
Dalton
Transactions

PAPER

Cite this: Dalton Trans., 2024, 53,
6323

Received 22nd December 2023,
Accepted 11th March 2024

DOI: 10.1039/d3dt04323a

rsc.li/dalton

Thermodynamics of the Eu(III)–Mg–SO4–H2O and
Eu(III)–Na–SO4–H2O systems. Part II: spectroscopy
experiments, complexation and Pitzer/SIT models†

P. F. dos Santos, *a X. Gaona, *a A. Lassin, b A. Skerencak-Frech,a

D. Fellhauer,a M. Altmaiera and B. Madéc

A time-resolved laser fluorescence spectroscopy (TRLFS) study was carried out to investigate the Eu(III)–

SO4 complexation at room temperature over a wide range of Na2SO4 concentrations (0–2 mol kg−1).

Spectroscopic observations confirm the step-wise formation of the aqueous complexes Eu(SO4)
+,

Eu(SO4)2
− and Eu(SO4)3

3− over the investigated Na2SO4 concentrations. Combining TRLFS data obtained

in this study and solubility data reported in Part I of this work for the Eu2(SO4)3–Na2SO4–H2O and

Eu2(SO4)3–MgSO4–H2O systems, thermodynamic and activity models were derived based on the SIT and

Pitzer formalisms. A combination of the geochemical calculation codes PhreeqC (SIT), PhreeSCALE

(Pitzer) and the parameter estimation code PEST was used to determine the solubility products K°
s;0

� �
of

Eu2(SO4)3·8H2O(cr) and Na2Eu2(SO4)4·2H2O(cr), stability constants of the Eu(III)–SO4 complexes (β0i ), and

the specific binary and ternary interaction parameters (εij, β
ð0Þ
ij , βð1Þij , Cϕ

ij , θik, Ψijk) for both activity models.

The thermodynamic constants determined in this work are discussed with reference to values available in

the literature.

1. Introduction

The sulfate ion behaves as a ligand of moderate strength in
the presence of hard Lewis acids such as lanthanides, Ln(III),
and actinides, An(III).1 The aqueous complexes resulting from
these interactions have been extensively studied in the case of
Ln(III), Am(III) and Cm(III).2–10 The systems Eu(III)–Mg–SO4–H2O
and Eu(III)–Na–SO4–H2O were approached in Part I of this
work11 with new solubility data and solid phase characteriz-
ation using the Pitzer equations to derive the corresponding
thermodynamic and activity models. As often considered with
the Pitzer formalism, full dissociation was assumed and only
binary and ternary Pitzer interaction parameters for Eu3+ with
SO4

2−, Na+ and Mg2+ were accounted for, i.e., the explicit for-
mation of Eu(III) complexes with sulfate was disregarded. This
approach accurately describes the solubility of Eu(III) in acidic,
dilute to concentrated Na2SO4 and MgSO4 aqueous systems,
but ignores the ample spectroscopic evidence on the formation

of complexes between Eu3+ and SO4
2−, i.e., Eu(SO4)

+, Eu(SO4)2
−

and Eu(SO4)3
3−. Such complexes with Ln(III) and An(III) are con-

sidered in most thermodynamic databases developed in the
context of radioactive waste disposal applications, e.g.,
NEA-TDB,2 ThermoChimie,12 PSI-Nagra13 or THEREDA,14

using either SIT or Pitzer models for activity corrections.
However, these databases do not consider the double-salt
identified in Part I of this work (Na2Eu2(SO4)4·2H2O(cr)) and
have the focus on lower sulfate concentrations (<0.1 M), thus
neglecting the formation of Eu(SO4)3

3− and disregarding ion
interaction coefficients with SO4

2−.
The most relevant complexation studies dealing with the

system Eu(III)–SO4 are briefly summarized in the following.
Equilibrium constants for aqueous complex formation in the
reference state (log10 β0i ) reported in these studies are listed in
Table 1 and are used in the discussion of the results obtained
in this work. Barnes15 studied the complexation of Eu(III) with
sulfate by spectrophotometry at 25 °C. The concentration of
Eu(III) was 5.01 × 10−3 mol kg−1, with Na2SO4 concentration
ranging from 3.00 × 10−3 to 1.213 × 10−2 mol kg−1. NaClO4 was
used to adjust the ionic strength to ca. 0.05 mol kg−1. Within
these boundary conditions, the author reported the presence
of Eu(SO4)

+ only. Izatt et al.6 determined calorimetrically the
values log10 K, Δ°H and Δ°S for the complexation of Eu(III)
with sulfate. Calorimetric titrations were performed at 25 °C
with 0.02 mol kg−1 Eu(III) perchlorate solutions and tetra-
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methylammonium sulfate. Thermometric titration curves were
best described considering the formation of both Eu(SO4)

+ and
Eu(SO4)2

−. McDowell and Coleman16 investigated the com-
plexation of trivalent transplutonium actinides (Am, Cm, Bk,
Cf and Es) and europium with sulfate by means of solvent
extraction (1-nonyldecylamine sulfate in benzene) at T = 25 °C.
Stability constants of the An(III)/Eu(III)–sulfate complexes were
determined in H2SO4/Na2SO4 mixtures with 0.01 mol kg−1 ≤
[SO4]tot ≤ 0.5 mol kg−1 and varying ionic strength. The authors
reported the formation of the complexes An/Eu(SO4)

+, An/Eu
(SO4)2

− and (for the first time) An/Eu(SO4)3
3−. Skerencak and

co-workers4 investigated the complexation of Cm(III) with
sulfate by means of Time Resolved Laser Fluorescence
Spectroscopy (TRLFS). Spectroscopic measurements were con-
ducted at T = 25–200 °C, with 0.006 mol kg−1 ≤ [SO4]tot ≤
0.365 mol kg−1 and ionic strength adjusted to 1.0 mol kg−1 ≤
Im ≤ 4.0 mol kg−1 with NaClO4. The formation of the com-
plexes Cm(SO4)

+ and Cm(SO4)2
− was observed at T = 25 °C,

whereas the complex Cm(SO4)3
3− only formed in aqueous solu-

tions with [Na2SO4] ≥ 0.1 M and T ≥ 100 °C. Vercouter et al.8

studied the complexation of Eu(III) with sulfate at T = 23 ± 1 °C
using TRLFS. Experiments were performed in H2SO4/HClO4

and Na2SO4/NaClO4 solutions with 10−4 mol kg−1 Eu(III).
Within the investigated boundary conditions, the authors
observed only the formation of the complexes Eu(SO4)

+ and
Eu(SO4)2

−, whereas the formation of Eu(SO4)3
3− was considered

negligible. In addition to the complexation constants for the
(1,1) and (1,2) complexes, Vercouter et al.8 reported also SIT
ion interaction parameters (εij) for the ionic pairs Eu3+/SO4

2−,
Eu(SO4)

+/SO4
2− and Eu(SO4)2

−/Na+. We note that this is the
only experimental study available to date that reports SIT para-
meters for these species. Recently, Jordan et al.17 conducted a
comprehensive critical review of the literature available for the
Eu(III)–sulfate system. Following a similar approach as
NEA-TDB, the authors provided selected thermodynamic
values for the evaluated Eu(III) systems. Equilibrium constants
selected by Jordan et al.17 are also included in Table 1.

On the basis of the existing literature and considering the
solubility data presented in Part I of this work,11 a TRLFS
study was conducted at room temperature over a wide range of

Table 1 Solubility and complexation constants for the Eu2(SO4)3–Na2SO4–H2O and Eu2(SO4)3–MgSO4–H2O systems, as reported in the literature
or determined in this work

Solubility reactions Log10K
°
s;0

� �

Reactions Log10K
°
s;0

� �
References

Eu2(SO4)3·8H2O(cr) ↔ 2Eu3+(aq) + 3SO4
2−(aq) + 8H2O(l) −12.71 ± 0.10 f This work/SIT

−12.80 ± 0.10 f This work/Pitzer
−11.911a,d Das et al.28

−11.232 ± 0.02c,d F. dos Santos et al.11

−9.11 ± 0.10b,d Jordan et al.17

−10.20 ± 0.70d ThermoChimie12

Na2Eu2(SO4)4·2H2O(cr) ↔ 2Na+(aq) + 2Eu3+(aq) + 4SO4
2−(aq) + 2H2O(l) −19.23 ± 0.03c This work

−17.518d Das et al.28

−17.056 ± 0.03c,d F. dos Santos et al.11

Complexation reactions Log10β
°
i

� �

Reactions Log10β
°
i References

Eu3+ + SO4
2− ↔ Eu(SO4)

+ 3.41 ± 0.12c This work
3.50 ± 0.30 ThermoChimie12

3.35 ± 0.02 Barnes15

3.54 ± 0.02 Izatt et al.6

3.78 ± 0.10 Vercouter et al.8

3.87 ± 0.13e McDowell and Coleman16

Eu3+ + 2SO4
2− ↔ Eu(SO4)2

− 5.84 ± 0.15c This work
5.77 ± 0.02 Jordan et al.17

5.20 ± 0.30 ThermoChimie12

5.38 ± 0.30 Vercouter et al.8

5.32 ± 0.12 Izatt et al.6

5.74e McDowell and Coleman16

Eu3+ + 3SO4
2− ↔ Eu(SO4)3

3− 5.15 ± 0.12c This work
5.09e McDowell and Coleman16

Mg2+ + SO4
2− ↔ Mg(SO4)(aq) 2.39 ± 0.03c This work/SIT

2.23 ± 0.03 ThermoChimie12

Na+ + SO4
2− ↔ NaSO4

− 0.94 ± 0.20 ThermoChimie12

a Value calculated from the Gibbs energies of formation proposed by the author together with the Gibbs energies of formation of each species
from the ThermoChime database.12 b Calculated from the Rard29 solubility data and using the Davies equation30 for ionic strength corrections.
cUncertainty = 2σ. dCalculated without considering aqueous complexation. e As recalculated by Jordan et al.17 fUncertainty increased as com-
pared to the value of 2σ, i.e., ±0.03.
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Na2SO4 concentrations (0–2 mol kg−1). By combining the inde-
pendent evidences obtained by TRLFS with our solubility data
in the Eu2(SO4)3–Na2SO4–H2O and Eu2(SO4)3–MgSO4–H2O
systems,11 thermodynamic properties and activity models (SIT
and Pitzer) were derived accounting for the formation of
Eu(III)–SO4 aqueous complexes.

2. Experimental
2.1. Chemicals

Europium(III) sulfate octahydrate (Eu2(SO4)3·8H2O(cr), p.a.,
99.9 wt%) and magnesium sulfate heptahydrate (MgSO4·7H2O,
p.a., 99.5 wt%) were obtained from ThermoFisher Scientific.
Anhydrous sodium sulfate (Na2SO4, p.a., >99 wt%) was pur-
chased from Merck. All solutions were prepared with ultrapure
water purified with a Milli-Q academic apparatus (Merck
Millipore, 18.2 M Ω cm, 22 ± 2 °C, pore size 0.22 µm).

2.2. TRLFS experiments

The Eu(III)–Na–SO4–H2O system was investigated with 26
independent samples containing 10−6 mol kg−1 Eu(III) and
0–2 mol kg−1 Na2SO4 (see ESI†). The pH was measured with
combined pH–electrodes (type Orion Ross, Thermo Scientific)
to confirm the weakly acidic conditions preventing Eu3+ hydro-
lysis and the formation of HSO4

− (<1%) (see ESI†). The exci-
tation laser beam was generated by a Nd:YAG (Surelite II Laser,
Continuum) pumping a dye laser (Narrowscan Dye Laser,
Radiant Dyes) as described in Skerencak et al.4,5 The wavelength
(λex) was tuned to 394 nm, with a maximum laser energy of 2 mJ
with a repetition rate of 10 Hz. Emission spectra were recorded
over a range of 575–635 nm with a delay of 1 μs and a time
window of 1 ms. The emission spectra of each sample were inte-
grated into 1000 accumulations. The obtained spectra can be
qualitatively interpreted by the position of the intensity of the
5D0 →

7F2 transition peak (see also section 5.1.).

3. Thermodynamic modelling

Thermodynamic and (SIT, Pitzer) activity models derived in
this work rely on the solubility experiments with
Eu2(SO4)3·8H2O(cr) and Na2Eu2(SO4)4·2H2O(cr) described in
Part I of this study11 in combination with new TRLFS data pre-
sented here. The formation of Eu(III)–SO4 complexes is expli-
citly considered in the thermodynamic modelling, as evi-
denced by spectroscopic means. The following step-wise com-
plexation reactions are expected to take place with increasing
sulfate concentration in solution:

Eu3þ þ iSO4
2� $ EuðSO4Þi3�2i; i ¼ 1; 2; 3 ð1Þ

At the thermodynamic equilibrium, the stability constants
in the reference state (β0i ) can be expressed according to the
law of mass action (2) – where ai is the chemical activity of a
given ion (unitless), with aj ¼ mj

m0
� γj. mj and γj are the molality

(mol kg−1) and the activity coefficient (unitless) of the ion j,

respectively, at a given background electrolyte concentration
and temperature, and m0 = 1 mol kg−1 is the reference concen-
tration. The term βi refers to the conditional stability constant
determined at a given ionic strength.

β0i ¼
aEu SO4ð Þi3�2i

aEu3þð Þ aiSO4
2�

� � ð2Þ

β0i ¼
mEu SO4ð Þi3�2i

� �
γEu SO4ð Þi3�2i

� �

mEu3þð Þ γEu3þð Þ mi
SO4

2�

� �
γiSO4

2�

� � ¼ βi
γEu SO4ð Þi3�2i

� �

γEu3þð Þ γiSO4
2�

� � ð3Þ

In the present work, the activity coefficient (γi) is calculated
using both the Pitzer equations as described in Part I of this
study11 and the Specific Ion Interaction Theory (SIT).2,3,18

According to the SIT approach, the activity coefficient and the
stability constant at infinite dilution (β0i ) of an aqueous species
i can be calculated according to:

log10 γi ¼ �zi2Dþ ΔiðεmÞi;j ð4Þ

log10 β0i ¼ log10 βi � Δz 2Dþ ΔiðεmÞi;j ð5Þ

where mj is the molal concentration of the species j other than
i (mol kg−1), D = 0.509Im

0.5/(1 + 1.5Im
0.5) is the Debye–Hückel

term, zi is the charge of the species i, Δz2 is the stoichiometric
difference of the squares of the charges of the products and
reactants involved in the reaction, and εi,j is the ion interaction
coefficient between oppositely charged species i and j. For the
chemical reactions described in (1), the equilibrium constants
at infinite dilution and corresponding SIT-terms (Δn(εm)) can
be calculated as follows:

log10 β01 ¼ log10 β1 � 12Dþ Δ1ðεmÞ ð6Þ

For theNa2SO4 system :

Δ1 εmð Þ ¼ εEu SO4ð Þþ; SO4
2�mSO4

2� � εEu3þ; SO4
2�mSO4

2� � εNaþ; SO4
2�mNaþ

ð7Þ

For theMgSO4 system :

Δ1 εmð Þ ¼ εEu SO4ð Þþ; SO4
2�mSO4

2� � εEu3þ; SO4
2�mSO4

2� � εMg2þ; SO4
2�mMg2þ

ð8Þ

log10 β02 ¼ log10 β2 � 16Dþ Δ2ðεmÞ ð9Þ

For theNa2SO4 system :

Δ2 εmð Þ ¼ εEu SO4ð Þ2�;NaþmNaþ � εEu3þ; SO4
2�mSO4

2� � 2εNaþ; SO4
2�mNaþ

ð10Þ

For theMgSO4 system :

Δ2 εmð Þ ¼ εEu SO4ð Þ2�;Mg2þmMg2þ � εEu3þ; SO4
2�mSO4

2� � 2εMg2þ; SO4
2�mMg2þ

ð11Þ

log10 β03 ¼ log10 β3 � 12Dþ Δ3ðεmÞ ð12Þ

For theNa2SO4 system :

Δ3 εmð Þ ¼ εEu SO4ð Þ33�;NaþmNaþ � εEu3þ; SO4
2�mSO4

2� � 3εNaþ; SO4
2�mNaþ

ð13Þ
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For theMgSO4 system :

Δ3 εmð Þ ¼ εEu SO4ð Þ33� ;Mg2þmMg2þ � εEu3þ; SO4
2�mSO4

2� � 3εMg2þ ; SO4
2�mMg2þ

ð14Þ
Chemical and thermodynamic models considered in this

work include two solid phases, Eu2(SO4)3·8H2O(cr) and
Na2Eu2(SO4)4·2H2O(cr), and four europium aqueous species,
Eu3+, Eu(SO4)

+, Eu(SO4)2
− and Eu(SO4)3

3−, as well as the inter-
action parameters of the later ionic species with Na+, Mg2+ and
SO4

2− when oppositely charged. This allows a more realistic
description of the aquatic chemistry of the investigated
systems, at the cost of significantly increasing the number of
parameters needed for accurate model calculations using
Pitzer and SIT formalisms.

4. Parametrization procedure

The parameters required to reproduce the solubility and com-
plexation of europium in the Eu2(SO4)3–Na2SO4–H2O and
Eu2(SO4)3–MgSO4–H2O systems are:

- Solubility products of the solid phases at I = 0,
log10K

°
s;0fEu2ðSO4Þ3 � 8H2OðcrÞg and

log10K
°
s;0fNa2Eu2ðSO4Þ4 � 2H2OðcrÞg.

- Equilibrium constants of the Eu(III)–SO4 aqueous com-
plexes at I = 0, log10 β

0{Eu(SO4)
+}, log10 β

0{Eu(SO4)2
−} and

log10 β
0{Eu(SO4)3

3−}.

- Ion interaction parameters according to the SIT (εij) and
Pitzer (βð0Þij , βð1Þij , Cϕ

ij , θik) approaches.
The development of the Pitzer activity model for the investi-

gated systems requires a total of 75 interaction parameters
when considering all possible combinations of binary and
ternary interactions. This includes 12 triplets of binary βð0Þij ,
βð1Þij , Cϕ

ij , parameters (for two oppositely charged ions), 9
ternary θik parameters (for two same-sign charged ions), and
30 ternary Ψijk parameters (for cation/cation/anion or anion/
anion/cation triplets). Most of them are neglected to avoid
over-parameterization, in particular those involving inter-
actions between two Eu(III) species and/or one ion of the back-
ground electrolyte. In the end, 18 parameters were considered
most significant and thus included in the optimization
process (see Table 2). Note that only 7 interaction parameters
were required in Part I of this work to accurately describe the
solubility datasets determined for the Eu2(SO4)3–Na2SO4–H2O
and Eu2(SO4)3–MgSO4–H2O systems, at the cost of disregarding
Eu(III)–SO4 aqueous complexes, i.e. assuming the only presence
of Eu3+ in the aqueous phase.

The procedure of parameterization and development of the
model is divided into three main stages:

(1) Verification of the databases used in the present work –

ThermoChimie12 and PhreeScale.19 Using experimental
osmotic coefficient data available in the literature20–23 for the
binary systems Na2SO4–H2O and MgSO4–H2O, both databases
are tested to verify the applicability limits within the salt con-

Table 2 SIT and Pitzer ion interaction coefficients determined in this work or reported in the literature for aqueous complexes in the Eu2(SO4)3–
Na2SO4–H2O and Eu2(SO4)3–MgSO4–H2O systems

SIT binary parameters

Species, i Species, j εij (mol kg−1) References Species, i Species, j εij (mol kg−1) References

Eu3+ SO4
2− 0.86 ± 0.50 Vercouter et al.8 Mg2+ Eu(SO4)3

3− 0.39 ± 0.30a This work
Eu(SO4)

+ SO4
2− −0.20 ± 0.12a This work Mg2+ SO4

2− −0.27 ± 0.03a This work
Na+ Eu(SO4)2

− −0.10 ± 0.04a This work Na+ SO4
2− −0.12 ± 0.06 ThermoChimie12

Na+ Eu(SO4)3
3− −0.16 ± 0.04a This work Na+ NaSO4

− 0 This work
Mg2+ Eu(SO4)2

− 0.48 ± 0.27a This work MgSO4(aq) Mg2+, SO4
2− 0 By definition in SIT

Pitzer parameters

Species, i Species, j βð0Þij References Species, i Species, j βð1Þij References

Eu3+ SO4
2− 1.792 Fanghänel and Kim9 Eu3+ SO4

2− 15.040 Fanghänel and Kim9

Eu(SO4)
+ SO4

2− −0.281 This work Eu(SO4)
+ SO4

2− 1.560 NEA-TDB3

Na+ Eu(SO4)2
− −0.056 This work Na+ Eu(SO4)2

− 0.340 NEA-TDB3

Na+ Eu(SO4)3
3− 0.137 This work Na+ Eu(SO4)3

3− 5.788 This work
Mg2+− Eu(SO4)2

− 0.990 This work Mg2+ Eu(SO4)2
− 1.843 This work

Mg2+ Eu(SO4)3
3− 1.755 This work Mg2+ Eu(SO4)3

3− 8.744 This work

Species, i Species, j Cϕ
ij References Species, i Species, j Cϕ

ij References

Eu3+ SO4
2− 0.600 Fanghänel and Kim9 Eu(SO4)

+ SO4
2− 0 This work

Na+ Eu(SO4)2
− 0 This work Mg2+ Eu(SO4)2

− 0.921 This work
Na+ Eu(SO4)3

3− 0 This work Mg2+ Eu(SO4)3
3− −0.144 This work

Species, i Species, k θik References Species, i Species, k θik References

Na+ Eu(SO4)
+ 0 This work Mg2+ Eu(SO4)

+ 0.577 This work

aUncertainty calculated as 2σ.
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centrations considered in this study. If required, the available
models are improved to extend their range of validity.

(2) Implementation of the SIT model. On the basis of the
TRLFS results presented in this study and of solubility data
reported in Part I of this work,11 the parameters log10K

°
s;0,

log10 β0i and εij are simultaneously determined for the system
Eu2(SO4)3–Na2SO4–H2O. Built on this model and in combi-
nation with solubility data reported for the Eu2(SO4)3–MgSO4–

H2O system, ionic interaction parameters for the MgSO4

system are derived.
(3) Implementation of the Pitzer model. The values of

log10K
°
s;0 and log10 β0i obtained with the SIT model are adopted

to ensure consistency among both activity models. On this
basis, ion interaction parameters for the europium species are
determined following a step-wise approach: (1) Eu2(SO4)3–
Na2SO4–H2O system considering both solubility and TRLFS
data; (2) Eu2(SO4)3–MgSO4–H2O system based on solubility
data.

The same approach as described in Part I of this work is
considered for the optimization of the equilibrium constants
and the ion interaction coefficients.11 The PEST optimization
software24 is used in combination with the PhreeSCALE19

(Pitzer formalism) or the Phreeqc325 (SIT model) codes and
the databases described above. In addition to the calculation
of the saturation ratio from solubility data, the independent
normalized intensities of the TRLFS data (see section 5.1.) are
used to fit the thermodynamic parameters of interest (solubi-
lity products, stability constants, ionic interaction parameters).
The results of the calculations – solubility and normalized
intensity – are compared to the corresponding experimental
values by calculating the objective function that characterizes
the deviation from the experimental data. In total, 45 solubility
data and 26 TRLFS data with normalized intensity were used
to derive SIT and Pitzer model parameters.

5. Results and discussion
5.1. TRLFS measurements

TRLFS spectra collected for Eu(III) (10−6 mol kg−1) at increasing
Na2SO4 concentrations (0–2 mol kg−1) are shown in Fig. 1
(only 7F1 and

7F2 transition peaks shown). The spectra are nor-
malized to equal total emission intesity for a better visualiza-
tion of the change of the ratio of the 7F1 to 7F2 band with
increasing ligand concentration. The 7F1 (magnetic dipole)
and 7F2 (electric dipole) transition peaks are centered at 592
and 617 nm, respectively, and exhibit high sensitivity with
increasing sulfate concentrations. The intensity of the 5D0 →
7F2 peak transition (so-called “hypersensitive transition”) is
significantly more influenced by the local symmetry of the
Eu3+ ion and the nature of the ligands than by the intensities
of the other electric dipole transitions.8,26 A similar approach
has been previously considered to evaluate the Eu(III)–SO4 com-
plexation in NaClO4–Na2SO4 mixtures, although at lower total
sulfate concentrations as those considered in the current
study.8

With increasing sulfate concentration in the system, the
hypersensitive peak increases by more than 360%. The
changes in the intensity of the 5D0 → 7F2 transition peak (at
∼617 nm) are attributed to the formation of Eu(III)–sulfato
complexes.8,26 The quantitative analysis of the TRLFS spectra
is thus based on these changes, as previously described by
Vercouter et al.8 The measured intensity (Imes) is normalized
(IRnorm) with respect to the total concentration of Europium
([Eu(III)T]), without a normalization to the total emission
intensity, and the evolution of the Eu(III) fluorescence intensity
is described according to:

IRnorm ¼ Imes

Eu IIIð ÞT
� �

Io0
¼

P
0, i � 3

IRi βi SO4
2�½ �i

� �

P
0 , i � 3

βi SO4
2�½ �i

� � ð15Þ

With IRi = Ioi /I
o
0, where Ioi is the molar fluorescence intensity

of the Eu(SO4)i
3−2i species and Io0 is the molar fluorescence

intensity in the absence of ligand (which means Eu3+ species).
The βi are the conditional stability constants defined in
section 3. Therefore, in addition to the specific ion interaction
coefficients (for the SIT and Pitzer models), the IRi intensities
were also adjusted to obtain the complete model. Fig. 2 shows
the experimental values of IRnorm as a function of sulfate con-
centration, together with the calculations using the SIT and
Pitzer models derived in this work. All experimental values are
also provided in the ESI.†

5.2. Thermodynamic modelling

5.2.1. Binary systems Na2SO4–H2O and MgSO4–H2O. As a
first step in the process of deriving a complete set of equili-
brium constants and ion interaction parameters for the
ternary systems Eu2(SO4)3–Na2SO4–H2O and Eu2(SO4)3–
MgSO4–H2O, the osmotic coefficient data available in the lit-

Fig. 1 TRLFS spectra of Eu(III) (10−6 mol kg−1) with 0 mol kg−1 <
[Na2SO4] < 2 mol kg−1, in Na2SO4 aqueous solutions at room tempera-
ture. The spectra are normalized to equal emission intensity.
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erature for the binary systems Na2SO4–H2O and MgSO4–H2O
were used to re-evaluate model parameters. In the PhreeSCALE
database, this verification was already done by Lach et al.19,27

The PhreeSCALE database considers the full dissociation of
the binary systems Na2SO4–H2O and MgSO4–H2O. It is able to
satisfactorily reproduce the experimental data of osmotic
coefficient up to the saturation of the electrolytic solutions
with respect to the Na2SO4·10H2O (mirabilite) and
MgSO4·7H2O (epsomite) solid phases, and beyond, as shown
in Fig. 3a and b, respectively (red curves).

Fig. 3a shows that the ThermoChimie database (TDB) is
able to correctly describe experimental osmotic coefficient
data for the Na2SO4 system up to salt concentrations of
∼1.45 mol kg−1. Note that ThermoChimie considers the
formation of the aqueous complex NaSO4

− with a
Log10β

°
1;1 ¼ 0:936+ 0:20ð Þ, but no value is provided for the SIT

coefficient εNaSO4
�;Naþ . The reevaluation of the Log10β

°
1;1 and

εNaSO4
�;Naþ parameters was attempted to improve the perform-

ance of the model. This exercise proved unsuccessful, and
thus the Log10β

°
1;1 value selected in ThermoChimie was

retained, together with εNaSO4
�;Naþ ¼ 0.

ThermoChimie also includes the neutral complex
Mg(SO4)(aq) with Log10β

°
1;1 ¼ 2:23+ 0:03ð Þ. In contrast to the

NaSO4 system, Fig. 3b shows that this set of parameters only
able to describe experimental values of the osmotic coeffi-
cients up to MgSO4 concentrations of ∼0.1 mol kg−1 (blue full
line). To improve the performance of the available model, the
values of Log10β

°
1;1 and εSO4

2�;Mg2þ were fitted after the experi-
mental osmotic coefficients. As a result, the revised values of
Log10K

°
s;0 and εSO4

2�;Mg2þ reported in Table 1 are able to accu-
rately reproduce experimental data up to MgSO4 concentration
extended to 0.75 mol kg−1 (see Fig. 3b, black full line).

5.2.2. Implementation of the SIT model
5.2.2.1. Ternary system Eu2(SO4)3–Na2SO4–H2O. The experi-

mental data available for the Eu2(SO4)3–Na2SO4–H2O system –

solubility and fluorescence intensities – were used to derive
the values of log10K

°
s;0fEu2ðSO4Þ3 � 8H2OðcrÞg,

log10K
°
s;0fNa2Eu2ðSO4Þ4 � 2H2OðcrÞg, log10 β01, log10 β02, log10 β03,

εEu SO4ð Þþ; SO4
2� , εEu SO4ð Þ2�;Naþ , εEu SO4ð Þ33�;Naþ , IR1 , IR2 and IR2 .

Vercouter et al.8 proposed a value for the εSO4
2�;Eu3þ parameter,

which we selected and therefore was not optimized in the
present work. Jordan et al.17 highlighted that the lack of experi-
mental solubility data on the Eu2(SO4)3–Na2SO4–H2O system
makes the evaluation of εSO4

2�;Eu3þ difficult, and suggested the
use of isopiestic measurements for a more accurate determi-
nation of εSO4

2�;Eu3þ . This is however not feasible due to the
predominance of the Eu(III)–SO4 complexes at [SO4

2−] >

Fig. 2 Eu(III) normalized relative intensity (IRnorm), at 617 nm as a function
of Log[SO4

2−], measured in Na2SO4 aqueous solutions containing 10−6

mol kg−1 Eu(III). Closed black circles: experimental data; full lines:
models (black line: SIT, and red line: Pitzer). The vertical dashed line
shows the validity limit of the SIT model as discussed in section 5.2.1.

Fig. 3 (a) Osmotic coefficient of the Na2SO4–H2O system at 25 °C as a
function of Na2SO4 molality. (b) Osmotic coefficient of the MgSO4–H2O
system at 25 °C as a function of MgSO4 molality. Symbols are experi-
mental or recommended values from the literature.20–23 Lines are calcu-
lated values. Saturated solutions are indicated with the bars labelled
msat.
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0.001 mol kg−1 and the relatively low solubility imposed by the
sulfate salts of Eu(III). The fit of the available experimental
data resulted in the thermodynamic parameters summarized
in Tables 1 and 2, together with the values of IR1 = 1.081, IR2 =
2.282 and IR3 = 4.413.

Experimental data and model calculations performed using
the SIT model derived in this work are plotted (as black lines)
in Fig. 2 for the normalized relative intensity and in Fig. 4 for
the Eu(III) solubility in the Eu2(SO4)3–Na2SO4–H2O ternary
system. Note that in spite of the limitations identified for the
SIT model (m(Na2SO4) < 1.45 mol kg−1, see section 5.2.1), the
new set of parameters is able to reproduce satisfactorily all
experimental observations. Additional details on the normal-
ized intensity calculated with the SIT model (IR;SITnorm) are pro-
vided in the ESI.†

Table 2 summarizes the SIT ion interaction parameters
εEu SO4ð Þþ; SO4

2� , εEu SO4ð Þ2�;Naþ and εEu SO4ð Þ33�;Naþ determined in
this work. These values are consistent with those determined
by Vercouter et al.8 for the (1 : 1) and (1 : 2) complexes
ðεEu SO4ð Þþ; SO4

2� ¼ �0:14+ 0:25mol kg�1 and εEu SO4ð Þ2�;Naþ ¼
�0:05+ 0:07mol kg�1Þ, as well as those estimated by
Hummel18 for the (1,2) and (1,3) based on charge analogies
ðεEu SO4ð Þ2�;Naþ ¼ �0:05+ 0:10mol kg�1; εEu SO4ð Þ33�;Naþ ¼
�0:15+ 0:20mol kg�1Þ.

Fig. 5 shows the aqueous speciation Eu(III)-as a function of
Na2SO4 concentration, calculated using the SIT model derived
in this work (solid lines in the figure). As expected, europium
is primarily found as complexed species (Eu(SO4)

+) as soon as
the Na2SO4 molality exceeds 0.0008 mol kg−1. The complex Eu
(SO4)2

− dominates for ∼0.07 < [Na2SO4] < ∼1 mol kg−1,
whereas the (1,3) complex Eu(SO4)3

3− becomes predominant
only above the later concentration.

This study represents the most comprehensive work on the
solubility and aqueous complexation of Eu(III) in sulfate
media, providing a consistent set of solubility and complexa-
tion constants (log10K

°
s;0fEu2ðSO4Þ3 � 8H2OðcrÞg,

log10K
°
s;0fNa2Eu2ðSO4Þ4 � 2H2OðcrÞg, log10 β01, log10 β02 and

log10 β03) on the basis of new and previously reported experi-
mental data. Table 1 shows that solubility constants derived in
this work are in disagreement with log10 K

°
s;0fEu2ðSO4Þ3 �

8H2OðcrÞg and log10K
°
s;0fNa2Eu2ðSO4Þ4 � 2H2OðcrÞg values

reported in previous studies. This is explained by the fact that
previous log10 K

°
s;0 values were determined disregarding the

formation of aqueous Eu(III)-sulfate complexes,11,12,28 despite
they form at very low sulfate concentration values like those
resulting from the dissolution of Eu2(SO4)3·8H2O(cr) in water.
The only value provided in the literature for
log10K

°
s;0fNa2Eu2ðSO4Þ4 � 2H2OðcrÞg was estimated by Das

et al.28 The present work thus provides the first evidence for
the experimental determination of this solubility product. The
values of log10 β01 and log10 β02 determined in this work agree
well with literature data when considering the corresponding
uncertainties. Note that most of the previous studies were per-
formed in the presence of mixed background electrolytes
(NaClO4–Na2SO4), with lower sulfate concentrations, and using
the Debye–Hückel approach for ionic strength corrections in
most cases.

The value of log10 β03 determined in this work based on
solubility and spectroscopic data agrees within the corres-
ponding uncertainties with the value determined by means of
solvent extraction by McDowell and Coleman.16 The original
conditional equilibrium constant reported by the authors was
recently extrapolated to I = 0 by Jordan et al.17 using the
Debye–Hückel equation. Note that ionic strength corrections
with this method are less accurate at the high salt/acid concen-
trations considered in the original solvent extraction study.

Fig. 4 Solubility in the system Eu2(SO4)3–Na2SO4–H2O at room temp-
erature in logarithmic scale, according to SIT (black lines) and Pitzer (red
lines) models. Symbols: experimental data reported in Part I of this work
or in the literature.11

Fig. 5 Aqueous speciation of Eu(III) with increasing Na2SO4 concen-
trations at 25 °C, as calculated using the SIT (solid lines) and Pitzer
(dashed lines) activity models derived in this work.
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5.2.2.2. Ternary system Eu2(SO4)3–MgSO4–H2O. Solubility
and complexation constants, as well as SIT coefficients for cat-
ionic species with SO4

2− determined from solubility and spec-
troscopic data in the Na2SO4 system were kept constant for the
modelling of the MgSO4 system. Thus, only the parameters
εEu SO4ð Þ2�;Mg2þ and εEu SO4ð Þ33�;Mg2þ were fitted on the basis of
Eu(III) solubility data reported in Part I of this work for MgSO4

solutions (19 independent data points). The resulting para-
meters summarized in Table 2 are able to successfully repro-
duce the experimental solubility data (see black line in Fig. 6),
in spite of the limitations identified in section 5.2.1 for the
application of the SIT model to MgSO4 solutions above
0.75 mol kg−1. Fig. 7 shows the speciation diagram of Eu(III)
calculated for the Eu2(SO4)3–MgSO4–H2O system up to a
MgSO4 concentration of 2 mol kg−1. As expected, the specia-
tion diagram calculated for the MgSO4 system presents close
similarities with respect to the Eu(III) species distribution in
Na2SO4 solutions (see Fig. 5). However, the calculated concen-
tration of the Eu(SO4)

+ complex unexpectedly increases above
1 M MgSO4. This artifact of the model is partially attributed to
the limited performance of the SIT model for the binary
system MgSO4–H2O. Note that the formation of a ternary solid
phase with Mg (analogous to Na2Eu2(SO4)4·2H2O(cr) control-
ling the solubility in the Na2SO4 system) was not confirmed
experimentally by XRD analysis. The formation of such a
phase could be also responsible of the decrease in solubility
observed above 1 M MgSO4.

5.2.3. Implementation of the Pitzer model. The values of
log10K

°
s;0fEu2ðSO4Þ3 � 8H2OðcrÞg,

log10K
°
s;0fNa2Eu2ðSO4Þ4 � 2H2OðcrÞg, log10 β01, log10 β02, log10 β03,

IR1 , IR2 and IR2 were taken from the SIT model to maintain
internal consistency between the models. To further minimize

the number of fitting parameters and avoid over-parameteriza-
tion, a number of Pitzer parameters were adopted from the lit-
erature. Fanghänel and Kim9 determined β 0ð Þ

Cm3þ; SO4
2� ,

β 1ð Þ
Cm3þ; SO4

2� and Cϕ
Cm3þ; SO4

2� based on Cm(III) TRLFS measure-
ments. Considering the analogy between An(III) and Ln(III),
Xiong et al.31 adopted the same parameters for the description
of the Nd2(SO4)3

2−–H2O system. These values have been also
taken as fixed parameters, β 0ð Þ

Eu3þ; SO4
2� , β 1ð Þ

Eu3þ; SO4
2� and

Cϕ
Eu3þ; SO4

2� , in the present work, in addition to the standard
values of β 1ð Þ

Eu SO4ð Þ2�;Naþ and β 1ð Þ
Eu SO4ð Þþ; SO4

2� proposed in the NEA
publication “Modelling in Aquatic Chemistry”3 for (1 : 1) and
(1 : 2) interactions.

Taking into account these assumptions and a slight modifi-
cation in log10K

°
s;0fEu2ðSO4Þ3 � 8H2OðcrÞg (from −12.71 to

−12.80), we obtained binary Pitzer interaction parameters (see
Table 2) that are able to satisfactorily reproduce both experi-
mental solubility data and normalized intensity for the
Eu2(SO4)3–Na2SO4–H2O system (red lines in Fig. 2 and 4).
Moreover, Fig. 5 shows that this set of parameters results in a
similar distribution of species as calculated with the SIT
model. This underpins that both activity models provide a con-
sistent description of the solubility and speciation in the
Eu2(SO4)3–Na2SO4–H2O system.

In addition to β 0ð Þ
Eu SO4ð Þ2�;Mg2þ , β

1ð Þ
Eu SO4ð Þ2�;Mg2þ , β

0ð Þ
Eu SO4ð Þ33�;Mg2þ

and β 1ð Þ
Eu SO4ð Þ33�;Mg2þ , the incorporation of the parameters

CΦ
Eu SO4ð Þ2�;Mg2þ , C

Φ
Eu SO4ð Þ33�;Mg2þ . and θEu SO4ð Þþ;Mg2þ was required

to properly explain the solubility data in the Eu2(SO4)3–
MgSO4–H2O system (see Fig. 6, and Fig. SI-1 in the ESI†). The
speciation diagram calculated with this model is shown in
Fig. 7 (dashed lines corresponding to the Pitzer model). The
figure underpins a good agreement between the SIT and Pitzer
speciation calculations up to a sulfate molality of ∼0.1 mol kg−1.
Above this sulfate concentration, the Pitzer model predicts a
greater stability of the complex Eu(SO4)3

3− with increasing

Fig. 6 Solubility in the system Eu2(SO4)3–MgSO4–H2O at room temp-
erature in logarithmic scale, according to SIT (black line) and Pitzer (red
line) models. Symbols: experimental data as reported in Part I of this
work or in the literature.11

Fig. 7 Aqueous speciation of Eu(III) with increasing MgSO4 concen-
trations at 25 °C, as calculated using the SIT (solid lines) and Pitzer
(dashed lines) activity models derived in this work.
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MgSO4 concentration. Considering the limitations of SIT at
high ionic strength conditions, and in particular those identi-
fied for the SIT model of the binary MgSO4–H2O system (see
section 5.2.1), a higher reliability is attributed to the Pitzer spe-
ciation model at high MgSO4 concentrations. Based on solubi-
lity and TRLFS measurements, Herm et al.10 proposed the for-
mation of ternary complexes betwn Mg, Cm(III)/Nd(III) and
nitrate at high Mg(NO3)2 concentrations. In line with these
observations, the enhanced stability of the Eu(SO4)3

3− complex
predicted by the Pitzer model in the MgSO4 compared to the
Na2SO4 system could be attributed to the strong interaction
expected between this anionic species with charge −3 and a
divalent cation like Mg2+. Attempting to include a ternary
complex (e.g. Mg[Eu(SO4)3]

−) in the chemical model was
unsuccessful, and this option was disregarded as the species is
not required to properly explain solubility.

6. Summary and conclusions

The complexation of Eu(III) with sulfate in dilute to concen-
trated Na2SO4 solutions (0–2 mol kg−1) was studied at room
temperature by means of TRLFS. Sulfate has a significant
influence on the hypersensitive emission peak 5D0 → 7F2 of
the Eu(III) spectra. The evaluation of TRLFS data collected for
the Eu2(SO4)3–Na2SO4–H2O system allows the identification of
three main aqueous complexes, i.e., Eu(SO4)

+, Eu(SO4)2
− and

Eu(SO4)3
3−. The combination of these TRLFS results with solu-

bility data determined in Part I of this work for the systems
Eu2(SO4)3–Na2SO4–H2O and Eu2(SO4)3–MgSO4–H2O, allows
deriving complete chemical, thermodynamic and activity
models based on both the SIT and Pitzer formalisms.

Both activity models are able to successfully and consist-
ently describe solubility and TRLFS data in the Eu2(SO4)3–
Na2SO4–H2O system. Equilibrium constants derived in this
work for the complexes Eu(SO4)

+, Eu(SO4)2
− and Eu(SO4)3

3−

agree well with those previously reported in the literature.
Discrepancies with log10K

°
s;0fEu2ðSO4Þ3 � 8H2OðcrÞg in the lit-

erature are harmonized when considering the formation of
Eu(III)–SO4 complexes, which become predominant already at
the sulfate concentrations defined by the solubility of this
solid phase in water. The value of log10K

°
s;0fNa2Eu2ðSO4Þ4 �

2H2OðcrÞg determined in this work is based on the first experi-
mental evidence available to date.

SIT and Pitzer activity models derived in this work describe
well the solubility data available for the Eu2(SO4)3–MgSO4–H2O
system. However, both models provide discrepant speciation
schemes at high MgSO4 concentrations, which can be due to:
(i) limitations of the thermodynamic data available for the
binary system MgSO4–H2O, (ii) the possible formation of a
ternary complex Mg–Eu(III)–SO4 at high MgSO4 concentrations,
currently not included in the model, (iii) the possible for-
mation of a ternary solid phase Mg–Eu(III)–SO4 (analogous to
the Na2Eu2(SO4)4·2H2O(cr) observed in the Na2SO4 system)
that would explain the decrease in solubility observed at high
MgSO4 concentrations, or (iv) a combination of (i)–(iii).

This work is the second of a series targeting the thermo-
dynamic description of complex Ln(III)/An(III)–SO4–NO3 systems
of relevance in the context of radioactive waste disposal.
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