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Activity Coefficients of NaCl in Fructose + Water at 298.15 K

Felipe Hernandez-Luis,* Domingo Grandoso, and Mercedes Lemus

Departamento de Quimica Fisica, Universidad de la Laguna, Tenerife, Spain

The mean ionic activity coefficients of NaCl in fructose + water mixtures were experimentally determined
at 298.15 K from electromotive force measurements of the following electrochemical cell containing two
ion-selective electrodes (ISE): Na—ISE|NaCl(m),fructose(w),H,O(1—w)|CI—-ISE. The molality (m) varied
between (0.005 and 3.5) mol kg2, while the mass fraction of fructose in the mixture (w) was 0, 0.1, 0.2,
0.3, and 0.4. The emf values were analyzed using different models which employed extended Debye—
Huckel equations and those of Pitzer, Scatchard, and Sen for describing the variations in activity
coefficients with concentration. Results obtained with the different models were in good agreement. The
interaction parameters of each model were comparatively analyzed with those of other similar systems
reported in the literature, and discussion is presented concerning their variation with properties of the
medium, particularly the dielectric constant. The free energy of transfer of the NaCl from the water to
the mixed solvent was determined and its variation with the composition of the solvent is discussed in
terms of ion—ion and ion—solvent interactions. Also determined was the primary hydration number of
the NaCl, which was compared with results from the literature. Finally, the parameters of interaction g;;

and salting constant ks were estimated.

1. Introduction

It is well known that in recent decades there has been a
marked increase in interest in the understanding of
thermodynamic properties of multicomponent electrolytic
systems, particularly for those which, due to their composi-
tion, are important in industrial, biological, or environ-
mental terms.

Within these thermodynamic properties, the activity
coefficients remain as one of the properties most often
determined in areas as diverse as environmental chemistry
(studies of wastewater pollution), chemical oceanography,
metallurgy, petroleum, paper, and others fields. This is also
true for studies related to the desalinization of seawater,
crystallization of salts from natural brines, and recovery
of geothermal energy, as well as applications of biochemical
interest involving biological fluids which often consist of
complex multicomponent electrolyte solutions.

Both activity coefficients and other related properties
such as osmotic coefficients, solvent activity, and Gibbs free
energy of the mixture (or of transfer) allow us to analyze
the ion—solvent and ion—ion interactions occurring in the
medium, as well as the structural implications played by
the different components.

Within multicomponent systems, those of the type
electrolyte + sugar + water are especially important for
understanding the behavior of sugars in living organisms.
Relatively few studies have been made, however, which
contribute thermodynamic data on these systems, espe-
cially at high concentrations. Among these, the more
notable are those of Morel et al.,1~3 Wang et al.,*"12 Hu et
al.,’314 and Gregory and McTigue.'> Of these studies, only
one? (despite the importance of fructose) gives data for HCI
+ bp-fructose + H,O system.

D-Fructose, CgH12,06 (levulose or fruit sugar), is widely
used in the food industry. It is known to be the sweetest
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natural sugar, with relative sweetness of about 1.8 to 2
times that of sucrose and 2.5 times that of p-glucose.® For
this reason, it is more widely employed than the other
sugars in calorie-reduced food products.

Among the more notable physical properties of b-fructose
is its high solubility in water at ambient temperature. This
makes it difficult to recover by crystallization from fructose-
rich aqueous syrups. Here, precise knowledge of the
numerical values of activity coefficients in systems of this
type are of special importance for the design and modeling
of separation processes where phase equilibria are involved.

The present study includes the experimental determi-
nation of mean ionic activity coefficients in aqueous NacCl
solutions containing fructose in an attempt to provide
fundamental knowledge on ionic interactions in electrolyte
+ sugar + water solutions in relation to the structure and
properties of the medium.

The molality of NaCl varied betwen (0.005 and 3.5) mol
kg—! mixed solvent, while the mass fractions of fructose
studied were 0, 0.1, 0.2, 0.3, and 0.4. Measurements of
electromotive force in the experiments were made using
ion-selective electrodes (ISE), one for the sodium ion and
one for the chlorine ion. The temperature was maintained
constant at 298.15 K.

2. Experimental Section

pD(—)-Fructose (Merck, for microbiology) was dried in
vacuo at 340 K for 5 days before use. NaCl (Merck, pro
analysis), was also dried in vacuo at 373 K for 5 d. Both
were stored over silica gel in a desiccator and used without
further purification. For each set of experiments (corre-
sponding to a mass fraction of p-fructose), working solu-
tions were obtained by adding successive known masses
of solid NaCl to a solution previously prepared of b-fructose
and double-distilled water (k = 5 x 1077 S cm™1). The
precision of the molality was estimated to be about
+0.0001. The solutions were continually stirred with a
magnetic stirrer.
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Table 1. Values of the Molality (m) and Electromotive Force (E) for the Cell

Na—ISE|NaCl(m),Fructose(w),H.O(1-w)|CI-ISE and lonic Mean Activity Coefficients (y) Calculated for NaCl in the

Different Fructose + H;O Mixtures at 298.15 K

w=0 w=0.1 w=0.2 w=0.3 w=0.4
(Xgru = 0.00000)2 (Xgru = 0.01099)2 (Xeru = 0.02439)2 (Xgru = 0.04109)2 (Xgru = 0.06250)2
m —E m —-E m —E m —E m —-E

mol -kg™* mV y  mol-kg?! mVv y  mol-kg?! mVv y  mol-kg?t mVv y  mol-kg?! mVv y
0.01993 47.62 0.873 0.01743 46.69 0.879 0.01691 50.86 0.872 0.005630 5.06 0.922 0.01238 50.30 0.867
0.03881 79.26 0.839 0.08484 119.75 0.768 0.03711 86.91 0.812 0.03496 89.90 0.798 0.03869 101.87 0.774
0.04500 86.13 0.829 0.1000 127.39 0.759 0.09270 128.74 0.745 0.07265 123.86 0.753 0.06059 122.15 0.739
0.05634 96.51 0.814 0.1822 155.04 0.720 0.1000 132.34 0.742 0.1000 138.46 0.731 0.09608 143.45 0.711
0.1000 122.99 0.775 0.2690 173.25 0.700 0.2300 170.44 0.687 0.1627 160.80 0.700 0.1000 144.86 0.702
0.1031 124.34 0.772 0.3569 186.27 0.683 0.3779 193.53 0.661 0.3047 189.79 0.664 0.2184 179.69 0.641
0.1339 136.20 0.752 0.4839 200.60 0.669 0.5000° 206.98 0.652 0.5000P 212.77 0.638 0.3676 204.26 0.620
0.2039 155.87 0.729 0.5000° 202.07 0.667 0.6334 218.27 0.644 0.6978 228.77 0.628 0.5000° 218.25 0.602
0.3519 181.34 0.700 0.6785 216.42 0.653 1.0798 24440 0.634 1.1949 255.46 0.622 0.6956 234.06 0.592
0.4687 194.66 0.685 1.1146 241.31 0.651 1.3855 258.28 0.651 1.5993 272.41 0.651 1.2325 263.62 0.600
0.5000° 197.79 0.683 1.5483 258.61 0.661 1.6100 266.41 0.658 1.9524 283.53 0.665 1.8313 285.46 0.623
0.5978 206.08 0.673 2.3649 281.83 0.685 2.2827 286.68 0.694 2.3888 295.82 0.693 2.5874 307.13 0.677
0.8146 219.63 0.646 2.7759 291.98 0.714 2.8453 300.24 0.728 3.0071 311.05 0.745 3.3357 323.80 0.732
1.5150 251.98 0.660 3.5844 308.36 0.765 3.3396 311.57 0.776 3.4592 320.74 0.784 3.7493 334.14 0.799
2.3469 275.09 0.674

3.3646 297.10 0.727

a Mole fraction. ® Molality of reference.

Na—ISE (mod. 6.0501.100) and CI-ISE (mod. 6.0502.120)
were obtained from Metrohm Corp. A double-wall vessel
Metrohm cell was used to hold the electrodes and the
solution. The temperature in the cell was maintained at
(25.00 £+ 0.02) °C using a Hetofrig model 04 PT ther-
moregulator and a platinum-resistance thermometer (Guild-
line model 9540) was used to record the temperature.

The emf measurements were carried out with a 614
Keithley Electrometer having an inner impedance greater
than 5 x 10% Q with a resolution of 0.1 mV. To obtain
more precise emf readings, the 2-V analog output of the
electrometer was connected to a Keithley model 197A
Microvolt DMM with an input greater than 102 Q and
resolution of £0.01 mV.

Depending on the concentration of the NaF studied, and
independent of the w of fructose, it was observed that, after
approximately 45 min, the variation of the potential with
time was very small (around 0.10—0.15 mV per 10—15
min.). The reading at this moment was considered to
represent the cell in equilibrium.

3. Results

Activity coefficients values for NaCl in w fructose + (1
— w) water mixtures from w = 0 to 0.4 were determined
from the emf measurements of galvanic cells without
transference. The cell used were of the type

Na—ISE|NaCl(m),fructose(w),H,O(1—w)|CI-ISE (I)
combined with that of the reference
Na—ISE|NaCl(m,),fructose(w),H,O(1—w)|CI-ISE (II)

to eliminate the asymmetry potential of the electrodes. In
these cells, m and m, are the molality of NaCl in the
working and reference solutions, respectively. w is mass
fraction of the fructose in the mixture.

Applying the equation of Nernst—Nikolsky to cells | and
11 and subtracting the following expression is obtained

E, = —2k log 2

AE=E, - e
rrr

@)

where E is the emf of the cell, k = (In 10)RT/F is the

theoretical Nernst slope, and y and vy, are the mean ionic
activity coefficients of NaCl at molalities m and m;,
respectively. E values for different fructose + water
mixtures as a function of the NaCl molalities are shown
in Table 1.

Since the coefficients of activity of the NaCl in pure water
are precisely known,'” the values of E that appear in Table
1 for w = 0 allow calibration of the electrode system using
expression 1. A very good linear relationship is obtained
when plotting AE vs —2 log(my/my,). The value obtained
by applying least-squares regression analysis is k = 58.07
+ 0.09 mV, with a standard deviation of 0.38 mV. This
value of k differs from the theoretical value by about only
1.8%. This well exceeds acceptability criteria for a system
containing two ISEs. In this calculation, it has been
assumed that kNa = kc| =K= (kNa + kc|)/2.12

To calculate y values for different molalities of NaCl in
the sugar + water mixture, it was important to determine
the value of y,. For this, we employed different theoretical
models to describe the variation of the activity coefficients
with concentration.

For 1:1 electrolyte, the Debye—Hiickel extended equation
can be written as1819

Aml/2
m +cm — log (1 + 0.002mM) (2)

logy = —
where a represented the ion size parameters, ¢ the ion-
interaction parameter, and M the average molecular mass
of mixed solvent. A and B represent the Debye—Huckel
constant given by1819

A = 1.824710°d"%/(¢, T)** kg mol 2 3)

B = 50.2901d"%/(¢, T)*? kg"? mol 2 A™* (4)
where d stands for the density, ¢, the relative permittivity
(static dielectric constant) of the solvent, and T the tem-
perature. The density values were taken from Cerdeirifia
et al.? The relative permittivity was estimated by applying
the equation proposed by Hasted et al.?! that establishes
the linear dependence of the relative permittivity on the
solute concentration and the values reported by Saito et
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Table 2. Values of Average Molecular Mass (M), Relative
Permittivity (er), Densities (d), Debye—Huckel (A and B),
and Pitzer (A;) Constants as a Function of the Mass
Fraction and Mole Fraction of Fructose in the Mixture
Fructose + Water at 298.15 K

W Xe M & d/(grem3) A2 BP Ay

0 0.00000 18.015 78.38 0.9971 0.5100 0.3285 0.3915
0.1 0.01099 19.797 76.40 1.0369 0.5403 0.3393 0.4147
0.2 0.02439 21.970 73.99 1.0796 0.5785 0.3518 0.4440
0.3 0.04109 24.678 70.97 1.1255 0.6286 0.3667 0.4825
0.4 0.06250 28.149 67.12 1.1745 0.6983 0.3852 0.5360

aln kgl/Z.mo|fl/2_ bIn kgl/Z.mo|fl/2.A71_ ¢ln kgl/Z.mo|fl/2_

Table 3. Summary of the Values Obtained for the
Parameters of the Debye—Huckel Equation in the
Different Fructose + Water Mixture at 298.15 K

w Ve a/A c/kg mol—1 olmV
0 0.680 + 0.003 3.8+0.1 0.057 + 0.002 0.38
0.1 0.668 + 0.003 3.8+0.1 0.067 + 0.002 0.28
0.2 0.655 + 0.003 3.6+0.1 0.081 + 0.002 0.36
0.3 0.639 + 0.003 3.6 +0.1 0.087 + 0.002 0.43
0.4 0.605 + 0.004 35+0.1 0.096 + 0.003 0.55

al.?22 for the proportional constant, ¢ (concentration ex-
pressed in mole fraction, Xgy).

The values used for d and ¢ as well as the Debye—
Huckel constants, A and B, are listed in Table 2 together
with the values of M (average molecular mass of mixed
solvent).

By combination of eqs 1 and 2, the values of a, ¢, and y,
can be optimized for each fructose + water mixture studied.
These values with their standard deviations as well as the
standard deviation of the fit are shown in Table 3.

Another way to evaluate the y, values is using the Pitzer
equation. For 1:1 electrolyte, the Pitzer equation can be
written as?3:24

Iny=f"+ B'm+ C’'m? (5)
where
1/2
Y — a2 112
f A, T +In(1 +bm™) (6)

1
B” =28° + % [1— @+ am® — o®m/2) exp
a'm
(aml/Z)] kgl/Z mol*l/Z (7)

In these equations a and b are assumed fixed parameters
with values of 2.0 kg2 mol~%2 and 1.2 kg2 mol-12,
respectively,23-25 80, 81, and C” are solute-specific interac-
tion parameters, and Ay is the Debye—Huckel constant for
the osmotic coefficients defined by

A, = 1.400610°d"%/(¢,T)*? kg"* mol 2 (8)

with all symbols having the usual meaning. In the last
column of Table 2 are shown the A4 values for the fructose
+ water system at 298.15 K.

By combination of eq 1 and egs 5—7, the y,, ° %, and
C” values can be optimized for each fructose + water
mixture studied. These values are summarized in Table 4
together with their standard deviations, as well as the
standard deviation of the fit.

Two further equations were employed in order to obtain
a good estimation of y,. Here, for a 1:1 electrolyte, the
Scatchard et al.?627 equation can be written as

1/2
Iny=2|25M"_ | 530m + 2 2@m? +- 2 a®m? +
2[1+am'? 2 3
S ()4
=a“m
Za%m?| 9
where S = —3A, and a, a®, a®, a®, and a® are the

characteristic interaction parameters of the model. Fur-
thermore, the Sen et al.?82° equation can be written as

log y = A;m*2 + A,m + A;m*2 + A,m?+ - - - (10)

where A;, at a given temperature, represents parameters
dependent on the relative permittivity, ¢, and density, d;
they should not be assumed a priori but rather obtained
from the fit. This is one of the advantages of the latter
method as compared with the others where it is necessary
to know some parameters a priori which depend on the
properties of the medium.

By combination of eqs 1 and 8 or 1 and 9, the parameters
representing each method may be optimized together the
values of y,. These are shown in Table 5 together with those
obtained from the other methods used. The values of the
other adjustable parameters are not included, as they do
not provide any additional significant information.

4, Discussion

Despite the broad range of concentrations studied, Table
3 shows that the Debye—H{uckel equation permits making
fits within the limits of error expected for these types of
systems. An almost constant value of (3.7 + 0.1) A was
obtained for the ion size parameter a, a value similar to
that obtained by Wang et al.b for the glucose + water (3.5
+ 0.1) A and sucrose + water (3.8 + 0.1 A) systems. Figure
1 shows parameter ¢ as a function the inverse of the
relative permittivity for the three systems, showing a
tendency toward similarity. The values for ion-interaction
parameter c representing the fructose + water and glucose
+ water® systems are very similar and slightly higher than
those reported for the sucrose + water® system. It appears
reasonable to suppose that this is related to the structure

Table 4. Summary of the Values Obtained for the Parameters of the Pitzer Equation in the Different Fructose + Water

Mixture at 298.15 K

w Yr f°/kg mol—*

0 0.682 + 0.003 0.0794 + 0.0104
0.682 + 0.003 0.0788 + 0.0018

0.1 0.668 + 0.003 0.1049 + 0.0070
0.671 £ 0.003 0.0907 + 0.0015

0.2 0.654 + 0.003 0.1290 + 0.0102
0.658 + 0.003 0.1070 + 0.0021

0.3 0.638 + 0.004 0.1348 + 0.0109
0.641 + 0.004 0.1153 + 0.0023

0.4 0.605 + 0.005 0.1451 + 0.0138
0.608 + 0.004 0.1265 + 0.0025

kg mol~t Cr/kg? mol—2 o/mV
0.2499 + 0.0444 —0.0003 + 0.0048 0.38
0.2521 + 0.0201 0.36
0.2286 + 0.0351 —0.0063 £ 0.0031 0.30
0.2905 + 0.0207 0.34
0.2061 + 0.0473 —0.0101 + 0.0046 0.37
0.2985 + 0.0251 0.43
0.2825 + 0.0527 —0.0086 £ 0.0048 0.44
0.3663 + 0.0275 0.48
0.3305 + 0.0671 —0.0078 + 0.0057 0.59
0.4113 + 0.0340 0.61
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Table 5. Summary of the y, Values for NaCl Obtained for Different Methods in Fructose + Water Mixture at 298.15 K

and Average Value, [y

D—H2 p32 p22 sca SE?
w Vr o/mV Vr o/mV Vr o/mV Vr o/mV Vr o/mV OO0
0 0.680+0.003 0.38 0.682+0.003 0.38 0.682+0.003 0.36 0.682+0.003 0.38 0.689+0.012 0.40 0.683 + 0.003
0.1 0.668 +0.003 0.28 0.668+0.003 0.30 0.671+0.003 0.34 0.664+0.004 0.27 0.663+0.008 0.27 0.667 &+ 0.003
0.2 0.655+0.003 0.36 0.654+0.003 0.37 0.658+0.003 0.43 0.650+0.004 0.33 0.643+0.008 0.31 0.652 4+ 0.006
0.3 0.639+0.003 0.43 0.638+0.004 0.44 0.641+0.004 0.48 0.638+0.003 0.43 0.636+0.009 0.50 0.638+ 0.002
0.4 0.605+0.004 0.55 0.605+0.005 0.59 0.608+0.004 0.61 0.599+0.004 0.47 0.591+0.010 0.45 0.602 + 0.007
aD—H, Debye—Huckel; P3 and P2, Pitzer with 3 or 2 parameters, respectively; SC, Scatchard; SE, Sen.

I T I T T
0.10 |~ —
'TED R J
0.08 — —
2
3 R 4
0.06 — —
| 1 | 1 |
0.013 0.014 0.015
1/g

T

Figure 1. Plot of Debye—Huckel ion-interaction parameter c vs
1/er. O, fructose + water; O, glucose + water;% A, sucrose + water.b

of the sugar, since while the disaccharide sucrose, formed
of one molecule of fructose linked to one of glucose, has a
relatively stable configuration in dilute aqueous solution,
the monosaccharide Dp-glucose reaches an equilibrium
between two conformers (5-p-glucopyranose and o-p-glu-
cofuranose), whereas the monosaccharide p-fructose pre-
sents five different forms in the same conditions of con-
centration in water (o-pyranose, -pyranose, a-furanose,
p-furanose, and open chain).

Regarding the Pitzer equation, Table 4 shows that,
although the concentration of electrolyte is greater than
2.0 mol kg1, consideration of parameter C” does not cause
a notable improvement of the standard deviations of the
fit. As is well known in Pitzer thermodynamic treatments
of electrolyte solutions, the electrostatic term is a constant
for all electrolytes of the same valence type and does not
take into consideration the differences in the solvation of
the ions, ionic sizes, and the distance of closest approach.
The second virial coefficient is a complicated function of
many interactions and 3° and ! parameters, which govern
the coefficient, absorbed the effect of these factors. In
Figure 2 the 8% and j3* values obtained for the fit are plotted
against the reciprocal of relative permittivity of the three
sugar + water mixtures which are being compared. It is

interesting to note that both ° (which can be identified
with the total binary ionic interactions) and 3* (which can
be identified with the interactions between un-like-charged
ions) become linear with 1/e.. This is the typical profile
observed with 1:1 electrolytes®23:30 both in water as mixed
solvents as amply documented by Gupta.3©

As can be noted from Table 5, the values of y, obtained
by all the methods are in good agreement with each other.
The last column shows the calculated mean values, where
a maximum uncertainty value of about 1% can be noted.

With these mean values for vy,, values for y have been
calculated which appear in Table 1 for each molality of
NaCl and percentage of fructose studied. Despite the wide
molality range studied, the standard deviation of the
activity coefficients between our values and those reported
in the literarure!” was calculated to be +0.004 in pure
water, which shows very good agreement between both
series of data. We have assumed that the other percentages
have a similar uncertainty.

Figure 3 is an example of the dependence of log y vs m2
at various percentages of sugar in the solvent mixture. For
all systems explored, these curves show a comparable trend
and their typical minimum shifts toward lower log g values
as the percentage of sugar increases (relative permittivity
of the solvent mixture decrease). It is also observed that
the greatest difference in log y in comparison with its value
in pure water is for mass fraction 0.3 in glucose, while the
0.1 of fructose has little influence on the value of log y.
The values for the sucrose + water system are intermediate
between those of the fructose + water and glucose + water
systems.

The standard free energy of transference, AG? (or “me-
dium effect”), is probably one of the magnitudes most
commonly used for the understanding of differences in
behavior between a dissolved solute in a pure solvent and
that of a mixture of solvents. As is well known, this
parameter is defined as the difference between the stan-
dard free energies per mole of electrolyte in a pure solvent
(usually water) and another pure or mixed solvent and

Figure 2. O, A% 0O, B! for NaCl in sugar + water mixtures at 298.15 K as a function of inverse of relative permittivity.

T T 1 T 1 1
080 - fructosetwater  |[
S 040 F 4k
1S
o
4
~ 020 ik
Q O,OJ)/O'/O
0.00 1F
1 1 1 1 1 1

6
glucose+water

6
sucrose+water

0.013 0.014 0.015
1/e

0.013 0.014 0.015
1/¢e

0.013 0.014 0.015
1/¢
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Figure 3. Plot of log y vs m¥2 for NaCl in sugar + water at 298.15 K. Dashed line, w = 0; ®, w = 0.1; H, 0.3.

Table 6. Values of Standard Gibbs Energy of
Transference, AG?/(kJ mol-1), for NaCl in Different Sugar

0.013

0.014

+ Water Mixtures at 298.15 K

w fructose + water

glucose + water®

sucrose + water4

1/¢

Figure 4. Test of the Born condition for the variation of (ES —
E&,) on the inverse of relative permittivity for the mixed solvents.

represents the change in solvation at infinite dilution when
the solute is transferred from one solvent to another.
Considering the ions to be rigid spheres with radius r and
r_, in a uniform dielectric medium, AG? can be calculated
by using the well-known expression of Born

2
AG? = —nF(E® — E%) = — N& (l - i)(

2 \e €,

1 +l) (11)

r, r_
where s and w stand for solvent mixture and pure water,
respectively, and all the other symbols have their usual
meaning. To calculate AG?, it is necessary to know the
values of the standard potential of the cell for each
percentage studied. These may be obtained beginning with
values for E, m, and y as listed in Table 1 and applying
the expression
E =E” — 2k log my (12)
It should be recalled that E® includes the asymmetry
potential of the electrodes as
EY"=E°+E™M=E"+ (&Y™ + &Y™ (13)
Since E3Y™ tends to be a small and independent value for
the composition of the solvent, we may suppose3'-32 that
(E2* — EO*) = (E2 — ED). It is seen from eq 11 that the plot
of (E2 — EJ) against 1/e, should be a straight line. In
effect, Figure 4 demonstrates this relation, where a cor-
relation index of 0.9995 is obtained, having a standard
deviation of less than 1 mV.
Once (E2 — E2) has been evaluated, the values for AG?
are then calculated. These values appear in Table 6 for the
fructose + water system together with those obtained from

0 0.00 0.00 0.00
0.1 0.53 0.65 0.62
0.2 1.11 1.39 1.39
0.3 1.78 2.20 2.17
0.4 2.59 (2.89)2 (2.87)2

a Extrapoled value.

literature references for the glucose + water® and sucrose
+ water® systems. It is notable in all cases that the values
of AG? become more positive with increasing percentages
of sugar, which shows that the transference of NaCl from
water to the water—sugar mixtures studied here is a not
spontaneous process.

Since AGE’ is fundamentally related to the changes in
solvation undergone by the electrolyte in the presence of
the sugar, it is of interest to calculate the hydration number
of the NaCl in each case. For this we used the equation of
Feakins and French3® which allows calculation of the
primary hydration number of the electrolyte based on the
dependency which exists between the standard potential
of the cell and the logarithm of the weight fraction of water
in the mixture according to

AE® = EJ — EJ, = np,¢k log w (14)
Figure 5 shows a plot of AE® vs —k log w where an excellent
correlation is observed and is linear in all cases. The values
found for npyg were 2.1 (r = 0.9999) for the fructose + water
mixture, 2.5 (r = 0.9999) for glucose + water, and 2.5 (r =
0.9996) for sucrose + water. These values of npyy are
somewhat low compared with those obtained from the
literature,33-3% which varied between 4.0 and 8.0 depending
on the measurement method employed. Though the rela-
tion between the hydration and stereochemistry of carbo-
hydrates, especially when electrolyte is present, is highly
complicated,® the explanation for the low hydration of NaCl
in the presence of sugars may be due to the competition
for hydration between sugars and NaCl. According to
Mathlouthi 636 with sucrose for example, the hydration
number may vary between 1 and 21 depending on authors
and methods, with the most probable values being from 5
to 6 H,O molecules per sucrose molecule. With glucose and
fructose, there is slight difference, with about 2.7 for
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Figure 5. Variation of standard emf with weight fraction of water
for: O, fructose + water; O, glucose + water;> and A, sucrose +
water® at 298.15 K.

glucose and 3.2 for fructose. Basing the hydration number
on the ratio of H,O molecules per OH on the periphery of
the sugar, glucose and sucrose seem comparable, whereas
fructose has a higher hydration number. This higher
affinity of fructose for water is well known3¢ and may
explain that npyq for NaCl would be slightly less in fructose
+ water than in glucose + water or sucrose + water and,
thus, that AG? may also be slightly less for the fructose +
water mixture than for the glucose + water and sucrose +
water mixtures. The differences are not very large given
that, despite a high affinity, it is also known that although
fructose retains a higher number of water molecules around
its molecule, this water of hydration is more mobile and
might be exchanged with bulk water easily.

In agreement with Desnoyers et al.,37:38 the transference
free energy can be written

AG(W—W+S) = 2vgeemg + 3vgseems” +
31°ggeeMems + ... (15)

for the electrolyte E and

AG(W—WHE) = 2vgsemg + 31°ggeeme” +
3vgggeMemg + ... (16)

for the sugar S, with mg and ms the molalities of NaCl
and fructose defined per kg of pure water; n is the number
of ions into which E dissociates, and g;; and gjj« are pair
and triplet interaction parameters.

For standard functions, the higher terms in ms or mg
on the right-hand side of egs 15 and 16 vanish.38 Thus for
the electrolyte we obtain

AG{ = —nF(E2 — E})) = 2vggeMg + 3v°ggeems” + ...
7)
At a low concentration of sugar, a least-squares regression

of AGE’,X/mS against mg yields*38 a value of gsg. AG?,x is the
transference free energy on the mole fraction scale, namely*

AGY, = AG{, + vRT In(18.015/M) (18)
According to the approach of Desnoyer et al.,*>4l the

salting constant ks can be related to gsg through the
expression

RTK, = 2vQgqe (29)

Before calculating ks, the values of gsg obtained from the

Table 7. Free-Energy Interaction Coefficients gsg for
Some NaCl + Sugar Pairs and Salting Constants ks in
Water at 298.15 K

sugar 2vgse/J kg mol 2 ks/kg mol—?
fructose 12 0.005
sucrose? 288 0.116
glucose® 207 0.084
glucose® 218 0.088
xylose® 293 0.118
arabinose® 55 0.022
galactose® —47 —0.019

a Reference 4. P Reference 5. ¢ Reference 12.

regression were converted*® to the scale of molality (in
reference to 1 kg of pure water) using the Masterton et al.
equations.®® In Table 7 are listed values of 2vgsg and ks
for the fructose + water system together with those taken
from the literature on other sugars.*52 In all the cases, it
is verified that —0.7 < ks < 0.7.49 It can be seen from the
ks values that in all the systems except NaCl—galactose—
water?? the sugars have a salting-out effect.
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