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Abstract Solubility isotherms of the sparingly soluble salts CaF,, and CaSO,4-2H,0) in
their mixed aqueous solutions have been measured at 298.1 K. It was found that the CaFy,
solubility decreases with increasing CaSO, concentration in the solution and reaches about
1/3 of the CaF,, solubility in pure water in the CaSO4-2H,Os, saturated solution. A
thermodynamic model was developed to predict the CaF,, solubility isotherm in this
system, in which the short range interactions of the species in the aqueous solution are
represented by ion-association constants reported in literature, and the long range inter-
action, i.e., the electrostatic term, is represented by the well known Davies equation. The
predicted solubility isotherm reasonably agrees with the experimental results. The con-
tributions of the long-range term and the short-range term to the calculated solubility
isotherm were investigated. It was concluded that the ionic association combining with the
Davies equation is sufficient to represent the excess interaction of the CaF, 4+ CaSOy4
aqueous solution at 298.15 K. This model approach could be applicable for other dilute
mixed electrolyte systems in which component activity coefficients are lacking and model
parameters are difficult to determine.
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1 Introduction

Fluoride ion in electrolyte solutions is corrosive for the anode and cathode in the zinc
hydrometallurgical process and needs to be removed from the solution to the level of about
50 mg-L™". Usually, the zinc hydrometallurgical system contains the electrolytes ZnSO4,
MnSO,, MgSO,, CaSOy, Fey(SO4)3 and H,SO,. It is well known that many fluorides (i.e.,
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CaF,, MgF, and LnF;) possess low solubility in pure water, [1, 2] as is shown in Table 1.
If the fluorides’ solubilities in the zinc hydrometallurgical systems were the same as in pure
water, then the fluoride ions in the multi-component systems could be expected to be
removed by precipitating fluorine ions as sparingly soluble fluorides. To answer this
question one need to know the solubility behavior of sparingly soluble fluorides in the
systems MF,—~NSO4,-H,0 (MF, = CaF,, MgF,, LnF;; N = Ca, Mg, Zn, Mn, H). However,
we are astonished to learn by surveying the literature that no fluoride solubility data in the
above systems have been reported in any publication. Because of this, we plan to carry out
a series of solubility measurements. The first system is the CaF, solubility in the CaF,—
CaSO4-H,0 system at 298.1 K.

2 Experimental
2.1 Materials

CaF, (Xilong Chemical Co., Ltd., China) of purity of 98.5% was washed three times before
use in this work. CaSO4-2H,0, (Sinapharm Chemical Reagent Co., Ltd., China) with
purity of 99% was used directly in this work without further purification. Deionized water
was used after distillation in this work.

2.2 Procedure

Two groups of equilibrium experiments were carried out to determine the solubility iso-
therms of CaF,s) and CaSO,4-2H,Os, separately. In the first group of experiments, 5 grams
CaF,(, and about 200 mL deionized water were added to several polytetrafluoroethylene
(PTFE) flasks, separately, and then various trace amounts of CaSO, were added in the
flasks to guarantee that the equilibrium solid phase was CaF,s, only. In the second group
of experiments, 5 g CaSO,4-2H,Os), a certain amount of saturation solution of CaF,) in
pure water at about 298 K, and a certain amount of pure water was added to each flask, so
that the solution was in equilibrium with CaSO4-2H,Os) rather than CaF,s). All the flasks
were placed in a thermostat whose temperature was controlled by a heater (Lauda E200,
Germany) and a cooler (Lauda DLK 25, Germany) to 298.1 K with temperature stability
of + 0.01 K. The thermostat temperature was calibrated with a calibrated glass ther-
mometer (Miller & Weber, Inc., USA). The mixture in each flask was stirred by a magnetic
stirrer inside the flask driven by a magnetic rotor placed outside the thermostat. Our pre-
equilibrium experiments showed that 30-35 days are needed for CaF,, to reach equi-
librium with aqueous solution; thus 40 equilibrium days were used in the actual equilib-
rium experiments for CaF,). As mentioned in our previous work [3], 120 h is needed for

Table 1 Solubility of the sparingly soluble fluorides in pure water at 298 K

Fluoride Solubility (mol-kg™") Fluoride ion content (mg F in 1000 g water) Literature
MgF, 2.09 x 1073 79.2 [1]
CaF, 192 x 107*-5.12 x 107*  7.3-19.5 (1
LaF, 14 x 107813 x 107° 0.00079-0.74 2]
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the equilibrium with CaSO4-2H,0s), which was followed in this work. When equilibrium
was reached, the solution was pumped out through a PTFE filtration film with pore
diameter of about 5 x 107’ m. The content of the filtrate was analyzed by the following
methods.

2.3 Analysis Methods

The SO; ™~ content in the solution was gravimetrically analyzed by precipitating as BaSOy,
Ca”" content was analyzed by titration with ethylene diamine tetraacetic acid disodium salt
(EDTA), while the F~ content in the solution was analyzed by a fluoride ions selective
electrode (PF-1-01, INESA Scientific Instrument Co., Ltd.). The procedure for the deter-
mination of fluoride ions is described in Ref. [4]. Before the sample measurements, the
parameter a and b in the equation:

E=a+ blog,,cr (1)

which relates the electro potential and F~ concentration, was determined first by the
following procedure: (1) a 0.001 mol-dm > NaF solution was prepared in 250 mL poly-
tetrafluoroethylene (PTFE) volumetric flasks; (2) 10, 20, 40 and 80 mL NaF solution were
pipetted into four 100 mL glass volumetric flasks, respectively; (3) 10 mL total ionic
strength adjustment buffer (TISAB: 1 mol-dm™> NaCl, 0.25 mol-dm™> acetic acid,
0.75 mol-dm > sodium acetate, and sodium citrate 0.001 mol~dm_3) was added to each of
the four volumetric flask; (4) finally, pure water was added in each flask to the 100 mL
mark line. After thorough mixing, the solution was taken out for potentiometric mea-
surement under magnetic stirring condition (stirring speed: 30 r-m~'). Based on the
measurement results, the parameters a and b in Eq. 1 were determined. After equilibrium, a
30 mL sample solution was pipetted in 100 mL volumetric flash and analyzed by the same
procedure. According to Eq. 1, the fluorine concentration in the sample solution can be
calculated.

3 Experimental Results and Discussions
3.1 Experimental Results

The obtained experimental data of the solubility isotherms for CaFy, and CaSO4-2H,0,
are tabulated in Table 2 and illustrated in Fig. 1.

As shown in Fig. 1, the CaF,, solubility decreases with increasing CaSO,4 concen-
tration in the solution; when the CaSO,4 concentration reaches its saturation limit, the
CaF,(,) solubility decreases to about 1/3 of its solubility in pure water.

3.2 Modeling

To understand the CaF, solubility behavior in aqueous CaSQ, solutions and the essence
behind the solubility phenomena, thermodynamic modeling of the solubility was carried
out. For this task a thermodynamic model should first be chosen. However, no matter what
model is chosen, its binary model parameters should be determined before it can be used
for multicomponent system. Since the experimental data of water activity or mean activity
coefficient of the system CaF, + H,O, which are usually necessary for parameterization,
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Table 2 Experimental solubility isotherm of the CaF,-CaSO,—H,0 system at 298.1 K

m(CaS0,) m(CaF,) Solid  m(CaSOy) m(CaF,) Solid phase
(mol-kgfl) (mol-kgfl) phase (mol-kgfl) (mol-kgfl)

0 204 x 107 CaFy,, 1124 x 1072 636 x 107 CaFay

6.5 x 107 138 x 107 CaFyhq 1511 x 1072 6.12 x 107> CaFa + CaSO,4-2H,0
1.81 x 1072 958 x 107> CaFa, 1.511 x 1072 4.84 x 107> CaS042H,0,

341 x 1077 8.13 x 107> CaFp, 1.525 x 1072 275 x 107> CaSO,-2H,0y,

534 x 1073 75 x 107° CaFy, 1516 x 1072 254 x 107 CaS0,-2H,0

828 x 1070 696 x 107°  CaFy, 1522 x 1072 191 x 107> CaS0,-2H,0,

8.97 x 1073 6.84 x 107> CaFys 1515 x 1072 122 x 107> CaS0,4-2H,0y,

9.68 x 1077 673 x 107> CaFy, 1.512x 1072 121 x 107> CaSO42H,0,

1.038 x 1072 6.65 x 1077 CaFy, 1523 x 1072 0 CaS0,-2H,0

1.097 x 1072 6.52 x 107> CaFy

m(CaS0O,) and m(CaF,) represent the total molalities of CaSO,4 and CaF, in the saturated solutions

Fig. 1 Experimental solubility
isotherms of the system CaF,— 0.00020 1
CaSO4—H,0 at 298.1 K (this
work -
) ‘s 0.00015 4
X [
°©
£ ooooro] |
o 0.00010 - . CaF,(s)
© ~
g \I'l—nr.‘ -
£ 0.00005 - ‘.\
# CaSO,2H,0
0.00000 \

0.000 0.004 0.008 0.012 0.016 0.020
m(CaSO,)/mol-kg™

are unavailable up to now, a concise thermodynamic model should be developed so that the
modeling can be started without these important basic data.

Actually, what any thermodynamic model represents is the excess properties relative to
an assumed ideal system. In this work, it is assumed that the aqueous solution consists of
ions, association species (ions or neutral molecules) and water molecules. Since the salt
concentrations in the systems considered in this work are quite dilute, the contribution of
the long range electrostatic interaction to the excess properties should be non negligible
and will be expressed by Davies’ equation [5]:

VI
+V1

where vy;, Z; and I = 0.5 EZizm,- are ionic activity coefficient, ionic charge and ionic
i

strength of the solution, respectively.

log,7; = —0.52? {1 - 0.31} (2)
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Much evidence shows that there is association between Ca%;;)

Ca%;l) and SO%’(aq) that could be the main short-range interaction. In this work, it is

assumed that the aqueous system consists of the ions Ca%;l), Fq and SO%(ND and the

and F(’aq> and between

association species CaF(J:i e CaFy(aq) and CaSOy,q) and water molecules. The species (ions
and associated species) concentrations in a certain total salts concentrations of CaF, and
CaSQy can be calculated using the association constants listed in Table 3 in the following
procedure:

The activity a; of the species i is the product of its activity coefficient and molality:

a; =y;m; (3)

The molality m; and activity g; of each species i in a certain solution is obtained by iterative
calculations subjected to the association constants in Table 2.

Before the CaF,, solubility isotherm in the ternary system CaF, + CaSO, + H,O can
be calculated, the solubility product constant should first be determined through the solid—
liquid equilibrium in the binary system CaF, + H,O:

2 —
Can(s) = Ca<:;l) + 2F(aq)

The chemical potential (u) of the solid phase CaF,, equals the corresponding potentials of
the species in aqueous solution, i.e.,

— % *
Hearyy = Moy RTINdcyy + 24 +2RT Inar,,

— * * 2
~ Hey, T 2, +RTacg: ap, (4)

(aq)

= luéa?) + 2/11*;@) + RT In kCan(s)
aq a

where 1 and a; are chemical potential in reference state and activity of the species i,
respectively.
In the solution saturated with the CaF,, phase, the total CaF, molality m{., in the

solution is 2.04 x 10~* mol-kg ™" as shown in Table 1. By iterative calculations, we obtain

the species molalities Mo = 1.91 x 1074, Mears = 8.2 x 1077, mcar, ,, = 1.2 x 107>
aq aq

and me. = 3.84 x 10~* mol-kg™" in the solution and the solubility product constant

—10—10.62
kcary, =1071002,

Table 3 Association constants of calcium fluoride and sulfate at 298 K

Association reaction Association Association constant (log,, f) at Literature
equilibrium I1=0
24 - aF:
Ca(aq) + Fog = Can;q) B, = ade(““)), 1.1 [6]
a(Cay,y)a(F,)
Call + 2F, . = CaF, — _ alCafag) 5.7 [7]
(a0) (a0) aq b= ey
Ca(zil) + SOi(_aq) = CaSOy(yq) B = _ alCaSOuy) 231 [6]

a(Caz;‘))”(Soifilqﬁ
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Applying the solubility product as a criterion, one can obtain by calculation the CaF,,
solubility isotherm, as shown by the solid line in Fig. 2a. It can be seen that the predicted
results agree with the experimental data quite well. To investigate the contribution of the
long-range term (Eq. 2) on the predicted solubility isotherm, we set all y; = 1 in Eq. 2 and
repeat the above calculation procedure, obtaining the predicted solubility isotherm of
CaF,(,, as shown by the dash line in Fig. 2a. It can be observed that the calculated
solubility isotherm obviously goes down, deviating from the experimental results.

The association constant for the second-order reaction Ca%;]) + 2F<’aq) = CaF,(yq) was

unknown for a long time, until Fovet and Gal [7] reported its value to be 10>7, much larger

than the that for the first-order reaction Ca%;D

of the second-order constant on the predicted solubility isotherm, we omit the second-order

+ F<_aq> = CaF ). To test the contribution

association constant and keep the first-order association constant for CaF(*; 9 and CaSOyaq),
obtaining the calculated results as shown by the solid line in Fig. 2b, which deviates
remarkably from the experimental results. The second-order association reaction makes an
important contribution to the solubility prediction. Furthermore, we omitted the long-range
term by setting all y; = 1, repeating the above calculation procedure yields the calculated
solubility isotherm as shown by the dashed line in Fig. 2b. As expected, the calculated
results (dashed line in Fig. 2b) without the long-range term are worse.

Now that the solubility isotherm predicted with the first- and second-order association
reaction and the Davies equation agree with the experimental results very well, we suppose
that the present thermodynamic model has grasped the essential character of this aqueous
system. To understand the structurale change in the system, we calculated the species
distribution along the CaFy, solubility isotherm and obtained the results shown in Fig. 3.
As shown in Fig. 3a, in the CaFy, saturated solutions with relatively low CaSO, con-

centration, CaSQO, exists in the solution mainly as the dissociated ions Ca(zz(‘v and SOﬁ(aq),
and the amount of associated species CaSOy,q) increases with the increasing total CaSOy,
concentration, up to about 50% of the total concentration. Along the CaF,, solubility
isotherm, the fluoride exists in the aqueous solution mainly as F(;q) and its concentration
decreases with decreasing CaF,(, solubility, while the concentrations of the associated

species CaF?;q) and CaF,,q) remain relatively constant.

0.00022 0.00022

0.00020 4 a " exp. 0.00020 4 b | exp.
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i 24 R ] 2+ - -
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Fig. 2 Comparison of the predicted and experimental solubility isotherms of the system CaF,—CaSO,—H,O
at 298.1 K
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Fig. 3 Species distribution along the CaF,, solubility isotherm in the system CaF,—CaSO,-H,O at
298.1 K

4 Conclusions

The solubility isotherms of the solids CaFy, and CaSO,4-2H,0) were measured at 298.1 K. It
was found that the CaF,, solubility decreases with increasing CaSO,4 concentration to about 1/3
of its solubility in pure water in the CaSO,-2H,Oy, saturation solution. A thermodynamic model
was developed to represent the properties of the CaF, + CaSO, + H,O system, in which the
long-range interaction is represented by Davies’ equation and the short-range interaction is
represented by ionic association. The CaFy solubility isotherm predicted by the thermodynamic
model agrees with the experimental data very well. The contributions of the long-range term
(Davies equation) and short-range terms (first and second order of association) to the predicted
solubility results have been compared and discussed. A conclusion can be drawn in this work that
the excess interaction in the CaF, + CaSO,4 + H,O system can be comprehensively represented
by the long-range electrostatic term and the ion association reactions. This model approach could
be applicable to the solubility prediction of other similar systems containing sparingly soluble
fluoride salts in dilute solution, in which component activities are unavailable and model
parameters are difficult to determine.
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