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a b s t r a c t

In this paper, we present the results of investigations of the KCl-D–sucrose-H2O ternary system using
hygrometric method based on measurement of the relative humidity at the wide range of concentration
to about saturation for both KCl and D–sucrose in different molalities of D–sucrose of (0.20, 0.50, 1.00,
2.00, 3.00, 4.00, 5.00 and 6.00) mol.kg�1 with the molality of KCl ranged from (0.20 to 4.50) mol.kg�1

at 298.15 K. The measured data are used to determine the water activities and osmotic coefficients.
These studies are complemented using Pitzer-Simonson-Clegg model to understand different interactions
involved between carbohydrates and KCl. Therefore, the water was considered as reference state in this
study. Thus four mixture parameters are determined and used to predict the mean activity coefficients of
KCl and D–sucrose. The solubility, excess Gibbs energy and transfer Gibbs energy are also calculated for
this system.

� 2019 Elsevier Ltd.
1. Introduction

D–sucrose has long been a very interesting subject and contin-
ues to attract the intention of researchers in terms of structural and
theoretical investigations. The characterization of the thermody-
namic properties of electrolytes and non-electrolyte solutions is
useful to understand the nature of the structure of aqueous elec-
trolytes, and for practical application in different industrial fields
and domain of science and technology such as food processing,
chemical and pharmaceutical industries, biochemical systems [1–
3]. Other objectives to study the ionic interactions involved in an
aqueous solution of D–sucrose with an electrolyte is due to the
presence of ions in systems in the biology domain. Among the ions
that have a very important interest in biological systems are Ca2+,
Na+, K+, and Cl� which play a vital role in metabolic activities. Ionic
groups can participate in determining the form and the function of
biomolecules. In particular, ion Potassium is the main intracellular
cation in mammals. It is implicated in many physiological func-
tions, as the control of cell volume, enzymatic activities, the nerve
impulse conduction, and the regulation of blood pH. The knowl-
edge about potassium metabolism in presence with the sugar,
and the different interactions that occur in the mixtures is a great
interest in patho-physiological conditions, with their conse-
quences on the health.

Several methods are used to measure some thermodynamic
parameters of the aqueous solution composed by D–sucrose and
electrolyte such as the e.m.f. techniques [4–6], isopiestic vapour
pressure [7,8], and calorimetric method [9,10].

The thermodynamic properties of this system have been well
characterized by many studies. Kelley [11] determined the phase
diagrams at 30 �C for systems water-D–sucrose and KCl, NaCl,
MgSO4, CaCl2, CdI2, or CuSO4, Kim and Reinfelds [12] have deter-
mined the diffusion coefficients for two compositions of the sys-
tem H2O-D–sucrose-KCl at 25 �C. Herrington and Meunie [13]
using the freezing points of the ternary system KCl-D–sucrose-
H2O to measure the osmotic coefficients of this ternary system in
the concentration range (0.2–2.8) mol.kg�1 at 0 �C Wang et al.
[14] have determined the Standard Gibbs energies of transfer, of

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jct.2019.105962&domain=pdf
https://doi.org/10.1016/j.jct.2019.105962
mailto:dinaneab@yahoo.fr
https://doi.org/10.1016/j.jct.2019.105962
http://www.sciencedirect.com/science/journal/00219614
http://www.elsevier.com/locate/jct


2 A. Mounir et al. / J. Chem. Thermodynamics 142 (2020) 105962
KCl, NaCl, MgCl2, and CaCl2, from water to aqueous solutions of (5,
10, 15, 20, 25 and 30) wt% of D–sucrose at 298.15 K from e.m.f
measurements. Liu et al. [15] have reported the viscosities and
densities at 298.15 K and 308.15 K for NaCl and KCl in aqueous
D–sucrose solutions. The other thermodynamic properties and
behaviour of such chemical systems are poorly known. The osmo-
tic and activity coefficients of the KCl-D–sucrose-H2O system at
relative molalities up to saturation are not reported in the litera-
ture, hence the need to pursue experimental and theoretical stud-
ies with adequate models to understand the behaviour and obtain
sufficient data on the mixture of aqueous D–sucrose with KCl.
Therefore, this paper is the continuation of the research in ternary
aqueous of electrolytes and non-electrolyte solutions mixtures
[16]. In this work, we measure and compute some thermodynamic
parameters to develop our knowledge on this system and we study
the influence of the two ions K+, Cl� on D–sucrose and on ionic
interactions.

We have performed the measurements of the relative humidity
of mixture of KCl-D–sucrose-H2O over the wide range of concen-
tration studied for both KCl and D–sucrose for different molality
of the D–sucrose of (0.20, 0.50, 1.00, 2.00, 3.00, 4.00, 5.00 and
6.00) mol.kg�1 with the molality range of KCl from (0.20 to 4.50)
mol.kg�1 at constant temperature of 298.15 K. From these mea-
surements, the osmotic coefficients were deduced. The solute
activity coefficients, excess Gibbs energy, transfer Gibbs energies
of KCl from water to mixture (water + D–sucrose) and KCl solubil-
ity in water-D–sucrose system are calculated by using the Pitzer-
Simonson-Clegg model [17–19]. The reference state considered in
the present work is water as solvent.

2. Experimental

Measurements of water activity of aqueous ternary system for
the mixture of electrolyte with non-electrolyte KCl-D–sucrose-
H2O are performed using our apparatus described in our previous
studies [20,21]. This method was validated by determination of
the thermodynamic properties of binary aqueous chlorides [22],
sulphates [23], and ternary mixed electrolytes [24–26].

This apparatus is based on hygrometric measurements of the
relative humidity of the solution by determination of the diameter
of the droplet formed from previously calibrated reference solu-
tions. The diameter is measured by a microscope equipped with
a micrometric screw. The drops of reference solutions NaCl(aq)
or LiCl(aq) are pulverised on the spider thin thread which is kept
tense and fixed over the solution. The vessel containing the studied
solution is placed in a thermostatted box. A microscope

The drop diameter D(aw(ref)) is measured for the reference solu-
tion above the same reference solution and the same diameter D
(aw) above the studied solution. Thus, we calculate the growth
ratio K (K = D(aw(ref))/D(aw)) of the drop. From the ratio K,we deter-
mine the water activity of studied solution using the variation of K
versus the water activity of reference solution of sodium chloride
or lithium chloride. The reference relative humidity is taking as
0.84 or 0.98 for dilute solution.

The preparation of the solutions were made from the anhydrous
materials from Panreac, Merck and Fluka (Table 1) without other
Table 1
Descriptions of the used Chemicals.

Component Cas Reg. No. Suppliers Initial mass f

Potassium Chloride 7447-40-7 Honeywell FlukaTM �0.99
Sodium Chloride 7647-14- Merck KGaA �0.9999
Lithium Chloride 5 Merck KGaA �0.99
D–sucrose 7447-41-8

57-50-1
Panreac Quimica S.L.U. �0.990
purification and with deionized distilled water (conductivity
<5 � 10�6 S�cm�1). The molality uncertainty is about u(m)
= 0.01 mol.kg�1 and is checked by refractive index with uncer-
tainty of u(n) = 2 � 10�4. The relative humidity uncertainties are
mainly due to the drop diameters measurements and are esti-
mated to u(rh) = 5 10�4 for aw > 0.95 and u(rh) = 2 � 10�3 for
aw < 0.95. The temperature is fixed at T = 298.15 K with uncertainty
of u(T) = 0.05 K.

3. Theoretical model

Several models are used to correlate the thermodynamic prop-
erties of aqueous solutions of electrolytes and non-electrolytes.
The Pitzer-Simonson-Clegg equations [17–19] is one of the widely
employed by researchers in the domain of thermodynamic of the
solutions, because it can represents the osmotic activity and activ-
ity coefficients with acceptable agreement [27]. We have used this
model to determine thermodynamic properties of the studied sys-
tem and correlate some parameter obtained by measurement of
water activity of the ternary system KCl-D–sucrose-water.

3.1. The Pitzer-Simonson-Clegg model

The excess Gibbs energy per mole is the contribution of a long-
range electrostatic gex

PDH and a short-range interaction gex
PSC:

gEx

RT
¼ gex

PDH

RT
þ gex

PSC

RT
; ð5Þ

where R is the universal constant of ideal gas and T is the Temper-
ature. For water (1)-D–sucrose (2)-potassium chloride (MX) system,
the long-range term is given by:

gex
PSC

RT
¼ x1 x1 �W1;MX þ x2W2;MXð Þ þ x2I x1 � U1;MX þ x2U2;MXð Þ

þ x2I x21 � V1;MX þ x22V2;MX
� �

þ x1x2 W12 þ U12 x1 � x2ð Þ þ xI Y0
1;2;MX þ Y1

1;2;MX
x2I
4

� �� �
; ð6Þ

wherex1, x2, and xI are the mole fraction of water, of D–sucrose and
the total mole fraction of ion (xI ¼ 1� x1 � x2), respectively.W1;MX ,
U1;MX and V1;MX are the equation parameters adjusted from experi-
mental data of single electrolyte KCl-water system. W12 and U12

are the model parameters for the description of D–sucrose-water
system. W2;MX , U2;MX , V2;MX , Y

0
1;2;MX and Y1

1;2;MX are the model param-
eters used to represent the interactions arising in mixtures includ-
ing both non-ionic and ionic solutes.

The long-range Pitzer-Debye-Hückel term is expressed by:

gex
PDH

RT
¼ � 4AxIx

q

� �
ln 1þ q � I1=2x

� 	
þ x2I

4

� �
BMXg a � I1=2x

� 	h i
; ð7Þ

Ax is the Debye–Hückel parameter and equal to 2.917 [27], q
represents the closest approach parameter and takes the value of
14.0292. BMX is the Pitzer’s parameter of MX. a the standard value
equal to 13.0 [27]. Ix is the ionic strength Ix ¼ 1

2

P
i¼1z

2
i xi

� �
.

Hu and Guo [27] have postulated in their work that the deter-
mination of thermodynamic properties using Debye-Hückel
raction purity given by suppliers Density g∙cm�3 (20 �C) given by suppliers

1.98
2.17
2.07
n.a.
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parameter A/ and the closest approach distance for the ions q gives
a large deviation from experimental data for D–sucrose solutions.
In this study, taking account of this remark, we have used the den-
sity qA and the dielectric constant D of water for estimating the
Debye-Hückel parameter Ax. The function g y ¼ a

ffiffiffiffi
Ix

p� �
is done as:

g yð Þ ¼ 2
y2

1� 1þ yð Þexp �yð Þ½ � ð8Þ

The differentiation of Eqs. (6) and (7) allows obtaining the equa-
tions of activity coefficients of different components in mixed
aqueous solution.

The water activity coefficient is expressed as:

ln c1ð Þ¼ 2 �AX � I3=2X

1þq � I1=2X

� I2XBMXexp �a � I1=2x

� 	
þxI 1�x1ð Þ �W1;MX �x2 �W2;MX½ �
þx2I 1�2 �x1ð Þ �U1;MX �2 �x2 �U2;MX½ �
þx2I x1 2�3 �x1ð Þ �V1;MX �3 �x22 �V2;MX

� �
þ 2x2 � Ix � 1�2 �x1ð Þ �Y0

1;2;MX þ
x3I
4

� �
�x2 � 1�4 �x1ð Þ �Y1

1;2;MX

� �
þx2 � 1�x1ð Þ �W12þ 2 � x1�x2ð Þ � 1�x1ð Þþx2ð Þ �U12½ �;

ð9Þ
The D–sucrose activity coefficient is given as:

ln c2ð Þ¼ 2 �AX � I3=2X

1þq � I1=2X

� I2XBMXexp �a � I1=2x

� 	
þxI 1�x2ð Þ �W2;MX �x1 �W1;MX½ �
þx2I 1�2 �x2ð Þ �U2;MX �2 �x1 �U1;MX½ �
þx2I x2 2�3 �x2ð Þ �V2;MX �3 �x21 �V1;MX

� �
þ 2x1 � Ix � 1�2 �x2ð Þ �Y0

1;2;MX þ
x3I
4

� �
�x1 � 1�4 �x2ð Þ �Y1

1;2;MX

� �
þx1 � 1�x2ð Þ �W12þ 2 � x1�x2ð Þ � 1�x2ð Þ�x1ð Þ �U12½ �
� W12þU12½ �;

ð10Þ
The ionic mean activity coefficient of KCl in D–sucrose-water

system is:

ln c�ð Þ ¼ �AX
2
q

� �
ln 1þ q � I1=2x

� 	
þ I1=2x 1� 2 � Ixð Þ

1þ q � I1=2x

" #

þ Ix
2

� �
BMX g a � I1=2x

� 	
þ exp �a � I1=2x

� 	
1� xIð Þ

h i
þ 1� xIð Þ x1 �W1;MX þ x2 �W2;MX½ � þ 2

� xI 1� xIð Þ x1 � U1;MX þ x2 � U2;MX½ �
þ xI 2� 3 � xIð Þ x21 � V1;MX þ x22 � V2;MX

� �þ x1

� x2 1� 4 � Ixð Þ � Y0
1;2;MX þ 3 � I2x � �x3I

� 	
� Y1

1;2;MX

h i
� x1

� x2 � W12 þ 2 � x1 � x2ð Þ � U12½ � �W1;MX ð11Þ
4. Results and discussion

4.1. Water activity and osmotic coefficient

The water activities have been measured for the range of D–su-
crose molalities of (0.20, 0.50, 1.00, 2.00, 3.00, 4.00, 5.00 and 6.00)
mol.kg�1 at different molality of KCl from (0.20 to 4.50) mol.kg�1.
The values obtained are listed in Table 2 and presented in Fig. 1.
The trend of aw presents a decreases as the molality increases for
different quantities of D–sucrose. This general trend is also
observed for the most aqueous non-volatile electrolytes.

The osmotic coefficients are determined from our experimental
results of water activity aw(exp). The calculated values are listed in
Table 2 and shown in Fig. 2. The uncertainty on the osmotic
coefficients is estimated to be u(/) = 0.006.
4.2. Activity coefficient

The unknown model parameters of Eq.6, for water-D–sucrose-
potassium chloride, are calculated by the general least-squares
method. The osmotic coefficients and ionic mean activity coeffi-
cients of single electrolyte system of KCl-water, obtained in our
previous work [22] and combined with those of Hamer and Wu
[28] were used for adjustment of model parameters BMX , W1;MX ,
U1;MX and V1;MX . Table 3 gives these estimated parameters with
the root mean square deviation r/ and rc for each type of data.
The obtained parameters in this study are compared to those
adjusted by Hu and Guo [27], and to those of Clegg et al. [18] esti-
mated from experimental data of Tang et al. [29] with a good
agreement between our calculated values and experimental data
of literature [22,28].

The parameters W12 and U12 of Eq. 9 are evaluated in the previ-
ous work[16] from experimental data of Robinson et al. [30] rela-
tive to the / and c of water-D–sucrose at 298.15 K. Table 3
shows the calculated parameters with the root mean square devi-
ation (RMSD) of / and c for each type of data. These parameters are
compared to those adjusted by Hu and Guo [27] with a good cor-
relation of / and c.

The parameters W2;MX , U2;MX , V2;MX , Y0
1;2;MX and Y1

1;2;MX are
required to predict the mean activity coefficients of KCl and the
activity coefficient of D–sucrose in the mixture. These parameters
are adjusted from the osmotic coefficients obtained in this work for
the studied mixture for (0.20, 0.50, 1.00, 2.0, 3.00, 4.00, 5.00 and
6.00) mol.kg�1 of the D–sucrose in the molality range of KCl from
(0.20 to 4.50) mol.kg�1. These parameters are listed in Table 3 with
the corresponding standard errors rs and standard deviations of
the fit. The mean activity coefficients c� of KCl and the activity
coefficient c of D–sucrose in the ternary mixture are listed in
Table 4. The plots of mean activity coefficients of KCl and the activ-
ity coefficients of D–sucrose as a function of molality of KCl are
shown in Figs. 3 and 4, respectively.

Analysis of the optimized values of mixing model parameters
for the system water-D–sucrose-KCl presents interesting charac-
teristics concerning the aspect of the different interactions that
can occur between species in the studied ternary system. The addi-
tion of D–sucrose to the KCl-water mixture has a significant effect
on the thermodynamic properties of this salt. Indeed, the proper-
ties of mixed system depend on the interactions between KCl-D–
sucrose, D–sucrose-water and KCl-water. We give in this section
an interpretation of these different interactions for this mixture.
These interactions are influenced by the degree of hydration of
the electrolyte in presence of water, and consequently, the varia-
tion of the water activity, the practical osmotic coefficient of the
mixture and activity coefficients of components. Fig. 1 presents
the water activity of KCl versus mKCl at different D–sucrose molal-
ities. It can be seen from this Figure that the addition of a large
amount of D–sucrose while keeping the same amount of KCl causes
a significant reduction of the water activity, and therefore the
reduction of the water vapor pressure above the solution. This
trend can be explained that the water molecules are closely related
to solutes. The water activity are arranged in the following order aw
(m = 0.00) > aw (m = 0.20) > aw (m = 0.50) > aw (m = 1.00) > aw
(m = 2.00) > aw (m = 3.00) > aw (m = 4.00) > aw (m = 5.00) > aw
(m = 6.00). For all mixture of two or more electrolytes in water,



Table 2
Water activities aw and osmotic coefficients / of KCl-D–sucrose-H2O for (0.20, 0.50, 1.00, 2.00, 3.00, 4.00, 5.00 and 6.00) mol.kg�1 (per 1 kg of pure water) of the D–sucrose
mD–sucrose in the molality range mKCl of KCl from 0.2 to 4.5 mol.kg�1 (per 1 kg of pure water) at the temperature 298.15 K and p = 0.1 MPa.

m D–sucrose/mol.kg�1 m KCl/mol.kg�1 aw / m D–sucrose/mol.kg�1 m KCl/mol.kg�1 aw /

0.20 0.20 (0.9898) 0.9485 0.50 0.20 (0.9842) 0.9823
0.20 0.50 (0.9804) 0.9156 0.50 0.50 0.9749 0.9407
0.20 1.00 0.9649 0.9015 0.50 1.00 0.9596 0.9156
0.20 1.50 0.949 0.903 0.50 1.50 0.944 0.907
0.20 2.00 0.934 0.908 0.50 2.00 0.929 0.908
0.20 2.50 0.918 0.918 0.50 2.50 0.914 0.912
0.20 3.00 0.902 0.928 0.50 3.00 0.898 0.920
0.20 3.50 0.885 0.941 0.50 3.50 0.882 0.928
0.20 4.00 0.869 0.954 0.50 4.00 0.866 0.939
0.20 4.50 0.852 0.969 0.50 4.50 0.850 0.950
1.00 0.20 0.9742 1.0364 2.00 0.20 0.9523 1.1304
1.00 0.50 0.9652 0.9831 2.00 0.50 0.9437 1.0722
1.00 1.00 0.9503 0.9432 2.00 1.00 0.9297 1.0115
1.00 1.50 0.936 0.924 2.00 1.50 0.9161 0.9728
1.00 2.00 0.921 0.915 2.00 2.00 0.9026 0.9480
1.00 2.50 0.906 0.912 2.00 2.50 0.8892 0.9312
1.00 3.00 0.891 0.913 2.00 3.00 0.8759 0.9194
1.00 3.50 0.876 0.915 2.00 3.50 0.8626 0.9116
1.00 4.00 0.861 0.921 2.00 4.00 0.8493 0.9067
1.00 4.50 0.846 0.928 2.00 4.50 0.836 0.9039
3.00 0.20 0.928 1.222 4.00 0.20 0.902 1.308
3.00 0.50 0.920 1.160 4.00 0.50 0.894 1.245
3.00 1.00 0.907 1.087 4.00 1.00 0.882 1.165
3.00 1.50 0.894 1.036 4.00 1.50 0.870 1.103
3.00 2.00 0.882 0.997 4.00 2.00 0.859 1.055
3.00 2.50 0.870 0.969 4.00 2.50 0.848 1.017
3.00 3.00 0.858 0.946 4.00 3.00 0.838 0.984
3.00 3.50 0.846 0.928 4.00 3.50 0.827 0.957
3.00 4.00 0.835 0.913 4.00 4.00 0.817 0.934
3.00 4.50 0.823 0.902 4.00 4.50 0.807 0.915
5.00 0.20 0.874 1.390 6.00 0.20 0.844 1.470
5.00 0.50 0.866 1.327 6.00 0.50 0.838 1.406
5.00 1.00 0.855 1.241 6.00 1.00 0.827 1.317
5.00 1.50 0.844 1.174 6.00 1.50 0.817 1.244
5.00 2.00 0.834 1.118 6.00 2.00 0.808 1.182
5.00 2.50 0.825 1.071 6.00 2.50 0.800 1.129
5.00 3.00 0.815 1.031 6.00 3.00 0.791 1.082
5.00 3.50 0.806 0.996 6.00 3.50 0.784 1.041
5.00 4.00 0.798 0.966 6.00 4.00 0.776 1.004
5.00 4.50 0.789 0.939 6.00 4.50 0.769 0.972

Standard uncertainty of molality (per 1 kg of pure water) is u(m) = 0.01 mol.kg�1, temperature is u(T) = 0.05 K, and pressure is u(p) = 5 hPa. The standard uncertainty of water
activity is u(aw) = 0.0005 for aw > 0.95 and u(aw) = 0.002 for aw < 0.95, osmotic coefficient / where u(/) = 0.006.
The reference water activity is 0.84; numbers in parentheses are for reference water activity of 0.98.

Fig. 1. Water activity aw of KCl - D–sucrose(aq) against molality of KCl mKCl at
different molalities of D–sucrose of: �; 0.20, h; 0.50, ; 1.00, ; 2.00, ; 3.00, ;
4.00, ; 5.00 and ; 6.00 mol.kg�1.

Fig. 2. Osmotic coefficient / of KCl-D–sucrose(aq) against molality of KCl mKCl at
different molalities of D–sucrose of: �; 0.20, h; 0.50, ; 1.00, ; 2.00, ; 3.00, ;
4.00, ; 5.00 and ; 6.00 mol.kg�1.
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we note that the water activities of the mixture are between the
water activities of the binaries, but for the mixture of the
non-electrolyte with an electrolyte, this trend is not observed,
and these water activities are located below those of binaries for
concentrated solutions having molality greater than 2 mol.kg�1.
This can be explained that there is a strong interaction between
D–sucrose-water or solute-water.
In Fig. 2 are presented the osmotic coefficients of the studied
ternary aqueous solution. It appears from this Figure that as the
concentration of KCl is fixed, the osmotic coefficient increases with
increasing content of D–sucrose in mixed solution when KCl molal-
ities are less than 3 mol.kg�1 and decreases with D–sucrose molal-
ity at high concentration of KCl.



Table 3
Model Parameters for system KCl-H2O, D–sucrose-H2O and Mixing model parameters for system KCl-D–sucrose-H2O at 298 K and p = 0.1 MPa.

KCl-H2O mmax/(mol.kg�1) BMX U1,MX V1,MX W1,MX SD/*103 SDc � 103

This work 6.00 5.5419 �2.4581 0 �3.3603 1.6537 3.5332
Clegg et al. [17,18] 6.00 9.0912 �2.2831 0 �3.2686 6.6931 14.4810
D–sucrose-H2O mmax/(mol.kg�1) W12 U12 SD/ � 102 SDc � 102

Previous work [16] 6.00 �11.0138 1.7533 1.2124 2.0183
Hu and Guo [22] 6.00 �5.8444 �0.2250 0.9130 7.7966
KCl-D–sucrose-H2O Na U2,MX V2,MX W2,MX Y01,2,MX Y11,2,MX SD/ � 104

This work 80 �7.02378 0 �11.1251 0 93.2628 0.27

q = 14.0292 and a = 13.0 [27].
SD values are standard deviation of the fit from experimental data used in the optimization parameters.

a The number of data points

Table 4
Mean activity coefficients c�of KCl (aq), activity coefficients of D–sucrose and excess Gibbs energy (J∙mol�1) of KCl-D–sucrose(aq) at the temperature 298.15 K and p = 0.1 MPa.

mD–sucrose/mol.kg�1 mKCl/mol.kg�1 c�KCl cD–sucrose Gex/RT mD–sucrose/mol.kg�1 mKCl/mol.kg�1 cKCl cD–sucrose Gex/RT

0.20 0.20 0.716 1.030 �0.0919 0.50 0.20 0.711 1.089 �0.0707
0.20 0.50 0.647 1.016 �0.3147 0.50 0.50 0.643 1.075 �0.2944
0.20 1.00 0.601 0.994 �0.7509 0.50 1.00 0.597 1.052 �0.7321
0.20 1.50 0.580 0.972 �1.2133 0.50 1.50 0.576 1.028 �1.1965
0.20 2.00 0.570 0.950 �1.6767 0.50 2.00 0.566 1.005 �1.6618
0.20 2.50 0.566 0.929 �2.1281 0.50 2.50 0.563 0.982 �2.1153
0.20 3.00 0.567 0.908 �2.5598 0.50 3.00 0.563 0.960 �2.5489
0.20 3.50 0.570 0.889 �2.9667 0.50 3.50 0.566 0.940 �2.9578
0.20 4.00 0.576 0.871 �3.3455 0.50 4.00 0.572 0.920 �3.3384
0.20 4.50 0.583 0.853 �3.6939 0.50 4.50 0.580 0.901 �3.6884
1.00 0.20 0.704 1.196 0.0054 2.00 0.20 0.689 1.436 0.3086
1.00 0.50 0.636 1.180 �0.2199 2.00 0.50 0.622 1.417 0.0791
1.00 1.00 0.591 1.154 �0.6608 2.00 1.00 0.577 1.386 �0.3696
1.00 1.50 0.570 1.128 �1.1287 2.00 1.50 0.557 1.354 �0.8462
1.00 2.00 0.560 1.102 �1.5978 2.00 2.00 0.547 1.322 �1.3245
1.00 2.50 0.556 1.077 �2.0551 2.00 2.50 0.543 1.292 �1.7912
1.00 3.00 0.557 1.053 �2.4926 2.00 3.00 0.544 1.262 �2.2381
1.00 3.50 0.560 1.030 �2.9051 2.00 3.50 0.548 1.232 �2.6599
1.00 4.00 0.566 1.008 �3.2892 2.00 4.00 0.554 1.205 �3.0529
1.00 4.50 0.574 0.986 �3.6424 2.00 4.50 0.562 1.178 �3.4147
3.00 0.20 0.674 1.716 0.8092 4.00 0.20 0.659 2.043 1.5025
3.00 0.50 0.609 1.694 0.5743 4.00 0.50 0.595 2.016 1.2610
3.00 1.00 0.564 1.656 0.1157 4.00 1.00 0.551 1.970 0.7905
3.00 1.50 0.544 1.617 �0.3716 4.00 1.50 0.531 1.923 0.2903
3.00 2.00 0.534 1.579 �0.8613 4.00 2.00 0.521 1.876 �0.2128
3.00 2.50 0.530 1.541 �1.3396 4.00 2.50 0.518 1.830 �0.7049
3.00 3.00 0.531 1.504 �1.7983 4.00 3.00 0.518 1.785 �1.1774
3.00 3.50 0.535 1.468 �2.2316 4.00 3.50 0.522 1.740 �1.6247
3.00 4.00 0.541 1.433 �2.6361 4.00 4.00 0.528 1.697 �2.0430
3.00 4.50 0.549 1.400 �3.0091 4.00 4.50 0.536 1.656 �2.4296
5.00 0.20 0.645 2.421 2.3840 6.00 0.20 0.630 2.856 3.4489
5.00 0.50 0.582 2.388 2.1346 6.00 0.50 0.568 2.816 3.1904
5.00 1.00 0.538 2.332 1.6501 6.00 1.00 0.525 2.749 2.6900
5.00 1.50 0.518 2.276 1.1352 6.00 1.50 0.505 2.681 2.1583
5.00 2.00 0.508 2.219 0.6167 6.00 2.00 0.495 2.613 1.6224
5.00 2.50 0.505 2.163 0.1087 6.00 2.50 0.492 2.545 1.0967
5.00 3.00 0.505 2.108 �0.3799 6.00 3.00 0.492 2.478 0.5901
5.00 3.50 0.509 2.054 �0.8433 6.00 3.50 0.495 2.413 0.1085
5.00 4.00 0.515 2.001 �1.2776 6.00 4.00 0.501 2.348 �0.3440
5.00 4.50 0.522 1.950 �1.6801 6.00 4.50 0.509 2.286 �0.7646
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Fig. 3 shows the stoichiometric ionic mean activity coefficients
of KCl versus mKCl at different D–sucrose molalities. It can be seen
from this figure that at constant content of D–sucrose in aqueous
solution, the activity coefficients of KCl, first decreases, passes
through a minimum for molalities around 3.00 mol.kg�1 and
then increases very slightly with increasing molality of KCl.
The comparison of the order of the curves of lnc� of KCl
versusmKCl at different D–sucrose molalities shows that the curves
are arranged in similarly way in the following order c�(m = 0.00) >
c�(m = 0.20) > c�(m = 0.50) > c�(m = 1.00) > c�(m = 2.00) > c�(m =
3.00) > c�(m = 4.00) > c�(m = 5.00) > c�(m=(6.00). This trend of
decreasing of activity coefficient of KCl may be due to interaction
phenomenon occurred between D–sucrose and KCl molecules.
The competition in terms of hydration between carbohydrates
and ions of KCl becomes important and causes an increase in the
hydration of salt ions in the presence of D–sucrose molecules.
The effect of D–sucrose on potassium chloride is to decrease the
activity coefficient of the latter by 50% (Fig. 3), and similarly the
addition of potassium chloride decreases the activity coefficient
of D–sucrose by 20% (Fig. 5) in the studied molality range. In
Fig. 5, the activity coefficients of D–sucrose in the aqueous solution
increase with increasing of its molality at different constant
molalities m of potassium chloride in the order: c�(m = (6.00) >
c�(m = 5.00) > c�(m = 4.00) > c�(m = 3.00) > c�(m = 2.00) > c�(m =
1.00) > c�(m = 0.50) > c�(m = (0.20). We note also, that the varia-
tion of activity coefficients of D–sucrose by addition of potassium



Fig. 3. Natural logarithm of mean activity coefficient for KCl versus square root of
molality of KCl at different molalities of D–sucrose of: ; 0.00 [23], ; 0.20, ; 0.50,
; 1.00, ; 2.00, ; 3.00, ; 4.00, ; 5.00 and ; 6.00 mol.kg�1.

Fig. 4. Natural logarithm of activity coefficient for D–sucrose versus molality of KCl
at different molalities of D–sucrose of: �; 0.20, ; 0.50, ; 1.00, ; 2.00, ; 3.00, ;
4.00, ; 5.00, ; 6.00 mol.kg�1.

Fig. 5. Activity coefficient for D–sucrose versus molality of D–sucrose at different
molalities of KCl of: ; 0.00, ; 0.20, ; 0.50, ; 1.00, ; 1.50, ; 2.00, ; 2.50, ;
3.00, ; 3.50, ;4.00, ; 4.50 mol.kg�1.
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chloride doesn’t present a great variation at different amount of
KCl. The curves of the activity coefficient for KCl and D–sucrose
in the mixture are similar to those in their binary solutions ver-
sus the amount of added component. The surprising result is that
the interaction between D–sucrose-potassium chloride is of com-
parable magnitude with that of D–sucrose-water, if we consider
D–sucrose as the support. This trend is due to the either D–sucr
ose-D–sucrose interactions or else D–sucrose-water is dominant,
presumably indicating a greater degree of hydrogen bonding in
D–sucrose. The KCl at different amount doesn’t influence signifi-
cantly this interaction.

The results for D–sucrose-KCl interactions in the ternary
system exhibits salting-in of the non-electrolyte by the electrolyte,
indicating considerable attraction (presumably via hydrogen bond-
ing) between D–sucrose molecules in solution, whereas for D–
sucrose-NaCl are salted-out by the addition of electrolyte.

The increase in the degree of hydration of ions shows that the
addition of D–sucrose increases the number of water molecules
related to the potassium and chloride ions. This trend is the inverse
that observed for ternary system NaCl-D–sucrose-water in term of
activity coefficient, reported by other studies on the physico-
chemical properties of electrolytes in the presence of sugars [31–
34], and also reported in our previous work [16], showing that
the addition of D–sucrose decreases the number of water mole-
cules around the ions. This process leads to decrease of the activity
coefficient of KCl. We conclude that the KCl is affected strongly by
D–sucrose molecules, but the D–sucrose is affected weakly by the
presence of the ions K+ and Cl�. These results show that these
aqueous systems are largely dominated by the D–sucrose-D–sucr
ose and D–sucrose-water interactions in term of the hydrogen
bond of the OH groups, whereas the potassium and chloride ions
act too weakly on the molecular groups of D–sucrose and do not
disturb the structure of the carbohydrate.

4.3. Excess Gibbs energy and Gibbs energy of transfer

From obtained activity coefficients data, we have determined
the excess Gibbs energy of ternary system water-D–sucrose-
potassium chloride using the following expression:

gex

RT
¼
X
i¼1

xiln cið Þ ¼ x1 � ln c1ð Þ þ x2 � ln c2ð Þ þ 2xI � ln c�ð Þ ð12Þ

gex is excess Gibbs energy per mole of particles. c1, c2 are the activ-
ity coefficients of water, and D–sucrose, respectively. c± is the mean
activity of KCl. The excess Gibbs energy Gex for any amount of mate-
rial is Gex ¼Pinigex. The results obtained for Gex are listed in Table 4.

The standard free energy of transfer presents an important
parameter because it takes into account of the interactions of ion
present in the mixed aqueous solution with solvent molecules.

The Gibbs energy of transfer of potassium chloride GKCl
tr from

water (W) to D–sucrose-water (W + S) mixtures is calculated using
the expression [35]:

GKCl
tr W ! W þ Sð Þ ¼ t RTln

f KCl
f 0KCl

 !
; ð13Þ

where t is the number of ions into which the electrolyte dissociates,

f KCl and f 0KCl are the mole fraction activity coefficients of KCl in tern-
ary system KCl-D–sucrose-H2O and binary system KCl-H2O, respec-
tively. Using the model, the calculated result of the transfer Gibbs
energies of potassium chloride from water to water-D–sucrose mix-
tures are plotted in Fig. 6 as a function of salt molality and at differ-
ent molality of KCl. The transfer Gibbs energies for KCl decrease by
increasing the D–sucrose molality. At molality between 1 and

4 mol.kg�1, the transfer Gibbs energies are in this order: GKCl
tr (4)

> GKCl
tr (3) > GKCl

tr (2), but this trend is inversed for molalities between

0.5 and 1 mol.kg�1 in this order GKCl
tr (1) < GKCl

tr (0.5) < GKCl
tr (0.2). Thus

the interaction between the D–sucrose and potassium chloride
becomes favourable by increasing the D–sucrose concentration
and decrease of salt concentration to about 2 mol.kg�1. This trend
shows the increased stabilization by increased hydration in the
mixture but this behaviour becomes unfavourable above 1 mol.
kg�1 by decreasing salt composition. This phenomenon can also
be explained by the weak interaction between D–sucrose and
water in dilute solution. This behaviour is also observed in water
activities results of the mixture mentioned above for molality about
2 mol.kg�1.



Fig. 6. Transfer Gibbs energy of KCl from water to water + D–sucrose mixtures as
function of molality of D–sucrose at different molality of KCl of: �; 0.20, h; 0.50, ;
1.00, ; 2.00, ; 3.00, ; 4.00 mol.kg�1.

Table 6
Comparison of experimental and predicted solubility of D–sucrose in the ternary
system KCl-D–sucrose-H2O at 298.15 K and p = 0.1 MPa.

mKCl/mol.kg�1 D–sucrose Solubility/mol.kg�1 %RE

Exp. Cal.

0.0000 6.0006 6.0085 �0.1317
0.1341 6.0211 6.0276 �0.108
0.2683 6.0415 6.0466 �0.0844
0.4024 6.0649 6.0658 �0.0148
0.5365 6.0854 6.0852 0.0033
0.6707 6.1058 6.1049 0.0147
0.8048 6.1263 6.1249 0.0229
0.9390 6.1438 6.1452 �0.0228
1.0731 6.1642 6.1657 �0.0243
1.3414 6.2022 6.2074 �0.0838
2.0120 6.2986 6.3156 �0.2699
2.6827 6.3921 6.4241 �0.5006

%MRE = 0.1068

The experimental values were taken from Ref. [11].
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We can also illustrate the different electrolyte-D–sucrose inter-
actions in water to study the free energy parameters of pair inter-
action gNE (E and N are assigned, respectively, to electrolyte and
non-electrolyte) between the electrolyte and D–sucrose in water
[36,37]. These quantities characterize the mean comportment of
all the pair interactions between D–sucrose and different ions of
given salt.

By applying McMillan–Mayer’s theory of solutions, the transfer
Gibbs energies of transfer for KCl from water to water + D–sucrose
mixtures at constant temperature and pressure can be expressed
as:

GKCl
tr W ! W þ Sð Þ ¼ 2tmNgEN þ 6tmEmNgEEN þ 3t2m2

NgENN ð14Þ

wheremN andmEare the molality of Nonelectrolyte (D–sucrose) and
Electrolyte (KCl), respectively. gEN , gEEN and gENNare the pair interac-
tion and the triplet interaction parameters. The data of transfer
Gibbs energy of KCl from water to mixture (water + D–sucrose)
were used for optimization ofgEN , gEEN and gENN . Table 5 shows the
values of pair interaction parameters and triplet interaction param-
eters. It can be seen from this Table that the value of triplet interac-
tion parameters gEEN and gENN are low compared to that of
parameter gEN . Thus, at low concentrations of electrolyte and non-
electrolyte species, the contribution of all triplet interaction terms
can be neglected and the salting coefficient gs can be determined
from the pair interaction parameter gEN by using the following
equation [34]:

RTgs ¼ 2 t gEN; ð15Þ
The salting constant is used to express the effects of salting-in

and salting-out. The obtained value of salting constant is given in
Table 5. For comparison, the interaction parameters and the salting
constant values available or calculated from data in literature, con-
stant gs is in close agreement with that reported by Herrington and
Meunie [13], and Wang et al. [31].

The obtained values for pair interaction parameters and for salt-
ing constant for potassium chloride in the aqueous solution in
presence of D–sucrose are positive (Table 5). The pair D–sucrose-
KCl interaction parameter gEN is negative, and this result indicates
Table 5
Interaction parameters of Gibbs energies of transfer of KCl from water to mixture (water

gEN/J�kg�mol�2 gEEN

This work �7.51 0.39
Wang et al. [14] �5.00 –
Herrington Meunier [13]* �25.00 –

* The data of Herrington and Meunier were obtained at 0 �C.
attractive interaction between ions and D–sucrose. This can be
explained by the fact that the D–sucrose is salted-in by adding
KCl. These behaviours are the inverse of those reported for NaCl-
D–sucrose in literature [19,38]. It may be explained this difference
in behaviours to the preferential solvation of ions Na + and K + in
different mixtures of D–sucrose-water. Therefore, the interactions
of salt with D–sucrose appear to be induced by the average number
of D–sucrose molecules in OH group, which remain one of the most
important factors in this mixture. At high molality of both compo-
nents (KCl and D–sucrose), the phenomenon of salting-in occurs
for the studied system. The salting constant gs of the mixture
KCl-D–sucrose-water calculated from Eq. (15) is �0.0121 kg.mol�1

(Table 5). Thus, this negative value corresponds to extensive to the
salting-in of D–sucrose by KCl.
4.4. Solubility prediction

The solubility of D–sucrose ms in an aqueous solution contain-
ing an electrolyte can be calculated by the following equilibrium
equation as:

mscs ¼ m0
s c

0
s ; ð16Þ

ms and m0
s are the molality of D–sucrose in ternary system potas-

sium chloride-D–sucrose–water and in binary system D–sucrose–
water, respectively.cs and c0s are the activity coefficients of D–su-
crose in ternary system potassium chloride-D–sucrose–water and
in binary system D–sucrose –water, respectively. The molality and
activity coefficient at saturation point for system D–sucrose-water
at 25 �C are taking from literature [33]. The calculated and experi-
mental solubility values of D–sucrose in ternary system potassium
chloride-D–sucrose-water at 298.15 K are shown in Table 6. The
predicted solubilities in this work are compared to those measured
data obtained from Kelly [11]. The average mean relative deviation
for all predicted D–sucrose solubility data in the ternary system at
25 �C was 0.155%. The developed model in this work was used for
prediction of potassium chloride solubility in system KCl-D–sucro
+ D–sucrose) and salting constants gs at 298.15 K.

/J�kg�mol�3 gENN/J�kg�mol�3 gs/kg�mol�1

41 �0.2214 �0.0121
– �0.0070
– �0.0440



Table 7
Predicted solubility of KCl in the ternary system KCl-D–
sucrose- H2O at 298.15 K and p = 0.1 MPa.

mD–sucrose/mol.kg�1 KCl Solubility/mol.kg�1

0.00 4.7949
0.50 4.8353
1.00 4.8773
1.50 4.9210
2.00 4.9663
2.50 5.0133
3.00 5.0619
3.50 5.1123
4.00 5.1642
4.50 5.2179
5.00 5.2732
5.50 5.3301
6.00 5.3888
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se–water at 298.15 K. The KCl dissolution in aqueous solutions KCl-
D–sucrose-water system is given as:

ksp ¼ mKþcKþmCl�cCl� ¼ m2c2� KClð Þ; ð17Þ
c� KClð Þ is the ionic mean activity coefficient of KCl,mKCl is its molal-
ity and kspits solubility product. The result of calculation is given in
Table 7. It can be seen from this Table that the solubility of potas-
sium chloride increases with increasing the molality of D–sucrose.

5. Conclusion

Using the hygrometric method, we have determined the water
activities of KCl-D–sucrose-H2O mixtures at 298.15 K. Further-
more, the osmotic coefficients of KCl-D–sucrose-H2O were fitted
by PSC equation for mixtures to obtain the four parameters. Com-
paring the recalculated osmotic coefficients and the experimental
ones, we note that the relative deviation is acceptable in the stud-
ied molality range. The activity coefficients of KCl and D–sucrose in
the KCl-D–sucrose-water are also calculated using the model of
PSC using our obtained interaction parameters. The results indicate
that the presence of these carbohydrates affects the properties of
KCl in the mixture and its thermodynamic behaviour, but KCl
affects weakly the properties of D–sucrose.

The Gibbs excess energy and the Gibbs energy of transfer are
also determined for this studied system from the obtained results
for the osmotic and activity coefficients. It has been shown that the
Gibbs energy of transfer for each of the electrolytes investigated
decreases with increasing mole fraction of D–sucrose in the mixed
solutions. Free energies of pair interaction have also been
calculated and are negative for KCl-D–sucrose in water. The
experimental results are discussed in terms of solute-solvent and
solute-solute interactions in water –D–sucrose-KCl system. The
solubilities of KCl and of D–sucrose in mixture are also predicted.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

References

[1] F. Hernández-Luis, E. Amado-González, M.A. Esteso, Activity coefficients of
NaCl in trehalose–water and maltose–water mixtures at 298.15 K, Carbohydr.
Res. 338 (2003) 1415–1424, https://doi.org/10.1016/S0008-6215(03)00177-0.

[2] A. Khavanninzadeh, H. Modarress, V. Taghikhani, M.K. Khoshkbarchi, Activity
coefficients of electrolyte and amino acid in the systems (water + potassium
chloride + DL-valine) at T = 298.15 K and (water + sodium chloride + L-valine)
at T = 308.15 K, J. Chem. Thermodyn. 34 (2002) 1297–1309, https://doi.org/
10.1006/jcht.2002.0959.
[3] K. Zhuo, H. Liu, H. Zhang, Y. Liu, J. Wang, Activity coefficients of CaCl2 in
(maltose + water) and (lactose + water) mixtures at 298.15, K, J. Chem.
Thermodyn. 40 (2008) 889–896, https://doi.org/10.1016/j.jct.2007.12.008.

[4] K. Zhuo, H. Liu, H. Zhang, Y. Liu, J. Wang, Activity coefficients and volumetric
properties for the NaI + Maltose + Water System at 298.15 K, J. Chem. Eng. Data
53 (2008) 57–62, https://doi.org/10.1021/je700366w.

[5] J. Wang, W. Liu, J. Fan, J. Lu, Mean activity coefficients of NaCl in glucose-water
and D–sucrose-water mixtures at 298.15 K, J. Chem. Soc. Faraday Trans. 90
(21) (1994) 3281–3285, https://doi.org/10.1039/FT9949003281.

[6] H. Ashassi-Sorkhabi, A. Kazempour, Application of Pitzer and six local
composition models to correlate the mean ionic activity coefficients of
aqueous 1-butyl-3-methylimidazolium bromide ionic liquid solutions
obtained by EMF measurements, J. Chem. Thermodyn. 110 (2017) 71–78,
https://doi.org/10.1016/j.jct.2017.02.015.

[7] R.A. Robinson, R.H. Stokes, Electrolyte Solutions, Butterworth Scientific
Publications, London, 1955.

[8] S. Choudhary, N. Kishore, Thermodynamics of the interactions of a homologous
series of some amino acids with trimethylamine N-oxide: volumetric,
compressibility, and calorimetric studies, J. Chem. Thermodyn. 43 (2011)
1541–1551, https://doi.org/10.1016/j.jct.2011.05.012.

[9] M.S. Tarlok, S. Banipal, P.K. Banipal, Molecular interactions of saccharides and
their derivatives with thiamine HCl and pyridoxine HCl vitamins in aqueous
solutions: calorimetric, viscometric, and NMR spectroscopic studies, J. Chem.
Eng. Data 63 (5) (2018) 1325–1351, https://doi.org/10.1021/acs.jced.7b00937.

[10] X. Han, Y. Liu, J.K. Critser, Determination of the quaternary phase diagram of
the water–ethylene glycol–D–sucrose–NaCl system and a comparison
between two theoretical methods for synthetic phase diagrams, Cryobiology
61 (2010) 52–57, https://doi.org/10.1016/j.cryobiol.2010.04.006.

[11] F.H.C. Kelly, Phase equilibria in sugar solutions. I. Ternary systems of water-D–
sucrose-inorganic salts, J. Appl. Chem. 4 (1954) 401–404, https://doi.org/
10.1002/jctb.5010040801.

[12] H. Kim, G. Reinfelds, Isothermal diffusion studies of the H20-D–sucrose-KCI
system at 25�C, J. Solution Chem. 2 (1973) 477–488, https://doi.org/10.1007/
BF00651009.

[13] T. Herrington, C. Meunie, Osmotic coefficients of the ternary system Water
+Potassium Chloride+D–sucrose at 0�C, J. Chem. Soc. Faraday Trans. I (78)
(1982) 225–236, https://doi.org/10.1039/F19827800225.

[14] J.J. Wang, W.B. Lui, T.Ch Bai, J.S. Lu, Standard Gibbs energies of transfer of some
electrolytes from water to aqueous D–sucrose solutions at 298.15 K, J. Chem.
Soc. Faradays Trans. 89 (1993) 1741–1744, https://doi.org/10.1039/
FT9938901741.

[15] W.-B. Liu, Y.-P. Wu, J.-J. Wang, J.-S. Lu, Viscosity of NaCl and KCl in aqueous D–
sucrose solutions, Acta Phys. Chim. Sin. 11 (1995) 590–595, https://doi.org/
10.3866/PKU.WHXB19950705.

[16] B. Messnaoui, A. Mounir, A. Dinane, A. Samaouali, B. Mounir, Determination of
water activity, osmotic coefficients, activity coefficients, solubility and excess
Gibbs free energies of NaCl-D–sucrose-H2O mixture at 298.15 K, J. Mol. Liq.
284 (2019) 492–501, https://doi.org/10.1016/j.molliq.2019.03.156.

[17] K.S. Pitzer, J.M. Simonson, Thermodynamics of multicomponent, miscible,
ionic systems: theory and equations, J. Phys. Chem. 90 (1986) 3005–3009,
https://doi.org/10.1021/j100404a042.

[18] S.L. Clegg, K.S. Pitzer, Thermodynamics of multicomponent, miscible, ionic
solutions: generalized equations for symmetrical electrolytes, J. Phys. Chem.
96 (1992) 3513–3520, https://doi.org/10.1021/j100187a061.

[19] S.L. Clegg, K.S. Pitzer, P. Brimblecombe, Thermodynamics of multicomponent,
miscible, ionic solutions. 2. Mixtures including unsymmetrical electrolytes, J.
Phys. Chem. 96 (1992) 9470–9479, https://doi.org/10.1021/j100202a074.

[20] M. El Guendouzi, A. Dinane, Determination of water activities, osmotic and
activity coefficients in aqueous solutions using the hygrometric method, J.
Chem. Thermodyn. 32 (2000)297–313, https://doi.org/10.1006/jcht.1999.0574.

[21] A. Mounir, A. Dinane, H. kHajmi, B. Mounir, A. Tounsi, Thermodynamic
properties of aqueous-mixed electrolyte solutions of {y Na2SO4 + (1 – y)
K2SO4}(aq), J. Chem. Eng. Data 63 (2018) 3545–3550, https://doi.org/10.1021/
acs.jced.8b00418.

[22] M. El Guendouzi, A. Dinane, A. Mounir, Water activities, osmotic and activity
coefficients in aqueous chloride solutions at T = 298.15 K by the hygrometric
method, J. Chem. Thermodyn. 33 (2001) 1059–1072, https://doi.org/10.1006/
jcht.2000.0815.

[23] M. El Guendouzi, A. Mounir, A. Dinane, Water activity, osmotic and activity
coefficients of aqueous solutions of Li2SO4, Na2SO4, K2SO4, (NH4)2SO4, MgSO4,
MnSO4, NiSO4, CuSO4, and ZnSO4 at T=298.15 K, J. Chem. Thermodyn. 35
(2003) 209–220.

[24] A. Mounir, M. El Guendouzi, A. Dinane, Hygrometric determination of water
activities, osmotic and activity coefficients, and excess Gibbs energy of the
system MgSO4–K2SO4–H2O, J. Solution Chem. 31 (2002) 793–799.

[25] A. Mounir, M. El Guendouzi, A. Dinane, Thermodynamic properties of (NH4)
2SO4(aq) + Li2SO4(aq)}and {(NH4)2SO4(aq) + Na2SO4(aq) at temperature of
298.15 K, J. Chem. Thermodyn. 34 (2002) 1329–1339.

[26] A. Dinane, Mounir, Hygrometric determination of water activities and osmotic
and activity coefficients of NH4Cl–KCl–H2O at 25�C, J. Solution Chem. 32
(2003) 395–404.

[27] Y. Hu, T. Guo, Thermodynamics of electrolytes in aqueous systems containing
both ionic and nonionic solutes. Application of the Pitzer–Simonson–Clegg
equations to activity coefficients and solubilities of 1: 1 electrolytes in four
ternary systems at 298.15 K electrolyte–non-electrolyte–H2O, Chem. Phys. 1
(1999) 3303–3308, https://doi.org/10.1039/A900232D.

https://doi.org/10.1016/S0008-6215(03)00177-0
https://doi.org/10.1006/jcht.2002.0959
https://doi.org/10.1006/jcht.2002.0959
https://doi.org/10.1016/j.jct.2007.12.008
https://doi.org/10.1021/je700366w
https://doi.org/10.1039/FT9949003281
https://doi.org/10.1016/j.jct.2017.02.015
http://refhub.elsevier.com/S0021-9614(19)30647-0/h0035
http://refhub.elsevier.com/S0021-9614(19)30647-0/h0035
http://refhub.elsevier.com/S0021-9614(19)30647-0/h0035
https://doi.org/10.1016/j.jct.2011.05.012
https://doi.org/10.1021/acs.jced.7b00937
https://doi.org/10.1016/j.cryobiol.2010.04.006
https://doi.org/10.1002/jctb.5010040801
https://doi.org/10.1002/jctb.5010040801
https://doi.org/10.1007/BF00651009
https://doi.org/10.1007/BF00651009
https://doi.org/10.1039/F19827800225
https://doi.org/10.1039/FT9938901741
https://doi.org/10.1039/FT9938901741
https://doi.org/10.3866/PKU.WHXB19950705
https://doi.org/10.3866/PKU.WHXB19950705
https://doi.org/10.1016/j.molliq.2019.03.156
https://doi.org/10.1021/j100404a042
https://doi.org/10.1021/j100187a061
https://doi.org/10.1021/j100202a074
https://doi.org/10.1006/jcht.1999.0574
https://doi.org/10.1021/acs.jced.8b00418
https://doi.org/10.1021/acs.jced.8b00418
https://doi.org/10.1006/jcht.2000.0815
https://doi.org/10.1006/jcht.2000.0815
http://refhub.elsevier.com/S0021-9614(19)30647-0/h0115
http://refhub.elsevier.com/S0021-9614(19)30647-0/h0115
http://refhub.elsevier.com/S0021-9614(19)30647-0/h0115
http://refhub.elsevier.com/S0021-9614(19)30647-0/h0115
http://refhub.elsevier.com/S0021-9614(19)30647-0/h0115
http://refhub.elsevier.com/S0021-9614(19)30647-0/h0115
http://refhub.elsevier.com/S0021-9614(19)30647-0/h0115
http://refhub.elsevier.com/S0021-9614(19)30647-0/h0115
http://refhub.elsevier.com/S0021-9614(19)30647-0/h0115
http://refhub.elsevier.com/S0021-9614(19)30647-0/h0115
http://refhub.elsevier.com/S0021-9614(19)30647-0/h0115
http://refhub.elsevier.com/S0021-9614(19)30647-0/h0115
http://refhub.elsevier.com/S0021-9614(19)30647-0/h0115
http://refhub.elsevier.com/S0021-9614(19)30647-0/h0115
http://refhub.elsevier.com/S0021-9614(19)30647-0/h0115
http://refhub.elsevier.com/S0021-9614(19)30647-0/h0115
http://refhub.elsevier.com/S0021-9614(19)30647-0/h0115
http://refhub.elsevier.com/S0021-9614(19)30647-0/h0115
http://refhub.elsevier.com/S0021-9614(19)30647-0/h0120
http://refhub.elsevier.com/S0021-9614(19)30647-0/h0120
http://refhub.elsevier.com/S0021-9614(19)30647-0/h0120
http://refhub.elsevier.com/S0021-9614(19)30647-0/h0120
http://refhub.elsevier.com/S0021-9614(19)30647-0/h0120
http://refhub.elsevier.com/S0021-9614(19)30647-0/h0120
http://refhub.elsevier.com/S0021-9614(19)30647-0/h0120
http://refhub.elsevier.com/S0021-9614(19)30647-0/h0125
http://refhub.elsevier.com/S0021-9614(19)30647-0/h0125
http://refhub.elsevier.com/S0021-9614(19)30647-0/h0125
http://refhub.elsevier.com/S0021-9614(19)30647-0/h0130
http://refhub.elsevier.com/S0021-9614(19)30647-0/h0130
http://refhub.elsevier.com/S0021-9614(19)30647-0/h0130
http://refhub.elsevier.com/S0021-9614(19)30647-0/h0130
https://doi.org/10.1039/A900232D


A. Mounir et al. / J. Chem. Thermodynamics 142 (2020) 105962 9
[28] W.J. Hamer, Y.C. Wu, Osmotic coefficients and mean activity coefficients of
uni-univalent electrolytes in water at 25�C, J. Phys. Chem. Ref. Data 1 (1972)
1047–1099, https://doi.org/10.1063/1.3253108.

[29] I.N. Tang, H.R. Munkelwitz, N. Wang, Water activity measurements with single
suspended droplets: the NaCl-H2O and KCl-H2O systems, J. Colloids Interface
Sci. 114 (1986) 409–415, https://doi.org/10.1016/0021-9797(86)90426-1.

[30] R.A. Robinson, R.H. Stokes, Activity coefficients in aqueous solutions of D–
sucrose, mannitol and their mixtures at 25�C, J. Phys. Chem. 65 (1961) 1954–
1958, https://doi.org/10.1021/j100828a010.
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