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A brief summary of the Pitzer equations

The Pitzer model developed in 1973 by Kenneth Pitzer is an extention of the Debye-
Huckel theory'-3. It is widely used for calculating activity coefficients and has shown very good
ability to describe both low and high ionic strength experimental data, up to at least 20
mol/Kg*5. The activity coefficient describes the non-ideality of thermodynamic systems and
can be calculated for each compound i of the studied mixture®. Theoretically, it depends on
the pressure, the temperature and the composition of the aqueous phase because it represents
the derivative of the excess Gibbs free energy of the system with respect to the mole content
of compound i. Pitzer's model is semi-empirical, based on ion-specific interaction theory, and
incorporates short-range interactions, that represent physical and chemical interactions
between contacting solutes, and long-range interactions, related to electrostatic forces
between electrically charged particles in solution?3. The Pitzer model relies on the viral

expansion of the excess Gibbs free energy (GE) of the real solution mixture:
E
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Wsoww is the mass of the solvent, ™ is the molality of species . 4/ and Hijk are

respectively the second and third coefficients of the virial, they take into account the potential
forces at short range. f(I) is a Debye-Huickel type function that takes into account long-range
electrostatic forces. It is also a function of the temperature and of the volumetric and dielectric
properties of the solvent:
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Where 2o is a universal parameter equal to 1.2 Kg®5/mol®% 7 and 4y is the usual Debye-

Huckel constant and determined from the parameter A(T) of Debye-Huckel law:
2.303A(T -
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The derivative of the excess Gibbs free energy equation (Eq. A-1) with respect to the
molality of a given solute gives the expressions of the activity coefficients for anions (A, a and
a'), cations (C, ¢ and ¢') and neutral species (N). The activity coefficients in a system with "¢
cations and "« anions calculated by the Pitzer model are described as follows. These equations
assume that interactions between a charged species and neutral species do not affect the
activity coefficient of the charged species. This is our case; more general equations include
these additional second-order interaction terms?:
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With:
Yi: Species activity coefficient i (-);
"i: Number of moles of species i (mol);
™M;: Molality of species ¢ (mol/Kg of solvent);
Vs Charge of species i (-);
I=— miﬁiz
I: lonic strength of the solution (mol/Kg). Calculated by =1 ;

F: Function that represents the contribution of the Debye-Hckel law;

Ay Binary interaction parameter between the neutral species N and an ion i (-);
Swij: Ternary interaction parameter between the neutral species N and two ions ¢ and
J of charges of different signs (-);

Fijie: Ternary interaction parameters between three different ions i, / and k. Two with

charges of the same sign;
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®yj: Binary interaction parameter of two ions i and j with charges of identical signs (gii
E, (D. E, (I
and 91‘1‘( )). %'( ) represents asymmetric mixing effects and depends on the ionic strength of

the solution2?.

. Binary cation-cation (or anion-anion) interaction parameter;

Cea: Binary cation-anion interaction parameter, which is a function of the binary

[}
interaction parameter Cea and the electric charges of the cations ¢ and anions 19a;

B

i and B'j are described by the following expressions:
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ca and P ca are adjustable symmetric anion-cation binary interaction parameters.
The fact that they are symmetrical means that they have the following property: Bij=Fji and

The parameters

a’l

1+a2\ﬁ+72

exp (-a (A-14)

B - = [3(1)( (1+a(+j)exp( al\[)ﬂ

@)
Bi=Fjj=0 a1 gng *2 parameters (Kg°®/mol®®) are associated with B and Fea | respectively.
In the classical use of the Pitzer equations, =2 gnd ©2=0 for 1:1, 2:1, 3:1, and 4:1 type
electrolytes 27, In the present work, it is assumed that %2~ 0,
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Experimental solubility results

Table 1 — Summary of Experimental Data of Eu(lll) Solubility in Magnesium Sulfate and
Sodium Sulfate Solutions at T = (22 + 2)°C.

mMgSO,

mEu(ill)

(mol-Kg-") (mol-Kg-") PHexp pHx® Solid-
0.00562 + 1.00E-04 0.0598 +2.99E-03 3.7+01 - EuS
0.01352 + 1.00E-04 0.0605 +3.036-03 3.5+01 - EuS
0.03182 + 1.00E-04 0.0609 +3.04E-03 3.5+01 - EuS
0.05212 + 1.00E-04 0.0625 +3.12E-03 3.5+01 - EuS
0.08272 + 1.00E-04 0.0653 +3.27E-03 3.5+01 - EuS
0.10342 + 1.00E-04 0.0683 +3.41E-03 3.9+01 - EuS
0.30332 + 1.00E-04 0.0851 +426E-03 3.9+01 - EuS
0.50242 + 1.00E-04 0.1020 +5.10E-03 3.9 0.1 - EuS
0.80452 + 1.00E-04 0.1133 +567E-03 3.9+01 - EuS
1.00812 + 1.00E-04 0.1169 +5.84E-03 3.8 +0.1 - EuS
1.31012 + 1.00E-04 0.1167 +5.83E-03 3.9 +0.1 - EuS
1.50382 + 1.00E-04 0.1124 +562E-03 3.8+01 - EuS
1.80942 + 1.00E-04 0.1073 +5.37E-03 3.8 £ 0.1 - EuS
2.01252 +1.00E-04 0.1000 +5.00E-03 3.8+01 - EuS
2.20602 + 1.00E-04 0.0900 +4.50E-03 3.8+01 - EuS
2.36832 +1.00E-04 0.0845 +4.22E-03 3.7+01 - EuS
2.48972 +1.00E-04 0.0765 +3.83E-03 3.7+01 - EuS
2.69482 + 1.00E-04 0.0707 +3.53E-03 3.6 0.1 - EuS
2.85372 +1.00E-04 0.0651 +3.26E-03 3.6+01 - EuS

mNa,SO mEu(ll ,

(mol-:(g-:) (mol-}gg-)’) PHexp pHx? Solid*
0.00002 0.0623 +3.12E-03 2.9+01 - EuS
0.00202 + 1.00E-04 0.0618 +3.09E-03 3.6 +0.1 - EuS
0.00312 + 1.00E-04 0.0625 +3.12E-03 3.6+0.1 - EuS
0.00722 + 1.00E-04 0.0605 +3.03E-03 3.6+01 - EuS
0.00842 + 1.00E-04 0.0610 +3.05E-03 3.6+0.1 - EuS
0.01042 + 1.00E-04 0.0608 +3.04E-03 3.6+01 - EuS
0.0152° + 1.00E-04 0.0130 +6.51E-04 4.9+01 - NaEuS
0.0348° + 1.00E-04 0.0068 +3.41E-04 4.9+01 - NaEuS
0.0596° + 1.00E-04 0.0038 +1.92E-04 5.0+01 - NaEuS
0.0811° + 1.00E-04 0.0030 +1.52E-04 5.0 +0.1 - NaEuS
0.10042 + 1.00E-04 0.0038 +1.92E-04 4.1+0.1 3.7 £0.1 NaEuS
0.1200° + 1.00E-04 0.0023 +1.13E-04 4.7+01 4.3+0.1 NaEuS
0.1225% + 1.00E-04 0.0031 +1.53E-04 4.1 +£0.1 3.7 £0.1 NaEuS
0.13552 + 1.00E-04 0.0033 +1.65E-04 4.7+01 4.3+0.1 NaEuS
0.19622 + 1.00E-04 0.0015+728E-05 5.1+01 4.6+0.1 NaEuS
0.20602 + 1.00E-04 0.0017 +8.70E-05 4.2 +0.1 3.8 £0.1 NaEuS
0.24852 + 1.00E-04 0.0015 +7.39E-05 4.3 +0.1 3.9+01 NaEuS
0.30542 + 1.00E-04 0.0015+7.73E-05 4.4 +0.1 4.0+0.1 NaEuS
0.46422 + 1.00E-04 0.0014 +6.99E-05 4.8+01 4.3+0.1 NaEuS
0.64252 + 1.00E-04 0.0009 +4.57E-05 4.9 +0.1 4.4 +0.1 NaEuS + NaSe
0.80142 + 1.00E-04 0.0009 +4.33E-05 4.5+0.1 4.0+01 NaEuS + NaSe
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0.84192 + 1.00E-04 0.0012 +5.78E-05 4.9+01 4.4+01 NaEuS + NaSe
0.99312 + 1.00E-04 0.0009 +4.57E-05 4.9 +0.1 4.4 +01 NaEuS + NaSe
1.02602 + 1.00E-04 0.0011 +5.27E-05 5.0 +0.1 4.6 +0.1 NaEuS + NaSe
1.55952 + 1.00E-04 0.0011 +554E-05 5.0+01 4.7 0.1 NaEuS + NaSe
1.78172 + 1.00E-04 0.0013 £+6.60E-05 4.9 +0.1 - NaEuS + NaSe

aSamples generated from Eu,(SO4)3-8H,0(cr). °Samples generated from NayEu,(SO4)4-2H,0(cr).
Defined in 2.1.2. 9EuS = Eu,(SQO4);-8H,0(cr), NaEuS = Na,Eu,(SO4)4-2H,0(cr), NaS = Na,SO,4. The
solubility limit of Na,SO4 (2 mol-Kg') is well above the highest salt concentration considered in this
work. The presence of Na,SO, observed by XRD is thus attributed to the insufficient washing of the
solid before characterization.
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