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A new set of ternary interaction parameters is proposed to describe the excess properties of aqueous solutions in
the CoSO4-LizSO4-H20 chemical system between 283.15 K and 348.15 K at P = 101.3 kPa, using the Pitzer
formalism. The parameters were determined using a combination of (i) experimental solubility values between
283.15 K and 323.15 K coming from the literature and a new set of experimental osmotic coefficients at 298.15 K
and 308.15 K, (ii) reliable solid-liquid equilibrium models based on Pitzer equations for the CoSO4-H,0O and

LipSO4-H20 binary systems, from literature. The new interaction parameters defined in this study allow to
reproduce correctly the change in the hydration state of salts with temperature (LizSO4.H20 and CoSO4.nH>0
with n =1, 6, 7) as well as their solubility products. They also allow to accurately represent the experimental
phase diagram of the CoS04-Li2SO4-H20 system according to temperature.

1. Introduction

Lithium and cobalt play a crucial role in the transition to greener
energy. They are among the most important metals necessary for
manufacturing electric vehicle batteries, which are the largest con-
sumers of cobalt—right after portable electronics [1,2]— and lithium.
Both cobalt sulfate and lithium sulfate are salts involved in the
manufacturing and recycling of lithium-ion batteries. In the recycling
process, these two salts can be obtained by leaching the cathodes of
batteries made of LiCoO5, [3] with sulfuric acid. Lithium sulfate can also
be extracted during the leaching of lithium ores, which contain minerals
like spodumene, using the same technique [4,5]. Lithium salt is
employed to obtain lithium hydroxide monohydrate [6]. Similarly, co-
balt sulfate is produced as a precursor for obtaining cobalt oxide; these
two (hydr-)oxides are used to produce LiCoO; cathodes for Li-ion bat-
teries [7-9]. With the growing demand for lithium and cobalt driven by
the development of electric vehicles and the need for better energy
storage solutions, battery recycling is becoming increasingly
—financially and environmentally— appealing [10-12]. Despite the
fact that numerous recycling techniques already exist [8,13], there is
limited data available on solid-liquid equilibria in multi-component
aqueous systems containing Li- or Co-sulfates. However, investigating

* Corresponding author at: BRGM, F-45060 Orléans, France.

such multicomponent systems is crucial for identifying the putative
formation of double salts or solid solutions and designing optimized
recycling processes for greener lithium-ion battery production. Part of
this investigation can rely on the development of comprehensive ther-
modynamic models that predict the behavior of lithium and cobalt in
concentrated aqueous solutions.

Most of the literature data about aqueous Li- and Co-sulfates con-
cerns the binary systems Li»SO4-H20 and CoSO4-H50O. Sohr et al. [14]
collected all the published solubility data that have been measured to
describe the phase diagram of the Li;SO4-H50 system, between 250.15
and 543.15 K. Experimental osmotic coefficient data have been obtained
at 298.15 K by El Guendouzi et al. [15] and Rard et al. [16], and at
323.15 K by Rard et al. [16] Holmes and Mesmer [17] also measured
osmotic coefficient values at 383.14, 413.23, 443.16, 473.17 and
498.19 K.

Based on their results, Holmes and Mesmer [17] optimized values for
the Pitzer parameters p, ™, and C® to model the binary interactions
between Li* and SO%~ up to 498.19 K. The extended application of these
temperature-variable parameters down to 298.15 K shows that they
correctly describe the experimental osmotic coefficient measured by El
Guendouzi et al. [15] and Rard et al. [16] However, the Holmes and
Mesmer [17] model does not include the solubility product of the solid
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Table 1
Reagent Description Table.

Chemical name CAS no. Source Purity (% mass) Purification

Lithium sulfate monohydrate (Li;SO4.H50) 10,102-25-7 Thermo Scientific > 99% (supplier) None

Cobalt sulfate heptahydrate (CoSO4.7H,0) 10,026-24-1 Thermo Scientific > 99% (supplier) None

Water 7732-18-5 This laboratory 16 uS.cm™2 Double reverse osmosis
Table 2

Pitzer's binary interaction parameters for CoSO4-H>0 and Li;SO4-H,0 systems after Vielma's [18] model and literature on the Li;SO4-H3O binary system [14-17],
respectively, and the ternary interaction parameter 6;;: ¢,2+ defined in this study. a;-a¢ were converted from [18] to be consistent with Eq. (7).

Parameters a; ap ag ay as ag
Li»SO4-H50 system
p@ 0.1726 0 -2.2313E-07 0 —3.5772 0
pv 73.6045 -0.2038 1.9473E-04 0 —8630.6888 0
ct —0.0710 0 1.0500E-07 0 16.9609 0
CoSO4-H,0 system
p@ 0.4534 0 0 0 -78.21 0
py 12.3673 0 —2.2288E-05 0 —2260.9 0
p@ —2588.760 —2.0540 0 0 0 552.140
ct —0.1086 0 0 0 40.11 0
C0S04-Li2S04-H0 system
0 3.2997 —0.0048 0 0 —545.7865 0
" 0 0 0 0 0 0
Table 3
Standard enthalpies of formation AHy* and standard entropies S° of the solid hydrates and aqueous CoSO4 at 298.15 K obtained by Vielma [18].
C0S04.7H,0(s) C0S04.6H;0(s C0S04.H,0¢) C0S04(aq)
AHy / kJ.Mol ! —2979.26 —2683.79 —~1214.05 —967.47
S° / J.Mol L.K™! 403.51 363.00 127.40 —-94.2

salt Li;SO4.H20, which makes it impossible to describe the solid-liquid
equilibria of the LipSO4-H20 system.

Regarding the CoSO4-H,0 binary system, Vielma [18] published a
complete review gathering all the solubility data [19-21], enthalpy of
dilution, enthalpy of dissolution, and experimental osmotic coefficient
values [22-24] for temperatures between 270.15 and 373.15 K. Based
on this exhaustive collection of experimental data, he developed a set of
Pitzer binary interaction parameters for the CoSO4aq) ion pair, allowing
for an accurate modeling of the solution properties. Vielma [18] also
proposed standard enthalpy of formation and standard entropy for the
solid salts CoSO4.nH0 (n = 1, 6, 7) as well as for CoSO4(aq), to describe
solid-solution equilibria according to temperature.

Although the two binary phase diagrams are well documented, the
temperature-dependent phase diagram of the Co0SO4-LizSO4-H20
ternary system was not thoroughly studied. Indeed, until recently, the

only data available for this ternary system were solubility values at T =
298.15 K proposed by Blidin et al. [25], Filippov et al. [26], and Shev-
chuk et al. [27] The latter authors also determined two polysaturated
points (i.e., the composition of the solution saturated with respect to
both cobalt sulfate and lithium sulfate salts) at T = 323.15 and 348.15 K.
In our previous work [28], this system was completed by measurements
of the solid-liquid equilibria at 283.15, 298.15, 308.15 and 323.15 K. To
our knowledge, no model has been developed to describe the phase
diagram and the solution properties for this ternary system, and even
less so as a function of temperature.

This work aims to model phase diagrams and solution properties of
the CoS04-LisSO4-Ho0 ternary system. To do this, the model develop-
ment was done in three distinct steps. i) Harmonization of the model of
Vielma [18] for the CoSO4-H20 binary system and revision of the model
of Holmes and Mesmer [17] for the Li;SO4-HO binary system. ii)

Table 4

Standard properties of cobalt sulfate hydrate [18], water [35] and dissociated ions [37-39].
Species AH° [kJ/Mol] S° [J/(Mol.K)] Cp = a + bT + ¢/T? [J.(MoL.K) '] Ref.

a b c.le-5

CoS04.7H,0 —2978.73 408.81 87.523 1.0187 0 18,
CoS04.6H,0 —2683.26 368.30 64.737 1.15 0 18,
CoS0O4 H0 —1213.52 132.70 42.954 0.6619 0 18,*
Li»S04.H,0 —1731.51 171.14 —342.1870 1.4180 0
Co?* —-57.6 -107.4 1008.641 —2.104 —363.878 37,38
Li' —278.46 11.22 180.900 —0.2988 —26.769 37,41
S052 —909.34 18.5 3273.536 —6.8171 —1335.192 37,39
H,0 —285.83 69.95 74.992 0.0017 0 35
* : this work.



N. Patry et al.

Table 5

The Journal of Chemical Thermodynamics 216 (2026) 107650

Log K parameters of Eq. (4) defined in this work for every stable phase encountered in CoSO4~H,0 and Li»SO4-H>O binary system between 250.15 K and 373.15 K.

Parameters A B C D E Stability domain (K)
C0S04.7H0 —1546.8283 —0.2593 79,644.3804 567.6366 —4,437,423.21 268.15-316.45
C0S04.6H,0 —1528.0310 —0.2628 79,026.1108 561.3577 —4,437,423.21 316.45-337.35
C0S04.H20 —1417.9073 —0.2502 76,759.5392 518.8803 —4,437,423.21 337.35-373.15
Li»S04.H,0 —1324.1475 —0.2307 68,010.4 487.4050 —3,626,914.6655 250.15-373.15
370 - .
7 .
]
350 ~

i Undersaturated solution

330 A

Temperature (K)
o
o

290 A

270 A

250 +———————T 71—

Ice solubility

® Experimental CoS0,.7H,0 solubility

— C0S0,.7H,0 modelled solubility line

o Experimental CoSO,.6H,0 solubility

— C0S0,.6H,0 modelled solubility line
Experimental CoSO,.6H,0 solubility (metastable)

® Experimental CoSO,.2H,0 solubility (metastable)

® Experimental CoS0,.4H,0 solubility (metastable)

® Experimental CoSO,.H,0 solubility

— C0S0,4.H,0 modelled solubility line

0.0

2.0 3.0 4.0
CoSO0, molality (mol/kg)

5.0 6.0

Fig. 1. Zoom on the water-rich domain of the CoSO4-H,O binary phase diagram with modeled solid-liquid equilibrium (lines) (obtained from this work) and

literature solubility data [19-21] (circles).

Measurement of osmotic coefficient in the CoSO4-Li»SO4-H20 ternary
system at 298.15 and 308.15 K. iii) Optimization of ternary interaction
parameters for the CoSO4-LizSO4-H20 based on the two previous steps
and available experimental data [25-28]. The new model allows the
plotting of the solid-liquid ternary phase diagram of the CoSO4-LiSO4-
H20 system at temperatures of T = 283.15, 298.15, 308.15, and 323.15
K, under constant pressure P = 101.3 kPa.

2. Theoretical background
2.1. Excess gibbs free energy

The excess Gibbs free energy of an aqueous solution (G*) represents
the difference between the Gibbs free energy of the real solution and that
of the ideal solution of same composition. The derivation of this G with
respect to the water mass (wy) or the species mole number allows
obtaining the osmotic coefficient of the solution (¢), and the activity

coefficients of the dissolved species (y), respectively. The Pitzer model
[29] expresses G according to a sum of terms that represent specific
interactions, either binary or ternary, between aqueous species. In the
present case, the chemical system is composed of two cations (Li* and

Table 7

Calculated deviation between experimental and modeled osmotic coefficients
using the Pitzer interaction parameters determined in this work for the Li;SO4-
H,0 binary system.

Temperature G4(this work) N*
298.15 0.0047 76
325.15 0.0056 48
383.15 0.0067 30
413.15 0.0042 18
443.15 0.0031 13
473.15 0.0062 20
498.15 0.0076 16
Total 0.0054 224

“ Number of experimental data used for deviation calculations (cy).

Table 6

Calculated deviation (os;) between measured and modeled solubilities based on the log K functions defined in this study.
Species OSI(This work) N~ T range (K)
C0S04.7H20s) 0.0129 28 268.15-316.45
C0S04.6H,0(5) 0.0015 11 316.45-337.35
C0S04.H20(5) 0.0985 5 337.35-373.15
Li»S04.H20(s) 0.0357 132 250.15-373.15

* Number of experimental data used for deviation calculations (og).
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55 e |ce solubility
® Li,S0O,.H,0 solubility
Ice modelled solubility line
- Li,S0,.H,0 modelled solubility line
345
— 325 A
=
g
=1
©
g 209 1 Undersaturated solution
@
285
265 ’
245 T T T T T T T

1.5 2
Molality Li,SO, (mol/kg)

2.5 3 35 4

Fig. 2. Zoom on the water-rich domain of the Li,SO4-H,0 binary phase diagram with modeled solid-liquid equilibrium (blue line) (obtained from this work) and
literature solubility data (Sohr et al. [14] (circles). The calculated stability line of ice (see text) is also drawn (grey line). (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

Table 8

Chemical composition of the initial solutions used to measure osmotic coeffi-
cient in the CoS04-Li;SO4-H,0 ternary system at 298.15 and 308.15 K at P =
101.3 kPa®.

Experiment T (K)* Molality of CoSO4 (mol. Molality of Li»SO4 (mol.
name kg™° kg ®

1SO-1 0.3189(0.0002) 1.3858(0.0008)

1SO-2 208.15 0.717(0.0003) 1.1534(0.0004)

ISO-3 0.9207(0.0004) 0.9966(0.0005)

1SO-4 1.2956(0.0008) 0.7129(0.0010)

1SO-1 0.3131(0.0003) 1.2902(0.0008)

1SO-2 308.15 0.7548(0.0003) 1.1874(0.0005)

1SO-3 1.0015(0.0005) 1.0466(0.0005)

1SO-4 1.4476(0.0009) 0.8074(0.0005)

2 : Standard uncertainties for temperature and pressure are u(T) = 0.5 K and u
(P) = 0.2 kPa. b, Absolute standard uncertainties for the molalities are indicated
by O.

Co%") and one anion (SO?{), and G* can be expressed as follows in eq.
1):

7$ ln(l +bI2 )

G* B +2 Mgpz2- [mu‘ (BLi+,SO§’ + (M + 2m<:oz*)cu+.so§* )
wy X RT N
Mgz (BCO2+.so§ + (mye + 2mgg2+ )Coper 502 )}

My M2+ (2¢Li+,cO2+ + Moz Wi+ goar .so§*>
(€]
Where R is the ideal gas constant (8.3145 J.K’l.mol’l), T is the

temperature (K), A, the Debye-Hiickel parameter (kg ” mol™), I is the
ionic strength (mol.kg™1), b is a universal parameter set by Pitzer at 1.2

kg “.mol™ [30], m; is the molality of species i, By g0z = ﬁﬁ)so% +
T4

Prsor 8@ VI) + B g(aavI) with M=Li* orCo* and g(x) =
ot

2[1—(14+x)e M2~

] — — E
X2 > CM,SO% = 2\/22—’” and {/)Li’.Co'” = Oui+ coz+ +- 01t o2t (I)

In the above equations, fixed parameters are a; = 2.0 kg “.mol”* and
az; =0kg 2 mol™ for 1:2 electrolytes, like LipSO4, and @y = 1.4 kg " mol™”
and ay = 12 kg “.mol™” for 2:2 electrolytes, like CoSO4.

. 0 1 2
Adjustable parameters are ﬂ;vz,)sogf’ ﬂz(vz?sogf’ ﬂz(vz,)sogf’ Cra,sogf’ O+ o2+ >

and W+ v 502+
E@pi+ co>+ accounts for unsymmetrical mixing effects and depends on

the charges of the ions, on the ionic strength and on the solvent prop-
erties. The theory and equations for calculating this parameter are
described elsewhere in the literature [29].

Solid-Liquid equilibria

The saturation index (SI) is widely used to assess the deviation from
equilibrium between a given mineral and an aqueous solution. For a
given reaction of mineral dissolution, it is defined by the eq. (2) below:

SI = log,, (%) 2)

Q =TJa" is the ion activity product (IAP), calculated from the ac-

tivity of dissolved species (a;) and their stoichiometric coefficient (v;). K
is the equilibrium constant of the reaction, and it varies with tempera-
ture. A negative SI means that the solution is undersaturated with
respect to the mineral, whereas a positive SI indicates that the solution is
oversaturated. When equilibrium is reached, the activity product (IAP)
is equal to the equilibrium constant (K), meaning that the saturation
index is 0. For optimization purpose, the saturation index is relevant for
two cases: i) to determine the equilibrium constant of a mineral when its
solubility is known and the activity coefficients of the solutes are
correctly calculated (the ion activity product, calculated for the chem-
ical composition of the solution at equilibrium with the mineral, directly
provides the value of the equilibrium constant) and ii) to optimize
interaction parameters when the equilibrium constant is known: the
target ion activity product calculated on a solid-liquid equilibrium line
must match the equilibrium constant of the dissolution/precipitation
reaction.
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Table 9
Osmotic coefficient measured in the CoSO4-Li;SO4-H,O ternary system from
DVS experiments at T = 298.15 K and P = 101.3 kPa".

Sample Relative LipSO4 CoS04 s03 !
name humidity (%  molality molality molality
RH)® (molkg )  (molkg )¢  (molkg })°

150-1 918 (16.6(?(?190) ?(.)?07(?(?2) ?6(.)(?()632) ?6?141)
01 %0 PO o ool @09
01 882 GOz Goom 0002 000
01 85 Cooxy  Goomy  Goomn  @om
501 833 (2675()6319) ?(')%01029) (3(;,‘(?;:3) (16?(?7)
150-1 81.2 ?6(.):01498) ?6?(?(?111) ?6?(;‘()25()9) (1(.)?(;)6)
501 795 G055 (oo (00068 (006
101 80.9 Gooy GOy (0000 (006
01 826 Coom Gy oo @om
1S0-1 84.1 ?6?5356) ?(')%(?053) (3(},3(}(}:4) (16(.)()37)
01 858 G0y G0 00 009
01 7.4 G0z OO0m 0003 009
150-1 89.4 (26?()1:57) (()(')‘_1065074) ?(.)‘_‘07(?:1) ?6?(?9)
s02 895 OO G0N G oo
PV AN
oz s ooy o oo 60w
s02 842 Coozn  Gonw  Goos  @on
e
YA AR oM
s02 791 Gz Oom 00w G009
oo s b dr W
1502 824 (2(‘).3801227) 36?()38197) ?{),7302:4) 36?(;)7)
150-2 84.1 (Z(f(fffs) 26_355124) ?6?(?(?37) (1(;(.)()57)
s02 857 PO ot Gy 08
K02 7.4 GOt Gooln 0002 009
s02 8o Contn 000 oot ©on
150-3 87.9 (16.53()7163) (1(.)‘.10209182) (2(.)?;(3235) ?6?(;38)
150-3 86.2 25.6(?3126) 26!_553165) ?6.2()5(}381) 36(.)018)
s ws el sen
03 w28 000z ooy (Goowd G
s we Mmool dme
03 792 Coozn  Goozn  Goosy G0
03 s08 Oz G0 ©00%)  ©0n
1S0-3 82.3 26?(?()9273) 36:_3(}(?271) ?6_7(?()9:4) 26?:7)
03 4 G Goo® 003 07
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Table 9 (continued)

Sample Relative Li»SO4 CoS04 503 o’
name humidity (%  molality molality molality
RH)? (molLkg )¢ (molkg™)¢  (molkg 1)

K03 856 PO Gots o0 (000
1803 895 (1(;‘_‘(?5){)0) 36.2093(;‘9) (26.6(?3159) ?6?(}9)
03 o1s CoOn  Goon  Gomd 10
1S0-4 91.6 ?6?07;(‘?5) (16.5(?317 0) (2(;.‘070211 5) ?(')E.;I“O)
1S0-4 90.1 ?(},9:()737) (16.7()9516; 3) (26.7(?(?50) ?(.)?(?9)
150-4 87.6 2(';025130) (26(,)35123) ?6?(?(?258) ?6.9(?8)
1SO-4 85.8 (16_2()2(?15) 2) (26.2()2()5;2) (3(;‘(‘)‘(?384) (1(;(-)(?8)
1504 837 Gooty  Gows  Goow) o007
150-4 817 GO0 G003 000 ©0n
150-4 79.9 géf‘ggf 9 (2(‘).702(?324) ?6,2(}(3503) 36.2057)
w04 sl COn  GoBD 000 Gon
04 832 GO0l G0z 0o0en o
1S0-4 85 (1(').206318 3) (26%()9(};3) ?(.).50502?}6) 26(.):8)
1SO-4 86.8 (101(?(())10 1) (201020613 9) ?020906:0) (100(}8)
150-4 886 Goo0s) G001 (0005 (009)
1504 906 ?(')?53016) (16?(?(?11 2) ?6.6(?(?128) ?61.3170)

 : Standard uncertainties for temperature and pressure are u(T) = 0.5 K and u
(P) = 0.2 k Pa. " Standard uncertainty for RH is u(RH) = 0.5%. : Absolute
standard uncertainties for the molalities are indicated by (). d. Absolute standard
uncertainties for the osmotic coefficient are indicated by () and are rounded to
two significant digits to ensure a meaningful level of precision.

In order to estimate the difference between calculated and measured
solubility data, we computed the deviation from saturation indices for
salt-solution equilibria using Eq. (3).

" (logIAP —1ogK)? |3 (Skeg)’

Os1 = = 3)
N N

In cases where the standard properties of the compounds involved in
the reaction are already known, the equilibrium constant can be calcu-
lated independently from the activity model.

The reaction properties (e.g. log K) depend on temperature according
to Eq. (4) [31] below:

C E
LogK:A+BT+T+Dlog(T)+F “4)

A, B, C, D and E are adjustable parameters, with T in Kelvin. More
details about the form of Eq. (4) are given in supplementary information
1.

Solubility data

The model defined in this work aims at describing properties like
mineral solubility in the chemical systems of interest. The corresponding
experimental data used as references have been measured in previous
works for the CoSO4-H20 binary system [19-21], for the Li;SO4-H20
binary system [14] and for the Li3SO4-C0SO4-H3O ternary system
[25-28]. More details about the experimental procedures, including the
time required to reach equilibrium when given, are reported in Table 2a
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Table 10
Osmotic coefficient measured in the CoSO4-Li;SO4-H,O ternary system from
DVS experiments at T = 308.15 K and P = 101.3 kPa®.

Sample Relative LiyS04 CoSO4 503~ o4
name humidity (%  molality molality molality
RH)" (molLkg )¢ (molkg ¢  (molkg 1)
ISO-1 85.1 2.4725 0.6001 3.0726 1.04
(0.0031) (0.0008) (0.0039) (0.08)
1SO-1 83.7 2.6810 0.6507 3.3317 1.06
(0.0038) (0.0009) (0.0047) (0.07)
1SO-1 79.9 3.1346 0.7608 3.8954 1.14
(0.0055) (0.0013) (0.0068) (0.06)
ISO-1 81.8 2.9249 0.7099 3.6347 1.09
(0.0047) (0.0011) (0.0058) (0.07)
1SO-1 83.6 2.6957 0.6542 3.3500 1.06
(0.0039) (0.0009) (0.0048) (0.07)
ISO-1 85.5 2.4512 0.5949 3.0462 1.02
(0.0031) (0.0007) (0.0038) (0.08)
1SO-1 88.4 2.0761 0.5039 2.5800 0.95
(0.0020) (0.0005) (0.0025) (0.09)
ISO-1 90.9 1.7631 0.4279 2.1910 0.86
(0.0013) (0.0003) (0.0016) (0.10)
1S0-2 90.7 1.4202 0.9031 2.3233 0.89
(0.0005) (0.0003) (0.0008) (0.10)
1SO-2 88.5 1.6678 1.0605 2.7283 0.95
(0.0008) (0.0005) (0.0013) (0.09)
ISO-2 86.9 1.8294 1.1632 2.9925 1.00
(0.0010) (0.0006) (0.0016) (0.08)
1SO-2 84.8 2.0342 1.2935 3.3277 1.05
(0.0013) (0.0008) (0.0021) (0.07)
1S0-2 83.1 2.1962 1.3964 3.5926 1.10
(0.0016) (0.0010) (0.0026) (0.07)
ISO-2 81 2.3772 1.5115 3.8887 1.15
(0.0019) (0.0012) (0.0031) (0.07)
1SO-2 82.8 2.2130 1.4072 3.6202 1.11
(0.0016) (0.0010) (0.0026) (0.07)
ISO-2 84.6 2.0496 1.3032 3.3528 1.06
(0.0013) (0.0008) (0.0021) (0.07)
1SO-2 86.3 1.8818 1.1965 3.0783 1.02
(0.0011) (0.0007) (0.0018) (0.08)
1S0-2 88.1 1.6939 1.0771 2.7710 0.97
(0.0008) (0.0005) (0.0013) (0.09)
ISO-2 89.8 1.5195 0.9662 2.4856 0.92
(0.0006) (0.0004) (0.0010) (0.09)
1SO-3 86 1.6640 1.5923 3.2563 1.02
(0.0014) (0.0013) (0.0027) (0.08)
ISO-3 84.4 1.7921 1.7149 3.5070 1.07
(0.0017) (0.0016) (0.0033) (0.07)
1SO-3 82.7 1.9339 1.8506 3.7845 1.11
(0.0020) (0.0019) (0.0039) (0.07)
1SO-3 81.1 2.0514 1.9630 4.0144 1.15
(0.0023) (0.0022) (0.0045) (0.07)
1SO-3 79.5 21737 2.0800 4.2537 1.19
(0.0026) (0.0025) (0.0051) (0.06)
1SO-3 81.4 2.0327 1.9451 3.9777 1.14
(0.0022) (0.0021) (0.0043) (0.07)
ISO-3 83.2 1.8996 1.8177 3.7173 1.09
(0.0019) (0.0018) (0.0037) (0.07)
1SO-3 85.1 1.7547 1.6791 3.4338 1.04
(0.0016) (0.0015) (0.0031) (0.08)
1SO-3 87.1 1.5792 1.5111 3.0903 0.99
(0.0012) (0.0012) (0.0024) (0.08)
ISO-3 89.4 1.3791 1.3196 2.6987 0.92
(0.0009) (0.0008) (0.0017) (0.09)
1SO-4 91.5 0.8616 1.5448 2.4064 0.87
(0.0004) (0.0007) (0.0011) (0.11)
ISO-4 89.5 1.0079 1.8071 2.8150 0.93
(0.0006) (0.0010) (0.0016) (0.09)
1SO-4 85.4 1.2239 2.1944 3.4184 1.09
(0.0009) (0.0016) (0.0025) (0.08)
1S0-4 83.8 1.3300 2.3847 3.7147 1.12
(0.0011) (0.0020) (0.0031) (0.08)
ISO-4 82 1.4163 2.5393 3.9556 1.18
(0.0013) (0.0023) (0.0036) (0.07)
1S0-4 80.1 1.5063 2.7007 4.2070 1.24
(0.0015) (0.0027) (0.0042) (0.07)
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Table 10 (continued)

Sample Relative LisSO4 CoSO4 S0% o4
name humidity (%  molality molality molality
RH)" (mol.kg’l)C (mol.kg’l)C (mol.kg’l)C

1SO-4 81.9 1.4211 2.5479 3.9690 1.18
(0.0013) (0.0023) (0.0036) (0.07)

1S0-4 83.4 1.3414 2.4050 3.7464 1.14
(0.0011) (0.0020) (0.0031) (0.07)

1SO-4 85 1.2631 2.2647 3.5278 1.08
(0.0010) (0.0018) (0.0028) (0.08)

1SO-4 86 1.2085 2.1668 3.3753 1.05
(0.0009) (0.0016) (0.0025) (0.08)

1S0-4 87.7 1.1158 2.0005 3.1163 0.99
(0.0007) (0.0013) (0.0020) (0.09)

2 : Standard uncertainties for temperature and pressure are u(T) = 0.5 K and u
(P) = 0.2 k Pa. b. Standard uncertainty for RH is u(RH) = 0.5%. : Absolute
standard uncertainties for the molalities are indicated by (). 4. Absolute standard
uncertainties for the osmotic coefficient are indicated by () and are rounded to
two significant digits to ensure a meaningful level of precision.

Table 11
Osmotic coefficient measured in the CoSO4-Li;SO4-H2O ternary system from
climatic chamber experiments at T = 298.15 K and P = 101.3 kPa".

Sample Relative Li»SO4 CoS0,4 S05~ o
name humidity (%  molality molality molality
RH)" (MolKg™ )¢  (MolKg™))*  (MolKg !)°
1.6896 0.3999 2.0895 0.89
1SO-1 91.0 (0.0034) (0.0008) (0.0042) (0.16)
2.0429 0.4835 2.5264 0.91
1SO-1 89.0 (0.0041) (0.0010) (0.0051) (0.13)
2.1553 0.5101 2.6654 0.95
1SO-1 88.0 (0.0044) (0.0010) (0.0053) 0.13)
2.2737 0.5382 2.8119 0.98
1SO-1 87.0 (0.0046) (0.0011) (0.0056) (0.12)
2.5393 0.6010 3.1403 1.02
1SO-1 85.0 (0.0051) (0.0012) (0.0063) (0.11)
2.7978 0.6622 3.4600 1.06
1SO-1 83.0 (0.0057) (0.0013) (0.0069) (0.11)

# : Standard uncertainties for temperature and pressure are u(T) = 0.5 Kand u
(P) = 0.2 k Pa. b. Standard uncertainty for RH is u(RH) = 1.5%. ©: Absolute
standard uncertainties for the molalities are indicated by (). d. Absolute standard
uncertainties for the osmotic coefficient are indicated by () and are rounded to
two significant digits to ensure a meaningful level of precision.

of supplementary information 2.
Osmotic coefficients

The osmotic coefficient is a thermodynamic property used to eval-
uate deviations from the ideality of electrolyte solutions. It quantifies
the non-ideal behavior of a solution due to the interactions between
aqueous species and is particularly important to optimize interaction
parameters of electrolyte solutions in geochemistry. It is related to the
activity of water and the molality of solutes according to Eq. (5).

1000Ina,,

o= "
szil/imi

()

Where a, is the water activity, M,, is the molar mass of water (g.
mol™)), m; is the molality of electrolyte i (mol.kg’l), and v; is the
number of ions resulting from the dissociation of a molecule of solute i.
The uncertainties of the osmotic coefficients were calculated based on
the uncertainties associated with the measurement apparatus, specif-
ically the water activity (a,) and the molality of the compound (m;).
However, the uncertainty in m; was found to be negligible compared to
that of a,,, and was therefore not included in the final calculation. All the
experiments of this work were performed at the atmospheric pressure
and therefore the water fugacity is supposed equal to the vapor partial
pressure, the gases behaving as ideal gases. The detail of the relation
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Fig. 3. Experimental (symbols) and modeled (lines) osmotic coefficient obtained in this study as a function of the sulfate molality in the ternary system CoSO4-
Li;S04-H30 at T = 298.15 K. The vertical yellow lines show the calculated solubility limits set by equilibrium with either Li;SO4.H20 or CoSO4.7H30 salts (see
Fig. 6). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Experimental (symbols) and modeled (lines) osmotic coefficient obtained in this study as a function of the sulfate molality in the ternary system CoSOj4-
Li»SO4-H,0 at T = 308.15 K. The vertical yellow lines show the calculated solubility limits set by equilibrium with either Li»SO4.H20 or CoSO4.7H0 salts (see
Fig. 7). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Zoom on the water-rich domain of the isothermal section of the ternary phase diagram of CoSO4-Li;S04-H20 at T = 283.15 K.
bl taken from Vielma [18]. Therefore, the optimization procedure focuses
Table 12

Calculated deviation between experimental and modeled values of solubilities
(65D and osmotic coefficients (6,) for the CoSO4-Li»SO4-H,0 ternary system.
Into brackets, number of experimental data used for deviation calculations.
Deviation for solubility is calculated for each salt in the ternary system.

T (K) 01 LizS04.H20 651 C0S04.7H20 651 C0S04.6H0 Gy

283.15 0.1139(5) 0.0257(6) / /

298.15 0.0478(6) 0.0437(8) / 0.0094(61)
308.15 0.0902(6) 0.0653(7) / 0.0742(40)
323.15 0.0939(5) / 0.1809(4) /

between a,, and relative humidity (RH) can be found in supplementary
information 3.

When available, experimental osmotic coefficients are used for
model calibration and parameter optimization. They can serve as targets
to refine model parameters, such as interaction parameters of the Pitzer
model, ensuring the model reproduces the experimental osmotic
behavior over concentration ranges. To quantify the agreement between
calculated and experimental osmotic coefficients, the deviation is
computed using Eq. (6):

Z (¢calc - ¢exp)2

N (6)

Op =

where ¢, and ¢,,, are the calculated and experimental osmotic co-
efficients, respectively, and N is the number of data points.

2.2. Parameterization

The Pitzer approach, summarized in Eq. (1) uses binary and ternary
interactions parameters that must be defined for each chemical system.
For this, a parameterization methodology was developed based on the
coupling of the geochemical calculation code PhreeSCALE [32] and the
optimization software PEST [33]. This iterative method allows for quick
access to the interaction parameters that will enable fitting the modeled
values to experimental data.

The binary interaction parameters for the CoSO4-H2O system are

on the binary system Li;SO4-H20 and on the ternary interaction pa-
rameters 0 and y in the ternary system. The revision of the activity
model of Holmes and Mesmer [17] for LipSO4-H5O is justified by the fact
that it was built based on osmotic coefficient data measured above
383.15 K and did not consider solubility.

The model development for the ternary system relies on solubility
data coming from the literature [25-28], and on osmotic coefficient data
obtained experimentally in this work. Ternary interaction parameters
were first determined at a single temperature (e.g., T = 283.15, 298.15,
308.15, and 323.15 K). Then, the a;-a¢ coefficients of eq. (7) imple-
mented in PhreeSCALE [32] have been regressed to describe 6 and v,
according to temperature:

a
Y(T) = a; +a,T +asT? + a4 T3 +?5+ asIn(T) %)

This eq. (7) also applies for the binary interaction parameters

ﬂ(o) ﬁ(l) C¢

MsS03’ "MS03-° ~'M,S0?
by Vielma [18]. Thus, the corresponding coefficients needed to be
converted for harmonization purposes. The relationships used to convert
these temperature functions are detailed in supplementary information
4.

but differs from the temperature functions used

3. Materials and method

All concentrations in this work are given in molality units, namely
moles per kilogram of water, and are noted mol.kg "

3.1. Materials

For all experiments, Li;SO4.H,0 salt (purity >99%) and CoSO4.7H50
salt (purity >99%), both from Thermo Scientific, were used.
C0S04.7H,0 was stored under high relative humidity (RH = 98%) to
avoid partial dehydration of the compound before its use. Table 1
summarizes the chemical samples used in this work.
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Fig. 7. Zoom on the water-rich domain of the isothermal section of the ternary phase diagram of CoSO4-LiS04-H50 at T = 308.15 K.

3.2. Experimental procedure

Osmotic coefficients were determined using two complementary
gravimetric sorption procedures. The first one uses a Dynamic Vapor
Sorption (DVS) apparatus [34] (DVS-1, Surface Measurement Systems,
UK). This instrument consists of a high-precision microbalance, with an
uncertainty of +0.0005 mg, housed within a climatic chamber that al-
lows precise temperature control from 283.15 to 313.15 Kwith a + 0.1

Kuncertainty. The apparatus also includes humidity probes for real-time
monitoring and regulation of the sample's humidity, and a humidity
generation system capable of maintaining relative humidity (RH) be-
tween 0% and 95%, with a stated stability of +1%.

Prior to any experiment, water stoichiometry was checked for every
hydrated solid sample using XRPD to confirm its purity. Solids and
solvent used to prepare the solutions were weighed accurately, and the
aqueous solutions were conditioned in a thermostated jacket at the
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Fig. 9. Zoom on the water-rich domain of the isothermal section of the ternary phase diagram of CoSO4-Li»SO4-H20 at T = 348.15 K.

working temperature for 24 h to ensure thermal equilibration. For each
measurement, 20 to 30 mg of the aqueous solution was placed in the
sample pan. A relative humidity program, consisting of both sorption
(condensation) and desorption (evaporation) steps with 2% RH in-
crements, was then applied. The specific program varied depending on
the sample and temperature; however, the studied range was main-
tained between 77% and 93% RH. Equilibrium was considered reached
when the sample mass exhibited a variation of less than 0.0005%.min !
over a minimum period of 10 min.

In this study, and as a preliminary validation before investigating the
ternary isothermal sections at various temperatures, osmotic coefficient

10

data have been measured on the Li;SO4-H0 binary system at 298.15
and 313.15 K. The comparison of our results with experimental and
modeled data from literature (Table 5a and b, Fig. 5a and b — Supple-
mentary information 5) shows the good consistency of the DVS mea-
surements and the relevance of this technique for the determination of
osmotic coefficient of inorganic salt solutions. These measurements
could not be conducted on the binary CoSO4-H30 system because the
minimum RH required to access an equilibrium (i.e., 98%) is out of the
RH stability range of the apparatus. The second gravimetric vapor
sorption procedure used to get osmotic coefficient on ternary aqueous
solutions consists in using a climatic chamber (C-20-350 from CTS
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GmbH, Germany), whose internal volume is 350 L, and where temper-
ature and relative humidity can be varied in the ranges 253 to 453 K, and
10 to 98%, respectively. The measured temperature and relative hu-
midity precision are 0.3 K and 1.5%, respectively. This material allows
working with volumes of solution (up to 0.5 Liter) bigger than with DVS
(20 to 30 pL), but the principle of the measurement remains the same. In
the climatic chamber, relative humidity and temperature are imposed
above the solution, and the mass evolution is monitored with a high-
precision balance (Combics 3 from Sartorius Weighing Technology
GmbH, with a precision of 0.01 g) until equilibrium is reached (no more
mass variation for 48 h). The samples are continuously stirred to guar-
antee the homogeneity of the aqueous solutions.

4. Results and discussion
4.1. Binary systems

Binary interaction parameters for the two systems (CoSO4-H20 and
Li»S04-H30) are taken from literature [17,18]. Vielma [18] considered
the different CoSO4.nH20 salts dissolved as CoSQOy(aq) ion pairs, while
Holmes and Mesmer [17] considered Li»SO4 and LizSO4.HyO as
completely dissociated, with no existence of chemical complexes
(neither neutral nor charged) in the brines. This second assumption is
maintained in the present work. Both authors proposed different ex-
pressions for the temperature-dependent equation, but as said above,
Pitzer's interaction parameters for the Li;SO4-H,0 binary system were
re-estimated. It was thus decided to only homogenize Vielma's writing
using the Eq. (7) [31], and determine our own parameters for the
Li»SO4-H»0 binary system. Results are displayed in Table 2.

For the CoSO4-H20 binary system Vielma [18] proposed standard
state properties for the three hydrated salts, as well as for the CoSO4(aq),
as detailed in Table 3.

Based on these data (Table 3), the proposed heat capacity, C,, of
Co0SO04(aq) (—305 J.(mol.K)’l), and using the water heat capacity pro-
posed by IAPWS [35], a first attempt was made to convert Vielma's data
into a log K function that satisfies Eq. (4). This procedure is further
detailed in Supplementary Information 1. The resulting log K values, as
well as the corresponding phase diagram, and the solubility deviations
(os;) are presented in Supplementary Information 6 (respectively
designated as Table 6a, Fig. 6a, and Table 6b).

As said above, Vielma's work was based on the hypothesis that only
CoSO4(aq) exists in solution, without considering the presence of the
individual species Co?>" and SOs2~. Our approach assumes complete
dissociation of the salt, meaning both ions are explicitly considered.
Nevertheless, Vielma's study still provides an accurate description of the
binary CoSO4-H30 phase diagram, and it was therefore decided to adapt
Vielma's log K data to a model accounting for the complete dissociation
of the solid.

To achieve this, standard entropies and enthalpies of formation for
Co** and SO%’ were taken from the Thermoddem database [37-39].
With these values, we recalculated the standard entropies and enthalpies
of dissolution for the various hydrates, as well as the temperature-
dependent equations describing their heat capacities, again based on
the Maier—Kelley equation. All these data are provided in Table 4.
Further details on the procedure can be seen in the supplementary in-
formation 7.

These equations impose different constraints on the temperature
dependence of the log K functions in comparison to those proposed by
Vielma. Taking these constraints into account required adjusting the C,
of formation of the hydrates to achieve the best fit of the model
parameters.

The temperature-dependent heat capacity equations for both CoSOy4.
H0 and CoSO4.6H,0 have been modified. The b parameter for the C;, of
the monohydrate increased from 0.4184 to 0.6619, corresponding to a
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45% rise. This difference likely results from the estimation made in
DeKock [40], since no experimental data were reported for this hydrate.
Similarly, the b parameter for the C, of the hexahydrate increased from
0.9656 to 1.1500 (15% rise). This may also be due to the data used in
DeKock [40], as the fit was limited to the 15-330 K range, while the
stability range of this phase extends from 320 to 340 K (and up to 368 K
when considering metastable solubilities). This leaves a narrow tem-
perature interval uncovered, although the extrapolation remains
acceptable.

The recalculated log K values obtained in this study, based on cal-
culations using Table 4, can be found in Table 5. These values were used
to model the phase diagram shown in Fig. 1 and the solubility deviations
(os) summarized in Table 6.

These parameters do provide a comparable fit as the one proposed by
Vielma, while being assessed under the hypothesis of a complete
dissociation of the dissolved salts.

This new set of temperature-dependent log K functions was used in
the following to maintain consistency with previous parameterizations.

Holmes and Mesmer [17] did not consider the solubility of the hy-
drated lithium-sulfate salt Li;SO4.H20 and, therefore, did not determine
any log K consistent with their activity model. A first set of log K was
thus determined using the selected solubility data from Sohr et al. [14]
to calculate the ionic activity product and finally fit the temperature-
dependent log K function of LipSO4.HoO over the range
230.15-373.15 K. The resulting A-E adjustable parameters of Eq. (4)
gave the solubility curve representation found in supplementary infor-
mation 8. One can observe that the modeled solubility data using
Holmes and Mesmer's interaction parameters does not match the
experimental data below 285 K. This is due, as said earlier, to the lack of
use of experimental osmotic coefficients data at low temperatures for the
optimization of the interaction parameters, and the lack of consideration
of experimental solubility data in their fit at low temperatures. There-
fore, it was decided to propose a new optimization for the interaction
parameters and log K based on these parameters to propose an optimized
model between 250.15 K and 373.15 K.

First, a new optimization was done using both osmotic coefficients
from literature [15-17] and selected solubilities from Sohr et al. [14],
which were used to add constraints on the general model but also to fill
the lack of osmotic coefficients at low temperature. Using the iterative
method detailed earlier, new Pitzer interaction parameters were deter-
mined (Table 2). Modeled osmotic coefficients were then compared to
the experimental data (see supplementary information 9). Deviation
between experimental and modeled osmotic coefficients are given in
Table 7 below.

One can note that the parameters provide accurate reproducibility of
the experimental osmotic coefficient data between 298.15 K and 498.15
K. The model does not lose accuracy with increasing temperature, as the
errors above 373.15 K do not increase significantly.

Then, we determined log K parameters following the same method-
ology as the one used for Vielma's model. Standard entropies and en-
thalpies of formation for Li* and SO3~ were obtained from the
Thermoddem database [37,39,41]. Based on these values, we recalcu-
lated the standard entropies and enthalpies of dissolution for the mon-
ohydrate, along with the temperature-dependent equations describing
their heat capacities, again based on the Maier-Kelley equation. The
complete set of data is provided in Table 4.

We calculated the heat capacities for the aqueous species Li* and
SO7~ using the previously detailed standard entropies and enthalpies of
formation from Thermoddem, and for water from IAPWS [35], all
described according to the Maier—Kelley [36] expression. The recalcu-
lated log K values obtained in this study, based on calculation using
Table 4, can be found in Table 5. These values were used to model the
phase diagram shown in Fig. 2 and the solubility deviations (cg;) sum-
marized in Table 6.
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These parameters do provide a better fit for both osmotic coefficient
and solubility data, while being assessed under the hypothesis of a
complete dissociation of the dissolved salts. This new set of temperature-
dependent log K is used in the following of this work.

An additional evaluation of the model was done by calculating the
equilibrium line between ice and the aqueous solution at sub-zero
temperatures. The temperature function of the equilibrium constant
for ice was taken from the FrezChem database [42,43]. Results are in
excellent agreement with experimental data (Fig. 2).

4.2. Ternary system

4.2.1. Measurement of osmotic coefficients at 298.15 and 308.15 K

For both temperatures, a set of four different chemical compositions
of the initial solutions have been prepared (Table 8) (the quantity of
water contained in the hydrates was accounted for calculating the salt
concentrations in the stock solutions). The experimental osmotic coef-
ficient is reported according to the equilibrium relative humidity and the
corresponding sulfate molality in Table 9 and Table 10. Experimental
data obtained using the climatic chamber are detailed in Table 11.

The graphical representation of these data, as well as their un-
certainties, are shown in Fig. 3 at 298.15 and Fig. 4 at 308.15 K.

One can note that (i) in Fig. 3 and for ISO-1 solution, Table 11
experimental results from climatic chamber and DVS agree with each
other, showing the robustness of the measurements for both techniques.
(ii) Sorption and desorption processes give the same results, which
demonstrates that the measurements do represent thermodynamic
equilibrium, and that the technique allows access to the repeatability of
the data during one experiment.

At a given temperature, we can observe that the osmotic coefficient
of a mixture tends to decrease when the Co/Li concentration ratio in-
creases. This behavior is observed at both 298 and 308 K, when moving
from ISO-1 (low Co/Li ratio) to ISO-4 (high Co/Li ratio). The higher the
initial concentration of CoSOs, the lower the osmotic coefficient. The
osmotic coefficients values of the mixtures range between the osmotic
coefficients measured in the binary Li=SO4 and CoSOa. solutions (end-
members), which is fully consistent. Furthermore, Fig. 3 and Fig. 4 show
that DVS experiments made it possible to extend the measurement of
osmotic coefficient in solutions that are metastable with respect to the
salt solubility, which is indicated by the vertical yellow lines in the
figures.

These osmotic coefficients in metastable solutions are relevant to
describe osmotic coefficient evolution as they can extend the work
domain for a solution that would be supposed to recrystallize at high
relative humidity, such as CoSO4, allowing to obtain more data.(i.e.
Fig. 3).

Finally, when the same experiments are performed at different
temperatures, a decrease of the osmotic coefficient values can be
observed as temperature increases.

4.3. Modeling solubility in the ternary system

At this stage, the binary interaction parameters and the Log K of
single salts in the LipSO4.H20 and CoSO4-HO binary systems are
known. Besides, experimental measurements of solid-liquid equilibria
showed that no double salts can form in this chemical system [28].
Therefore, the remaining parameters that must be determined to com-
plete the description of the phase diagram of the ternary system CoSOj4-
LiSO4-H20 are the Pitzer parameter 0;;+ ¢y2+, and Wy e soz-+ For this,

we implemented osmotic coefficients obtained in this work, as well as
solubility data already obtained [25-28], in the optimization procedure.
As a result, it was found that only the 0y;+ .- parameter was necessary
to describe the solubility limits and the osmotic coefficient in the ternary
system, with overall 65; = 0.0869 and 64 = 0.0540. Introducing the
parameter Wy;- o2 g0z did not improve the optimization results and
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could therefore be set equal to 0. It was also found that 6;;: o+ varies
with temperature. Calculated osmotic coefficients are plotted in Fig. 3 at
298.15 K and in Fig. 4 at 308.15 K, where they can be compared to the
experimental data points. Calculated solid-liquid equilibria are plotted
in Fig. 5 (T = 283.15 K), Fig. 7 (T = 298.15 K), Fig. 8 (308.15 K), and
Fig. 9 (323.15 K), where they can be compared graphically to the
experimental solubility data. The detailed deviation criteria (6s;jand o)
according to temperature and nature of stable salt are summarized Table
12.

The modeled osmotic coefficients proposed at 298.15 and 308.15 K
closely align with those obtained experimentally in this study, as shown
in Table 12, Fig. 3 and Fig. 4. By close looking at the solubility of salts in
the ternary system (Figs. 6-9), the model fits well with the experimental
data. Table 12 also confirms the good accuracy with 6,<0.075.
Although the fitting at 323.15 K is less accurate and increases the gen-
eral og; of the modeled ternary phase diagram, it remains within the
experimental uncertainty range.

One polysaturated point was also reported at 348.15 K in the liter-
ature by Shevchuk et al. [27] Although there is not as many data points
as in the other isothermal cuts, the polysaturated point proposed in the
literature is pertinent enough to model both solubility lines in this
isothermal cut. Fig. 9 shows the solubility model and the existing
experimental data for comparison.

As seen in Fig. 9, the experimental data obtained from the literature
are enough to build an extrapolated phase diagram. Here, with the help
of Pitzer's equation, the proposed model seems to be consistent, at least
with the only point we have at our disposal, but acquiring new data to
validate it would confirm our approach.

5. Conclusion

An experimental determination of the osmotic coefficients in the
C0S04-LizSO4-HoO ternary system was successfully performed at
298.15 K and 308.15 K using gravimetric vapor sorption methods.
Combined with literature binary parameters and solubility data, these
new measurements enabled the optimization of ternary Pitzer interac-
tion parameters O+ go2r and Y+ cyor 502 providing accurate predictions

of solubilities and osmotic coefficients from 283.15 K to 323.15 K. The
model also reproduces polysaturated equilibria at 348.15 K, confirming
its robustness across a wide temperature range.

Further refinement using complementary thermodynamic data (e.g.,
heat capacities, enthalpies of dilution and of dissolution) could enhance
parameter reliability. Extending the approach to acidic systems such as
H3S04-C0S04-Li;S04-H20 would also improve the modeling of sulfuric
acid leaching conditions relevant to lithium-ion battery recycling.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.jct.2026.107650.

CRediT authorship contribution statement

Nino Patry: Writing — review & editing, Writing — original draft,
Investigation, Formal analysis, Data curation. Arnault Lassin: Writing —
review & editing, Supervision, Methodology, Formal analysis, Concep-
tualization. Laurent André: Writing — review & editing, Supervision,
Methodology, Formal analysis, Conceptualization. Nicolas Couvrat:
Writing — review & editing, Supervision, Methodology, Formal analysis,
Conceptualization. Yohann Cartigny: Writing — review & editing, Su-
pervision, Methodology, Formal analysis, Conceptualization.

Declaration of competing interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.


https://doi.org/10.1016/j.jct.2026.107650
https://doi.org/10.1016/j.jct.2026.107650

N. Patry et al.

Acknowledgments

Region Normandie (RIN50 “Thermosalt”) and BRGM are gratefully
acknowledged for their financial support, which made this work
possible. The authors also thank warmly two anonymous reviewers and
the associate editor for their help to significantly improve the scientific
quality of this article.

Data availability

Data will be made available on request.

References

[1]
[2]

[3]

[4

=

[5]

[6]

[7]

[8

[}

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Cobalt Institute [Accessed July 27, 2020], Https://Www.Cobaltinstitute.Org/,
2026.

J. Szlugaj, B. Radwanek-Bak, Lithium sources and their current use, Gospod.
Surowcami Miner. - Miner. Resour. Manag. 38 (1) (2022) 61-88, https://doi.org/
10.24425/gsm.2022.140613.

J. Nan, D. Han, X. Zuo, Recovery of metal values from spent Lithium-ion batteries
with chemical deposition and solvent extraction, J. Power Sources 152 (2005)
278-284, https://doi.org/10.1016/j.jpowsour.2005.03.134.

J.C. Kelly, M. Wang, Q. Dai, O. Winjobi, Energy, greenhouse gas, and water life
cycle analysis of Lithium carbonate and Lithium hydroxide monohydrate from
brine and ore resources and their use in Lithium ion battery cathodes and Lithium
ion batteries, Resour. Conserv. Recycl. 174 (2021) 105762, https://doi.org/
10.1016/j.resconrec.2021.105762.

V. Balaram, M. Santosh, M. Satyanarayanan, N. Srinivas, H. Gupta, Lithium: a
review of applications, occurrence, exploration, extraction, recycling, analysis, and
environmental impact, Geosci. Front. 15 (5) (2024) 101868, https://doi.org/
10.1016/j.gsf.2024.101868.

H. Liu, G. Azimi, Production of battery grade Lithium hydroxide monohydrate
using barium hydroxide causticizing agent, Resour. Conserv. Recycl. 179 (2022)
106115, https://doi.org/10.1016/j.resconrec.2021.106115.

J.-W. Lee, J.-I. Kim, Characteristics of LiCoO, and its precursor synthesized by a
uniform precipitation method, Electrochem. Solid-State Lett. 13 (7) (2010) A81.
G. Liu, Z. Zhao, A. Ghahreman, Novel approaches for Lithium extraction from salt-
Lake brines: a review, Hydrometallurgy 187 (2019) 81-100, https://doi.org/
10.1016/j.hydromet.2019.05.005.

S. Joo, D.-G. Kim, S.-H. Byun, Y.H. Kim, H.-W. Shim, A study on the synthesis
behavior of Lithium hydroxide by type of precipitant for Lithium sulfate recovered
from waste LIB, Resour. Recycl. 30 (1) (2021) 44-52.

H. Ali, H.A. Khan, M. Pecht, Preprocessing of spent Lithium-ion batteries for
recycling: need, methods, and trends, Renew. Sust. Energ. Rev. 168 (2022)
112809, https://doi.org/10.1016/j.rser.2022.112809.

J. Neumann, M. Petranikova, M. Meeus, J.D. Gamarra, R. Younesi, M. Winter,

S. Nowak, Recycling of Lithium-ion batteries—current state of the art, circular
economy, and next generation recycling, Adv. Energy Mater. 12 (17) (2022)
2102917, https://doi.org/10.1002/aenm.202102917.

A. Sobianowska-Turek, W. Urbanska, A. Janicka, M. Zawislak, J. Matla, The
necessity of recycling of waste li-ion batteries used in electric vehicles as objects
posing a threat to human health and the environment, Recycling 6 (2) (2021) 35,
https://doi.org/10.3390/recycling6020035.

D. Fuentealba, C. Flores-Ferndndez, E. Troncoso, H. Estay, Technological
tendencies for Lithium production from salt Lake brines: Progress and research
gaps to move towards more sustainable processes, Res. Policy 83 (2023) 103572,
https://doi.org/10.1016/j.resourpol.2023.103572.

J. Sohr, W. Voigt, D. Zeng, IUPAC-NIST solubility data series. 104. Lithium sulfate
and its double salts in aqueous solutions, J. Phys. Chem. Ref. Data 46 (2) (2017)
023101, https://doi.org/10.1063/1.4977190.

M.E. Guendouzi, A. Mounir, A. Dinane, Water activity, osmotic and activity
coefficients of aqueous solutions of LizSO4, NagSO4, K2SO4, (NH4)2S04, MgSOy4,
MnSOy, NiSO4, CuSO4, and ZnSO4 at T=298.15K, J. Chem. Thermodyn. 35 (2)
(2003) 209-220, https://doi.org/10.1016/50021-9614(02)00315-4.

J.A. Rard, S.L. Clegg, D.A. Palmer, Isopiestic determination of the osmotic and
activity coefficients of Li2SO4(aq) at T=298.15 and 323.15 K, and representation
with an extended ion-interaction (Pitzer) model, J. Solut. Chem. 36 (11-12)
(2007) 1347-1371, https://doi.org/10.1007/s10953-007-9190-x.

H.F. Holmes, R.E. Mesmer, Isopiestic studies of aqueous solutions at elevated
temperatures VI I 1. The Alkali-Metal Sulfates, J.Chem.Thermodynamics 18 (1986)
263-275.

13

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]
[27]

[28]

[29]

[30]

[31]
[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

The Journal of Chemical Thermodynamics 216 (2026) 107650

T. Vielma, Thermodynamic model for CoSO4(aq) and the related solid hydrates in
the temperature range from 270 to 374 K and at atmospheric pressure, Calphad 72
(2021) 102230, https://doi.org/10.1016/j.calphad.2020.102230.

Raymond Rohmer, Contribution a I'étude Du Sulfate de Nickel, et Du Sulfate de
Cobalt, Verlag Nicht Ermittelbar, 1939. These de Doctorat.

L. Kahlenberg, The theory of electrolytic dissociation as viewed in the light of facts
recently ascertained, J. Phys. Chem. 5 (6) (1901) 339-392, https://doi.org/
10.1021/j150033a001.

G.E. Brodale, W.F. Giauque, The heat of hydration of cobalt sulfate hexahydrate to
heptahydrate. Their solubilities and heats of solution 1, J. Phys. Chem. 69 (4)
(1965) 1268-1272, https://doi.org/10.1021/j100888a029.

H. Yang, D. Zeng, W. Voigt, G. Hefter, S. Liu, Q. Chen, Isopiestic measurements on
aqueous solutions of heavy metal sulfates: MSO4 + H20 (M = Mn, Co, Ni, Cu, Zn).
1. T = 323.15 K, J. Chem. Eng. Data 59 (1) (2014) 97-102, https://doi.org/
10.1021/je4008475.

H. Yang, D. Zeng, W. Voigt, Y. Chen, Q. Zhou, Isopiestic measurements on aqueous
solutions of heavy metal sulfates: MSO4 + Ho0 (M = Mn, Co, Ni, Cu, Zn). 2. T =
373.15 K, J. Chem. Eng. Data 61 (10) (2016) 3406-3412, https://doi.org/
10.1021/acs.jced.6b00046.

W. Libus, T. Sadowska, Z. Libus, Correlation between thermodynamic properties
and coordination states of aqueous bivalent transition metal sulfates, J. Solut.
Chem. 9 (5) (1980) 341-354, https://doi.org/10.1007/BF00651541.

V. Blidin, T. Andreeva, Solubility isotherms in the systems Li;SO4-FeSO4-H20,
Li»S04—~CoS04-H20, and LizSO4-NiSO4-H20 at 25 °C, Zh Neorg Khim 3 (1958)
2414-2416.

V. Filippov, V. Nokhrin, Li2S04-MS04-H20 systems (M = Mn, Co, Cu) at 25 °C, Zh.
Neorg. Khim. 30 (2) (1985) 513-516.

V. Shevchuk, D. Storozhenko, N. Kisel, Li2SO4-(Na2S04)-CoSO4-H20 systems at 25-
75-degrees-C, Zh. Neorg. Khim. 25 (3) (1980) 838-842.

N. Patry, N. Hébert, V. Peulon-Agasse, A. Lassin, L. Andre, N. Couvrat, Y. Cartigny,
Experimental determination of CoSO4-Li2SO4—H20 ternary phase diagram between
283.15 and 323.15 K, J. Chem. Eng. Data 70 (3) (2025) 1490-1497, https://doi.
org/10.1021/acs.jced.4c00636.

K.S. Pitzer (Ed.), Activity Coefficients in Electrolyte Solutions, 2nd ed., CRC Press,
Boca Raton, 1991.

K.S. Pitzer, Thermodynamics of electrolytes. I. Theoretical basis and general
equations, J. Phys. Chem. 77 (2) (1973) 268-277, https://doi.org/10.1021/
j100621a026.

I. Grenthe, I. Puigdomenech, Modelling in Aquatic Chemistry, No Title, 1997.

A. Lach, F. Boulahya, L. André, A. Lassin, M. Azaroual, J.-P. Serin, P. Cézac,
Thermal and volumetric properties of complex aqueous electrolyte solutions using
the Pitzer formalism-the PhreeSCALE code, Comput. Geosci. 92 (2016) 58-69,
https://doi.org/10.1016/j.cageo.2016.03.016.

J. Doherty, PEST Model-Independent Parameter Estimation User Manual,
Watermark Numer. Comput, Brisb. Aust, 2004, 3338, 3349.

Y. Shahebrahimi, A. Fazlali, Vapor-Liquid Equilibrium of Aqueous Urea Solution
from Dynamic Vapor Sorption Measurements at 283.15-343.15 K, J. Chem. Eng.
Data 65 (7) (2020) 3528-3535.

W. Wagner, A. PruB, The IAPWS formulation 1995 for the thermodynamic
properties of ordinary water substance for general and scientific use, J. Phys.
Chem. Ref. Data Monogr. 31 (2) (2002) 387-535.

C.G. Maier, K. Kelley, An equation for the representation of high-temperature heat
content datal, J. Am. Chem. Soc. 54 (8) (1932) 3243-3246.

P. Blanc, A. Lassin, P. Piantone, M. Azaroual, N. Jacquemet, A. Fabbri, E.

C. Gaucher, Thermoddem: a geochemical database focused on low temperature
water/rock interactions and waste materials, Appl. Geochem. 27 (10) (2012)
2107-2116.

N.V. Plyasunova, Y. Zhang, M. Muhammed, Critical evaluation of thermodynamics
of complex formation of metal ions in aqueous solutions. IV. Hydrolysis and
Hydroxo-complexes of Ni** at 298.15 K, Hydrometallurgy 48 (1) (1998) 43-63.
J.D. Cox, D.D. Wagman, V.A. Medvedev, CODATA Key Values for
Thermodynamics, No Title, 1989.

C.W. DeKock, in: US Department of the Interior, Bureau of Mines (Ed.),
Thermodynamic Properties of Selected Transition Metal Sulfates and their
Hydrates, 1982.

E.L. Shock, D.C. Sassani, M. Willis, D.A. Sverjensky, Inorganic species in geologic
fluids: correlations among standard Molal thermodynamic properties of aqueous
ions and hydroxide complexes, Geochim. Cosmochim. Acta 61 (5) (1997) 907-950.
G.M. Marion, J.S. Kargel, Cold Aqueous Planetary Geochemistry with FREZCHEM.
From Modeling to the Search for Life at the Limits, 1st ed, Springer, Berlin,
Heidelberg, 2008.

J. Toner, R. Sletten, The formation of ca-cl enriched Groundwaters in the dry
valleys of Antarctica by cation exchange reactions: field measurements and
modeling of reactive transport, Geochim. Cosmochim. Acta 110 (2013) 84-105.


http://Https://Www.Cobaltinstitute.Org/
https://doi.org/10.24425/gsm.2022.140613
https://doi.org/10.24425/gsm.2022.140613
https://doi.org/10.1016/j.jpowsour.2005.03.134
https://doi.org/10.1016/j.resconrec.2021.105762
https://doi.org/10.1016/j.resconrec.2021.105762
https://doi.org/10.1016/j.gsf.2024.101868
https://doi.org/10.1016/j.gsf.2024.101868
https://doi.org/10.1016/j.resconrec.2021.106115
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0035
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0035
https://doi.org/10.1016/j.hydromet.2019.05.005
https://doi.org/10.1016/j.hydromet.2019.05.005
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0045
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0045
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0045
https://doi.org/10.1016/j.rser.2022.112809
https://doi.org/10.1002/aenm.202102917
https://doi.org/10.3390/recycling6020035
https://doi.org/10.1016/j.resourpol.2023.103572
https://doi.org/10.1063/1.4977190
https://doi.org/10.1016/S0021-9614(02)00315-4
https://doi.org/10.1007/s10953-007-9190-x
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0085
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0085
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0085
https://doi.org/10.1016/j.calphad.2020.102230
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0095
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0095
https://doi.org/10.1021/j150033a001
https://doi.org/10.1021/j150033a001
https://doi.org/10.1021/j100888a029
https://doi.org/10.1021/je4008475
https://doi.org/10.1021/je4008475
https://doi.org/10.1021/acs.jced.6b00046
https://doi.org/10.1021/acs.jced.6b00046
https://doi.org/10.1007/BF00651541
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0125
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0125
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0125
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0130
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0130
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0135
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0135
https://doi.org/10.1021/acs.jced.4c00636
https://doi.org/10.1021/acs.jced.4c00636
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0145
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0145
https://doi.org/10.1021/j100621a026
https://doi.org/10.1021/j100621a026
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0155
https://doi.org/10.1016/j.cageo.2016.03.016
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0165
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0165
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0170
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0170
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0170
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0175
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0175
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0175
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0180
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0180
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0185
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0185
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0185
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0185
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0190
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0190
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0190
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0195
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0195
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0200
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0200
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0200
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0205
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0205
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0205
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0210
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0210
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0210
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0215
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0215
http://refhub.elsevier.com/S0021-9614(26)00027-3/rf0215

	Modeling of the CoSO4-Li2SO4-H2O ternary phase diagram between 283.15 ​K and 348.15 ​K
	1 Introduction
	2 Theoretical background
	2.1 Excess gibbs free energy
	2.2 Parameterization

	3 Materials and method
	3.1 Materials
	3.2 Experimental procedure

	4 Results and discussion
	4.1 Binary systems
	4.2 Ternary system
	4.2.1 Measurement of osmotic coefficients at 298.15 and 308.15 ​K

	4.3 Modeling solubility in the ternary system

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Data availability
	References


