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ABSTRACT: Water activity in the ternary system LiCl−SrCl2−H2O and its sub-
binary systems has been elaborately measured by the isopiestic method. The
measured water activities were used to justify the reliability of solubility isotherms
reported in literature by correlating them with two thermodynamic models, that is,
the extended Pitzer model and the Pitzer−Simonson−Clegg model. It was found
that the extended Pitzer model cannot correlate consistently the water activities
measured and either set of the solubility isotherms reported in literature for this
concerned system, no matter how its parameters were adjusted. However, the
Pitzer−Simonson−Clegg model can correlate consistently our measured water
activities and the solubility isotherms reported by the literature (Kydynov et al.
Issled. Obl. Khim. Tekhnol. Miner. Solei Okislov 1965, 146−150), which should be
more reliable than solubility data reported in other references.

1. INTRODUCTION
Oil field brines in Nanyishan1 area of Qinghai-Tibet Plateau,
China, are connate waters which are found during deep rock
penetration by the drill and are rich in lithium, strontium, and
calcium chloride. To extract the lithium resource from the
brine, thermodynamic properties of the ternary system LiCl−
SrCl2−H2O, including water activities and solubility isotherms,
are of importance. Up to now, a large number of water activity
data have been reported in the sub-binary systems.2−7 Mean-
while, two sets of completely different solubility data were
reported8,9 at 298.15 K. To justify the reliability of solubility
data, one approach is to correlate them with water activity in
the ternary system by thermodynamic models, as we did pre-
viously.10 However, the water activities in the ternary system
are lacking at the present time. In this case, we will elaborately
measure water activity in the ternary system, as well as in the
binary systems for comparison, and then two thermodynamic
models, the extended Pitzer model7 and Pitzer−Simonson−
Clegg model,11−13 will be selected to correlate water activity
and solubility isotherms. The goal is to determine the reliability
of the experimental solubility data.

2. EXPERIMENTAL SECTION
Isopiestic measurements of water activity for the system LiCl−
SrCl2−H2O were carried out in equipment described else-
where,14,15 in which there are 14 cups in an isopiestic chamber
and the temperature accuracy was controlled within ± 0.01 K.
NaCl and H2SO4 were used as a reference system. The water
purified by deionization followed by distillation twice (once
with trace K2MnO4) with a conductance of smaller than
1.5·10−4 S·m−1 was used for all sample purifications, prepara-
tions, and dilutions in the experiment. The NaCl (Sinopharm
Chemical Reagent Co., Ltd. G. R.) was purified by recrystallization

three times, and the contents of each impurity element of K,
Ca, Mg, and Fe were detected to be smaller than 0.01 %. The
H2SO4 (Beijing Chemical Works, G. R.) was used as the stock
solution without further purification, and its content was
determined by precipitation with BaCl2 solution. The largest
relative deviation among three parallel samples was controlled
below 0.05 %. SrCl2 (Sinopharm Chemical Reagent Co., Ltd.,
G. R.) was purified by recrystallization three times, and the
contents of each impurity element of Ca, Mg, K, Na, Fe, and Ba
were smaller than 0.01 %. The analytical agent of LiCl
(Shanghai China Lithium Industrial Co., Ltd.) was purified by
recrystallization four times, and the contents of main impurity
elements of K, Na, Mg, Ca, and Fe were less than 0.01 %. The
impurities of salts were analyzed by ICP emission spectro-
meters (Thermo Electron Corporation, ICAP 6500 DUO). The
contents of the SrCl2 and LiCl stock solutions were determined
by precipitation with AgNO3, also the largest relative deviation
among three parallel samples was controlled below 0.05 %.
In all, the purity of the salts NaCl, LiCl, and SrCl2 used in
this work should be conservatively evaluated to be not smaller
than 99.9 % in mass and that for H2SO4 not smaller than
99.95 % in mass.
Before the isopiestic experiments, stock solutions with dif-

ferent YLiCl (YLiCl = mLiCl/(mSrCl2 + mLiCl), exactly, 0, 0.299759,
0.500153, 0.700377, 0.800637, 0.900363, 0.950163, 0.989826,
and 1) were prepared by mixing the two pure stock solutions of
SrCl2 and LiCl. Before the first isopiestic measurement,
appropriate amounts of various stock solutions were added in
each weighed cups and weighed; the difference is the solution
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mass. To accelerate the equilibrium process and shorten the
equilibrium time needed, the solution concentration in each
sample cup was adjusted in advance by adding water to or by
evaporating the solutions in an oven at 333 K, to keep the water
activity of each sample roughly at a same level. NaCl and H2SO4

solutions were used as references at higher and lower water
activity, respectively. In each experimental run, duplicate samples
for reference solution and some of the mixture solutions are used
to check the reliability of the experimental results. After the test
samples are located, the isopiestic chamber was closed and slowly
evacuated, and the solutions were carefully degassed to being
nearly free of air. The equilibrium time was set to be (4 to 9) days
depending on salt concentration. When equilibrium was attained
the sample cups were closed with the caps fixed previously on the
capping device inside the isopiestic chamber, and then the
chamber was removed from the thermostat bath. Clean dry air was
admitted to the chamber, and all of the cups sealed with the caps
were placed into a desiccator for 30 min and were then weighed.
From the vacuum-corrected masses of solutions and the mole
amount of salt or acid of the added stock solutions the isopiestic
equilibrium molalities of the solutions were determined. In the
subsequent experiments, samples were roughly evaporated or
diluted to another water activity level, carrying the same isopiestic
measurement as described above. The goal water activity level was
budgeted to make the point well-distributed, and all levels were all
under the reported solubility isotherm lines to ensure that there
was no presentation of crystal in each isopiestic measurement.

3. RESULTS
The osmotic coefficients ϕ for the NaCl reference solutions
were calculated according to the literature16 as recommended
by Pitzer,17 and that for the H2SO4 solution was calculated
according to the literature.18 We fitted the osmotic coefficients
of the reference systems reported in the literature, obtaining
their ϕ as a function of m, as shown by eq 1.

ϕ = + · + ·

+ · + ·

+ · + ·
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− −
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where a, b, c, d, e, f, g, and h are parameters and are given in
Table 1.

The osmotic coefficients of the test solutions are calculated
using the following equation,

ϕ = ν* *ϕ*
∑ ν

m
mi i i (2)

where quantities with asterisks are denoted for isopiestic
reference standard, v* = 2 denotes the number of ions formed
by the complete dissociation of one molecule of NaCl, and v* =
3 for H2SO4, m* is isopiestic equilibrium molality of reference,
ϕ* is the osmotic coefficient of reference standard, and∑iνimi =
2mLiCl + 3mSrCl2 for the LiCl−SrCl2−H2O ternary system. The
water activities aw of the reference were calculated using the
following equation,

=
−ν· · ·ϕ

a
M m

ln
1000w

w
(3)

where ν is the number of ions formed by the complete
dissociation of one molecule of reference standard, exactly, ν =
2 for NaCl and ν = 3 for H2SO4. Mw is molar mass of H2O, and
ϕ is osmotic coefficient of the reference standard.
The measured results are tabulated in Table 2. In each record

of isopiestic experiment run, the concentration and water
activities of the references were tabulated in the first line, and
the following data were the isopiestic concentration of salts in
mixture solutions or pure solutions, along with the uncertainty
arisen from the impurity. The water activities of all solutions in
each set of isopiestic measurement were equal to the water
activity of reference at isopiestic equilibrium. The largest
relative concentration deviation of the two duplicated samples
was ± 0.3 %. Combining the uncertainty 0.1 % from impurity,
the total uncertainty of the measured salt concentration should
be smaller than 0.4 %, corresponding with the largest deviation
of water activities ± 0.0026.
Our measured water activities in the LiCl−H2O binary

system agree well with the literature19−22 and are slightly
different from the Pitzer model values23 and quite different
from the experimental data reported by Guendouzi et al.,24 as
shown in Figure 1. Our measured water activities for the SrCl2−
H2O system agree well with literature,2,4,5,7 as shown in Figure 2.
Using the isopiestic method,25 we also measured the water

activity of the saturated SrCl2 solution and the solubility at
298.15 K and found their values were 0.7121 ± 0.0013 and
(3.5125 ± 0.014) mol·kg−1, respectively. Rard4 gave a solubility
value of 3.5195 ± 0.0022 mol·kg−1 for SrCl2·6H2O in the same
experimental method, and Pollio26 predicted the water activity
of saturated SrCl2 solution at 298.15 K using the Pitzer model,
the value of which is 0.712. We did not detect the crystal type
in equilibrium with the saturated solution. Considering that
both our solubility data and Rard's are identical in the evaluated
error range, the solubility data point of 3.5125 ± 0.014 mol·kg−1

in this work should be that for SrCl2·6H2O.
The experimentally measured equal-water activity lines of the

LiCl−SrCl2−H2O ternary system are shown in Figure 3, where
composition points with a same water activity at low and
middle salt concentrations stand roughly in a straight line; that
is, the mixing behavior obeys the Zdanovskii's rule, which
means no strong ion association or the apparent constancy of
interaction between the component electrolytes in the ternary
aqueous solution.27 At high salt concentrations, because of the
strong nonsymmetry of solubility of the two salts, it is unknown
if the mixing of the two binary solution obeys Zdanovskii's rule.

Table 1. Fitted Parameters of Equation 1 for NaCl and
H2SO4 References

parameters NaCla H2SO4
b

a 0.99538 0.78187
b −0.333722 −0.579417
c 0.566836 1.011164
d −0.5278638 −0.8809713
e 0.3361724 0.5308231
f −0.1248621 −0.1713412
g 0.02604260 0.02704254
h −0.00239629 −0.00166244
σc 3.1328·10−5 1.1937·10−3

aFitting the osmotic coefficients of NaCl in literature.16 bFitting the
osmotic coefficients of H2SO4 in literature.18 cStandard deviation, σ =
(((∑i

n(ϕ(exp) − ϕ(calc))2)/n))1/2.
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Table 2. Isopiestic Molalities and Water Activities of the Ternary System LiCl−SrCl2−H2O with NaCl (aq) and H2SO4 (aq) as a
Reference at 298.15 Ka

mSrCl2 mLiCl mSrCl2 mLiCl

no. mol·kg−1 mol·kg−1 no. mol·kg−1 mol·kg−1

1 mNaCl/(mol·kg
−1) = 0.2689 ± 0.0003, aw= 0.9911 20 mNaCl/(mol·kg−1) = 4.7735 ± 0.0048, aw= 0.8172

0.2034 ± 0.0002 0 2.5454 ± 0.0025 0
0.1486 ± 0.0001 0.0636 ± 0.0001 1.9832 ± 0.0020 0.8490 ± 0.0008
0.1123 ± 0.0002 0.1124 ± 0.0001 1.5348 ± 0.0015 1.5357 ± 0.0015
0.0715 ± 0.0001 0.1671 ± 0.0002 1.0026 ± 0.0010 2.3436 ± 0.0023
0.0484 ± 0.0001 0.1945 ± 0.0002 0.7014 ± 0.0007 2.8167 ± 0.0028
0.0251 ± 0.0001 0.2263 ± 0.0002 0.3688 ± 0.0004 3.3323 ± 0.0033

2 mNaCl/(mol·kg
−1) = 0.3125 ± 0.0003, aw= 0.9897 21 mNaCl/(mol·kg−1) = 5.0528 ± 0.0051, aw= 0.8044

0.2256 ± 0.0002 0 2.6617 ± 0.0027 0
0 0.3044 ± 0.0003 0 4.1247 ± 0.0041

3 mNaCl/(mol·kg
−1) = 0.5363 ± 0.0005, aw= 0.9823 22 mNaCl/(mol·kg−1) = 5.0834 ± 0.0051, aw= 0.8030

0.3770 ± 0.0003 0 2.6795 ± 0.0027 0
0 0.5140 ± 0.0005 2.091 ± 0.0021 0.8951 ± 0.0009

4 mNaCl/(mol·kg
−1) = 0.6282 ± 0.0006, aw= 0.9793 1.6195 ± 0.0016 1.6205 ± 0.0016

0.4407 ± 0.0004 0 1.058 ± 0.0011 2.4731 ± 0.0025
0.3328 ± 0.0003 0.1424 ± 0.0001 0.7408 ± 0.0007 2.9751 ± 0.0030
0.2512 ± 0.0003 0.2513 ± 0.0002 0.3895 ± 0.0004 3.5201 ± 0.0035
0.1610 ± 0.0002 0.3764 ± 0.0004 0.2001 ± 0.0002 3.8152 ± 0.0038
0.1105 ± 0.0001 0.4439 ± 0.0004 23 mNaCl/(mol·kg−1) = 5.4734 ± 0.0055, aw= 0.7848
0.0573 ± 0.0001 0.5178 ± 0.0005 2.8485 ± 0.0028 0

5 mNaCl/(mol·kg
−1) = 1.0054 ± 0.0010, aw= 0.9667 2.2249 ± 0.0022 0.9525 ± 0.0010

0.6740 ± 0.0007 0 1.7262 ± 0.0017 1.7273 ± 0.0017
0 0.9298 ± 0.0009 1.1277 ± 0.0011 2.6361 ± 0.0026

6 mNaCl/(mol·kg
−1) = 1.2068 ± 0.0012, aw= 0.9598 0.7902 ± 0.0008 3.1735 ± 0.0032

0.7931 ± 0.0008 0 0.4159 ± 0.0004 3.758 ± 0.0038
0.6062 ± 0.0006 0.2595 ± 0.0003 0.2137 ± 0.0002 4.0749 ± 0.0041
0.4607 ± 0.0005 0.4609 ± 0.0005 24 mNaCl/(mol·kg−1) = 5.5098 ± 0.0055, aw= 0.7831
0.2953 ± 0.0003 0.6903 ± 0.0007 2.8582 ± 0.0029 0
0.2042 ± 0.0002 0.8199 ± 0.0008 0 4.4572 ± 0.0045
0.1058 ± 0.0001 0.9564 ± 0.0010 25 mNaCl/(mol·kg−1) = 5.5438 ± 0.0055, aw= 0.7815
0 1.0951 ± 0.0011 2.8776 ± 0.0029 0

7 mNaCl/(mol·kg
−1) = 1.3303 ± 0.0013, aw= 0.9555 2.2249 ± 0.0022 0.9525 ± 0.0009

0.8644 ± 0.0009 0 1.7262 ± 0.0017 1.7273 ± 0.0017
0 1.2160 ± 0.0012 1.1277 ± 0.0011 2.6361 ± 0.0026

8 mNaCl/(mol·kg
−1) = 1.4993 ± 0.0015, aw= 0.9496 0.7902 ± 0.0008 3.1735 ± 0.0032

0.9593 ± 0.0009 0 0.4159 ± 0.0004 3.7582 ± 0.0038
0 1.3546 ± 0.0013 0.2137 ± 0.0002 4.0749 ± 0.0041

9 mNaCl/(mol·kg
−1) = 1.7693 ± 0.0018, aw= 0.9400 0.0450 ± 0.0001 4.3811 ± 0.0044

1.1095 ± 0.0011 0 26 mNaCl/(mol·kg−1) = 6.0245 ± 0.0060, aw= 0.7588
0.8511 ± 0.0009 0.3643 ± 0.0004 3.0867 ± 0.0031 0
0.6502 ± 0.0007 0.6506 ± 0.0007 2.4109 ± 0.0024 1.0320 ± 0.0010
0.4183 ± 0.0004 0.9778 ± 0.0009 1.8714 ± 0.0019 1.8725 ± 0.0019
0.2897 ± 0.0003 1.1634 ± 0.0012 1.2258 ± 0.0012 2.8654 ± 0.0029
0.1507 ± 0.0002 1.3617 ± 0.0014 0.8596 ± 0.0009 3.4522 ± 0.0035

10 mNaCl/(mol·kg
−1) = 2.0934 ± 0.0021, aw= 0.9281 0.4530 ± 0.0005 4.0938 ± 0.0041

1.2779 ± 0.0013 0 27 mH2SO4
/(mol·kg−1) = 4.8184 ± 0.0048, aw= 0.7178

0.9840 ± 0.0010 0.4212 ± 0.0004 3.4660 ± 0.0035 0
0.7519 ± 0.0008 0.7524 ± 0.0008 2.7121 ± 0.0027 1.161 ± 0.0011
0.4856 ± 0.0005 1.1352 ± 0.0011 2.1094 ± 0.0021 2.1107 ± 0.0021
0.3369 ± 0.0003 1.3530 ± 0.0013 1.3807 ± 0.0014 3.2274 ± 0.0032
0.1753 ± 0.0002 1.5845 ± 0.0016 0.9695 ± 0.0010 3.8933 ± 0.0039
0 1.8063 ± 0.0018 0.5113 ± 0.0005 4.6201 ± 0.0046

11 mNaCl/(mol·kg
−1) = 2.1769 ± 0.0022, aw= 0.9250 0.2631 ± 0.0003 5.0153 ± 0.0050

1.3210 ± 0.0013 0 0.0549 ± 0.0001 5.3378 ± 0.0053
0 1.9158 ± 0.0019 28 mH2SO4

/(mol·kg−1) = 6.5698 ± 0.0066, aw= 0.5828

12 mNaCl/(mol·kg
−1) = 2.4491 ± 0.0024, aw= 0.9147 1.3117 ± 0.0013 5.2679 ± 0.0053

1.4599 ± 0.0015 0 0.6914 ± 0.0007 6.2477 ± 0.0062
0 2.1340 ± 0.0021 0.3560 ± 0.0004 6.7864 ± 0.0068

Journal of Chemical & Engineering Data Article

dx.doi.org/10.1021/je201044n | J. Chem. Eng.Data 2012, 57, 817−827819



4. MODELING

By correlating the water activities determined in this work
and contradictory solubility data with thermodynamic
models, one can expect to give a reasonable judgment on
the reliability of the solubility data. The evaluation strategy is
briefly described as follows. At first, two thermodynamic
models which are known suitable for highly soluble

electrolyte systems, that is, the extended Pitzer model and
Pitzer−Simonson−Clegg model, are selected for the
correlation task; by fitting to water activity in each binary
system, model parameters are determined. At the saturation
point of SrCl2·6H2O in the binary system SrCl2−H2O, the
solubility product ln K of SrCl2·6H2O corresponding with the

Table 2. continued

mSrCl2 mLiCl mSrCl2 mLiCl

no. mol·kg−1 mol·kg−1 no. mol·kg−1 mol·kg−1

13 mNaCl/(mol·kg
−1) = 2.9055 ± 0.0029, aw= 0.8969 0.0743 ± 0.0001 7.2277 ± 0.0072

1.6840 ± 0.0017 0 29 mH2SO4
/(mol·kg−1) = 8.3763 ± 0.0084, aw= 0.4562

0 2.4962 ± 0.0025 0.8694 ± 0.0009 7.8565 ± 0.0079
14 mNaCl/(mol·kg

−1) = 3.0046 ± 0.0030, aw= 0.8930 0.4468 ± 0.0004 8.5177 ± 0.0085
1.7291 ± 0.0017 0 0.0931 ± 0.0001 9.0596 ± 0.0091
0 2.5707 ± 0.0026 30 mH2SO4

/(mol·kg−1) = 9.6008 ± 0.0096, aw= 0.3824

15 mNaCl/(mol·kg
−1) = 3.1264 ± 0.0031,aw= 0.8881 0.5076 ± 0.0005 9.6766 ± 0.0097

1.7938 ± 0.0018 0 0.5070 ± 0.0005 9.6670 ± 0.0097
1.3888 ± 0.0014 0.5945 ± 0.0006 0.1059 ± 0.0001 10.2982 ± 0.0103
1.0689 ± 0.0011 1.0695 ± 0.0011 0 10.4633 ± 0.0105
0.6937 ± 0.0007 1.6214 ± 0.0016 31 mH2SO4

/(mol·kg−1) = 11.9188 ± 0.0119, aw= 0.2707

0.4827 ± 0.0005 1.9386 ± 0.0019 0.1301 ± 0.0001 12.6527 ± 0.0127
0.2525 ± 0.0003 2.2817 ± 0.0023 0 12.8068 ± 0.0128

16 mNaCl/(mol·kg
−1) = 3.2494 ± 0.0032, aw= 0.8831 32 mH2SO4

/(mol·kg−1) = 13.1932 ± 0.0132, aw= 0.2232

1.8459 ± 0.0018 0 0.1443 ± 0.0001 14.0363 ± 0.0140
0 2.7610 ± 0.0028 0 14.1556 ± 0.0141

17 mNaCl/(mol·kg
−1) = 3.5608 ± 0.0036, aw= 0.8702 33 mH2SO4

/(mol·kg−1) = 14.2454 ± 0.0142, aw= 0.1902

1.9919 ± 0.0020 0 0.1568 ± 0.0002 15.2515 ± 0.0153
1.5474 ± 0.0015 0.6624 ± 0.0007 0 15.3646 ± 0.0154
1.1909 ± 0.0012 1.1916 ± 0.0012 34 mH2SO4

/(mol·kg−1) = 15.3000 ± 0.0153, aw= 0.1621

0.7765 ± 0.0008 1.8151 ± 0.0018 0.1691 ± 0.0002 16.4488 ± 0.0164
0.5412 ± 0.0005 2.1734 ± 0.0021 0 16.5649 ± 0.0166
0.2830 ± 0.0003 2.5574 ± 0.0025 35 mH2SO4

/(mol·kg−1) = 16.5179 ± 0.0165, aw= 0.1348

0 2.8913 ± 0.0029 0.1848 ± 0.0002 17.9792 ± 0.0178
18 mNaCl/(mol·kg

−1) = 4.1915 ± 0.0042, aw= 0.8431 0 18.0973 ± 0.0181
2.2853 ± 0.0023 0 36 mH2SO4

/(mol·kg−1) = 16.7540 ± 0.0168, aw= 0.1302

0 3.4851 ± 0.0035 0.1878 ± 0.0002 18.2719 ± 0.0183
19 mNaCl/(mol·kg

−1) = 4.2794 ± 0.0043, aw= 0.8395 37 mH2SO4
/(mol·kg−1) = 17.1374 ± 0.0171, aw= 0.1230

2.3172 ± 0.0023 0 0.1938 ± 0.0002 18.851 ± 0.0189
0 3.5465 ± 0.0035 0 18.992 ± 0.0190

aWater activity aw is calculated according to ref 16 for NaCl and ref 18 for H2SO4.

Figure 1. Measured water activities of the system LiCl−H2O at
298.15 K and their comparison with literature. ○, ref 19; ×, ref 20; ☆,
ref 21; ▽, ref 22; □, ref 24; ⧫, this work; ···, Pitzer model with
parameters of ref 23; ---, extended Pitzer model values; , Pitzer−
Simonson−Clegg model values.

Figure 2. Measured water activities of the system SrCl2−H2O at
298.15 K and their comparison with literature. ☆, ref 2; ◇, ref 4; +,
ref 5; ○, ref 7; ⧫, this work; ---, extended Pitzer model with the
parameters reported by Rard;7 , Pitzer−Simonson−Clegg model
values.
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solubility equilibrium

ν ν ·ν = ν

+ ν + ν

M X H O M

X H O

z

z
M X 0 2 (s) M (aq)

X (aq) 0 2 (aq)

M

X
(4)

= ν γ + ν γ + νK m m aln ln( ) ln( ) lnM M M X X X 0 W (5)

is determined by calculating the activities of each component.
Using the determined ln K as a criterion, the solubility
isotherm for the solid phase SrCl2·6H2O is predicted in the
ternary system; in the case that the predicted solubility
isotherms do not agree with the experimental data, we will fit
the ternary model parameters to water activities determined
in this work and predict with both binary and ternary model
parameters the solubility isotherm for SrCl2·6H2O again. In
case the predicted solubility isotherm for SrCl2·6H2O do not
agree with experimental data yet, we will fit the ternary model
parameter with both the water activity determined in this
work and different sets of solubility data of SrCl2·6H2O,
respectively, and calculate the solubility isotherm for
SrCl2·6H2O again. In case the calculated solubility isotherm
of SrCl2·6H2O agrees with one set of experimental data, we
will regularly change the parameter ln K for the second solid
phase SrCl2·2H2O, until the calculated solubility isotherm of
SrCl2·2H2O fit the corresponding experimental data. In case a
selected thermodynamic model can correlate consistently
experimental water activity in both binary and ternary
systems and experimental solubility isotherms for both
SrCl2·6H2O and SrCl2·2H2O, one can reasonably consider
that this set of experimental solubility data is relatively
reliable.
4.1. Extended Pitzer Model. Since thermodynamic

properties of the mixture electrolyte solution containing SrCl2
have been successfully described by the extended Pitzer
model,7 this model was selected to represent the thermodynamic

properties of the titled ternary system at first. This model is
briefly repeated in Appendix A of this paper.
By fitting to the water activity data in literature20 and this

work in Table 2, we obtained the binary model parameters for
LiCl as shown in Table 3. For the binary parameters of SrCl2,
we took the ones reported by Rard et al.7 On the parameter
evaluation process, we applied the least-squares method to find
the “best” set of parameters by regular changing the model
parameters.
The extended Pitzer model can represent sufficiently the

water activities of SrCl2 aqueous solution, as shown in Figure 2,
but is somewhat insufficient for LiCl aqueous solution, though
better than the Pitzer model23 (see Figure 1). The standard
deviation of water activity between model and experimental
data were 0.0004 and 0.0032 for SrCl2 and LiCl, respectively, as
shown in Table 3.
Applying the binary extended Pitzer model parameters, we

predicted the water activities of the LiCl−SrCl2−H2O ternary
system and its solubility isotherm at 298.15 K. Before the
calculation of the solubility isotherm, the solubility product
parameter ln K for SrCl2·6H2O was determined by calculating
the component activities or activity coefficients at saturation
point in the binary system SrCl2−H2O. The determined ln K
was used as a criterion on the calculation of the solubility
isotherm in the ternary system. The predicted solubility
isotherms (dotted lines in Figure 4) deviate remarkably from

Figure 3. Experimental isopiestic lines in the system LiCl−SrCl2−H2O
at 298.15 K.

Figure 4. Solubility isotherm comparison of experimental and
calculated by the extended Pitzer model of the system LiCl−SrCl2−
H2O at 298.15 K. All symbols are experimental data: ▲, SrCl2·6H2O;

8

◮, SrCl2·2H2O;
8 △, LiCl·H2O;

8 ■, SrCl2·6H2O;
9 ◨, SrCl2·2H2O;

9

□, LiCl·H2O;
9 ⬒, co-saturated point of SrCl2·6H2O and SrCl2·2H2O;

9

⬓, co-saturated point of SrCl2·2H2O and LiCl·H2O;
9 ○, SrCl2·6H2O

determined by isopiestic method from Rard4 and in this work. All lines
are extended Pitzer model values: −·−, with binary parameters only;
···, with binary parameters and ternary parameters fitted to
experimental water activities in the ternary system; ---, with binary
parameter and ternary parameters obtained by fitting to experimental
water activities in this work and solubility data in ref 8; , with binary
parameters and ternary parameters obtained by fitting to experimental
water activities in this work and solubility isotherms in ref 9.

Table 3. Extended Pitzer Model Parameters for the Binary Systems LiCl−H2O and SrCl2−H2O at 298.15 K

solute βMX
0 α1 βMX

1 CMX
0 ω CMX

1 σ*

LiCla 0.2281 2.0 0.7539 −0.002651 2.5 −0.8745 0.0032
SrCl2

b 0.2827 2.0 1.5625 −0.000225 2.5 −0.0921 0.0004
aParameters determined by fitting to experimental water activities of this work and ref 20. bParameters from ref 7. *Standard deviation,
σ = ((∑i

n(aw(exp) − aw(calc))
2)/n)1/2.
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the experimental data.8,9 Meanwhile, the predicted water
activities of the ternary system deviate from our experimental
values (in Table 2) quite largely, as shown in Figure 5a. It
seems that the extended Pitzer model with binary parameters
only is insufficient in representing the properties of the ternary
system, and mixture model parameters are needed to finish the
task.
We fit the ternary mixture parameters θLi,Sr and ψLiSrCl

to our measured water activities in Table 2 and obtained
their values shown in Table 4. Applying both the binary

and the ternary parameters, we predicted the solubility
isotherms at 298.15 K again, as shown by dotted−dashed

line in Figure 4. No remarkable improvement has been
achieved for the solubility isotherms, for either water activity
(Figure 5b).
To get more reliable mixture parameters, we fit the

ternary parameters to the water activities that we measured
in the ternary system (Table 2) and the two sets of solu-
bility isotherms for SrCl2·6H2O reported by different
authors,8,9 respectively, and obtained other two sets of
mixture parameters listed in Table 4. Using these two sets of
mixture parameters and with the binary parameters, we
calculated the solubility isotherms for SrCl2·6H2O and the
water activities of the ternary system, finding that the
extended Pitzer model can roughly represent both sets of
solubility isotherms for SrCl2·6H2O, as shown in Figure 4.
After that, we regularly changed and found a “best” para-
meter value of ln K for SrCl2·2H2O, calculating its solubility
isotherm. It was shown that neither of the two sets of
calculated solubility isotherms for SrCl2·2H2O (the dashed
and solid lines in Figure 4) is consistent with the
experimental values. The calculated water activities in the
ternary system have no improvement either, as shown in
Figure 5c,d.

4.2. Pitzer−Simonson−Clegg Model. The Pitzer−
Simonson−Clegg model11−13 may also be a good selection

Figure 5. Deviation of water activity in the ternary system calculated by the extended Pitzer model from experimental values at 298.15 K. a: Δaw =
aw(exp) − aw(calc1); b: Δaw = aw(exp) − aw(calc2); c: Δaw = aw(exp) − aw(calc3); d: Δaw = aw(exp) − aw(calc4); aw(calc1), water activities
calculated by the pure solution parameters only; aw(calc2), water activities calculated by the ternary mixture parameters fitted to the experimental
water activities; aw(calc3), water activities calculated by the ternary mixture parameters fitted to the experimental water activities and the solubility
isotherms of ref 8; aw(calc4), water activities calculated by the ternary mixture parameters fitted to the experimental water activities and the solubility
isotherms of ref 9.

Table 4. Mixture Extended Pitzer Model Parameters for the
System LiCl−SrCl2−H2O at 298.15 K

θLi,Sr ψLiSrCl data for parametrization σa

−0.0359 0.001921 aw in Table 2 0.0034
0.1239 −0.00151 aw in Table 2 and solubility data in

ref 8
0.0072

0. 5791 −0.07701 aw in Table 2 and solubility data in
ref 9

0.0102

aStandard deviation, σ = ((∑i
n(aw(exp) − aw(calc))

2)/n)1/2.
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to describe the titled highly soluble salt aqueous solu-
tions, as it has been successfully applied to describe the pro-
perty of highly soluble ternary systems containing LiCl28 or
CaCl2.

29

In our previous work,30 we corrected some print failures in
the formulation of the water activity and salt activity coefficients
in the framework of the Pitzer−Simonson−Clegg model and
present them in Appendix B of this work.
The binary model parameters in eq 1B for LiCl solution at

298.15 K are taken from our previous work,28 and those for
SrCl2 solution were fitted to our experimental values, as shown
in Table 5. The standard deviations of fitting are 0.0028 and
0.0003 for LiCl and SrCl2, respectively, slightly better than
those by the extended Pitzer model. The calculated water
activities of LiCl and SrCl2 solutions are presented by solid
lines in Figures 1 and 2, respectively.
Applying the binary model parameters, we predicted the

solubility isotherm for SrCl2·6H2O and the water activities in
the ternary system LiCl−SrCl2−H2O at 298.15 K and found
that both the predicted solubility isotherm (dotted−dashed
lines in Figure 6) and water activities (Figure 7a) deviate from

the experiment data remarkably. As the extended Pitzer model,
the Pitzer−Simonson−Clegg model cannot predict the

solubility isotherm for SrCl2·6H2O of the ternary system with
only binary parameters, either.
We fitted the ternary mixture Pitzer−Simonson−Clegg

model parameters to our experimental water activities in
Table 2 and obtained their values in Table 6. Applying both
the binary and the ternary parameters, we obtained the
predicted solubility isotherm for SrCl2·6H2O (dotted lines
in Figure 6), which are near to the experimental data;8,9

however, no matter how we changed the parameter ln K for
SrCl2·2H2O, the calculated solubility isotherm for SrCl2·
2H2O does not agree with any one of the two sets of experi-
mental data. Possibly, fitting to water activities in the
ternary system measured in this work is insufficient for
evaluating a “reasonable” set of model parameters to
calculate the solubility isotherms.
To gain a more “reasonable” set of parameters, we fitted the

ternary model parameters to water activity in the ternary system
measured in this work and the two sets of solubility isotherm
for SrCl2·6H2O,

8,9 respectively, and got their values listed in
Table 6. Applying the two sets of mixture parameters,
respectively, and the binary parameters in Table 5, we
calculated the solubility isotherm for SrCl2·6H2O, as shown
by the dashed lines and solid lines in Figure 6. Both of them
agree with each corresponding experimental data point. The
deviations of calculated water activities from the exper-
imental values are shown in Figure 7c,d. Both are similar in
magnitude.
When we regularly changed the parameter ln K for

SrCl2·2H2O and calculated its solubility isotherm, we found
that the isotherm for SrCl2·2H2O (dashed lines in Figure 6)
calculated by the mixture parameters fitted to experimental
water activities and the solubility data of Blidin8 deviates largely
from the experimental data;8 however, the solubility isotherm
for SrCl2·2H2O (solid lines in Figure 6) calculated by the
mixture parameters fitted to experimental water activities and
the solubility data of Kydynov et al.9 agrees with the
corresponding experimental data9 very well.
Based on the above results, one can conclude that the

Pitzer−Simonson−Clegg model can consistently correlate
binary and ternary water activities and the solubility iso-
therms of Kydynov et al.9 of the LiCl−SrCl2−H2O system at
298.15 K. From this point of view, the solubility isotherms
determined by Kydynov et al.9 should be relatively more
reliable than those reported by Blidin.8 We observed also
that the solubility of SrCl2·6H2O in the binary system SrCl2−
H2O reported by Kydynov et al.9 slightly differs from that
reported by Rard4 and in this work (the circle symbol in
Figure 6). Our calculated cosaturated point for the two
phases SrCl2·6H2O and LiCl·H2O also differs from that re-
ported by Kydynov et al.9 Strictly speaking, their data are
waiting for further determination.

Figure 6. Comparison of experimental and calculated solubility
isotherms in the system LiCl−SrCl2−H2O at 298.15 K. All symbols
are experimental values: ▲, SrCl2·6H2O;8 ◮, SrCl2·2H2O;

8 △,
LiCl·H2O;8 ■, SrCl2·6H2O;9 ◨, SrCl2·2H2O;9 □, LiCl·H2O;9 ⬒,
co-saturated point of SrCl2·6H2O and SrCl2·2H2O;9 ⬓, co-saturated
point of SrCl2·2H2O and LiCl·H2O;

9 ○, SrCl2·6H2O determined by
isopiestic method from Rard4 and in this work; all lines are
calculated by the Pitzer−Simonson−Clegg model: −·−, with binary
parameters only; ····, with binary parameters and ternary parameters
obtained by fitting to experimental water activities in the ternary
system; ----, with binary parameters and ternary parameters obtained
by fitting to experimental water activities and solubility data in
ref 8; , with binary parameters and ternary parameters obtained
by fitting to experimental water activities and solubility isotherms in
ref 9.

Table 5. Binary Pitzer−Simonson−Clegg Model Parameters at 298.15 K

solute αMX BMX αMX
1 BMX

1 W1,MX U1,MX V1,MX σc

LiCla 13 230.0103 0 0 0.0305 29.0985 −33.7297 0.0028
SrCl2

b 13 74.1569 2.0 104.2767 20.6085 64.6124 −64.6919 0.0003
aTaken from our previous work in ref 28. bParameters obtained by fitting to water activities in this work. cStandard deviation, σ = ((∑i

n(aw(exp) −
aw(calc))

2)/n)1/2.
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5. CONCLUSIONS

We elaborately measured the water activities of the ternary
system LiCl−SrCl2−H2O and its sub-binary systems at 298.15 K
by the isopiestic method. The measured results for the binary
systems are in good agreement with literature data.
The extended Pitzer model and Pitzer−Simonson−Clegg

model were used to predict and correlate the thermodynamic
properties of the ternary system LiCl−SrCl2−H2O, including
binary and ternary water activities, and solubility isotherms
from different authors.8,9

When the extended Pitzer model was used, the water
activities for the ternary system can be represented using binary
and mixture parameters, but for the solubility isotherms, no
consistent results could be obtained, no matter how the model
parameters were adjusted. However, the Pitzer−Simonson−

Clegg model can consistently correlate the binary and ternary
water activity and the solubility isotherms reported by Kydynov
et al.,9 but not the solubility isotherms reported by Blidin.8

From this point of view, the solubility isotherms reported by
Kydynov et al.9 should be relatively more reliable.

■ APPENDIX A: EXTENDED PITZER MODEL7

For a binary system MX−H2O,
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Figure 7. Deviation of water activity in the ternary system that calculated by Pitzer−Simonson−Clegg model from experimental values at 298.15 K.
a: Δaw = aw(exp) − aw(calc1); b: Δaw = aw(exp) − aw(calc2); c: Δaw = aw(exp) − aw(calc3); d: Δaw = aw(exp) − aw(calc4); aw(calc1), water
activities calculated by the pure solution parameters only; aw(calc2), water activities calculated by the ternary mixture parameters fitted to the
experimental water activities; aw(calc3), water activities calculated by the ternary mixture parameters fitted to the experimental water activities and
the solubility isotherms of ref 8; aw(calc4), water activities calculated by the ternary mixture parameters fitted to the experimental water activities and
the solubility isotherms of ref 9.

Table 6. Mixture Pitzer−Simonson−Clegg Model
Parameters at 298.15 K

WLiSrCl Q1,LiSrCl ULiSrCl data for parametrization σa

−38.4089 40.9937 19.4013 aw in Table 2 0.0023
26.0790 −7.9378 −6.4891 aw in Table 2 and solubility

data in ref 8
0.0037

−20.5063 29.6212 1.6683 aw in Table 2 and solubility
data in ref 9

0.0025

aStandard deviation, σ = ((∑i
n(aw(exp) − aw(calc))

2)/n)1/2.
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For a multicomponent system,
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with C1 = 4.581, C2 = 0.7237, C3 = 0.0120, and C4 = 0.528.

■ APPENDIX B: PITZER−SIMONSON−CLEGG
MODEL11−13,28

For a single-electrolyte solution, the Pitzer−Simonson−
Clegg model describes the solvent activity coefficient f1 as
below:
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and anion X:
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where ρ = 2150(d1/DT)
1/2; xI = xM + xX = 1 − x1; Ax and Ix

are Debye−Hückel parameter and ionic strength based on
mole fraction; xX, xM, d1, D, and T are mole fractions of anion
and cation, density of the solvent water, dielectric constant
of the solvent, and thermodynamic temperature, respec-
tively; BMX, BMX

1 , W1,MX, U1,MX, V1,MX, αMX, and αMX
1 are

model parameters.
For a symmetrical or unsymmetrical ternary system MX−

NX−H2O, the activity coefficient of water f1, cation M fM, and
anion fX are expressed as the following:
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where WMNX, Q1,MNX, and UMNX are ternary model parameters.
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