1000 °C, DSC measurements in an open crucible are prevented over a
wider temperature range up to the melting temperature. In the present
study, DSC measurements in open platinum crucibles with alumina liner
were conducted to obtain the heat capacity values and compare them
with available literature data [41,49,50]. The heat capacity was
measured in the temperature range 298-1050 K before decomposition
takes place, using two different DSC devices described in section 2.2.2
with different heating rate (4 and 10 K/min). The mass loss after heating
up to 1050 K was less than 0.5 %.

The self-referencing calibration method SRCM (section 2.3) allowed
solving the decomposition problem and reaching the melting tempera-
ture of the sulphate. The final curves Cp, corrected are shown in Fig. 1. The
enthalpy of the solid-solid transition and of fusion are summarised in
Table 2. The enthalpy of the solid-solid transition was determined to be
14.6 kJ/mol based on energy calibration, as described in section 2.2.2,
and 14.7 kJ/mol from the integration of C, curves. For the fusion
enthalpy, values of 41.4 kJ/mol and 45.3 kJ/mol were obtained from
calibration and integration, respectively. The enthalpy values are re-
ported as the average of the two methods and provided as final experi-
mental results: 14.6 + 0.4 and 43.4 + 2.0 kJ/mol. In contrast to the DSC
curves recorded in open crucibles, an additional peak is evident at
temperatures of around 780 K in the heating cycles, and absent during
cooling. XRD investigations did not show any impurity in the MgSO4
tested directly from the as-purchased chemical or after drying in a
furnace at 150 °C. A plausible source of this effect could be a possible
water content. Indeed, samples tested in open crucibles only showed
that peak in the first heating curve. A further attempt at drying and
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Table 2
Transition data of pure compounds.
Reaction Reaction Temperature of transition Heat of
Type transition
T, °C (K) Ref. AHy, Ref.
kJ/
mol
MgSO4
MgSO4 solidesolid 1010 (1373) [40]
(LT) &
MgSO4
(HT)
997-1095 (1270-1368)  [19]
1010 (1283) [15, 3 [32,
32, 37,
371 41]
1027.1 (1300.3) a
1029.9 (1303.1) b 14.6 b
MgSO4 melting 1124 (1397) [27]
(HT) &
liquid
1120 (1393) [28]
1185 (1458) [42]
1136 (1409) [19]
1137 (1410) [15, 14.6 [15,
32, 32]
41]
1137 (1410) [37] 23.6 [37]
1135.6 (1408.8) a
1135.7 (1408.9) b 43.4 b
CaSO4
CaSO4 (LT)  solid<solid 1196 (1469) [43]
< CaSOy4
(HT)
1195 (1468) [19,
26,
44]
1199 (1472) [45] 29.43 [45]
1211 (1484) [46]
1201 (1474) [47] 9.12 [47]
1200 (1473) [32, 5 [32,
371] 371
1227.4 (1500.6) [15, 17.61 [15,
25] 25]
1220.4 (1493.6) a
1222.6 (1495.8) b 17.7 b
CaSO4 (HT)  melting 1380 (1653) [44]
< liquid
1450 (1723) [43]
1462 (1735) [26]
1528 (1801) [48]
1506.8 (1779.9) [25]
1460 (1733) [32] 25.4 [32]
1527 (1800) [37] 36.84 [371
1506.8 (1779.9) [15, 16 [15,
25] 25]

1510.4 (1783.6) a

# This work, DTA in sealed platinum tube.
b This work, DSC in sealed platinum tube.

removal of possible interference from the aqueous content was per-
formed at 600 °C, but further DTA and DSC tests confirmed the presence
of the peak, whose enthalpic contribution is considered negligible and
therefore not included in the thermodynamic assessment.

4.2. CaSO4

4.2.1. Transition temperatures

CaSO4 decomposes into CaO above 1200 °C before reaching its
melting temperature, making it difficult to measure the melting tem-
perature, as discussed in Ref. [19]. DTA/TG investigations in open
alumina crucibles recorded a mass loss of 60.85 % (Fig. S 4), equivalent
to complete decomposition of sulphate to metal oxide. This phenomenon
prevents the melting temperature to be reached, causing the pure
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compound to shift to a composition of the CaSO4-CaO binary system.
Therefore, the experimental values of the melting temperature [26] are
to be considered as minimum values, less than or equal to the true
melting temperature [19,48]. In the previous assessment [15], data on
CaS0O4 were based on the experimental DTA measurement conducted by
Kobertz and Miiller [25]. The present work aimed to validate the tran-
sition temperatures by performing DTA and DSC investigations of CaSO4
in sealed platinum tubes. The solid-solid transition was found to be at
1220 °C (1493 K) from DTA tests and 1223 °C (1496 K) from DSC
analysis; with the melting occurring at 1510 °C (1783 K) from DTA
investigation. The experimental values slightly differ from the previous
DTA analysis [25], which reported transitions at 1227 °C (1550 K) and
1507 °C (1780 K).

4.2.2. Heat capacity and enthalpy increment

Three measurements were performed for each of the two DSC devices
described in section 2.2.2, covering the temperature range 298-1350 K
in alumina liners in platinum crucibles. They are consistent with data
available in the literature [39].

Three measurements at high temperature in sealed platinum tubes in
platinum crucibles were conducted using DSC Setaram (Fig. 2). Ac-
cording to the DSC Setaram settings using type B sample holder, the
maximum measurable temperature was 1673 K (1400 °C). As a result,
the melting temperature of the compound could not be reached during
these measurements. Therefore, only the solid-solid transition enthalpy
is proposed in this work. The experimentally determined values for the
solid-solid transition enthalpy are 16.7 kJ/mol from calibration and
18.6 kJ/mol from integration. Considering the average value of 17.7 +
1.0 kJ/mol, this result does not differ significantly from the value of
17.61 kJ/mol reported in the previous database [15], which was origi-
nally provided through DTA investigation [25]. Table 2 summarises the
solid-solid transition enthalpy from this work and from other sources
[32,37]. Given the validation of the value of the solid-solid transition
enthalpy and the experimental impossibility of verifying the enthalpy of
fusion, both previously proposed values are retained in the present work
and in the related assessment of sulphate-containing systems. DTA tests,
which reached temperatures up to 1600 °C, qualitatively confirmed the
trend that the melting enthalpy is smaller than the solid-solid transition
enthalpy (Fig. S 5). However, the enthalpy values derived from DTA are
not considered fully reliable due to the inherent limitations of the
technique, such as baseline shifts, heat flow inaccuracies, and the
challenges of calibration at high temperatures in sealed platinum tubes.
These factors can introduce significant uncertainties, making quantita-
tive DTA-derived enthalpy values less dependable compared to those
obtained from other methods like DSC.

4.3. CaMgZ(SO4)3

The calculated phase diagram [15,22], according to Rowe [19],
suggests an intermediate compound with the stoichiometry
CaMg3(S04)4. Smith et al. [23] clarified that the stoichiometry of the
compound previously reported as CaMgs(SO4)4 is not correct and den-
sity calculations showed it to be CaMgo(SO4)3. Weil [51] presented the
crystal structure of this double sulphate with lattice parameters: a = 8,
3072 A, ¢ = 7,3057 A. V = 436,62 A%, hexagonal P63/m. In order to
understand the composition of the intermediate compound, several ex-
periments have been carried out by DTA and XRD. Several in-situ syn-
thesised samples have been investigated, specifically with composition
CaS04e3MgSO4 and CaSO4e2MgS0O4. High-temperature XRD tests on
CaS04e3MgS0O4 revealed similar diffraction patterns to that of
CaMg2(S0O4)3 across the sample (Fig. S 6). These findings suggest a high
degree of structural similarity, leading to the conclusion that only one
intermediate compound exists, corroborating the thesis of Smith et al.
[23]. Despite the initial 1:3 composition, the sample showed two main
phases: one consistent with CaMgy(SO4)3 and the other with CaSO4. The
absence of detectable MgSO4, which would be expected based on the
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Fig. 3. a) Visualisation of peak splitting due to lattice parameter differences of CaMg2(SO4)s phases; b) Temperature dependence of lattice parameters a (top) and c (bottom);
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Fig. 4. TG curve of CaMg,(S0O4)3 in open alumina crucible.

starting composition, may be attributed to partial vaporisation of MgSO4
or incomplete equilibration.

The sample CaMg2(SO4)3 has been synthesised by solid state reac-
tion, as described in section 2.2.3. Three experiments at high tempera-
ture were carried out in different atmosphere and reaching different
temperatures: in vacuum (P < 1074 mbar) up to 350 °C; in vacuum (P <
10~* mbar) up to 500 °C; in synthetic air up to 500 °C. The targeted
compound CaMgy(SO4)3 tended to form multiple similar phases with
slight differences in lattice parameters. Two hexagonal CaMg2(SO4)3
polymorphs were found. One crystallizes in space group P63/m (176)

with the following lattice parameters at room temperature: a ~7.3 Aand
c~8.3A [51]. This phase is named here as a-CaMgs(SO4)3. The second
polymorph (B-CaMgy(SO4)3) crystallizes in space group P63 (173) with a
c-lattice parameter similar to o-CaMgo(SO4)3 but doubled a-lattice
parameter [52]. Lattice parameters from the present work are listed in
Table 3.

The thermal history seems to play an important role on the number
of CaMg2(SO4)3 phases formed as well as their crystallinity, as shown in
Fig. 3. The diffraction patterns can be relatively well described by just
two CaMg2(SO4)3 phases, even if there are still some Bragg reflections
not well fitted in the Rietveld refinement. At high temperatures (500 °C)
their lattice parameters are almost identical, appearing almost as a
single phase, even with the high-resolution setup of the diffractometer.
At lower temperatures, the peak splitting due to lattice parameter dif-
ferences becomes more obvious, as shown in Fig. 3a. Both polymorphs
can be distinguished by the formation of additional superstructure re-
flections of p-CaMgy(SO4)s (the strongest at ca. 38.3°20, hkl: 113).
The additional superstructure reflections of p-CaMga(SO4)3 were no
longer detectable above 300 °C. At higher temperatures the diffraction
patterns can be described by two a-CaMga(SO4)3 phases. Rietveld ana-
lyses indicates that only one (a-CaMgy(SO4)s “27) of the two phases
transforms to p-CaMgy(SO4)s. It might also be possible that, with
increasing temperature, the relative intensities of the additional super-
structure reflections are getting close to zero, because atoms are moving
closer to special atomic positions of the crystal structure, like in
a-CaMgo(SO4)s. In this case no phase transition occurs and both struc-
tures a and B could not be distinguished at higher temperatures. The
other phase (a-CaMg2(SO4)3 “1”) stays in a-CaMgo(SO4)3 structure over
the whole investigated temperature range. It seems that phase “2” has
always a larger a-lattice parameter and a smaller c-lattice parameter
than phase “1” (Fig. 3b). The sample contains approximately 1 wt% of
CaSO4. No changes in concentration were observed during the
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Table 3
Lattice parameters of CaMgy(SO4)s.
T(°C)  phase a(A) c(A) c/a V (A%
500 a-CaMga(S04)3 “17 8.390 7.403 0.882 451.3
a-CaMgo(S04)3 “27 8.390 7.381 0.880 449.9
25 a-CaMgo(S04)3 “17 8.287 7.370 0.889 438.1
B-CaMg2(S04)3 “27 16.635 7.342 1758
Recalculated for comparison 8.317 7.342 0.883 439.6

investigation. Reflections of an unknown phase were measured (marked
in cyan in Fig. 3d). Attempts of indexing 9 characteristic reflections of
the unknown phase suggested an orthorhombic base-centred symmetry.
The phase vanishes on heating above 425 °C and reappears on cooling,
as shown in Fig. 3d and in Fig. S 7.

4.3.1. Transition temperature

DTA investigation in open crucibles is hampered by decomposition
of sulphate into oxides, as shown in Equation (5). CaMgy(SO4)s is stable
up to 900 °C, as proved by DTA/TG measurements in open platinum
tube. Above that temperature the system undergoes a mass loss of 62.44
%. The mass loss confirms the complete decomposition of the sulphate
mixture 2:1 into metal oxides and sulphur dioxide (Equation (5)). Ac-
cording to the decomposition reaction, the residual mass fraction of
metal oxides is 36.27 %.

CaMg;(804)5(s, 1) = CaO(s, 1) +- 2MgO(s, 1) + 350,(g) + 3/20,(g) 5

The decomposition of CaMg(SO4)3 proceeds through two distinct
stages, as described in Equation (6) and illustrated in Fig. 4. In the first
stage, occurring between 900 °C and 1100 °C, CaMg2(SO4)3 partially
decomposes to form magnesium oxide and calcium sulphate. This stage
is characterised by an experimental mass loss of 42.17 %, which is in
close agreement with the theoretical prediction of 42.49 %. The second
stage, which takes place at temperatures above 1100 °C, involves further
decomposition of the remaining compound CaSOy, resulting in the for-
mation of calcium oxide. This stage leads to an additional mass loss of
20.27 %, similar to the value of 21.22 % according to the second step of
reaction. This means a cumulative mass loss of 62.44 %, consistent with
the theoretical total decomposition value of 63.71 %. These results
highlight the stepwise thermal decomposition behaviour of

CaMg»(S04)3 and provide crucial insights for understanding its stability
under high-temperature conditions.

Fig. 7. SEM-Images (Back Scatter Electrons) showing the grains and phases of MgS04(70 mol%)-CaS04(30 mol%) across the sample surface, highlighting areas

analysed by Energy Dispersive X-Ray Spectroscopy (EDX).
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15 step

CaMg(S04),4(s, 1) ———2MgO(s, 1) + CaSO4(s,1) +250,(g) + 02(g)  (6)

2 o MgO(s, 1) + CaO(s, 1) + 350(g) + 3/20:(g)

DTA investigations were performed in sealed platinum tubes in a
temperature range of 25-1300 °C. These analyses confirmed that the
sample melts congruently at 1213 °C without undergoing any other
phase transitions. Three separate samples were analysed in DTA using
the mixture prepared by solid-state reaction. Other attempts were made
to prepare the 2:1 mixture directly in platinum tubes for DTA analysis
and then form the mixture in the first DTA heating-cooling cycle, in
which case additional peaks are present as the mixture is not completely
equilibrated, or at least slightly different in composition from the in-
termediate compound so that it is placed differently in the phase dia-
gram. An internal validation of the melting temperature is offered by
DSC measurements in sealed platinum tubes in DSC Setaram. Three
measurements were performed giving a value of 1210 °C, in agreement
with the value provided by the DTA analysis.

4.3.2. Heat capacity and enthalpy increment

The thermodynamic properties of the intermediate compound
CaMg2(S04)3 have been investigated for the first time in the present
work. Three measurements were performed with DSC (Netzsch) and
three with DSC (Setaram) up to 1173 K (900 °C) with a final mass loss
less than 1 wt%. The experiments were carried out in a platinum pan
with alumina liner covered by a platinum lid. Fig. 5a shows the com-
parison of C, obtained by DSC with Neumann-Kopp and ab-initio cal-
culations (aiMP) [53]. The curves represent C, of CaMg2(SO4)3,
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considering its composition as MgS04(66.7 mol%)-CaS04(33.3 mol%), i.
e., Cag.33Mgo.67504.

In order to cover a wider temperature range and to determine the
enthalpy of fusion experimentally, the intermediate compound was
analysed with DSC (Setaram) in sealed platinum tubes and the Cj, curves
corrected on the basis of the methodology presented earlier (Section
2.3), as shown in Fig. 5b. Three measurements were conducted for this
purpose, which yielded an enthalpy of fusion value of 47.2 kJ/mol from
calibration method and 49.7 kJ/mol from integration method, with an
average value of 48.5 + 1.3 kJ/mol, which was considered. The melting
and crystallisation enthalpy values have good reproducibility, 47.4 and
47.0 kJ/mol, respectively, meeting one of the criteria for phase change
materials. The experimental enthalpy of fusion of CaMgy(SO4)3 is
therefore 145.5 kJ/mol (Fig. S 8).

4.4. MgS04-CaSO4 system

Experimental investigation of the MgSO4-CaSO4 system in open
crucibles was hampered by the decomposition of both sulphates above
1000 °C [26-28]. Hence, it is needed to use closed containers to analyse
such a sulphate system. Several crucible types, made from different
materials (alumina, quartz and platinum) and with varying shapes, were
tested to achieve temperatures of at least 1400 °C without any mass loss
due to breakage or leakage (Fig. S 9). The most effective solution was
found to be sealed platinum tubes (with diameter of 5 mm, thickness of
0.3 mm and length of 2-2.5 cm) containing the mixtures in their stoi-
chiometric ratios. Attempting to prepare the mixtures by directly heat-
ing the two end-members in the DTA did not result in the desired
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formation of the target composition, and mass loss was observed.
Generally, more reliable DTA investigations were conducted on mix-
tures that were pre-prepared by thoroughly mixing the end-members
and annealing them at 1000-1100 °C for 48-72 h in quartz ampoules,
followed by re-mixing and testing. Mixtures with a high content of
MgSO4 were found to be particularly susceptible to failure due to
leakage at the crucible walls. Given the presence of the intermediate
compound with congruent melting, a further attempt at thermal analysis
of the binary system was performed by considering the aforementioned
MgS04-CaS0Oy4 binary system into two sub-systems MgS04-CaMg2(SO4)3
and CaMgy(S04)3-CaSO4 by preparing the study mixtures by mixing
CaMg2(S04)s with either MgSO4 or CaSO4. This approach was driven by
the need to form the compositions of interest and by the experimental
evidence of the difficulty in preparing them directly from pure sul-
phates. Long-term annealing experiments were performed in order to
equilibrate the mixtures. It has been demonstrated that compositions
prepared by directly mixing pure sulphates have a far higher probability
of failure, due to crucible compromise at high temperatures (above
1300 °C), compared to those prepared by mixing them with the inter-
mediate compound. The reasons for this are not entirely understood, but
probably the time and conditions to equilibrate the compositions of
interest from pure sulphates make sample preparation more problem-
atic, when compared to a mixture based on double sulphate precursors.

The experimental data points from DTA measurements of MgSOy-
CaSO,4 mixtures are summarised in Table S 1 and displayed in Fig. 6. The
experimental data are compared with the phase diagram calculated
using the previous assessment [15]. Unlike Rowe et al.’s data [19], in
the present work the eutectic composition in the range near 50 mol%
CaSO4 was not identified; instead, additional thermal effects were
detected. Examination of mixtures in this range produced experimental
results that diverged significantly from previous values, suggesting
alternative interpretations of the phase equilibria and indicating the
potential presence of new phases. The DTA results of mixtures with
compositions (47.63, 50.03, 53.85, 61.33, 72.10, 72.82 mol% CaSO4)
prepared by combining end-members revealed distinct thermal effects.
Preliminary analysis raised the possibility that the mixtures had not fully
equilibrated, as evidenced by the initial thermal effect observed at
approximately 1020 °C. This thermal effect was thought to be associated
with the solid-solid transition of residual pure MgSO4 within the
non-equilibrated mixture. Repeating the DTA measurements on
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identical mixtures and applying specific heat treatments to enhance
equilibration yielded consistent results.

To validate this behaviour, the DTA thermal effects were indeed
attributable to the tested compositions, similar tests were performed on
mixtures in the same composition range, prepared by using the inter-
mediate compound CaMgy(SO4)s and CaSO4 as starting materials,
thereby avoiding the presence of MgSO,4. These mixtures (42.21, 60.48,
66.10 mol% CaSO4 in the system MgSO4-CaSOy, alternatively 36.54,
67.06, 74.36 mol% CaSOy4 in the system CaMg2(SO4)3-CaSO4) confirmed
a consistent thermal effect at around 1020 °C, suggesting that the
observed thermal event involved new phases rather than the solid-solid
transition of MgSO4.

To better understand the phase transitions of mixtures within the
composition range of 40-75 mol% CaSOy4, and to address discrepancies
with the data reported by Rowe et al. [19], samples in sealed platinum
tubes were tested using a Setaram DSC. This approach aimed to validate
the transition temperatures determined by DTA measurements and to
provide more detailed results of their enthalpic contributions. The DSC
analysis of samples (40.00, 42.21, 47.63, 48.02, 60.48, 61.33, 72.82 mol
% CaSOy4) revealed a prominent peak between 1010 °C and 1030 °C in
several cases, with an enthalpic contribution significantly higher than
that of the second peak, which occurs at temperatures above 1200 °C
(Fig. S 10). These findings suggest that the mixtures were indeed formed
and equilibrated. If they had not, one would expect a low-temperature
peak associated with the solid-solid transition of MgSO4, which would
be much less intense due to the minimal quantity of unreacted pure
sulphate, and decrease further as the composition shifts towards the
CaSQOy4-rich side.

4.5. CaMg(S04)2

The phase equilibria (Fig. 6) show a more complex behaviour than
the initially assumed phase diagram and indicate the involvement of a
previously unreported compound with a MgS04:CaSOy4 stoichiometry of
1:1, potentially accounting for the distinct thermal behaviour observed
in the mixtures studied.

This hypothesis was further supported by Scanning Electron Micro-
scopy (SEM) analysis of sulphate mixtures. Among the tested composi-
tions, the specimen with 70 mol% MgSO4 and 30 mol% CaSOy is
presented here as a representative case, as it provided the clearest
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Fig. 10. Enthalpy increment of CaSO, obtained from DSC results in comparison
with the current database and the commercial databases FTSalt [37] and
SGPS [32].
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microstructural evidence supporting the hypothesis. This choice is also
related to the greater difficulty in pelletising sulphate mixtures with
higher CaSO4 content. The specimen with a composition of MgSO4(70
mol%)-CaS04(30 mol%) was synthesised via a solid-state reaction. The
synthesis involved a three-stage heat treatment (stage 1: 1050 °C for 72
h; stage 2: 950 °C for 45 h; stage 3: 1050 °C for 48 h), with intermittent
grinding in an agate mortar. The mixture was then pelletised (100 mg, 5
mm diameter, 2 mm height) using a hydraulic press at 15 kN, followed
by annealing under air at 600 °C for 24 h. Subsequent analysis confirmed
the presence of phases with MgS04:CaSO4 ratios of 1:1, 2:1, and 0:1, as
shown in Fig. 7 and summarised in Table 4, all phases with medium-to-
high CaSO4 content despite the initial composition. This may indicate a
more complex mechanism or incomplete reaction of the starting
mixture. However, a detailed investigation of this behaviour lies beyond
the scope of present work. Notably, this test reinforced the hypothesis of
an intermediate 1:1 compound, first suggested by the DTA data, while
also confirming the 2:1 compound discussed in detail in section 4.3 of
this work.

A specimen with a MgS04:CaSO4 ratio of 1:1 was synthesised by
heating the mixture in a sealed quartz ampoule at 900 °C for 15 days,
followed by rapid quenching to room temperature. XRD analysis
revealed CaMgy(SO4)3 as the primary phase and CaSO4 as the second
most abundant phase in a ratio of approximately 3:1. Additionally, an
unknown orthorhombic phase was identified, accounting for 5-10 wt%,
along with other minor unidentified secondary phases, as presented in
Fig. 8a. While this orthorhombic phase could correspond to the
hypothesised 1:1 compound, its detection - despite its minor abundance
relative to the starting stoichiometry - confirms the existence of this
compound. The limited quantity observed may be attributed to kinetic
factors, such as incomplete reaction or sluggish nucleation and growth
rates, which could hinder the full formation of the phase under the given
experimental conditions. Additionally, the thermodynamic stability of
the phase might be constrained to a narrow temperature or composi-
tional window, resulting in preferential formation of competing phases.

To investigate further, a separate sample with the same 1:1 compo-
sition underwent heat treatment at 900 °C, followed by controlled
cooling at a rate of 5 K/min. XRD analysis of this sample identified 53 wt
% CaSOy4, 43 wt% MgSO4 and 4 wt% CaMga(SO4)3, with no evidence of
the orthorhombic phase, as illustrated in Fig. 8b. The variability in phase
composition among the 1:1 samples subjected to different heat treat-
ments, coupled with the SEM observations and DTA data, suggests the
transient nature of the MgSO4eCaSO4 compound. This intermediate
phase appears to be metastable, decomposing at lower temperatures into
fine-grained exsolutions of MgSO4 and CaSOy, as evidenced by distinct
microstructural features in the SEM images.

Further support for the existence of this 1:1 phase comes from the
DTA analysis of an in-situ synthesised 1:1 mixture, which revealed three
distinct thermal effects. The final thermal event corresponds to the

Table 4
Molar percentages of elements detected in the analysed regions of the sample by
SEM-EDX.

Spectrum (0] Mg S Ca Total MgSO4:
Label (mol%) CaSO4
Fig. 7a Spectrum 1 67.7 8.3 17.7 6.3 100.0 1:1
Spectrum 2 66.8  11.0 0.16.8 5.5 100.0 2:1
Spectrum 3 66.6 11.2 16.6 5.6 100.0 2:1
Spectrum 4 66.6 0.6 16.6 16.2  100.0 0:1
Spectrum 5 66.9 0.6 15.6 15.6 100.0 0:1
Fig. 7b  Spectrum 1 68.3 6.3 183 7.1 100.0 1:1
Spectrum 2 67.0 10.4 17.0 5.6 100.0 2:1
Spectrum3  66.7 10.8 16.7 5.8 100.0 2:1
Spectrum4  67.0 10.3  17.0 5.8 100.0 2:1
Spectrum 5 66.8 10.6 16.8 5.8 100.0 2:1
Spectrum 6  66.7 0.4 16.7 16.3  100.0 0:1
Spectrum 7  67.8 7.4 17.8 7.0 100.0 1:1
Spectrum 8  67.4 9.4 17.4 5.9 100.0 2:1
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congruent melting of the intermediate compound at approximately
1309 °C. This observation aligns with the hypothesis that the CaMg
(SO4)2 phase exhibits stability only within a specific temperature range,
existing as a distinct phase between approximately 1000 °C and its
melting point. Beyond this range, it either decomposes or transforms
into other phases, highlighting its limited thermal stability. In the phase
diagram, the compound CaMg(SO4)2 is suggested to be stable from the
low-temperature limit up to the congruent melting point. This transient
behaviour underscores the intermediate nature of the compound, of-
fering novel insights into the phase equilibria of the MgS04-CaSO4
system.

5. Thermodynamic assessment
5.1. MgSOy4

The low-temperature heat capacity based on [32,49] was previously
assessed [15] and implemented in the database. For temperature above
505 K (Kauzmans temperature), the C;, of the liquid phase was assumed
to remain constant. The standard formation enthalpy and standard en-
tropy were adopted from the SGPS database [32] and remained un-
changed [15]. The thermodynamic properties of MgSO4 are summarised
in Table 1.

In the present work, it has been experimentally validated that the
heat capacity can be described by the polynomial presented elsewhere
[15]. The value of C;, of the liquid phase obtained experimentally by the
SRCM method, and considered constant, is 154.5 J/(moleK). This
experimental value is in agreement with the value used in the current
database of 155 J/(moleK) [32,37], which, therefore, can be considered
experimentally validated in the present work. Given the agreement of
DSC measurements from the present work no G, modifications have
been included in the current database (Table 1).

In the previous work [15], the fusion enthalpy was adopted from the
SGPS database [32] and Glushko’s reference book [41]. From the DSC
experiments, by appropriate sensitivity calibration or by integration of
the C, curves, the enthalpies of the phase transitions were calculated.
The experimental transition enthalpies (solid-solid and melting) differ
massively from the commercial databases [32,37]. Fig. 9 and Table 1
show the comparison of enthalpy data available in several thermody-
namic databases with experimental results. On the basis of new exper-
imental findings, the current database was updated in order to pursue
the prediction of thermodynamic properties for systems involving
MgSOy4. Thus, a value of 14.6 kJ/mol is proposed for the enthalpy of
solid-solid transition and a value of 43.4 kJ/mol for the enthalpy of
fusion. The phase transition temperatures were measured experimen-
tally; the experimental melting temperature value conforms to those
reported in the databases [32,37], and therefore no changes are made to
the database in this work. However, the experimental evidence of the
solid-solid transition temperature shows differences with the values
reported elsewhere [32,37], and consequently a value of 1027.1 °C is
entered into the database.

5.2. CaSO4

This research builds upon the previous assessment [15], where new
heat capacity polynomials were developed for the temperature range
from O K to the melting point, based on experimental data [39]. The
standard enthalpy and entropy values were sourced from the SGPS
database [32] and Robie et al.’s work [39]. The Cj, of the liquid phase
was treated as constant above the temperature where the liquid and the
solid entropies converge, and extrapolated below the melting point [15].
Experimental validation confirmed the values for heat capacity and
solid-solid phase transition enthalpy (17.7 kJ/mol), resulting in no
modifications to the database from the previous assessment. Therefore,
enthalpy values of 17.6 and 16.0 kJ/mol obtained in Ref. [25] and used
in the previous assessment [15] are considered for solid-solid and
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solid-liquid phase transitions, respectively. The phase transition tem-
peratures were measured experimentally, yielding new values that
slightly differ from those previously reported in the literature [25,32,
37]. These updated values, 1220 °C for the solid-solid transition and
1510 °C for melting, have been incorporated into the thermodynamic
database.

5.3. CaMg2(S04)3

Experimental evidence on the existence of the intermediate com-
pound MgS04:CaSO4 with a stoichiometric ratio of 2:1 instead of 3:1 has
led to the replacement of the pure compound in the current thermody-
namic database. The initial values of standard formation enthalpy and
standard entropy of the new compound were introduced based on the
Neumann-Kopp rule, whereas heat capacity and solid-liquid transition
enthalpy values were introduced according to experimental data. Fig. 5
presents a comparison of the Cj, curves obtained in this study with those
derived from the Neumann-Kopp rule and ab-initio calculations [54].
Fig. S 8 illustrates the comparison of enthalpy increments between
experimental DSC measurements and those calculated using the current
database. For the intermediate compound, the C, of the solid phase has
been described and introduced in the current thermodynamic database
based on the experimental findings; the values of AHggg)f and S90g were
optimised to describe the solid-liquid equilibria in the binary system
(Table 1).

5.4. CaMg(S04)z

Based on the experimental evidence presented in this study, the in-
termediate compound with a stoichiometric ratio of MgS04:CaSO4 1:1
was incorporated into the thermodynamic database to characterise the
properties of the binary system. Initially, the enthalpy and entropy of
formation AHggg,f and 5398 for this intermediate compound were esti-
mated using the Neumann-Kopp rule, based on the pure sulphate com-
ponents. However, the experimental data detailed in section 4.5 indicate
a potential thermal instability of the compound under investigation. To
more accurately capture this behaviour, the enthalpy and entropy values
initially assigned using the Neumann-Kopp approximation were subse-
quently optimised. The optimised values are summarised in Table 1. The
optimisation was carried out to align the model more closely with the
observed experimental results, thereby providing a more precise repre-
sentation of the compound’s thermal decomposition and stability limits
within the binary system.

5.5. MgS04-CaSOy4 system

In the present work the re-assessment of the MgS04-CaSO4 system
was performed using the experimental phase diagram and calorimetric
data from this study. The database was updated based on experimental
evidence upon pure sulphates, and the new intermediate compounds 2:1
and 1:1.

The interaction parameters between MgSO,4 and CaSO4 in the liquid
phase were optimised using all phase equilibria and thermodynamic

Table 5
Thermodynamic descriptions of the liquid solution phases.

Gibbs energy data, J/mol Ref.

“Gumgsos = ° GMgs04 (liquid)

°Geaso, = °Gcaso, (liquid) [15]
L%0, wgs0, = — 10697.8+ 0.93*T

)
L850, wgso, = 5791.59 + 4.94*T

2)
Lo, sgs0, = 2192.44

2 This work.
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data from this work. The interaction parameters are listed in Table 5.
The introduction of two intermediate compounds of different stoichi-
ometry has considerably changed the liquidus curve of the phase dia-
gram, compared with the previous assessment [15]. The phase diagram
calculated using the new dataset is shown in Fig. 11. It shows overall
good agreement with the experimental results, with some deviations
observed in the MgSOy-rich region. Nonetheless, the dataset is consid-
ered reliable, especially in view of the experimental challenges in
assessing high-MgSO4 compositions. The melting temperatures of the
intermediate compounds, CaMg2(SO4)3 and CaMg(SO4)2, were calcu-
lated at 1212.2 °C and 1313.3 °C, respectively. In addition, the eutectic
point between MgSO4 and CaMgy(SO4)s was predicted at 9.7 mol%
CaSO4 at 1089.2 °C. The eutectic between CaMgy(SO4)3 and CaMg
(SO4)2 was calculated to be very close to the congruent melting point of
CaMg(S04)2, 33.5 mol% CaSO4 at 1213.0 °C. The calculated eutectic
between CaMg(S04)2 and CaSO4 (71.5 mol% CaSO4 at 1214.0 °C) was
found in a good agreement with the data from Ref. [19] and the present
measurements (71.5 mol% CaSO4 at 1214.0 °C). While there is a slight
disagreement with some phase diagram data points in the MgSOg4-rich
composition region, this does not significantly affect the overall reli-
ability of the dataset.

The calculated enthalpy of melting of the compound CaMgs(SO4)3
(146.3 kJ/mol at 1212.2 °C) agrees very well with the measured values
(145.5 kJ/mol at 1212.7 °C).

The optimised interaction parameters offer an enhanced thermody-
namic dataset that closely aligns with the experimentally observed
phase transitions, providing a more accurate representation of the sys-
tem’s phase behaviour.

6. Conclusions

In this study, an experimental investigation of the MgS04-CaSO4
binary system was conducted using thermal analysis techniques (DTA/
TG and DSC) complemented by high-temperature X-ray diffraction
(HTXRD) and scanning electron microscopy (SEM). A key achievement
of this work was the successful synthesis and characterisation of an in-
termediate compound, CaMg,(SO4)s. The thermodynamic properties of
this compound, including its heat capacity, melting temperature
(1213 °C) and latent heat of fusion (145.5 kJ/mol), were determined
and reported for the first time. The solid-solid transition temperature of
MgSO4 was revised to 1027 °C, with updated transition enthalpies of
14.6 kJ/mol for the solid-solid transition and 43.4 kJ/mol for the solid-
liquid transition. For CaSOg4, a solid-solid transition at 1220 °C and a
melting temperature of 1510 °C were proposed. Additionally, the
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CaMg(S0,); + CaSO,

CaMg,(S0,); + MgSO, CaMg,(S0y); + CaSO,
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Fig. 11. Phase diagram of the MgSO4-CaSO,4 system: comparison of experi-
mental data of the present work with literature data [19] and the devel-
oped database.
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intermediate compound CaMg(SO4)2, which exhibits thermal stability
within a narrow temperature range, was identified. This compound has a
congruent melting point at 1309 °C.

This study highlights the challenges in describing the phase equi-
libria of the compositions under investigation, particularly due to initial
difficulties in equilibrating the mixtures and experimental evidence that
diverges from previously reported literature. The thermodynamic
dataset for the MgS04-CaSO4 binary system was reassessed using the
experimental data obtained in this study, including the Gibbs energy
data on pure sulphates. That led to significant revisions in the thermo-
dynamic properties of the system. Notably, the previously considered
intermediate compound CaMgs3(SO4)4 was replaced by CaMgy(SO4)s,
and a new compound CaMg(SO4), was introduced, reflecting a more
accurate description of the phase equilibria within the system.

This work provides a refined understanding of the MgS04-CaSO4
binary system, offering new insights into its phase behaviour and ther-
modynamic properties, while also addressing discrepancies with earlier
studies.
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