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1. Introduction

Thermodynamics of the Eu(i)—Mg-SO4—-H,0 and
Eu(i)—=Na-SO4—H,0 systems. Part I: solubility
experiments and the full dissociation Pitzer
modelf

P. F. dos Santos, {2 *2 A Lassin,*® X. Gaona, ()@ K. Garbev, {2 ¢ M. Altmaier® and

B. Made?

The solubility of Eu(i) was investigated under undersaturated conditions in acidic, dilute to concentrated
MgSO,4 and Na,SO4 solutions at T = (22 + 2) °C. After attaining equilibrium conditions, solid phases were
characterized by a multi-method approach, including X-ray diffraction (XRD), Raman and infrared (IR)
spectroscopy, quantitative chemical analysis (ICP-OES) and thermogravimetric analysis (TG-DTA). A total
of 45 solubility samples were investigated for the systems Eu,(SO4)3—MgSO4—H,O (19 samples) and
Eu,(SO4)3—NaySO4—H>0 (26 samples). Eu,(SO4)3-8H,0(cr) was found to control the solubility of Eu(in) in
all investigated MgSQO,4 solutions, as well as in dilute Na,SO4 systems. The transformation of Eu,(SO4)z-
8H,O(cr) into the double salt NasEu,(SO4)4-2H,O(cr) was observed at mNa,SO, > 0.01 mol kg™ The
latter phase is characterized by significantly lower solubility. Based on these experimental solubility
measurements, thermodynamic and activity models were proposed based on the Pitzer equations con-
sidering the full dissociation of the Eu(i) species in MgSO,4 and Na,SO,4 aqueous solutions, i.e. deliberately
excluding Eu(n)-sulfate complex formation. A combination of the geochemical calculation code
PhreeSCALE and the parameter estimation code PEST was used to determine the values of solubility pro-
ducts (K;’.’o) and binary and ternary specific interaction parameters (ﬂi(jo), ﬁi(jl>, Cff Oir. Piji).

chemical behavior, including the formation of aqueous com-
plexes of similar stability.>®

Europium belongs to the rare-earth elements (REEs), a group
of metals comprising the lanthanide series (Ln), which plays
an important role in human technology mainly in the field of
energy. In addition to its technology-oriented properties,
including the well-known Eu luminescence,” europium is
often considered as an analogue of trivalent actinides relevant
in the context of nuclear waste disposal, e.g. Am(m) and
Pu(m).>* Besides sharing the same valency, these trivalent
lanthanides and actinides have similar structural properties
(ionic radii and f-orbital electrons) leading to comparable
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The emplacement of nuclear waste in underground reposi-
tories is one of the options favored by the international com-
munity for the disposal of nuclear waste. In the event of water
intrusion, aqueous systems involving radionuclides may form.
In this context, accurate knowledge of the aqueous properties
and solubility upper limit provides important inputs for the
prediction of radionuclide behavior under repository con-
ditions. The composition of these aqueous systems will be
largely defined by the waste components, technical barriers
and geological formation. For instance, the characteristic pore
water of the Callovian—-Oxfordian clay rock, selected in the
French concept, has an average salinity of 4.3 g L™, mostly
due to its Na, Ca, Mg, Cl and SO, content.”'" In the Opalinus
clay of the Mont-Terri underground laboratory in Switzerland,
the salinity is slightly higher, with an average value of
20.7 g L™"."* Sulfate is an abundant component in natural
groundwater and one of the most relevant anions (besides
chloride) in brines, possibly inherited from ancient seawater
or forms during salt rock formation, where sulfate concen-
trations of up to 0.2 M can be expected."***> Thermodynamic
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models can help understand the chemical behavior of dilute
to concentrated sulfate-bearing aqueous solutions, including
the interactions and/or aqueous complexation reactions that
involve such species, as well as the solubility of the corres-
ponding salts.®'®>?0Only a few studies considering the solubi-
lity of Eu,(SO4)3-8H,0(cr) in the Euy(SO,4);-H,O binary system
are reported in the literature.>**>** Amongst these studies, the
work published by Rard® stands out, involving isopiestic and
solubility experiments in the absence of any background elec-
trolyte. However, data on the solubility of Eu(m) in dilute to
concentrated Eu,(50,);-Na,SO,-H,0O and Eu,(50,);-MgSO,-
H,O systems are not available so far. The study by Keyes and
James® focused on the solubility of Sm(m) in the ternary
system Sm,(S0O,);-Na,SO,-H,0. The authors observed the for-
mation of a hydrated salt in the form of Na,Sm,(SO,),-2H,0(cr)
at Na,SO, concentrations above ~0.01 M. Some studies
with different lanthanides reporting the formation of double
salts with Na' are also available in the literature, 2% but
they were performed at low Na,SO, concentrations and did
not conclude any solubility information for a supposed
Na,Ln,(S0,4)4-2H,0(cr) phase. The lack of relevant experi-
mental solubility data makes it difficult to understand the be-
havior of Eu(m) and feed the thermodynamic models used to
reproduce and estimate such properties. This fact is empha-
sized by the work of Das et al.,>® showing that in contrast to
La, Ce, Pr, Nd and Sm, the experimental data for Eu(m)-SO,>~
are very scarce.

In the context of a collaborative project between BRGM, KIT
and Andra, the present work aimed to acquire experimental
data in order to assess the chemical behavior of the two
ternary systems Eu,(SO,);-Na,SO,-H,O and Euy(SO4)s—
MgSO,-H,O0, including the solubility of europium in dilute to
concentrated aqueous solutions of sodium and magnesium
sulfate (0-2.85 mol kg™ of water) at room temperature. In
addition, assuming full dissociation of the dissolved electro-
lytes, a set of Pitzer-specific interaction parameters and solubi-
lity products are proposed for describing the solubility of the
Eu,(50,4);-8H,0(cr) and Na,Eu,(SO,4)4-2H,0(cr) salts in Na,SO,
aqueous solutions and Eu,(SO,4);-8H,0(cr) in MgSO, aqueous
solutions. Part II of this work is presented in a separate contri-
bution, involving spectroscopic characterization of Eu(m) in
the aqueous phase and including thermodynamic and (SIT,
Pitzer) activity models specifically accounting for Eu(u)-SO,
aqueous complexes.

2. Experimental

2.1. Chemicals

All solutions were prepared with ultra-pure water and purified
with a Milli-Q academic apparatus (Merck Millipore, 18.2 MQ
cm, 22 + 2 °C, pore size 0.22 pm). Magnesium sulfate heptahy-
drate (MgS0O,-7H,0, p.a., 99.5 wt%) and europium(ui) sulfate
octahydrate (Eu,(SO,)s-8H,O(cr), p.a., 99.9 wt%) were pur-
chased from ThermoFisher Scientific. Anhydrous sodium
sulfate (Na,SO,, p.a., >99 wt%) was obtained from Merck.
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2.2. pH measurements

Proton concentration, pHy, (pHy = —log[H'] in molal units,
mol kg™"), was measured using a combination of pH electro-
des (ROSS Orion, with 3 M KCl as the filler solution) calibrated
against pH standards (pH 2-7, Merck). The pH,, values were
obtained from the measured pHcy, values considering pHy, =
PHeyp + Am, where A, is a correction factor entailing the
activity coefficient of H" and the liquid junction potential of
the electrode at a given background electrolyte concentration.
Ay, values for Na,SO, systems were taken as reported by
Duckworth et al®>® (work performed between 0.1 and
1.75 mol kg™' of Na,S0,). 4., values for the MgSO, aqueous
systems are not available in the literature, and experimental
values, pHeyp, are reported instead.

2.3. Solubility experiments

Solubility experiments were performed using well-character-
ized Eu,(SO,);-8H,O(cr) as the starting material. Batch
samples were equilibrated at T = (22 + 2) °C in an independent
series of binary aqueous solutions with different concen-
trations of Na,SO, in the range 0.000-1.784 mol kg *
(20 samples) or of MgSO, in the range 0.006-2.854 mol kg™*
(19 samples). Above the Na,SO; concentration of
0.015 mol kg™, the Na,Eu,(S04),-2H,0(cr) double salt formed
and was recovered for a subsequent series of experiments. The
subsequent series of batch solubility experiments used the
Na,Eu,(S0,),-2H,0(cr) double salt and was prepared with a
concentration of Na,SO, ranging between 0.015 and 0.122 mol
kg™ (6 samples). All samples were subjected to constant agita-
tion until thermodynamic equilibrium was achieved, which
was assumed after repeated measurements with a constant
total Eu(m) concentration. Eu(m) concentration was measured
by ICP-OES (inductively coupled plasma optical emission spec-
troscopy, PerkinElmer Optima 8300 DV) after phase separation
by ultrafiltration (10 kDa ~ 2 nm, Pall Life Science). Aliquots of
the original samples were diluted with 2% HNO; before
ICP-OES measurements. The accuracy of ICP-OES measure-
ments was +2-5%.

2.4. Solid-phase characterization

Part of the solid phase of the samples was collected and sub-
jected to several washing and centrifugation steps, with the aim
of washing out the background electrolyte. The solid samples of
the system containing Na,SO, were subjected to 5 successive
washing steps with absolute ethanol followed by centrifugation
at 10.000 g (5 minutes). The samples of solutions containing
MgSO, were subjected to 8 washing and centrifugation steps
using a solution of absolute ethanol at four dilution ratios,
namely: two steps the absolute temperatur with a ratio of 1:5,
two steps at 1:3, two steps at 1:2 and two steps with absolute
ethanol only. Once the recovered solid was completely dry, it
was subjected to all analyses for solid characterization, namely
X-ray diffraction (XRD), Raman and infrared (IR) spectrometry,
quantitative chemical analysis and thermogravimetric analysis
(TG-DTA) before and after solubility experiments.

This journal is © The Royal Society of Chemistry 2024
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XRD measurements were performed on an Empyrean diffr-
actometer (Malvern-Panalytical) equipped with a Cu tube in
the range 5-90° 2theta with 0.0131° 2theta steps. The CuKp
radiation was filtered with a Bragg-Brentano HD device
mounted on the primary beam path. Divergent slits of 1/8°,
anti-scattering slits of 1/2° and soller slits of 0.04 Rad were
used. The detection was performed with a multi-strip PIXcel
3D detector covering a 2theta of 3.348° simultaneously with
255 single channels. The samples mixed with ethanol were
placed on Si sample holders. The data were evaluated with
HighscorePlus v.5 with integrated ICDD2004 and COD2021
databases.

Thermogravimetry (TG) and differential thermal analysis
(DTA) were performed simultaneously under a N, atmosphere
using a Netzsch instrument (model STA409C Jupiter) with a
DSC (differential scanning calorimetry) measuring head.
Measurements were performed with 10-50 mg of the solid
phase, and the heating rate was 10 K min™" up to 1200 °C.

Raman spectrometry was performed on an Alpha 300R
instrument (WITec, Ulm, Germany) equipped with a Zeiss
microscope. A 532 nm laser with tunable power in 0.1 mW
steps (TruePower) was used as an excitation source focused on
50% (NA = 0.75) or 100x (NA = 0.9) objectives. Typical laser
power was 20 mW (measured on the sample). The measure-
ments as single spots were performed with 1800 L mm™" and
600 L mm ™" gratings, providing spectral resolution better than
1 em™ and 3 em™, respectively. Due to strong Eu®" lumine-
scence, the spectra were recorded with very short acquisition
times varying between 0.01 and 1 s, and 10 scans. Raman
signals were recorded using a back illuminated CCD with 96%
quantum efficiency (QE). The spectra were evaluated with
Project 5.3+ software (WITec).

IR spectrometry was performed in ATR mode on a Tensor II
spectrometer (Bruker Optics, Ettlingen, Germany) equipped
with a deuterated triglycine sulfate (DTGS) detector and a
Golden Gate ATR cell with a diamond crystal (Specac Ltd,
Orpington, UK). Spectra were acquired in the range
400-4000 cm™" with 64 scans and a spectral resolution of
2 ecm™'. OPUS 8 software was used for the acquisition and
evaluation of the IR spectra.

Quantitative chemical analysis was performed by ICP-OES
with a PerkinElmer Optima 8300 DV equipment to determine
the Eu, S and Na content in the solid. The solid phase was dis-
solved in 7-10 mL of 2% HNO; and the solution was used for
quantitative chemical analysis.

3. Thermodynamic modelling

The free energy change of a reaction, AG, is related to the stan-
dard free energy change, AG°, and the ion activity product, Q,
according to the following classical equation:

AG = AG® +RT In Q (1)

where R is the ideal gas constant (8.314 J K" mol™') and T is
the absolute temperature (in K). The ionic activity product, Q,

This journal is © The Royal Society of Chemistry 2024
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is the numerical value of the mass action expression for the
system:

Q= H ai"" (2)

v; is the algebraic stoichiometric coefficient of species i in the
dissolution/precipitation reaction and g; is its chemical activity

. . mj .
, =W . )
(unitless), with a; 7i, where m; and y; are the molality
my

(mol kg™") and the activity coefficient (unitless) of i, respect-
ively. m, is a reference molality, set to 1 mol kg™, and is thus
generally disregarded, like in the following.

By defining the equilibrium constant K of the reaction
according to AG° = —RT'In K, eqn (1) becomes:

AG = RT In2 3)
K

For a dissolution/precipitation reaction, K represents the
solubility product at infinite dilution and can be denoted as
K, ,. Generally, when considering a dissolution/precipitation
reaction, equilibrium is not reached instantaneously because
of kinetic limitations. Out of equilibrium, AG # 0 J and the sat-
uration ratio, SR, can be defined by eqn (4):

Q

SR= —
Ko

(4)

SR is commonly used to measure the deviation from equili-
brium for a given mineral-solution system. SR > 1 represents
supersaturation and thus the tendency towards precipitation.
In contrast, SR < 1 represents undersaturation, indicating that,
if not present, the solid cannot form or, if in contact with the
solution, the solid has a tendency to dissolve. SR = 1 means
that AG = 0 and, hence, that equilibrium is reached. In this
case, eqn (4) reduces to the mass action law:

K:‘o =0 (5)

The saturation ratio is thus of great importance in deter-
mining the equilibrium constant of minerals when the
solubility is actually characterized. At the thermodynamic
equilibrium, the expression of the solubility product of
Eu,(S0,);-8H,0(cr) at infinite dilution,
K, o{Eu,(SOy), - 8H,0(cr)}, is defined as follows:

Euy(S04); - 8H0(cr) < 2Eu(aq)*" + 3S040q)>” + 8H,0y

(6)
K, o{Eu2(SO4); - 8H0(cr)} = @0+ G50, iy 0 7)
K, o{Eu,(S04); - 8HO(cr)} = my s Mo » Vi Yoo, A0 (8)

log,, K; o{Eu,(SOy), - 8H,0(cr)}

= log,, (m%u3*mgo42*> +1og;, (a?'lzo) + logy, <71%:u3+7’go42*>
©)
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Analogously, the solubility product of the double
salt Na,Eu,(S04),42H,0(cr) at infinite dilution,

K o{NayEu, (SO4), - 2H,0(cr)}, can be defined as follows:

Na,Euy (S04), - 2H,0(cr) > 2Na(yq) " + 2Eu(aq)*t + 4S0,3q)°"

+ 2H,O

(10)
K:_’O {Na,Eu,(S0,), - 2H,0(cr)} = aIZ\Ia‘ aéu_ﬂ aéoﬁf aIZ—IZO (11)

K, o{Na;Eu,(S04), - 2H,0(cr)}
— 2 2 4 2 .2 4 2 (12)

= M+ M3+ msoﬁf YNa+YEu3+¥s0,2- aHZO

log,, K, ,{Na,Eu,(SO,), - 2H,0(cr)}

= 10g10 <m§a+ méus‘ méof) + loglo <a12{20> (13)

+ log, (712\Ia+ Véu“ 7"51042* )

The activity coefficient y; of an aqueous species i is given by
the derivative of the excess Gibbs free energy G of the solu-
tion with respect to the number of moles of species i. In the
present work, the excess Gibbs free energy is calculated accord-
ing to the Pitzer equations,*>*! which involve semi-empirical
parameters that represent the specific interactions between
solutes (see the ESI).

The total dissociation of the dissolved electrolytes is
assumed analogously to several previous studies under high
saline conditions involving Pitzer equations.'®**** Hence, full
dissociation has been previously considered for other 3 :2 type
electrolytes like Aly(SO4)3,>*® Cry(SO4)s;, Fe,(SO4); and
La,(S0,)3.>*® In the present work, this assumption indicates
that only Eu®*, Na*, Mg>" and SO,>~ aqueous species are con-
sidered in the chemical systems studied (in addition to H,O,
H' and OH~ water species). Neither aqueous complexes nor
ion pairs are explicitly accounted for in the following: they are
represented by specific interactions, instead.

It should however be noted that previous studies have
reported the formation of the Eu(SO,)", Eu(SO,),” and
Eu(SO,);>~ aqueous complexes.**°*® Although the consideration
of these aqueous complexes allows a more realistic description
of the aqueous phase, the number of interaction parameters
required for accurate model calculations using the Pitzer form-
alism increases significantly, with the consequent risk of over-
parametrization of the investigated system. These aspects are
further addressed in Part II of this work (F. dos Santos et al.;*°
this journal).

4. Parametrization procedure

To reproduce the solubility behavior of the Eu,(SO,);-MgSO,—
H,O0 and Eu,(S0,4);-Na,S0,-H,0 systems, the parameters to be
determined are:

- The solubility products at
log, K o{Eu:(SOy); - 8H,0(cr)}
log,, K, {Na;Eu,(SO4), - 2H,0(cr) };

dilution,
and

infinite
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- The binary (ﬂ%o), ﬂgjl), C‘l’j, ) and ternary (i) specific
interaction parameters of the Pitzer model (see the ESIY).

Estimation of these parameters not only requires the experi-
mental solubility data acquired in the present work for the two
aforementioned salts, but also the interaction parameters for
the binary systems MgSO,-H,0 and Na,SO,-H,0, which were
determined previously by Lach et al.>® In the present case, the
parameterization procedure includes two successive steps in
order to develop a consistent model for the two systems inves-
tigated. First, the specific interaction parameters and the solu-
bility product log;oK;, were determined for the Eu,(SO4)s-
MgSO,-H,0 system, which is more constrained than the
Eu,(S0,);-Na,S0,-H,0 system due to the formation of the
double-salt in the latter case. In the second step, the para-
meters obtained in the first step were kept unchanged and the
parameters specific to the Eu,(SO,);-Na,SO,-H,O system were
determined.

Optimizations were performed by coupling the geochemical
calculation code PhreeSCALE® with the parameter estimation
software PEST®' according to the following principle.'®>%>?
PEST calls PhreeSCALE to calculate the target properties of the
chemical systems of interest (in this work, the saturation ratio,
SR), using an initial set of guess values for the parameters to
be estimated (binary and ternary interaction parameters and
solubility products). The calculation results are compared to
the corresponding experimental values by calculating the
objective function that characterizes the deviation with respect
to the experimental data. If the convergence criterion is not
satisfactory, a new series of calculations is started with a new
set of parameters. The optimization is carried out by succes-
sive iterations of this procedure until the convergence criterion
is satisfactory or the objective function does not evolve any
further. In total, 45 solubility data points were used to estimate
9 parameters.

5. Results and discussion

5.1. Solid phase characterization

Fig. 1 shows the powder XRD patterns of the samples A-F equi-
librated in MgSO, solutions (see Table 1 for a description of
the sample conditions). In all these samples, Eu,(SO,);-8H,0
(cr) was found to be the only solid phase controlling the solu-
bility of Eu(u). A Rietveld refinement was performed using the
structure data of Xu et al.>® The size of the coherent scattering
domains was calculated by the double Voigt approach based
on the integral breadth using Lorentzian and Gaussian type
component convolutions.’® From sample A to sample C, a
gradual decrease in the crystal size from 670 to 130 nm is
observed, correlating with a small decrease in the volume of
the unit cell. Sample D shows once again a greater crystal size
of around 350 nm. Samples E and F further show significantly
smaller crystal sizes of 130 and 147 nm, respectively. A similar
correlation is observed considering the volume of the unit cell.
The overall large crystal size of all investigated solids reflects

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 XRD patterns of samples A—F (in MgSO,4 aqueous solutions). All
patterns match the COD 96-810-0406 for Eu,(SO4)3-8H,0(cr). The cal-
culated crystal size and the cell volume are also shown.

the high crystallinity of the solid phases controlling the
solubility.

Fig. 2 shows the powder XRD patterns of samples G-N equi-
librated in Na,SO, solutions (0.00-1.56 mol kg™"). Samples G,
H and I consist entirely of Eu,(SO,);-8H,0(cr), whereas the
double-salt Na,Eu,(SO,),-2H,0(cr) is the only solid phase
identified in samples J-N. Samples M and N show the
additional presence of thenardite Na,SO,(vi) and a minor frac-
tion of Na,SO,(m). The latter is known as a product of the
thermal treatment of the former. With increasing Na,SO, con-
centration from 0.1 mol kg™ (sample J) to 0.35 mol kg™’
(sample L), the formed Na,Eu,(SO,);2H,0(cr) shows an
increasing crystallinity with the size of the coherent scattering
domains varying from 170 nm (sample J), 180 nm (sample K)
to 390 nm (sample L). The samples with excess Na,SO,
(samples M and N) show again smaller crystal sizes of 125 and
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145 nm, respectively. As in the case of MgSO, systems, these
results confirm the high crystallinity of the solid phases con-
trolling the solubility of Eu(ir) in Na,SO, systems. It should be
noted that for solid phases above 100 nm, the impact of the
particle size on the A{G° of the solid phase (and by extension
on its solubility product) is considered negligible.>®

The IR spectra of samples A-F are shown in Fig. 3. All
spectra show typical features of Eu,(SO,);-8H,0(cr). The band
assignment was made according to Denisenko et al.>*™® and
Ram.’® The internal vibrations of the SO, tetrahedra are
observed as: (1) broad bands in the range 1050-1200 cm™*
with the main peaks at 1076 and 1126 cm™' assigned to
v3(S0,), (2) a sharp band at 1000 cm™" with shoulders at 984
and 940 cm™' (14(SO,4)), and (3) small bands at 638 and
650 cm™ ', assigned to 14(SO,). The observed frequencies
match very well those reported by Buyer et al®® for
Y,(S04)3-8H,0, although their assignment of the bands at 688
and 743 cm™' to 14(SO,4) raises some doubts. We favor the
assignment of the similar bands at 683 and 745 cm™" in our
spectra to H,O vibrations as reported by Ram,”® given the
broadness of these bands. The vibrations due to H,O are mani-
fested by: (1) a very sharp band at 1637 cm ™' (H-O-H bending,
v,), (2) several broad bands with low intensity at 683, 745 and
803 cm™" assigned to H,O vibrations (rocking, twisting), and
(3) broad bands in the OH stretching region (3000-3600 cm ™)
centered at 3225, 3300, 3340, and 3452 cm™'. The latter
confirm the presence of four distinct H,O coordinating Eu
along with four oxygens from SO, tetrahedra. Once again,
there is a striking similarity to the frequencies of the OH
stretching vibrations reported by Buyer et al.®°

The trivalent Eu®" ion shows very strong “red” lumine-
scence, which obscures the Raman spectra when excited with a
532 nm laser. Due to the strong dependence of the number
and intensity of the emission lines on the site symmetry and

Table 1 Main characteristics of the selected solid samples equilibrated in Na,SO4 and MgSO, systems according to various characterization tech-
niques: XRD (phase identification), Raman and IR spectrometry (phase identification), ICP-OES (S:Eu or Na: Eu ratio) and TG-DTA (number of

hydration water molecules, nH,0)

XRD Raman/IR ICP-OES

mMgSO, mNa,S0, TG-DTA
Samples (mol kg™") (mol kg™")  single salt® Double salt’  Single salt” Double salt”  S:Eu Na:Eu nH,O0
A 0.006 b'd x4 1.62 + 0.08 7.98 + 0.03
B 0.052 X© x4 1.60 + 0.08
C 0.804 X¢ x4 1.66 + 0.08
D 1.310 X¢ x4 1.60 + 0.08
E 2.490 b'd x4 1.61 + 0.08
F 2.695 X© x4 1.81 + 0.08
G 0.000 X© X&° 1.55 + 0.08 8.03 + 0.07
H 0.008 X¢ X&° 1.58 + 0.08
I 0.010 X X&¢ 1.64 + 0.08
] 0.100 X¢ X5¢ 1.10 + 0.06 2.08 +0.13
K 0.122 X¢ .G 1.07 £ 0.05
L 0.035 X¢ X5e 1.07 + 0.05
M 0.643 X° X 6.597 +0.33
N 1.560 X¢ X5¢ 7.037+0.35

@ Eu,(S0,);-8H,0(cr). ” Na,Eu,(S0,),-2H,0(cr). “ Identified phase. ¢ By IR spectrometry. ¢ By Raman spectrometry./ Presence of Na,S0, solid.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 XRD patterns of samples G-N (in Na,SO,4 aqueous solutions).

The chemical formula NaEu(SO4),-H,O  stands  for  the
NayEu,(SO4)4-2H,0(cr) solid phase.
environment of the Eu ion in different structures,’ it could be

used for identification purposes. Fig. 4 shows the emission
spectra  of  Euy(SO,);-8H,O(cr)  (sample H) and
Na,Eu,(50,),4-2H,0(cr) (sample K) excited by the 532 nm laser
recorded with 600 L mm™" grating in the range 530-680 nm.
The hypersensitive D, — ’F, transition between 610 and
630 nm dominates both spectra, followed by D, — ’F, tran-
sition lines. The spectrum of Eu,(SO,);-8H,0(cr) shows strong
resemblance to that published by Xu et al.>® with the highest
intensity of the 614 nm line. On the other side, the spectrum
of Na,Eu,(50,),-2H,0(cr) resembles the one published by Wu
and Liu® and matches perfectly that reported by Buyer et al.®°
for Na,Y,(S0,),-2H,0(cr) doped with Eu®" at 300 K.
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Fig. 4 Emission spectra of Eu,(SO4)3-8H,0(cr) (sample H) and

NaEux(SO4)4-2H,0(cr) (sample K) excited by a 532 nm laser. The chemi-
cal formula NaEu(SO4),-H,0 stands for the NayEu»(SO4)4-2H,O(cr) solid
phase.

Fig. 5 shows the Raman spectra of both aforementioned
samples taken with 1800 L mm™' grating in the range
100-1300 cm™" (530-570 nm). Once again the spectra are
dominated by luminescence, but higher excited states most
probably °D; — “F; and °D; — ’F,', to our knowledge, have
not been reported so far. The Raman bands typical of the
internal vibrations of SO,>~ are visible and allow the
differentiation  between the  Eu,(SO,4);-8H,O(cr) and
Na,Eu,(S0,4)4-2H,0(cr) systems. The former shows bands at
446 and 466 cm™" (1,), 614 cm™ (v,), 1005 cm™, 1014 cm™*
(v1) and 1080 ecm ™, 1142 ecm™", 1180 ecm ™" (;) in accordance
with Ram.>® In the spectrum of Na,Eu,(SO,)s2H,O(cr), the
corresponding modes give rise to bands at 427, 489 cm™" (1),
625, 666 cm™" (v4), 1016 cm ™' (v;) and 1138, 1160 cm™" (v3).
The number and positions of these bands show strong simi-

Absorbance a.u.

5 v4(S0,) V3(SO,) v,(H,0) Vv;(OH) , v3(OH)
2 Lo 3340
N ag g =8 32253300 345,
T S
g &= 1637
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A

([ [
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1000 1200 1400 1600
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T
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Fig. 3 IR spectra of samples A—F (in MgSO, solutions).
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Fig. 5 Raman spectra of Eu,(SO,4)3-8H,0(cr) (sample H) and
NazEu,(SO4)4-2H,0(cr) (sample K) excited by a 532 nm laser. The most
intense “bands” are the emission lines from higher excited states. The
chemical formula NaEu(SO4)»-H»0 stands for the NayEu»(SO4)4-2H>O0(cr)
solid phase.

larity to those reported by Buyer et al.®® for Na,Y,(S0,);2H,0
(cr) doped with Eu®" with maximal shifts of 2-4 cm™.
Quantitative evaluation of the TG-DTA data obtained for the
initial solid of Eu,(S0O,);-8H,0(cr) indicates a content of (8.01
+ 0.03) mol of H,O per mol of solid. After completing the solu-
bility experiments, the water content quantified by TG-DTA for
the solid samples equilibrated in MgSO, aqueous solutions
was (7.98 = 0.03) mol of H,O per mol of solid. As for the
samples G, H, I of the Na,SO, aqueous system (in the region
with no phase change, i.e. Na,SO, < 0.01 mol kg™"), a water
content of (8.03 + 0.07) mol of H,O per mol of solid was identi-
fied. This confirms that in these samples the Eu,(SO,);-8H,0
(cr) phase actually controlled equilibrium - as was already
shown by XRD and Raman spectroscopy measurements. In the
samples where the presence of Na,Eu,(S0,);-2H,O(cr) was
identified by XRD and Raman spectroscopy, the measured
water content was (2.08 = 0.13) mol of H,0 per mol of solid,
consistent with the formation of the double salt in the
samples J to N, with concentrations of Na,SO, > 0.01 mol kg™".
Furthermore, in the Eu,(SO,);-Na,SO,-H,O system, the
S:Eu (~1.5) and Na:Eu (~1.0) ratios determined by ICP-OES
and quantitative chemical analyses on solid samples are in
excellent agreement with the XRD data. They support the pre-
dominance of Eu,(SO,);-8H,O(cr) (samples G to I) and
Na,Eu,(50,4),-2H,0(cr) (samples J to N) at room temperature
(Table 1). In samples M and N, with higher concentrations of
Na,S0,4, namely 0.643 and 1.560 mol kg™, the Na: Eu ratios
are well above 1, suggesting the presence of sodium sulfate in
the solid phase. This is confirmed in Fig. 2, where the XRD
pattern shows peaks of thenardite Na,SO4(vi) and Na,SO,(m).
In the Eu,(SO,)s-MgSO,-H,O system, the S:Eu ratio values

This journal is © The Royal Society of Chemistry 2024
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found confirm the presence of the Eu,(SO,);-8H,0(cr) phase
only (samples A to F), in agreement with the other analyses
carried out on the corresponding solid phases.

The main results of the solid phase characterization
obtained by XRD, Raman and IR spectrometry, quantitative
chemical analysis and TG-DTA are summarized in Table 1.

5.2. Solubility measurements

Experimental results of Eu(m) solubility at different aqueous
concentrations of MgSO, and Na,SO, are shown in Fig. 6 and
7. Experimental solubility data, as well as the pH and uncer-
tainty values of each sample are summarized in the ESL{ As
mentioned earlier, only experimental data on solubility in pure
water have been published. Taking these data into account,
our Eu(m) solubility point differs by 2.7% from the data pub-
lished by Barabash et al?* and by 2.3% from the data pub-
lished by Rard® - showing good consistency among the
sources of solubility data in pure water. Comparing the experi-
mental results in water with two other interpolated points
(0.076 and 0.0668 mol kg ') discussed previously by Rard*®>
taking into account the work of Spedding and Jaffe®® and
Jackson and Rienicker,?* we obtain differences of 22.0% and
7.2%, respectively. Spedding and Jaffe®® performed several
measurements of the solubility of the sulfates of various
lanthanides (Ce, Pr, Nd, Sm, Gd, Ho, Er, Yb, except Eu) at
25 °C. Rard® then performed an interpolation of these solubi-
lity points to estimate the solubility of Eu,(SO4); in water.
Jackson and Rienicker** reported Eu(m) solubility values in
water at temperatures of 20 and 40 °C. Rard® then interpolated
these values to 25 °C. Such discrepancies provide evidence
that these interpolations can lead to considerable overestima-
tion, as discussed by Rard himself. Thus, these interpolation
values will no longer be taken into account in our work.

@ Barabash et al. (1972),
014 a) O Rard (1985)*
O Rard (1988)*
_ ® Rard (1988)
0.12 - * * " * W Exp. Data (This work)
3 0.10- n * n
< o
g 0.08::"'i i 0.10 b) ﬁ i )
~ : o L i
= i oo
s o.osl«? | § N
W 1 I g 3 L]
£ | ! Zoosfa @ . 4
0.04f =P
0.02
) Mygso, (mnl;ng) )
000 T T T T T 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Mygso, (mol/Kgw)
Fig. 6 (a) Solubility in the system Eu,(SO4)3—MgSO4—H,0 as a function

of MgSO, concentration at room temperature on a linear scale. (b)
Zoom of graph (a) in the low MgSO, concentration region. *Interpolated
points proposed by Rard.>62
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Eu,(S0,);-8H,0(cr) is the only solid phase that controls the
Eu(w) solubility in all the MgSO, aqueous solutions investi-
gated. The europium concentration in the studied MgSO, con-
centration range (up to 2.854 mol kg™ ') increases by a factor of
2 with increasing ionic strength, up to a maximum of
0.117 mol kg™" (for an ionic strength of I ~ 4.8 eq. per kg), and
then decreases again (Fig. 6). This behavior is probably due to
ionic interactions and aqueous complexation of Eu(m) with
sulfates in concentrated aqueous MgSO, systems. As illustrated

0.1 |
& Gow
|
|
|
- Eu,(SO,)58H,0(cr) g Na,M,(S0,)42H,0(cr) region
3 0.01- region I (M = Eu, Sm)
< : -
'© 1 0O & &
£ B 4
g 1
1 I -
g 0.001 | o ook &
: oo e
O Sm(lll), Keyes and James (1914) =
@ Eu(lll), This work
1E-4 . ; '
0.001 0.01 0.1 1

My, s0, (mol/Kgw)

Fig. 7 Solubility in the system Eux(SO4)3—NaySO4—H,O (this work) and
SmM(SO4)3—Na,SO4—H,0%° as a function of Na,SO4 concentration at
room temperature on a logarithmic scale.
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by the limited dispersion of the experimental data points, the
measurements are very repeatable. However, it is not possible
to compare our experimental data since they are the first of
this type, to our knowledge.

Fig. 7 shows the experimental results of Eu(u) solubility in
Na,SO, aqueous solutions. Two well-defined regions can be
distinguished: (1) a flat region that corresponds to the phase
Eu,(S0,);-8H,0(cr) prevailing at concentrations of mNa,SO, <
0.01 mol kg™* and (2) a second region (mNa,SO; >
0.01 mol kg™") that corresponds to the stability of Na,Eu,(SO4),-
2H,0(cr). As the concentration of Na,SO, increases in this
region, the solubility of the double salt decreases down to a
minimum (at mNa,SO, ~ 1 mol kg') and then slightly
increases beyond. No experimental data on the solubility of
Na,Eu,(S0,4),4-2H,0(cr) in Na,SO, aqueous solutions have been
published that could be used for direct comparison purposes,
but experiments with other lanthanides (La, Ce, Nd, Sm, and
Gd)*® have been reported. The solubility results reported by
Keyes and James® for the Sm,(SO,4);-Na,SO,~H,O system are
also shown in Fig. 7. These authors mentioned the presence of
the double salt Na,Sm,(SO,4),-2H,O(cr) while the solubility
trend of Sm(m), which is also discussed in the work of Das
et al.,”® is clearly similar to our finding. This shows that our
experiments are consistent with the expected behavior of the
ternary system Eu,(SO,4);-Na,SO,4-H,O.

5.3. Thermodynamic modelling

The solubility products at infinite dilution and the binary and
ternary specific interaction parameters were optimized from
the solubility data described above. The parameters deter-
mined for the Pitzer model are listed below in Table 2.

Table 2 Key parameters describing the solubility of Eu,(SO4)3-8H,0 in MgSO,4 and Na,SO4 aqueous solutions at room temperature developed in

this study

Species, i Species, j ﬂg)) /31(;) ﬁfj” Cﬁ References

Pitzer binary parameters

Eu** S0,%~ 1.775 6.877 — —2.150 This work

La®** 50,2~ 0.083 —0.202 —51.3 — Pitzer and Silvester®®

cr*t S0,%~ 0.448 6.197 4.869 0.020 Christov®®

AP 50,2~ 0.566 12.161 3.075 0.0005 Christov®”

cm** S0,%~ 1.792 15.04 — 0.600 Fanghinel and Kim®*

Species, i Species, j Species, k Ok Fiik

Pitzer mixing parameters

Eu® 50,2 mg>* —0.182 1.347

Eu*' S0,%~ Na® 0.2223 0.3804

Reactions log,, K, References

Solubility products of Eu,(SO,)s-8H,0(cr) and Na,Eu,(SO,),-2H,0(cr)

Eu,(SO,)5-8H,0(cr) < 2EU(q)” + 35040aq)° + 8H,0q -11.232 + 0.02° This work
-11.911¢ Das et al.
—9.510 + 0.100” Jordan et al®

Na,Eu,(S04)4-2H,0(cr) < 2Na(aq)" + 2Eu(aq)’’ + 4804pq)°” + 2H,0) —17.056 + 0.03° This work
-17.518% Das et al*®

“Values calculated from the Gibbs energies of formation proposed by the author together with the Gibbs energies of formation of each species
from the Thermochimie database.®®  Calculated from the Rard® solubility data and Davies equation®® for the activity coefficient.  Uncertainty =

20.
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Despite the high charges of the aqueous species involved in
the systems, only three binary interaction parameters Uii(j()), /}i(jl)
and C%’) were used to describe the binary solution properties of
the Eu,(SO,);-H,O system. Several published works used the
fourth binary interaction parameter ﬂi(jz) with 3:2 type
electrolytes.>**>® pitzer and Silvester*® studied the La,(SO4);-
H,O0 system, whose solubility is low (about 0.024 mol kg ),
and used enthalpy of dilution data to estimate a value for the
ﬂsz) (with i = La®" and j = SO,*>7). Reardon®! and Christov*>
studied the more soluble Al,(SO,);-H,O system (up to
1.118 mol kg™') and used osmotic coefficient data to deter-
mine specific interaction parameters, including ﬂsz) (with i =
AP** and j = SO,”7). Although originally considered in our
study, the use of the isopiestic experimental method to
measure osmotic coefficients was finally disregarded due to
the significantly low solubility observed in the two investigated
Eu(m)-SO, systems.®

As illustrated by the graphical representation in Fig. 8, the
proposed model can reproduce the experimental data reliably.

More  specifically, the average absolute deviation
Np
> ADj,

(AADy, = ~5—, with N being the number of points) is less

than 2% over the 19 data points measured in the present study
for the Eu,(S0,4);-MgS0O,-H,O system. This value can be com-
pared with the experimental dispersion of the experimental
solubility data in pure water reported from the literature with
respect to our measured value: 2.7% and 2.3% for Barabash
et al.>® and Rard,’ respectively.

Regarding the Eu,(SO,);-Na,SO,-H,O system, Fig. 9 also
shows that the model can reasonably reproduce the experi-
mental solubility data given their dispersion. The deviation
between the model and the experimental data is up to 4.3% in
the single salt region (i.e., Eu,(SO,);-8H,0(cr), flat region).
This deviation generally lies within the reported experimental
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x
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@ Rard (1988)
0.02 M Exp. Data (This work)
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0 0.5 1 1.5 2 2.5 3

Mygso, (MOl/Kgw)
Fig. 8 Eu(m) solubility in agueous MgSO, solution calculated using

PhreeSCALE vs. experimental data at room temperature %362
*Interpolated points by Rard.>62
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Fig. 9 Eu(n) solubility in agueous Na,SO, solution calculated using
PhreeSCALE vs. experimental data at room temperature.

uncertainty. In the double salt region, the calculated solubility
of Na,Eu,(S0,),-2H,0(cr) is generally in good agreement with
the experimental solubility data, although more significant
deviations can be noted at intermediate Na,SO, concentration
values (<1.0 mol kg ™).

Table 2 summarizes the solubility product values proposed
in the literature for the single and double salts considered in
the present study. Das et al.>® proposed values of the Gibbs
energies of formation (AG;) for both phases -
Eu,(S0,4)3:8H,0(cr) and Na,Eu,(SO,4)4-2H,0(cr). The value of
AGHEu,(S0,);-8H,0(cr)} was reported on the basis of a
regression of experimental data, whereas the value of
AGg{Na,Eu,(S0,4),-2H,0(cr)} was estimated empirically based
on the trends observed along the lanthanide series. The
authors did not report the values of AG; considered for the
species involved in the dissolution/precipitation reactions
(Na*, Eu’", SO,>~ and H,0). The corresponding values selected
in the Thermochimie database®® have been considered
instead, leading to log;, K; o values of —11.911 and —17.518 for
the simple salt and double salt, respectively. These values can
be compared moderately well with those obtained in our work:
—11.232 and —17.056, respectively (Table 2).

Jordan et al®> proposed a
log,, K, o{Euz(SOy), - 8H,0(cr)}  (“for only”,
according to the author) using the Rard® solubility value
(0.06372 mol kg™') as a basis. Since Rard® did not use any
background electrolyte, Jordan et al.” calculated the log,, K,
value by using the Davies equation to estimate the activify
coefficients yg,”" and ys0,>” (0.061 and 0.288, respectively),
considering that the ionic strength of the saturated solution
(I, = 0.478 eq kg) lies within the range of validity of the
Davies equation (below seawater salinity, ~0.8 eq-kg™). The
authors obtained a value of —9.51 + 0.1. Using the same calcu-
lation as proposed by the author, but using the values of yg,**
and yso,”” from our model instead (0.010 and 0.259, respect-

calculation of
information
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ively), we obtained a log,, K, value of —11.240, in good agree-
ment with our value and that of Rard,” given the associated
uncertainty. This is not surprising given the good agreement
between the solubility values measured by Rard® and those in
the present work.

The Pitzer interaction coefficients determined in this work
can be compared with previous studies in the literature investi-
gating 3:2 electrolytes®*>*® and assuming the complete dis-
sociation of ions, as considered in this work. The parameters
of interactions between La(u)-SO,, Cr(m)-SO, and Al(m)-SO,
are all described taking into account the f;” parameters and
some without C‘¢ - as shown in Table 2. This comparison
shows that the Values of the Eu(u)-SO, interaction parameters
of the present work are quite strong - values presented for ﬂ
by the authors are less than 1; C‘/’ positive and close to 0, but
with differences between the proposed values of /)’ ) and ﬂ
These strong values can be explained by: (1) the lack of solu—
tion data to better constrain the parameter optimization and
the choice for null ﬂu ; (2) the formation of Eu(u)-SO,
aqueous complexes in the investigated solution as suggested
by Pitzer and Silvester®® for the La,(SO,);~H,O system. This is
thoroughly explored in Part II of this work (F. dos Santos;*’
this journal), where spectroscopic evidence is also reported.

6. Conclusion

A comprehensive solubility study was conducted at T = (22 +
2) °C for the systems Eu,(SO,);-MgSO,-H,0 and Eu,(SO,);-
Na,S0,-H,0, covering dilute to concentrated MgSO,
(0.006-2.854 mol kg™") and Na,SO, (0.000-1.784 mol kg™?)
acidic solutions. Solid phase characterization (XRD, Raman,
IR, TG-DTA and quantitative chemical analysis) conducted
after attaining equilibrium conditions unequivocally confirms
that Eu,(SO,);-8H,0(cr) is the only phase controlling the solu-
bility of Eu(m) in MgSO, systems. The same binary phase con-
trols the solubility in Na,SO, systems with salt concentrations
<0.01 mol kg™, whereas the double salt Na,Eu,(SO,),-2H,0(cr)
was identified as the only Eu(i) solid phase above this Na,SO,
concentration.

Based on the experimental solubility data acquired in this
work, we derived a thermodynamic model including a set of
ionic interaction parameters using the Pitzer formalism,
which successfully describes the solubility of Eu(u) in sodium
sulfate and magnesium sulfate systems up to high ionic
strength conditions (11.5 eq-kg™'). The solubility product
determined for the binary salt, log,, K, {Eu,(SOy);-
8H,O(cr)} = —11.232 + 0.02, is in excellent agreement with
previous solubility studies available in the literature. For the
first time, we report an experimentally determined solubility
product for the double salt with Na, log,, K ,{Na,Eu,(SO4),-
2H,0(cr)} = —17.056 + 0.03. This model considers the full
dissociation of the Eu(m) species in MgSO, and Na,SO,
aqueous solutions, as is often favored in the description of
high saline systems with Pitzer equations. On the basis of
additional spectroscopic evidence, Part II of this contribution
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will focus on the description of Eu(m)-SO, aqueous complexes
using both SIT and Pitzer activity models and a re-interpret-
ation of the data presented here with an alternate modeling
approach.

This manuscript is the first of a series providing a quanti-
tative thermodynamic description of high saline systems with
special relevance in the context of nuclear waste disposal. The
ternary and quaternary systems Eu(u)-Mg(NO;),-H,0, Eu(i)-
NaNO;-H,0, Eu(u)-MgSO,-Mg(NO;),-H,0 and Eu(m)-
Na,SO,-NaNO3;-H,O0 will be tackled in the following
publications.
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