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Abstract

Apparent molar volumes and apparent molar compressibilities for p-sorbitol in (0.05,
0.1, 0.2 and 0.3) mol-kg™! aqueous solutions of L-alanine, L-cysteine and L-histidine and
NaCl have been determined from measurements of solution density at 7=(288.15, 298.15,
308.15 and 318.15) K and sound velocity at T=298.15 K, as a function of the concentra-
tion of the sugar alcohol. The data were used to obtain the limiting apparent molar vol-
umes, limiting apparent molar compressibilities and the corresponding transfer parameters.
Limiting apparent molar expansibilities and their second order derivatives and volume
interaction coefficients were also estimated. These parameters are discussed in terms of
p-sorbitol and co-solute (amino acid or sodium chloride) interactions in aqueous solutions.

Keywords Density - Sound velocity - b-Sorbitol - Aqueous amino acid solutions - Sodium
chloride

1 Introduction

In recent years, sugar alcohols, owing to their desirable properties, have found applica-
tions in many branches of industry. Properties of polyols, such as good taste, low calorie
content and little effect on blood sugar levels have paved the way for the use of these com-
pounds in the production of prepared foods, cosmetics and pharmaceuticals [1-3]. It has
been established that polyols enable stabilization of the native state of proteins and affect
their denaturalization, solubility and folding/unfolding behavior [4, 5]. Thus, knowledge of
the properties of polyols in aqueous solutions of amino acids is essential for understanding
the chemistry of biological systems.

Among various polyols, p-sorbitol, a six-carbon sugar alcohol, is widely used as
sweetening agent, plasticizer, as well as capsule and tablet diluent [6, 7]. It is known that
p-sorbitol, despite having a structure similar to that of its isomer p-mannitol, shows a
real difference in solubility in water and in osmotic pressure coefficients [8]. It has also
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been suggested that p-sorbitol is a relatively stronger disruptor of the water structure than
p-mannitol [9].

To the best of our knowledge, reports on the effects of amino acids on the structure of
water modified by sugar alcohol are still scare. Most of the thermodynamic data have been
collected for systems with p-mannitol and xylitol [10-15]. So far, few studies have focused
on the volumetric and acoustic properties of aqueous solutions containing p-sorbitol and
amino acids. Density and sound velocity data at 298.15 K for some ternary mixtures
(amino acid + p-sorbitol + water) have been reported by Jha and Kishore [16]. Moreover,
Ren et al. published volumetric data for such systems for a wider range of temperatures
[17]. The authors of both publications calculated the limiting molar volumes of transfer
from water to aqueous D-sorbitol solutions for amino acids and they postulated the exist-
ence of hydrophilic/polar group interactions in the systems. The same conclusion was
reached by Banipal et al. who studied volumetric properties of D-sorbitol in aqueous solu-
tions of L-glycine [18].

The present study was aimed at providing some additional data on the properties of
p-sorbitol in aqueous amino acid solutions using volumetric and acoustic measure-
ments. The densities at T=(288.15, 298.15, 308.15 and 318.15) K and sound velocities at
T=298.15 K for p-sorbitol in (0.05, 0.1, 0.2 and 0.3) mol-kg_1 aqueous solutions of L-ala-
nine, L-cysteine and L-histidine are reported. Additionally, corresponding data for p-sorbi-
tol in aqueous solutions of NaCl was also collected. The paper presents calculations of the
apparent molar volumes and the apparent molar compressibilities, as well as their limiting
values. The corresponding transfer parameters and limiting apparent molar expansibilities
are also estimated. The evaluated parameters were correlated and interpreted in terms of
the different types of interactions that can occur in ternary systems. The structure making/
breaking tendency of D-sorbitol in aqueous amino acid or NaCl solutions is also analyzed.

2 Experimental
2.1 Chemical Used
D-sorbitol (>0.98), L-alanine (>0.99), L-cysteine (>0.99) and L-histidine (>0.99) were
obtained from Carl Roth GMbH + Co. KG, sodium chloride (>0.999) was purchased from
POCh and were used without further purification. Table 1 briefly describes the properties

of the chemicals and Fig. 1 shows their structures. Before measurements, p-sorbitol and
all amino acids and NaCl were dried under reduced pressure at 323 K. Deionized, doubly

Table 1 Provenance and mass fraction purity of the compounds studied

Chemical name Source CAS number Mass fraction purity
D-Sorbitol Carl Roth GMbH + Co. KG 50-70-4 >0.98¢

L-Alanine Carl Roth GMbH + Co. KG 56-41-7 >0.99*

L-Cysteine Carl Roth GMbH + Co. KG 52-90-4 >0.99*

L-Histidine Carl Roth GMbH + Co. KG 71-00-1 >0.99*

NaCl POCh 7647-14-5 >0.999°

*As stated by the supplier. The chemicals were used as such without further purification

@ Springer



1796 Journal of Solution Chemistry (2018) 47:1794-1823

(@) (b) (c) (@)
CH,OH
0
H———OH
H,N——CH—C——OH
HO————H o) |
CH,

H———OH o H,;N—CH—C——OH

H————OH Ho,N——CH—C——OH CH, NN

CH,0H C|:H3 lH \\—NH

Fig. 1 Molecular structures of p-sorbitol (a), L-alanine (b), L-cysteine (¢) and L-histidine (d)

distilled, degassed water with a specific conductance of 1.15x107% S-cm™' was used for
the preparation of (0.05, 0.1, 0.2 and 0.3) mol-kg™! solutions of L-alanine and L-cysteine,
whereas in the case of L-histidine only three solutions (0.05, 0.1 and 0.2) molkg™' were
made due to its lower solubility. All the solutions were prepared by weight dilution of the
stock solution of p-sorbitol using a Mettler Toledo balance with a precision of +0.0001 g.

2.2 Apparatus and Procedure

The densities of the ternary mixtures were measured at different temperatures using a
digital vibrating-tube analyzer (Anton Paar DMA 5000, Austria), equipped with a built-in
solid-state thermostat that controls the temperature by means of a combination of thermo-
electric Peltier elements and an intergrated Pt-100 resistance thermometer with an accu-
racy of 0.01 K. The measurement cell in the apparatus is made of borosilicate glass. Prior
to each series of measurements, the apparatus was calibrated using doubly distilled and
degassed water and with dry air at atmospheric pressure (0.1 MPa). The standard uncer-
tainty in the density measurements was within +35 x 107> kg-m~>.

The sound velocities were determined with a standard uncertainty of 0.15 m-s™ using
the sound analyzer OPTIME 1.0 from OPTEL (Poland), based on the time of flight
method. Measurements are based on the determination of the time that the acoustic signal
with a frequency of 8 MHz takes to pass through a sample of known length. The length of
the quartz measurement cell was determined with doubly distilled water, with the value
1496.69 m-s~! used as the sound velocity in pure water at 298.15 K. Temperature during
measurements was stabilized by a constant temperature bath (model: PolyScience 8202) at
298.15+0.01 K.

1

3 Results and Discussion

3.1 Volumetric Properties

The experimental values of molality, density and apparent molar volume at various temper-
atures of the solutions of p-sorbitol in aqueous L-alanine, L-cysteine, L-histidine and NaCl

are reported in Tables 2, 3, 4 and 5. The results show that density increases with an increase
in the concentration of p-sorbitol and also with the molality of amino acids or sodium
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Fig.2 The concentration 122 T T T T T T
dependencies of the apparent
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temperatures between 288.15 and R
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inverted triangle) o 119 o i
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m / kgmol”

chloride. Irrespective of temperature, the increase in density resulting from increased con-
centration of D-sorbitol is greatest in the case of solutions in water. The greater the amount
of amino acid or NaCl in the solution, the smaller is the increase. Moreover, with increas-
ing temperature the observed effect, i.e. the increase in density with increasing concen-
tration of p-sorbitol, becomes less pronounced. For all the systems studied, the density
decreases with an increase in temperature.

The corresponding values of the apparent molar volumes ¢y, of D-sorbitol in the ternary
systems were calculated from the densities of the solutions using the following equation:

¢ = M + %

V' mdd, d

where m denotes the molality of solution, d and d,, are densities of solution and solvent,
respectively, and M, is the molar mass of the solute.

Figure 2 presents, as an example, the concentration dependencies of the apparent molar
volumes of p-sorbitol in 0.3 molkg™' L-alanine at temperatures between 288.15 and
318.15 K. As seen from the plots, the relationship is linear across the whole p-sorbitol
molality range and the whole temperature range studied. Therefore, the limiting apparent
molar volumes d)% were evaluated by extrapolating the respective plots to infinite dilution
using the equation:

(D

by = Py +Sym )
The parameters of Eq. 2 and their standard deviations o are given in Tables 6, 7, 8, and
9. Table 6 includes literature values of the limiting apparent molar volumes of D-sorbitol
in water [18-20]. As is seen, the data from the present study shows good agreement with
those in the literature. Almost no data for ¢g, in the presence of NaCl or amino acids are
available for comparison. Exceptions include volumetric data for p-sorbitol in aqueous 2
and 4 mol-kg~! NaCl at 298.15 K reported by Jasra and Ahluwalia and the data for (L-ala-
nine + sorbitol + water) ternary solutions obtained by Jha and Kishore and by Ren et al. [16,
17, 21]. However, the authors measured the densities of L-alanine in fixed concentrations
of aqueous p-sorbitol, not p-sorbitol in fixed concentrations of aqueous L-alanine as in the
present study. Moreover, different temperature ranges and distinctly higher concentrations
of D-sorbitol were studied. Thus, direct comparison of the results is impossible.
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Table 6 The coefficients of Eq. 2 with the corresponding residual standard deviations ¢ for p-sorbitol in
L-alanine aqueous solutions at temperatures 7=288.15, 298.15, 308.15 and 318.15 K

T (K) 10%¢?% (m*mol ™) 1088y, (m3-kg-mol~2) 10% (m*mol™")
Water
288.15 117.38+0.007 (116.94% 116.88°, 117.82°) 1.06+0.034 0.009
298.15 118.68+0.005 (118.62%,118.97°. 119.15°) 0.94+0.020 0.004
308.15 119.82+0.007 (119.95%, 119.68) 0.83+0.028 0.006
318.15 120.84 +0.008 (121.13%, 121.06") 0.66+0.022 0.005
0.05 r-alanine
288.15 117.46 +0.009 1.17+0.030 0.007
298.15 118.73 +0.006 1.01+0.032 0.007
308.15 119.86 +0.005 0.97+0.025 0.006
318.15 120.87 +£0.004 0.74+0.018 0.004
0.1 L-alanine
288.15 117.65+0.008 1.00+0.025 0.006
298.15 118.93+0.008 0.99+0.031 0.007
308.15 120.00+0.008 0.97+0.022 0.005
318.15 120.98 +0.004 0.95+0.020 0.005
0.2 L-alanine
288.15 117.76 +£0.008 0.89+0.024 0.006
298.15 119.04 £0.004 0.81+£0.021 0.005
308.15 120.10+0.008 0.77£0.022 0.006
318.15 121.03 +0.009 0.75+£0.031 0.007
0.3 L-alanine
288.15 117.93 +0.008 0.84+0.024 0.005
298.15 119.14 +0.006 0.83+0.023 0.006
308.15 120.24 +0.007 0.81+0.022 0.006
318.15 121.14 +0.004 0.77+0.021 0.005
“Ref. [18]
PRef. [19]
‘Ref. [20]

As can be seen from Tables 2, 3, 4 and 5 and from Fig. 2, the apparent molar volume
increases with increasing molality of sugar alcohol and also with the amount of co-solute
and with temperature. Irrespective of temperature and molality of amino acid or NaCl, the
concentration dependence of the apparent molar volume of p-sorbitol is very small and
therefore the standard deviations of the experimental slope Sy are relatively high. However,
a decrease of Sy, with temperature and co—solute concentration can be observed. The results
indicate that increasing temperature and increasing molality of amino acid or NaCl make
the solute—solute interactions weaker. Additionally, the values of the experimental slope for
the same molality of co-solute and the same temperature follow the following order:

L-alanine > L-cysteine > L-histidine > sodium chloride

indicating that solute—solute interactions are weakest in the (p-sorbitol + NaCl + water) ter-
nary system.
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Table 7 The coefficients of
Eq. 2 with the corresponding
residual standard deviations
o for p-sorbitol in L-cysteine

T/K 10%¢%, (m*mol ™)

1088y
(m3-kg~mol’2)

10%6 (m*mol™)

0.05 L-cysteine

aqueous solution at temperature
T=288.15, 298.15, 308.15 and

318.15K

288.15 117.52£0.004
298.15 118.85+0.006
308.15 119.95+0.006
318.15 120.93 £0.005
0.1 L-cysteine
288.15 117.71£0.009
298.15 118.98 +£0.007
308.15 120.00+0.007
318.15 121.00+0.008

0.2 L-cysteine

288.15 117.84+£0.005
298.15 119.08 +£0.005
308.15 120.14+£0.003
318.15 121.09 +0.005
0.3 L-cysteine
288.15 117.99 £0.005
298.15 119.24+0.003
308.15 120.29 £0.005
318.15 121.23+0.008

0.87+0.010
0.85+0.018
0.74+£0.026
0.70+0.027

0.79+£0.027
0.74+£0.021
0.70+£0.014
0.66+0.026

0.74+£0.029
0.69+0.021
0.67+£0.015
0.62+0.016

0.73+£0.024
0.61+£0.017
0.61+0.021
0.57+0.015

0.003
0.004
0.006
0.006

0.007
0.005
0.003
0.006

0.007
0.004
0.003
0.003

0.005
0.003
0.005
0.004

Table 8 The coefficients of Eq. 2 with the corresponding residual standard deviations ¢ for p-sorbitol in
L-histidine aqueous solution at temperature 7=288.15, 298.15, 308.15 and 318.15 K

T/IK

10%¢%, (m*mol ™)

1088y, (m3kg-mol~2)

10% (m>-mol™")

0.05 L-histidine

288.15 117.57+0.007
298.15 118.87 +0.006
308.15 119.97 +0.004
318.15 120.93 +0.004
0.1 L-histidine
288.15 117.77 +0.005
298.15 119.02 £0.006
308.15 120.07 +0.004
318.15 121.05 +0.005
0.2 L-histidine
288.15 117.99 +0.005
298.15 119.22+0.004
308.15 120.27 +0.005
318.15 121.20+0.006

0.86+0.019
0.71+0.021
0.64+0.018
0.46+0.015

0.73+0.029
0.62+0.015
0.59+0.022
0.51+0.017

0.52+0.015
0.50+0.014
0.49+0.016
0.46+0.018

0.003
0.005
0.004
0.003

0.006
0.003
0.005
0.003

0.004
0.003
0.004
0.004
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Table9 The coefficients of Eq. 2 with the corresponding residual standard deviations ¢ for p-sorbitol in
NaCl aqueous solution at temperature 7=288.15, 298.15, 308.15 and 318.15 K

T/IK 10%¢9 (m*mol ™) 10°-8y, (m3-kg-mol2) 10% (m*-mol ")
0.05 NaCl
288.15 117.61 +0.008 0.84+0.024 0.006
298.15 118.92+0.006 0.73+0.016 0.004
308.15 120.03 +0.006 0.58 +0.020 0.004
318.15 121.01+0.005 0.52+0.012 0.003
0.1 NaCl
288.15 117.78 £0.005 0.52+0.021 0.005
298.15 119.05+0.004 0.50+£0.012 0.003
308.15 120.11+0.005 0.49+0.018 0.004
318.15 121.08+0.005 0.39+0.017 0.004
0.2 NaCl
288.15 118.09 +0.006 0.48+0.015 0.004
298.15 119.28 +0.005 0.43+0.016 0.004
308.15 120.32+0.005 0.40+0.016 0.004
318.15 121.27+0.006 0.38+0.015 0.004
0.3 NaCl
288.15 118.32+0.004 0.43+0.010 0.002
298.15 119.51+0.007 0.38+0.010 0.003
308.15 120.52+0.004 0.36+0.015 0.003
318.15 121.44+0.007 0.32+0.015 0.003

An examination of the data also reveals that the limiting apparent molar volumes of D-
sorbitol are positive and increase with increasing molality of amino acid or sodium chlo-
ride, as well as with increasing temperature. The limiting apparent molar expansibilities
(09 / 6T)p and their second derivatives (0%¢, / 6T2)p, presented in Table 10, were calcu-

lated by fitting the q,’)% data, as a function of temperature, into the following equation:

) =Ag+AT+A,T? (3)
using the least-squares method, where A\, A, and A, are constants. As is seen, the values
of the limiting apparent molar expansibilities for all the systems studied are positive. This
suggests that the temperature increase causes the liberation of solvent molecules from the
solvation layer of p-sorbitol, thereby increasing the total volume of the system. Moreover,
the fact that the limiting apparent molar expansibility values decrease with rising tempera-
ture indicates that at higher temperatures this effect is weaker.

The calculated values of the second derivate (aqug / ()Tz)p are negative. Therefore,

according to Hepler’s method of examining the sign of the second derivate for solute in
terms of the structure-making or structure-breaking nature of the solute in mixed solvent
systems, D-sorbitol is a structure breaker in water, as well as in aqueous amino acid and
sodium chloride [22].

Figure 3 presents the limiting apparent molar volumes of transfer of p-sorbitol, Atd)o R
versus molalities of L-alanine, L-cysteine, L-histidine and NaCl. The values of Atqb% from
aqueous to aqueous co-solute solutions were calculated as:
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Table 10 Limiting apparent molar expansibilities and the second-order derivatives of ¢, for p-sorbitol in
L-aniline, L-cysteine, L-histidine and NaCl aqueous solution at temperatures 7=288.15, 298.15, 308.15 and
318.15K

my (mol-kg™) 10 (94 / 0T) | (m*K~"-mol™") (1 I(I);zlr( ot 10° (0°¢%, / 072),
: : (m”-K™*mol™")

/K 288.15 298.15 308.15 318.15
Water

0 0.136 0.122 0.109 0.095 0.0064 —0.0014
L-alanine

0.05 0.134 0.120 0.107 0.094 0.0024 —-0.0013

0.1 0.136 0.119 0.102 0.086 0.0029 —0.0017

0.2 0.135 0.117 0.100 0.082 0.0088 —0.0018

0.3 0.131 0.115 0.100 0.084 0.014 —0.0016
L-cysteine

0.05 0.140 0.122 0.104 0.087 0.017 —0.0018

0.1 0.133 0.117 0.101 0.085 0.011 —0.0016

0.2 0.130 0.115 0.101 0.086 0.010 —0.0015

0.3 0.130 0.115 0.100 0.085 0.013 —0.0015
L-histidine

0.05 0.137 0.120 0.103 0.087 0.0062 —-0.0017

0.1 0.129 0.116 0.102 0.089 0.016 —0.0013

0.2 0.129 0.114 0.099 0.085 0.0075 —0.0015
NaCl

0.05 0.138 0.121 0.105 0.089 0.010 —0.0016

0.1 0.132 0.117 0.102 0.087 0.018 —0.0015

0.2 0.123 0.112 0.100 0.088 0.010 —-0.0012

0.3 0.124 0.110 0.097 0.084 0.015 —0.0013

A = ¢% (H,0 + co-solute) — ¢, (H,0) 4)

It has been established by Shahidi, Farrell and Edward that the limiting apparent molar vol-
ume of a hydrophilic solute in water can be divided into two terms as:

¢y = Vin =110 5)
where V,, is the intrinsic molar volume, ¢ is the shrinkage in the volume due to hydrogen
bonding between water and the hydrophilic solute and n denotes the number of hydrogen
bonding sites [23]. Moreover, the intrinsic molar volume V;, consists of the van der Waals
volume and the associated void or empty volume. For dilute solutions, it is reasonable to
assume that the intrinsic molar volume is nearly constant with respect to concentration.
Thus, the observed positive volume change accompanying the transfer of p-sorbitol from
water to aqueous amino acid or NaCl solution may result from a decrease in the shrinkage
in volume because of solute co-solute interactions. Additionally, the increasing values of
the limiting apparent molar volumes of transfer with molality of NaCl or amino acid reveal
that the interactions resulting in the dehydration of the sugar alcohol increase with the con-
centration of co-solute.
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Fig.3 The limiting apparent molar volumes of transfer of p-sorbitol versus molalities of L-alanine (a),
L-cysteine (b), L-histidine (¢) and NaCl (d). Symbols the same as in Fig. 1

As can be seen from Fig. 3, at all temperatures studied for all systems, the values of the
limiting apparent molar volumes of transfer are in the following ascending order:

L-alanine > L-cysteine > L-histidine > sodium chloride

indicating that the strongest solute co-solute interactions occur in the (D-sorbi-
tol + NaCl 4 water) ternary system.

The interactions between D-sorbitol and L-alanine, L-cysteine, L-histidine and NaCl in
aqueous solutions can also be explained on the basis of the co-sphere overlap model [24].
According to the model, when two molecules approach each other, their hydration co-
spheres overlap and the physico-chemical properties of the solution, such as limiting appar-
ent molar volume, change. The possible types of interactions between solute and co-solute
are:

(1) hydrophilic—ionic interactions between hydrophilic groups of solute and ions of co-
solute;

(2) hydrophobic—ionic interactions between the hydrophobic alkyl chain of solute and ions
of co-solute;

(3) hydrophilic-hydrophilic interactions between the hydrophilic groups of solute and the
hydrophilic groups of co-solute;

(4) hydrophobic-hydrophobic interactions between the hydrophobic alkyl chain of solute
and the hydrophobic alkyl chain of co-solute;

(5) hydrophobic-hydrophilic interactions between the hydrophobic alkyl chain of solute
and the hydrophilic groups of co-solute.
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It is obvious that in solutions of D-sorbitol in aqueous amino acids all five types of
interactions are possible, while in solutions of p-sorbitol in aqueous sodium chloride only
two types of interactions, i.e. (1) and (2), can occur. Hydrophilic—ionic interactions and
hydrophilic—hydrophilic interactions result in positive values of the limiting apparent molar
volumes of transfer, whereas hydrophobic—ionic, hydrophobic—hydrophobic and hydropho-
bic—hydrophilic interactions result in negative Algb‘\), values. The observed positive values
of Atd)(\)/ suggest that for p-sorbitol in aqueous NaCl interactions of type (1) and for p-sorbi-
tol in aqueous amino acids interactions of types (1) and (3) are predominant.

Figure 4 presents the limiting apparent molar volumes of transfer for p-sorbitol versus
molalities of L-alanine and NaCl at 298.15 K together with the literature data for p-sorbitol
in aqueous L-glycine and sodium chloride [18, 21]. For clarity, the experimental values of
Atd)(\), for p-sorbitol in aqueous L-cysteine and L- histidine solutions are not shown. As is
seen from Figs. 3 and 4, p-sorbitol displays highest positive values of the limiting appar-
ent molar volumes of transfer in aqueous L-glycine, the smallest amino acid studied, while
lowest values of Atqbg, are observed in L-alanine, the most hydrophobic amino acid stud-
ied. Comparison of the limiting apparent molar volumes of transfer of p-sorbitol between
amino acids of the same alkyl chain length, i.e. L-alanine, L-cysteine and L-histidine, indi-
cates that A[d)(\), is determined by the hydrophilic residues of the amino acid. According
to the hydrophobicity scale of amino acids proposed by Kapcha and Rossky, L-histidine
is more hydrophilic than L-cysteine. This results in stronger hydrophilic—ionic and hydro-
philic—hydrophilic interactions between p-sorbitol and L-histidine than those between
p-sorbitol and L-cysteine, leading to more positive values of the limiting apparent molar
volumes of transfer [25].

As mentioned above, the experimental data on Atqﬁg for p-sorbitol in aqueous sodium
chloride are consistent with that in literature. Moreover, the observed values of the lim-
iting apparent molar volumes of transfer for that system are lower than those for (p-sorb-
itol + L-glycine + water). This is clearly the result of the strong hydrophilic—hydrophilic
interactions between D-sorbitol and L-glycine which do not take place between sugar
alcohols and NaCl.

In line with the proposition of Friedman and Krishnan, according to which the ther-
modynamic transfer properties of solutes in dilute aqueous solution are determined by
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solute and co-solute interactions without the consideration of solute—solute interactions,
and in conformity with the McMillan—-Mayer theory, the limiting apparent molar vol-
ume of transfer can be expressed as:

Ay = 2V, + 3V (6)
where V,, and V,; are the pairwise and triplet interaction coefficients, respectively, and
my, is the molality of the co-solute [26, 27]. Table 11 presents the values of the volumetric
interaction coefficients of b-sorbitol in aqueous L-aniline, L-cysteine, L- histidine and NaCl
solutions obtained in the present study. As is seen, in all cases the pairwise interaction
coefficients are positive while the triplet interaction coefficients are negative. In general,
the magnitude of volume interaction coefficients decreases with rising temperature. The
fact that the pairwise interaction coefficients are positive and larger in magnitude than the
triplet interaction coefficients suggests that the volumetric properties of the studied solu-
tions are determined by the strong interactions between D-sorbitol and the amino acids or
sodium chloride and that these interactions dominate over triplet interactions. Moreover,
the decrease of volume interaction coefficients with rising temperature indicates that pair-
wise interactions, as well as triplet interactions, become weaker at higher temperatures.

3.2 Acoustic Properties

The experimental values of molality, sound velocity and apparent molar compressibility
at 298.15 K of the solutions of p-sorbitol in aqueous L-alanine, L-cysteine, L- histidine
and NaCl are reported in Tables 12, 13, 14, and 15. As is seen, the values of sound veloc-
ity increase with increasing molality of sugar alcohol, both in water and in the aqueous
solutions of amino acids or sodium chloride. This suggests that as the molality increases,
intermolecular hydrogen bonds between p-sorbitol and water and intramolecular hydrogen
bonds within p-sorbitol molecules themselves become stronger, resulting in a more ordered
solution. Moreover, for solutions with the same molality of p-sorbitol, an increase in sound
velocity with growing concentration of co-solute is also observed. This suggests that asso-
ciation among the molecules of the solution becomes stronger as the amount of amino acid
or NaCl in solution increases.

The apparent molar compressibilities, ¢gg, of D-sorbitol in the ternary systems were
calculated from the densities and the sound velocities of the solutions according to the
equation:

b (dyKs — dKY) | MK
7 mdd, d

)

where Kg and K(S) denote isentropic compressibilities of the solution and solvent,
respectively.

The isentropic compressibility Kg was obtained from density and sound velocity values
using the Laplace equation:

1
Kg= —
N ud (8)

As can be observed in Tables 12 and 15, the values of the apparent molar compressibili-
ties are negative for all the systems studied. This indicates a decrease in compressibility

@ Springer



1815

Journal of Solution Chemistry (2018) 47:1794-1823

ST0+80— LLOOFLET 6C0F 11— 91'0F9'1 0€0FS1— 91'0F07C G80°0FEST— Y€0°0FSTT [OeN
0C0F90— 2S0'0F60°1 CCO0FSI T — PO 0F LY'1 ST00F8ET— 010'0F90C 0T0+FCT— €P0'0F 81T  QuUIpnsIy-1
LTOFE0— 090'0F8L0 STOF60— YIOFIT CCOFYI— LTOFST STOFSI— 0I'0FL1 QUISAO-T
CC0F10— ZIo+¢so 1€0FY0— LT'0OF80 LEOF60— (ANl 6C0FL0— [ANIEA Quruere-1
SI'8I¢ SI'80¢ S1'86C S1°88C /L
_[ow- 3y W owr-3y- W _[ow- 3y W owr-3y- W ._[ow-_ 3y .w owr-3Y- W ._[ow-_ 3y . w ow-3y- . w

(lowBran) G owdran)  (low Bt owdra)  (ow Sy owdra)  (lowBru)  (jowdru) ;

A0T A-g0T Ag0T Ag0T A0T Ag0T Ag0T A40T punodwon

A SI°81¢ PUB S1°80¢

‘G1°86C ‘S1°88¢ =.[ 21xmeradwa) Je uonnjos snoanbe [DJeN pue auIpnsIy - ‘QUIISAd-T ‘QUIfIUL-T UI [0}IGI0S-A JO SJUAIOLYR0d uonderajur 9V 4 9ordin pue V4 ‘meq || ajqer

pringer

As



1794-1823

Journal of Solution Chemistry (2018) 47

1816

® = n

amssaid [ejuownadxe jo Ajurersooun prepuels pue < _Sy-[ow [00°0=(u)n Liejow Jo AuUrelsoun pIEpuE)s < _s-w ¢0=(m)n 3 10°0=(L)n e n moucmmcoomw Wwavmww
68— 96'6¢ST 6¥1¢°0 v'6— TTOLSI L66T°0 L'6— $9°TCST °€6T°0 §0I— 96'61SI woe0 901 — S9°LIST L91€°0
T6— Teeesl Y9LT0 1'0I— 069¢ST 629C°0 €0I— €€0csl 1LSTO I'IT— TELIST 1L9T°0 I'IT— LOSIST 8LT0
86— 6£0¢ST 02eT0 S0I— 00%esT €020 80— S9°LIST 891T°0 9'TT— 89¥IST 08CT0 VL= CTTTIST 89€T°0
1'0T— 90°8¢ST 8L61°0 TII— L6'1TST 9881°0 €1r— SSGIST SY81°0 0Cl— 05TIST 610 8 11— 996051 9861°0
L0T— 199¢S1 LYLT'0 VI — €70TST 1991°0 9 11— 0¢VIST SSo1°0 TTl— 9I'TIST L0 €TI— 01'80S1 IvL1T°0
L0l — PL'STST 1291°0 9 11— 08°6ISI 09S1°0 L'TI— 9¢¢lIsT IST0 ¢l — TTOIST 18S1°0 €Cl— ST908T [25480)
Y11= TPeTst Y9210 I'CI— 8C°LIST 8611°0 €TI— 80'TISIT S911°0 L'TI— TL°LOST LOTT°0 6Tl — TO'SOST €LTI0
L'TT— S¥Icsl 80L60°0 STI— €9°6ISI 76600 9T — 0¥'60ST ¥1160°0 0'¢l— C6'SOST 9L£60°0 Tel— S0e0sT 81,6070
0CI— 610cSIT 018L0°0 §TI— 09vISI ¥68L0°0 9Tl — T¥'80S1 6S9L0°0 €€l— 6610ST 8€6L0°0 el — 0TCoST £7¥80°0
TCl— 6l'61SI 862900 0¢cl— ¥eelslt 91650°0 €el— SO0LOST £0SS0°0 L€l — 6L'¢0ST 101900 9'¢l— 080081 ¥2€90°0
L'TI— €€8I61 696¥0°0 0 €l — 0SCIST €L9Y0°0 9 €l — ¥ C0ST L0TE00 8¢l — ¥6C0S1 CI8¥0°0 6'cl— 066V 020%0°0
— 00°SIST 00000 - 0v'60ST 00000 - EV'E0ST 00000 - 8L'66v1 00000 - 699671 00000
=30 ¢ =3Yow 7 =30 =3ow 00 Iorem

(N[O )  (_SW)  (_BHI0W)  (N-{_[oW-)  (_sw) (_BY0W) (,_NF_[oW-)  (,_sw) (_BY10W) (,_N-_[oW-)  (,_sw) (_BHow) (_N-_[ow-w)  (_sw) (_Srow)
.01 n w .01 n w .01 n w .01 n w .01 n w

3 S1°86¢ =L 21meradua) Je suonnjos snoanbe suruere-1 Ut [031qI0s-a Jo saNI[Iqissaidwoo rejowr juaredde pue sanIodO[RA PUNOS YL, g1 d|qeL

pringer

Qs



1817

Journal of Solution Chemistry (2018) 47:1794-1823

®, = n
amssaxd [eyuswirradxe Jo Ajure)raoun piepuels pue nTmM.ﬁoE 100°0=(uw)n Ajrejow jo Ajurejooun plepuels fsw Grro=(mn Iy 10°0=(L)n e n S:Emtoomw me?mmww
88— 0£'8¢SI €10€°0 98— L8VTSI S61€°0
€6—  L9SESI €290 06— SSTCSI 9€87°0 86— I1'1CSI 991€°0
66— TOEEST ¥TTT0 88— LTIESI $90€°0 96— 8€6ISI 6770 01— TS8ISI T8LT0
TOI—  69°0¢ST 1681°0 T6—  +9'8TSI 08970 €0I—  LTLIST 60070 80I— SSGIST LTETO
S0I— 8€6CSI £€691°0 01— T0'9¢ST 85TT0 901— LYGIST T9LT°0 TII—  9¢€IsT £661°0
801~  Sh'8TST 08S1°0 TOI—  1L°€TST 8T61°0 601~  6LYIST 1291°0 9II—  €0TIST €8L1°0
I'TI—  $0'9T6T 20210 LOT—  6€T1TST YLST'0 vII—  0FTIST T8I0 0CI— 80°TIST 0£91°0
PII—  €THsl LEE6O'0 SII— 106181 S0T1°0 81— 6L0ISI $001°0 STI—  T980SI 65C1°0
PII—  €TECs] 106L0°0 91— $LLIST 9101°0 0CI—  9L'60ST €7¥80°0 6TI—  €890SI €L860°0
LTI—  L61TST L66S0°0 81— 0S9IST ¥2€80°0 TTI—  8¢'80S1 €900 6CI—  SES0ST ¥LILO0
T~ 0I'TCsT TL9Y0'0 TT - 0TSIST 0££90°0 ¥TI—  09°L0ST TTISO0 TEI—  8FH0OST LTE90°0
- $6'LISI 00000 - 00TISI 00000 - 8THOSI 00000 - $E£00SI 00000
=3y-Jow ¢°0 =3 Jow 770 =3y[ow 170 1=3¥-Jow 600
(N, _our- ur) (N, _our- ur) (=N _[owr- ur) (=N _owr- ur)

Sipo01 (su)n (_Syom) w

$g.,01

(jsw)n (;_Sy-jouwr) w

Sip o1 (sw)yn (_Syjom) w

$l...01

(j_sw)n (_Sy-our) w

3 ST'867 =1 2mmeradwa) je suonnjos snoanbe aure)s£o-1 ur 031qI10s-a Jo senIiqissardurod rejow juaredde pue sonroo[ea punos oyJ, €| 3|qeL

pringer

As



Journal of Solution Chemistry (2018) 47:1794-1823

1818

®, = n
amssaxd [eyuswirradxe Jo Ajure)raoun piepuels pue nTmM.ﬁoE 100°0=(uw)n Ajrejow jo Ajurejooun plepuels fsw Grro=(mn Yy 10°0=(L)n e n mosc_mtoomw mew.mmww
98— 67 EST SLIEO 101 - 11°1¢S1 £90€°0
06— 98°'1€S1 €8LT°0 68— 91°6TS1 8€0€°0 901 — €T'8IS1 0£92°0
76— ¥8'8TS1 6£€T°0 S6— L8°TTST €L9T°0 TI- $9°GIGT SETTO
86— 16°92S1 T661°0 ToI— 60°0TST 0¥TT0 91— S9'EIST SE61°0
o1 - 91°STST ¥8LI°0 90— v6'LIST 0161°0 611— TITIst SOLT'0
01— 614CST 9€91°0 801 — 19181 7891°0 0cTI— 80'TIST 1SST°0
Lo1— €9°1CS1 ¥STI'0 PI= PLEIST 1221°0 vTr— 96'80ST 67C1°0
- S8°61SI 76860°0 81— 091181 9€160°0 Lel— 0TLOST $7960°0
Y- 06'81S1 1L£80°0 0CI— 950151 1S8L0°0 el — S09081 LYSLOO
91— TSLIST 662900 0TI - 8¢605 1 £9090°0 €er— TTSOST 98590°0
6'11— 0S'9161 EPLYO0 €TI— SS'80ST €LLYO0 Ser— 6£ 7051 €7€50°0
- 9¢€IST 00000 - 9%°'50S 1 00000 - 68°00ST 00000
=3y ow 770 =3y-Jow 170 1=3¥-Jow 600
A_-z._.mma.mev (N, _fowr- ur) (=N _[our- ur)
$..,01 (j_s-un) n (;—B3-Jour) w $g.,01 (j_su)n (;—3y-Jour) w Sl 01 (j_su) n (;_By-Jou) w

3 ST'867 =L 2rmeraduwad) je suonnjos snoanbe auIpnsIy-1 ur [031qI0s-d Jo saniiqissardwos sejour juaredde pue soNIOO[oA punos 9y, | 3|jqel

pringer

Qs



1819

Journal of Solution Chemistry (2018) 47:1794-1823

®, = n
amssaxd [eyuswirradxe Jo Ajure)raoun piepuels pue nTmM.ﬁoE 100°0=(uw)n Ajrejow jo Ajurejooun plepuels fsw Grro=(mn Yy 10°0=(L)n e n mu:Emtoomw me?mmww
8= €0'EESI S€9€°0 TOI—  IL€TST 121€°0 86— 89'1CSI LLTEO
8= $I'8¢SI 8710 L'8— I8°6CSI ¥81€°0 901—  61'0CSI 91970 TOI—  ¥6'8ISI 9L8T°0
L'8=  6L¥ESI £€86C°0 06— TEITSI SL9T0 L0T— 008IST 10€T0 60—  €6IST TIPT0
I'6— 9S1€ST 11520 §6— IL€CST 9LTT0 0TI—  S9GISI 9561°0 TI—  $S€IsT 09070
€6—  €1'6TSI 29120 96— 11TTSI 14020 I'TI—  TEPIST 65L1°0 SII—  TITISI YP81°0
6= LSLTST Se61°0 L'6= 88°0CSI 0981°0 €I1—  TIEIST 8LST0 LTI—=  LO'TISI ¥891°0
96— TTITSI 9€LT0 01— TT8IST 149280} 9II—  €60IST 6¥1°0 611—  S$80S1 0I€1°0
86— 00¥CSI LOVT0 S0I—  TI'9ISI 62110 81— 6060SI $6960°0 T~ $$9081 T001°0
1'01—  89°1CST 6501°0 90I— 06VIST 87160°0 ['CI—  0080ST £0080°0 STI—  99°60S1 8£980°0
TOI—  T90TsT L8680°0 LOT—  9¥€IST 62CL00 TTU—  $6'90S1 78£90°0 9T~  8THOST 0%$90°0
01—  CTO6IST £7590°0 0OTI—  0STIST ¥1LS0°0 STI—  66S0ST $68+0°0 LTI—  9€€0ST 8C1S0°0
- 6LYISI 00000 - $8'80SI 00000 - T87T0SI 00000 —  90°00ST 00000
=3y-Jow ¢°0 =3 Jow 770 =3y[ow 170 1=3¥-Jow 600
(N, _our- ur) (N, _our- ur) (=N _[owr- ur) (=N _owr- ur)

Sipo01 (su)n (_Syom) w

Sip o1 (su)yn (_Syom) w

Sip o1 (sw)yn (_Syjom) w

$l...01

(j_sw)n (_Sy-our) w

3 ST'86¢ =L 2meradwa) Je suonnjos snoanbe [JeN U [031q10s-a Jo sanifiqissardwos sejour juaredde pue sonIoo[oA punos 9y, S| 3|qel

pringer

As



1820 Journal of Solution Chemistry (2018) 47:1794-1823

Table 16 The coefficients of Eq. 9 with the corresponding residual standard deviations ¢ for p-sorbitol in
L-aniline, L-cysteine, L-histidine and NaCl aqueous solution at 7=298.15 K

m, (mol-kg™") 10" ¢y (m>N~"-mol™!) 10" 5, (m>kg-N~1-mol~?) 106
(m>N~Lmol™")

Water

0 —14.3+0.11 (- 14.29% 12.0+0.48 0.13
L-aniline

0.05 —14.3+0.09 12.4+0.30 0.08

0.1 -13.9+0.09 14.2+0.47 0.12

0.2 -13.7£0.12 10.5+0.42 0.11

0.3 —13.1£0.15 14.2+0.51 0.14
L-cysteine

0.05 -142+0.14 14.2+0.53 0.13

0.1 —13.2+0.05 14.6+0.28 0.15

0.2 —13.0+0.04 13.9+0.57 0.14

0.3 -12.6+0.13 12.3+0.47 0.13
L-histidine

0.05 —14.1+£0.06 13.2+0.24 0.06

0.1 —13.0+0.12 12.8£0.44 0.11

0.2 —12.4+0.10 12.2+0.37 0.10
NaCl

0.05 —13.4+0.10 10.6£0.30 0.09

0.1 -12.7+0.13 8.6+0.40 0.11

0.2 —11.4+0.09 8.4+0.30 0.09

0.3 —10.8+£0.03 6.8+0.14 0.04
*Ref. [19]

of the solution compared with the pure solvent, as a result of strong solute and solvent
interactions.

The apparent molar compressibilities were found to increase linearly with the molality
of p-sorbitol. Thus, the apparent molar isentropic compressibilities at infinite dilution were
obtained by using the method of linear regression of the following relation:

Pis = Py + Sgm 9)
Table 16 presents the parameters of Eq. 9 together with the value of the limiting apparent
molar compressibility of D-sorbitol in water obtained by Banipal et al. [19]. As is seen, the
data from the present study is consistent with that from literature. To the best of my knowl-
edge, no literature data on the compressibility data of p-sorbitol in aqueous amino acid or
NaCl solutions is available for comparison purposes.

The values of the limiting apparent molar compressibilities of D-sorbitol increase
(become less negative) with the increase in molality of co-solute. Obviously, this is the
result of the fact that when sugar alcohol is dissolved in aqueous amino acid or salt solu-
tion, interactions between co-solute and water and between water molecules themselves
are disrupted and interactions between solute and co-solute and between solute and water
are formed. Thus, with increasing concentration of co-solute, more water molecules are
released into the bulk solution and the solution becomes more compressible.

@ Springer
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Fig.5 The limiting appar- 4
ent molar compressibilities of
transfer of p-sorbitol versus
molalities of L-alanine (filled cir-
cles), L-cysteine (filled squares),
L-histidine (filled inverted
triangle) and NaCl (filled square)
at298.15 K
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The obtained values of qb%s were used to calculate the limiting apparent molar com-
pressibilities of transfer of p-sorbitol from aqueous to aqueous amino acid or sodium chlo-
ride solutions according to the equation:

Atqﬁ%s = %S (HZO + co—solute) - ¢%S (HZO) (10)
Figure 5 presents the limiting apparent molar compressibilities of transfer of p-sorb-
itol versus molalities of L-alanine, L-cysteine, L- histidine and NaCl. It can be seen
that the A[¢10<S values are positive, they increase with the concentration of the co-sol-
ute and they may be arranged in the same ascending order as A[d)?/ values, i.e. L-ala-
nine < L-cysteine < L-histidine < sodium chloride. The results obtained from acoustic stud-
ies are in accordance with the results from volumetric studies discussed earlier. They
support the conclusion that the hydrophilic—ionic and hydrophilic-hydrophilic interactions
in solutions of D-sorbitol in aqueous amino acids are predominant, while the properties
of solutions of D-sorbitol in aqueous sodium chloride are determined by hydrophilic—ionic
interactions. Moreover, the absence of hydrophobic—hydrophobic and hydrophilic—hydro-
phobic interactions in the ternary system (p-sorbitol + NaCl + water) results in more posi-
tive values of the limiting apparent molar properties of transfer.

4 Conclusions

The limiting apparent molar volumes and the limiting apparent molar compressibilities of
transfer have been determined for the transfer of p-sorbitol from water to aqueous solutions
of L-alanine, L-cysteine, L-histidine and NaCl. Positive A, @) and A¢% values have been
obtained in all cases, and their magnitude increases with increasing concentration of co-
solute, indicating the domination of hydrophilic—ionic interactions in solutions of p-sorb-
itol in aqueous sodium chloride and the co-domination of hydrophilic—ionic and hydro-
philic—hydrophilic interactions in solutions of D-sorbitol in aqueous amino acids. As the
obtained values of the limiting apparent molar expansibilities are positive and decrease as
the temperature rises, these dominating effects also increase with rising temperature.
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The fact that the highest values of the limiting apparent molar volumes and the limiting
apparent molar compressibilities were obtained for the (p-sorbitol +NaCl+ water) ternary
system indicates that interactions between solute and co-solute in this system are stronger
than in (p-sorbitol +amino acid 4 water) mixtures. Moreover, the order of Atqbg, and Atqﬁgs
values obtained for p-sorbitol in aqueous solutions of L-alanine, L-cysteine and L-histidine,
i.e. three amino acids with the same alkyl chain length, strongly suggests that the strength
of alcohol sugar and amino acid interactions is determined by the hydrophobicity of amino
acid.

The fact that the pairwise interaction coefficients are positive and of greater magnitude
than the triplet interaction coefficients supports the conclusion that the properties of the
studied solutions are determined by the strong interactions between p-sorbitol and amino
acids or sodium chloride.
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