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Summary. The apparent molar volume (¢,) and viscosity (1) of L(+)-arabinose, D(+)-galactose,
D(—)-fructose, D(+)-glucose, sucrose, lactose, and maltose in water and in 0.1% and 0.3% water-Surf
Excel solutions were measured as a function of solute concentrations at 308.15, 313.15, and 323.15K,
respectively. The apparent molar volume (¢,) of the carbohydrates was found to be a linear function of
the concentration. From a ¢, versus molality (b) plot, the apparent molar volume at infinite dilution
(¢7), which is practically equal to the partial molar volume at infinite dilutions (\_/;) of these substances
was determined. The viscosity coefficients B and D for the carbohydrates were calculated on the basis
of the viscosity of the solutions and the solvent using the Jones-Dole equation. The activation free
energy for viscous flow (AG”) of the solutions was also calculated using the Eyring equation. The
carbohydrates showed structure making behaviour both in water and in water-Surf Excel solutions.
When water-Surf Excel solutions and pure water solutions containing carbohydrate molecules are
compared, the former were found to be more structured. The behaviour of these solutes in water
and in water-Surf Excel solution systems is discussed in the light of solute—solvent interactions.

Keywords. Apparent molar volume; Viscosity coefficient; Activation parameters; Hydrogen bonding.

Introduction

Surfactant molecules in water solutions at low concentration exist in monomeric
form and behave like normal electrolytes or non-polar molecules. However, on
increasing concentrations of the surfactant an abrupt change in several physico-
chemical properties of the solution is observed. Typical examples of these proper-
ties are osmotic pressure, electrical conductance, surface tension, viscosity, and
apparent molar volume. This behaviour of surfactant solutions is due to the for-
mation of multi-molecular aggregates, called micelles [1]. Micelle formation is a
typical hydrophobic process [2]. In water, surfactant molecules with their long
hydrophobic tails undergo hydrophobic hydration. The concentration at which
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the micelle first appears is referred to as the critical micelle concentration (CMC).
Above this concentration micelles are in dynamic equilibrium with the monomeric
form of the surfactant in the bulk phase. Surfactants in water solutions generally
form spherical micelles just above the CMC and associate further to form rod-like
micelles at higher concentrations.

Carbohydrates play an important role in animal and plant life. Understanding of
the behaviour of these molecules in water and in water-surfactant solution systems
is of utmost importance in biological and pharmaceutical science. The hydration of
carbohydrate is reported to depend on the percentage of axial and equatorial hy-
droxyl groups. It is more favourable when the hydroxyl group is in an equatorial
position [3, 4]. Hydrogen bonding plays an important role in the interaction of
components in water and in water-surfactant solution systems for polar non-elec-
trolyte molecules. If a carbohydrate molecule is introduced into water and into
water-surfactant solutions, the formation of carbohydrate-water and carbohy-
drate-surfactant hydrogen bonds will depend, to a large extent, on the spacing
and orientations of the polar group of the carbohydrate molecules relative to the
—OH geometry in water [5]. A large number of researchers [6—11] worked on such
properties like apparent molar volumes, adiabatic compressibilities, specific heats
etc. for carbohydrates in different concentration ranges. The results obtained by
these studies differ for the same carbohydrate and thus the behaviour of carbohy-
drate molecules in solution systems can not be described conclusively. Although
some volumetric and viscometric results on carbohydrate molecules in water alone
are available, no volumetric and viscometric data are yet available for carbohydrate
molecules in water-surfactant (Surf Excel) solution systems. Here, we report
the effect of some carbohydrates on the structure of water and water-Surf Excel
solution systems using the apparent molar volume and viscosity coefficient data.
Commercial detergent, Surf Excel, is supposed to form micelles in water. Micelle
formation forces water to be in a specific structural form depending on surfactant
concentration and temperature. This forced structure (for surfactant) and the
normal structure of water may be perturbed by the highly polar carbohy-
drate molecules. This perturbation is expected to affect the volumetric and visco-
metric properties to a high degree. This type of study on simple systems,
sometimes, provides very useful information about the structure of many complex
systems.

Results and Discussion

Carbohydrates are polyhydroxy aldehydes and ketones. Due to the presence of a
large number of —OH groups, they are highly polar and are hydrated easily. The
polarity of the carbohydrate molecules depends on the orientation of the hydroxyl
groups in the molecule. The carbohydrates included in this study are L(+)-arabi-
nose, D(4)-galactose, D(—)-fructose, and D(4)-glucose as monosaccharides and
sucrose, lactose, and maltose as disaccharides.

The composition range for all carbohydrate systems were 0.20—1.00 molkg ~ .
The concentration dependence of the apparent molar volumes (¢,) in water and in
0.1% and 0.3% water Surf Excel solutions has been measured at the temperatures
308.15, 313.15, and 323.15 K. The data are tabulated in Table 1 and representative
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Fig. 1. Plots of apparent molar volumes (¢,) versus molality for (a) arabinose (solid line) and
galactose (dotted line) in water; (b) arabinose (dashed line) and galactose (dashed-dotted line) in
water — 0.3% SE solutions at 308.15, 313.15, and 323.15K

plots are shown in Fig. 1 (because of a very similar behaviour no plots are shown for
the carbohydrates in 0.1% SE and for D(+)-glucose, D(—)-fructose, and maltose in
water and in water — 0.3% SE solutions). It appears from Fig. 1 that ¢, is dependent
on the carbohydrate concentration as well as on the temperature in water and in
water-SE solvent systems. Plots of ¢, vs. molality of the carbohydrate molecules
show a linear relationship except for L(+)-arabinose in water and in water-SE
solvent systems and sucrose in 0.3% water-SE solvent systems. This relation also
holds at higher temperature, the ¢, value is also found to be higher at least at the
three chosen temperatures. The value of ¢, increases with the increase in molality of
the carbohydrate suggesting that solute-solvent interactions increase with the
increase in molality of the carbohydrates in solution. At a fixed Surf Excel concen-
tration and temperature, the increase of ¢, with the concentration of added carbo-
hydrates in the studied molality range (0.20-1.00molkg ') may be due to a
change in micellar shape from roughly spheroidal aggregates to spherocylindrical
aggregates. The ¢, of L(+4)-arabinose in water and in 0.1% and 0.3% water-SE
solvent systems rises initially, reaches a maximum and then decreases (Fig. 1).
The molality at which the maximum value of ¢, is obtained (¢,,,) also depends
on temperature. As the temperature rises, the value of ¢,,, increases. From this it
may be concluded that L(+)-arabinose has an optimum molality at which the struc-
ture making property reaches its maximum and after that the molality the solute
behaves like a structure breaker. This is most probably due to strong solute—solute
interactions at higher molality where the orientation of the molecule is restricted.
The ¢, value of sucrose in 0.3% water-SE solution decreases with the increase in
molality, reaches a minimum and then starts increasing again (Fig. 2). The initial
decrease in ¢, may be attributed to the destruction of the tetrahedrally bonded water
clusters and after attaining a minimum value, it starts increasing probably due to the
stiffness of the concentrated solution.

The limiting apparent molar volume (¢;) which is taken to be the partial molar
volume (V;) of the carbohydrates in water and in water-SE solutions at infinite
dilution reflects the true volume of the solute and the volume change arising from
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Fig. 2. Plots of apparent molar volumes (¢,) versus molality for (a) sucrose (solid line) and lactose
(dotted line) in water; (b) sucrose (dashed line) and lactose (dashed-dotted line) in water — 0.3% SE
solutions at 308.15, 313.15, and 323.15K

the solute—solvent interactions [12]. The ¢; values are seen to increase with an
increase in temperature (Table 2). The increase of ¢, with temperature in water
and in water-SE systems may be: (i) due to the increase in thermal energy at higher
temperature, the relaxation to the bulk of the electrostricted water molecules from
the interaction regions of —OH and —CH,OH results in a positive volume change;
(ii) that an increase in temperature renders the solute—solute interactions relatively
weaker giving rise to a small negative volume change and (iii) the water—water
interactions decreases with the increase in temperature leading to a small negative
change in volume. The predominance of the positive contributions from (i) may
overcome the small negative contribution from (ii) and (iii) and thus a net positive
change in volume arises.

The value of ¢; for all the carbohydrates studied are found to be higher in
water-SE solutions than in pure water solutions. The variation of ¢; with the
concentration of SE can be rationalized in terms of the cosphere overlap model
[13]. According to this model, the overlaps of the cospheres of two ions or polar
groups and a polar group with that of a hydrophilic group always produces positive
volume changes. On the other hand the overlap of the cosphere of a polar group
with that of a hydrophobic group results in a negative volume change. Here, in the
ternary systems, an overlap of the cosphere of SE-SE and SE-hydrophilic groups
of carbohydrates takes place. The overlap of cosphere of SE gives a positive
change in volume due to the relaxation of the electrostricted water molecules from
its cosphere to the bulk. The overlap of the cospheres of SE with those of hydro-
philic OH groups of carbohydrates results in a positive change of volume. The
positive volume change due to overlap of the cospheres of SE with those of SE and
the hydrophilic part of carbohydrates outweighs the negative volume change due to
the overlap of hydrophobic parts of SE and carbohydrates giving greater ¢; values
in SE compared to that in water. The water—water and water-SE interactions are
assumed to be the same and to produce no considerable change in volume. The
change in ¢; of an additive as a function of surfactant concentration and tempera-
ture may also reflect the change in its environment in the micellar systems. Higher
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temperatures may cause the desolvation of micelles and their counterions providing
thus an easier access for the additive into the more hydrophobic interior of the
micelle. The results may also suggest that carbohydrate molecules prefer to be in a
micellar-like environment where there is less free space than in the carbohydrate in
water environment.

The order of limiting apparent molar volumes (¢;) obtained for the carbohy-
drates in water and in water-Surf Excel solutions are (Table 2):

(i) Monosaccharides: L(+)-arabinose < D(+)-galactose < D(—)-fructose < D(+)-
glucose;
(i) Disaccharides: sucrose < lactose < maltose.

The order of the monosaccharides may be due to the fact that L(+)-arabinose
has less OH groups and carbon atoms in the chain than D(+)-galactose, suggesting
that galactose is comparatively more hydrated than arabinose. The ¢; values for
glucose at all temperatures are higher than those of galactose and fructose. The
higher ¢, values of glucose suggest that it is comparatively more hydrated than
fructose and galactose. Glucose and galactose are present in form of pyranose with
the difference that in galactose the OH group at the C-4 carbon atom is config-
urationally different from that in glucose. Galactose has a higher percentage of
axial OH groups than glucose and probably for that reason exhibits a lower value of
¢, as compared to glucose [14]. Slightly higher hydration in glucose over fructose
can be ascribed to the six-membered pyranose ring in glucose being more favour-
able for interactions with water compared to the five membered furanose ring in
fructose.

The stereospecific hydration observed in water and in water-SE solution sys-
tems for monosaccharides is also observed in solutions of disaccharides. The ¢;
values of maltose at all studied temperatures are higher than those of sucrose and
lactose, although the difference is not very large. The higher ¢, values in case of
maltose suggest that it is comparatively more hydrated than sucrose and lactose.
Maltose is made up of two glucose units whereas sucrose is made up of one
molecule of glucose and one molecule of fructose and lactose consists of one
molecule of galactose and one molecule of glucose. As mentioned earlier, galac-
tose contains a higher percentage of axial OH groups than glucose. Since maltose
contains two glucose units (higher percentage of equatorial OH) and both sucrose
and lactose contain only one glucose unit, obviously maltose will exhibit higher
values of ¢} as compared to sucrose and lactose. The slightly higher ¢, value in
lactose over sucrose can be ascribed to the six-membered pyranose ring in lactose
being more favourable for interactions with water and the water-SE system than the
five membered furanose ring in sucrose.

The viscosities (1) of the sugars in water and in water — 0.1% and 0.3% SE
solutions were measured at 308.15; 313.15 and 328.15 K respectively. The relevant
data are shown in Table 3 and their representative plots are shown in Fig. 3, as
example. From Fig. 3 it is seen that the viscosity vs. molality curves for all the
systems are almost linear in nature in all the solvent systems. At constant tempera-
ture the value of n increases with the increase in molality of all the studied carbo-
hydrates in all the solvent systems. As the temperature increases the corresponding
viscosity decreases in all cases. It is also found that the values of 7 are higher in
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Fig. 3. Plots of viscosity (1) versus molality for (a) glucose (solid line) and maltose (dashed line) in
water; (b) glucose (dotted line) and maltose (long dashed line) in water — 0.3% SE solutions at
308.15, 313.15, and 323.15K

water-SE solvent systems than in the pure water system. This suggests that carbo-
hydrate molecules prefer to be in a micellar-like environment where there is rela-
tively less free space than in the water environment. The viscosities of all the
carbohydrates are found to increase at a particular temperature in water and also
in water-SE solutions in the order (Table 3):

(i) Monosaccharides: L(+)-Arabinose < D(+)-galactose < D(—)-fructose < D(+)-
glucose;
(i1) Disaccharides: sucrose < lactose < maltose.

From this it is evident that the viscosity of the carbohydrate molecules in
solutions depend on the molecular weight, structural formula and the orientation
of the OH groups in the carbohydrate. This behaviour indicates that the structure of
water existing in pure is affected by the carbohydrate molecules as well as by the
surfactant molecules. Each carbohydrate molecule contains several higher polar
OH groups which appear to be highly associated with the solvent due to strong
intermolecular interactions (hydrogen bonding) and dipole—dipole interactions.
The 7 values of glucose are higher than those for the remaining monosaccharides.
Similarly maltose showed a higher n value than the remaining disaccharide mole-
cules studied. This may be accounted for the presence of a higher percentage of
equatorial OH groups in the glucose unit as mentioned earlier. These observations
from viscosity data are in excellent agreement with those obtained from volumetric
data for all monosaccharides and disaccharides. According to the ‘flickering
cluster’ model of water [15] there are larger voids within the hydrogen-bonded
framework of water. Carbohydrate molecules which form hydrogen bonded species
appear to have a positive interaction with water. These interactions seem to be
strong as is evident from the viscosity vs. molality curves. Thus the carbohydrate
molecules can be classified as water structure maker. This is clearly supported by
the nature of the viscosity B-coefficient data. The values of B-coefficients usually
reflect solute—solvent interactions [16]. A positive value of the B-coefficient cor-
responds to the structure making properties of the solute. On the other hand, a
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negative value of the B-coefficient indicates the structure breaking behaviour of the
solute [17]. The B values of the sugars in water and also in water-SE solutions
are presented in Table 3 at 308.15, 313.15 and 323.15K. Positive B values
have been found in all cases. This is a clear indication of the structure making
property of all the carbohydrate molecules in both the solvent systems. The
B-coefficient values of glucose are higher than those of the remaining studied
monosaccharides. Similarly, maltose has higher B-coefficient values than those
of the remaining disaccharides. It is also observed from Table 3 that the value of
the B-coefficient depends on temperature. Most of the B-coefficient values decrease
with the rise of temperature. This is probably due to greater thermal agitation and
reduction of attractive forces between solute—solvent systems [18]. Increase of
some of the B-coefficient values with the rise of temperature may be due to the
inter-penetration effect which brings the molecules closer together. The increase of
B-coefficients of carbohydrates with the increase of Surf-Excel molality reveals
that these carbohydrates gain progressively a more structured environment as Surf-
Excel molality is increased. In ternary (H,O 4 Surf-Excel 4 carbohydrates)
solution, Surf-Excel polar group interactions disrupt the less structured region
around them and the water molecules move to the more structured bulk region,
resulting in an increase in viscosity B-coefficients. The Surf Excel-carbohydrates
and Surf-Excel — Surf-Excel interactions progressively enhance the overall micel-
lar structure of the solution as the molality of SE is increased reflecting the increase
in B-coefficient values.

The D-coefficient value represents the solute—solute interactions coupled with
the size and shape effect of the solute and to some extent the solute—solvent
interactions. Due to the lack of adequate theoretical knowledge, its significance
is not fully understood [13]. In the present study no regularity in D-coefficient
values were found in most of the systems. Except L(+)-arabinose and D(—)-
fructose all the values of D-coefficients are positive. These positive D values
may represent the increase in viscosity with solute concentration due to some
additional factors other than the solute—solvent interactions (B-coefficient). The
negative value of the D-coefficient indicates that the increase in viscosity with
the solute concentration may be due to some eliminating factors other than the
solute—solvent interactions which imparts negative contribution to the increase in
viscosity.

It can be seen from Table 4 that the free energy of activation (4 G”) is positive
for the viscous flow of all investigated sugars in all concentration for all the solvent
systems at all temperatures. AG” increases with the increase in solute concentra-
tion and decreases with the rise of temperature. This behaviour of AG” suggests
that positive work is required to create holes for viscous flow and to weaken the
solute—solvent and solvent—solvent interactions at higher temperature due to ther-
mal agitation. The positive value of AH” increases with the increase of solute
composition (data not shown). This indicates that to overcome the energy barrier
more positive work has to be done. Thus the viscous flow is not favoured for all
the carbohydrate molecules in solution systems. This may be due to the fact that
the ground state of the binary and ternary systems is more organized than the
transition states. The systems have to traverse these transition states during the
viscous flow.
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Conclusion

Apparent molar volume and viscosity data on carbohydrate molecules in water and
in water-SE solution systems reveal the following:

1. The molecules L(+)-arabinose, D(+)-galactose, D(—)-fructose, and D(4)-
glucose exhibit structure making behaviour in water and in water-SE solution
systems. Arabinose is less hydrated compared to the other monosaccharides
studied.

2. The disaccharides sucrose, lactose, and maltose exhibit structure making behav-
iour in water and in water-SE solutions. Maltose is more hydrated than sucrose
and lactose probably due to its higher percentage of equatorial OH.

3. Carbohydrate molecules in water-SE systems are likely to be in a micellar like
environment where there is relatively less free space than in the water environ-
ment. At a fixed SE concentration and temperature, increasing the concentration
of added carbohydrate results in an increase in micellar size and weight.

4. The viscous flow of carbohydrate molecules in solutions is not favored. As the
concentration of SE increases the ground state becomes more organized, as a
result the net work necessary to traverse the transition state during viscous flow
increases.

Experimental

L(+)-Arabinose (99%), D(+)-galactose ( > 98%), D(—)-fructose (99%), D(+)-glucose ( > 99%), were
procured from E. Merck. Sucrose (99%), maltose ( > 98%), lactose (99%) were purchased from BDH.
Surf-Excel, a commercial detergent power (India) was procured from a local market at Rajshahi,
Bangladesh. The chemicals with quoted purities were dried first in an oven at 110°C and then at room
temperature in vacuum over phosphorus pentoxide for at least 24 h and were then used without further
purification. Doubly distilled water was used for making up solutions and densities were measured by
using a 5Sml bicapillary pycnometer previously calibrated with water. Viscosity was measured by
means of a calibrated U-type Ostwald viscometer of the British standard institution with sufficiently
long efflux time to avoid kinetic energy correction. Time of flow was recorded by a timer accurate up
to £0.01s. A Mettler PM-200 electronic balance with an accuracy of =4 0.0001 g was used for
weighing. Temperatures were controlled within =+ 0.1°C by a thermostatic water bath.
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