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Measurement and modeling of vapor–liquid equilibria
at high salt concentrations
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Abstract

Isobaric vapor–liquid equilibrium data are reported for binary and ternary aqueous mixtures containing LiCl and ZnCl2 at total salt
concentrations between 10 and 50 wt.%. The measurements were carried out at 5.3, 9.3, 20, 40, and 101.3 kPa in a computer-controlled glass
apparatus. Particular care was taken to ensure proper equilibration of the high-density, high-viscosity salt mixtures. The equilibrium data
spanning temperatures between 303 and 423 K were successfully correlated using the electrolyte model by Wang and Anderko [Fluid Phase
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. Introduction

Lithium is the first member in the IA series of alkaline
etals and is very strongly hydrated in aqueous solutions
ue to the small radius and high charge density of the lithium

on. Each lithium ion binds about three water molecules and
ithium halogenide salts exhibit high solubilities in water (ca.
0 mol/kg H2O or 45–50 wt.%)[1]. The combination of these
roperties makes the lithium salts prime candidates for regen-
rable absorbents in desiccant cooling and drying systems.
he use of such systems for temperature and humidity control

n large residential and commercial buildings has been under
tudy and development in recent years. Particularly attractive
or this process is the possibility of utilizing various types of
low grade’ heat sources for the regeneration of the desiccant
olutions, such as waste heat, solar energy or biomass fuels
2].

Lithium chloride appears to be the most stable liquid
esiccant with a high dehydration capacity and a wide

dehydration window (between ca. 30 and 45 wt.%). H
ever, its drawback for the desiccation process is a relat
high cost. During the last decade several studies have
carried out on the use of mixed salts with the objective to
a stable, effective, and low-cost working fluid[2,3].

Extensive phase equilibrium data are available in the
ature for the binary system LiCl + H2O [4–11]. On the othe
hand, vapor–liquid equilibrium (VLE) data are much sca
for aqueous solutions of divalent metals, such as ZnCl2 + H2O
where they are mostly limited to water activity data at 29
[12–16]. This paper reports VLE data of binary and tern
aqueous solutions of LiCl and ZnCl2 at high total salt con
centrations (10–50 wt.%) and temperatures between 30
423 K.

2. Experimental

VLE measurements were carried out at 5.3, 9.3, 20
and 101.3 kPa in a computer-controlled glass ebulliom
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with the capacity of 500 cm(Fig. 1). The apparatus was
equipped with a pressure sensor (Model 215A, Paroscientific
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Fig. 1. Scheme of VLE apparatus used in this work: (A) boiler, (B) Cotrell
pump, (C) electric heater, (D) magnetic stirrer, (E) thermometer well, (F)
reflux line, (G) condenser, (H) jacket, and (I) sampling port.

Inc., Redmont, WA, USA) and a Pt-resistance thermome-
ter (Model 1502A, Hart Scientific Inc., American Fork, UT,
USA). The estimated uncertainty in the pressure and tem-
perature readings was±0.01 kPa and±0.05 K, respectively.
The pressure was controlled to±0.1 kPa using a Ruska Se-
ries 7000 controller (Ruska Instrument Corp., Houston, TX,
USA).

Anhydrous LiCl (purity >99 wt.%) and ZnCl2 (purity
>98 wt.%) were purchased from Wako Chemicals Inc.,
Osaka, Japan, and used as received. Aqueous solutions of
the salts were prepared by weighing (LIBROR AEL-200 and
EB-3200H balances, Shimadzu Corp., Japan). Distilled and
deioinized water (CPW-100, Advantech Toyo Ltd., Japan)
was used for the preparation of the solutions. Considerable
amount of heat was liberated on dissolving the anhydrous
salts in water. Correspondingly, the dissolution process was
carried out in a water bath maintained at 293 K.

The salt solutions had a high density and viscosity (ca.
1.5 g/cm3 and 40 mPa s, respectively, for the most concen-
trated solutions), and intensive circulation in the cell was
necessary to ensure the attainment of equilibrium in the ap-
paratus. The reliability of the measurement at high salt con-
centrations was verified by comparing our experimental data
for the binary system LiCl + H2O with those in the literature
(Fig. 2).

Our P–T experimental data for the ternary system
LiCl + ZnCl2 + H2O at different mass ratios of LiCl:ZnCl2
are listed inTable 1. Considering the condensate hold-up in
the recirculation apparatus, the uncertainty in the reported
liquid compositions is estimated to be 0.6%.
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Table 1
Experimental VLE data

LiCl + H2O binary system ZnCl2 + H2O binary system

LiCl
(wt.%)

ZnCl2
(wt.%)

P (kPa) T (K) LiCl
(wt.%)

ZnCl2
(wt.%)

P (kPa) T (K)

10 0 101.3 376.30 0 30 101.3 376.27
10 0 40.0 351.60 0 30 40.0 351.79
10 0 20.0 335.45 0 30 20.0 335.69
20 0 101.3 382.77 0 40 101.3 379.86
20 0 40.0 357.17 0 40 40.0 355.10
20 0 20.0 340.81 0 40 20.0 338.74
30 0 101.3 394.47 0 50 101.3 385.14
30 0 40.0 368.38 0 50 40.0 359.70
30 0 20.0 351.47 0 50 20.0 343.26

0 50 9.3 326.65
a LiCl:ZnCl2 mass ratio = 0.75.
b LiCl:ZnCl2 mass ratio = 5.
. Modeling

.1. Binary system LiCl +H2O

For modeling of the experimental data we used the m
olvent electrolyte (MSE) model[17] as implemented in th
SP simulator (OLI Systems Inc., Morris Plains, NJ, US

LiCl + ZnCl2 + H2O
ternary systema

LiCl + ZnCl2 + H2O
ternary systemb

LiCl
(wt.%)

ZnCl2
(wt.%)

P (kPa) T (K) LiCl
(wt.%)

ZnCl2
(wt.%)

P (kPa) T (K)

4.3 5.7 101.3 374.62 16.7 3.3 20.0 339.42
8.6 11.4 5.3 309.68 16.7 3.3 40.0 355.68
8.6 11.4 20.0 335.62 16.7 3.3 101.3 380.47
8.6 11.4 40.0 351.38 25.0 5.0 20.0 347.50
8.6 11.4 101.3 376.64 25.0 5.0 40.0 364.32

12.9 17.1 5.3 312.39 25.0 5.0 101.3 390.00
12.9 17.1 20.0 338.19 33.4 6.6 20.0 359.04
12.9 17.1 40.0 354.98 33.4 6.6 40.0 377.50
12.9 17.1 101.3 380.08 33.4 6.6 101.3 404.20
17.1 22.9 5.3 317.12 41.7 8.3 19.9 376.23
17.1 22.9 20.0 344.18 41.7 8.3 40.0 394.33
17.1 22.9 40.0 361.17 41.7 8.3 101.3 420.79
17.1 22.9 101.3 386.65
21.4 28.6 5.3 325.96
21.4 28.6 20.0 354.56
21.4 28.6 40.0 371.86
21.4 28.6 101.3 398.45
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Fig. 2. Vapor–liquid equilibrium in the binary system LiCl + H2O at salt
concentrations 10, 20, and 30 wt.%. Empty symbols: literature data[4–11];
full symbols: experimental VLE data (this work); lines: MSE model.

The model for the excess Gibbs energy consists of three
terms:

GE

RT
= GE

LR

RT
+ GE

SR

RT
+ GE

MR

RT
(1)

The long-range contribution,GE
LR, is expressed by the

Pitzer–Debye–Ḧuckel term,

GE
LR

RT
= −

(∑
ni

) 4AxIx

ρ
ln

(
I + ρI

1/2
x∑

xi[1 + ρ(I0
x )1/2]

)
(2)

whereIx is the ionic strength,Ix = 1/2
∑

xiz
2
i . For aqueous

solutions, the long-range term does not contain any adjustable
parameters.

The short-range contribution,GE
SR, is given by the stan-

dard UNIQUAC term[18]. The middle range term,GE
MR, is

represented by a symmetrical second virial coefficient-type
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ig. 3. Mean ionic activity coefficients in the binary system LiCl + H2O as
function of the salt molal concentration. Symbols: literature data[20–23];

ines: MSE model. All lines atm> 6 are extrapolated. Only two middle-ran
arameters for Li+/Cl−, bLi+/Cl− andcLi+/Cl− in Eq. (3), are necessary a
ingle temperature. The results are obtained by fitting data atm< 6 and al
hree temperatures using four parametersb

(0)
ij , b

(1)
ij , c

(0)
ij , c

(1)
ij .
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Fig. 4. Properties of the binary system ZnCl2 + H2O as a function of the salt concentration. (a) Water activity at 298 K. Triangles: experimental data[16];
(b) isobaric VLE data. Symbols: experimental VLE data (this work). Lines: MSE model.

Fig. 5. Solid–liquid equilibria in the binary system ZnCl2 + H2O. Symbols:
experimental data[24]; lines: MSE model.

expression

GE
MR

RT
= −

(∑
ni

)∑∑
xixjBij(Ix) (3)

where

Bij = bij + cij exp
(
−
√

Ix + 0.01
)

(4)

The new MSE model has been applied to both aqueous
and non-aqueous mixed solvent electrolyte systems, ranging
from infinite dilution to molten salts or pure acids[19]. The
model parameters are obtained by simultaneous regression
of phase equilibrium, enthalpy, and heat capacity data. The
parameters in the middle range expression are usually most
effective for correlating of electrolyte systems.

In the case of the binary system LiCl + H2O, two middle-
range parametersbij andcij were sufficient for completely
describing the system at isothermal conditions. For correlat-
ing data at different temperatures, the following temperature-
dependence of the parametersbij andcij was used

bij = b
(0)
ij + b

(1)
ij T +

b
(2)
ij

T
(5)

cij = c
(0)
ij + c

(1)
ij T +

c
(2)
ij

T
(6)

In the final model, four parameters (i.e.b
(0)
ij , c

(0)
ij and ei-

ther b
(1)
ij , c

(1)
ij or b

(2)
ij , c

(2)
ij ) were fitted to the literature data

[4–11,20–23]and our VLE data (Table 1). In Fig. 3, only
the mean ionic activity coefficients at molal concentrations,
m< 6, were correlated. The MSE model correctly predicted

Fig. 6. Correlation of experimental VLE data for the ternary system LiCl + ZnC2 +
projection). (a) LiCl:ZnCl2 = 0.75; (b) LiCl:ZnCl2 = 5.0. Symbols: experimental
lH2O system at various salt concentrations and LiCl:ZnCl2 mass ratios (P–T
VLE data (this work) and lines: MSE model.
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Fig. 7. Correlation of experimental VLE data for the ternary system LiCl + ZnCl2 + H2O at various salt concentrations and LiCl:ZnCl2 mass ratios (T− x
projection). (a) LiCl:ZnCl2 = 0.75; (b) LiCl:ZnCl2 = 5.0. Symbols: experimental VLE data (this work) and lines: MSE model.

the trend of the activity coefficients at the higher salt concen-
trations. The correlation of vapor pressures over the aqueous
solutions of LiCl at different salt concentrations is shown in
Fig. 2. The model parameters are listed inTable 2.

3.2. Binary system ZnCl2 +H2O

The system ZnCl2 + H2O exhibits a complex behavior;
depending on the conditions ZnCl2 may exist in aqueous so-
lutions in three types of species: Zn2+, ZnCl+ and ZnCl2(aq)
[16]. Consequently, in the MSE model we introduced three
types of ion pairs (Zn2+/Cl−, ZnCl+/Cl− and ZnCl2(aq)/Cl−)
and fitted their middle-range parametersbij and cij to the
available water activity data[16], solid–liquid equilibria[24],
and our VLE data (Table 1).Figs. 4 and 5show the correlation
results using the MSE model.

3.3. Ternary system: LiCl + ZnCl2 +H2O

Figs. 6 and 7show the correlation results for the ternary
system LiCl + ZnCl2 + H2O at different ratios of LiCl and
ZnCl2. In modeling of this system, no additional ion pair
interactions were necessary and the data could be well de-
scribed using only the binary pair parameters.
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