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ABSTRACT: It is generally considered that the H-bonds
are responsible for the stabilization of network of PVA in
water. The major types of intermolecular interactions from
inorganic salts are responsible for the network of poly(vinyl
alcohol) (PVA) and water, which ruptures the multiple H-
bonds between the -OH groups of the polymer chains;
therefore, various ions possessing abilities to affect these
bonds result in salting out. It has been suggested that water
molecules in the region of ionic hydration spheres must
have strong orientation preferences, which could consider-
ably restrict their ability to reorient and form hydration

shells around nearby nonpolar solutes and thus affect the
microstructure. In this article, our primary objective was to
study the variation of surface tension, as it reflects the
change in short-range forces. Apart from this, we have also
studied the surface tension behavior with the variation of
concentration and temperature for different molecular
weights of PVA. © 2004 Wiley Periodicals, Inc. ] Appl Polym Sci
93: 122-130, 2004
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INTRODUCTION

To the separation scientists, the combination of solu-
bilizing properties of the water-soluble polymer mol-
ecules and inorganic salts is an interesting area in the
field of extraction and fractionation.'” Several liquid-
phase extraction technologies employing phase-form-
ing polymers in aqueous solution have the potential to
replace volatile organic compounds in classical sol-
vent extraction technologies. In this connection, we
have chosen poly(vinyl alcohol) (PVA), as it is well
known for its interesting behavior and its versatile
applications.’ In water, there exist two possible inter-
molecular interactions among PVA chains or between
PVA and water, as follows: (1) H-bonding between
modified hydroxyl groups on PVA chains and (2)
H-bonding between the —OH groups of PVA and
water molecules.

As short-range forces are as important in determin-
ing the effect of particular salts on nonelectrolyte so-
lution behavior as long-range electrostatic forces, the
study of surface tension is very important. Surface
tension arises from the geometrical unbalance of the
force fields acting on the molecules in the interface.
The molecule itself is interesting in a structural bond-
ing point of view, as well as its geometry, considerably
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longer than its width, and the study of surface tension
will be quite effective in partitioning of aqueous bi-
phasic systems.*® The water-mediated interactions of
polymer molecules and salt ions are sensitive to the
solute size and shape, ion charge density, and salt
concentration.®”

In this article, we have concentrated our studies
regarding surface tension mainly on the following
three aspects: (1) chemical nature and concentration of
the surface-active polymer of different molecular
weight; (2) temperature; and (3) effect of addition of
chaotropic agents to the PVA solution of different
molecular weights.

EXPERIMENTAL

PVAs of different molecular weights (14,000, 125,000
and 72,000) are procured from SD Fine Chemicals
(India) and Aldrich. For all solutions, distilled water
purified in a Millipore water purifier (Milli-Q-gradi-
ent) is used. All the other reagents are of laboratory
grade. The measurements are made with the Dynamic
Contact Angle Tensiometer (DCAT 21), from Data-
physics. Aqueous solutions of PVA 0.001 to 0.3%
(W/V) are taken for the present study.

RESULTS AND DISCUSSION
Variation of surface tension with concentration

The surface tension of a system is governed by the
usual thermodynamic variables and primarily by the



SURFACE TENSION OF POLY(VINYL ALCOHOL)

75

123

70

o, D [0}
(4] o (3,
1 L

Surface tension, mN/m

(5]
o
U

45 -

40

0 05 1 15

2 25 3 35

Concentration { %)

Figure 1 Variation of surface tension of PVA, M,, 72,000 with concentration.

chemical nature of the components present in the sur-
face phase. Because of the presence of —OH groups,
PVA has the capability of H-bonding with its solvents
and decreases their surface tension as other surface-
active agents.®”'” The surface activity phenomenon is
qualitatively explained from its molecular picture (i.e.,
the nature of its monomeric unit, its orientation, and
overall distribution in solvent medium as well as in-
teraction with the solvent molecules). For PVA solu-
tions, both species, PVA (solute) and water molecules,
are free to migrate and exert attractive forces of attrac-
tion on their immediate neighbors. Because of the
basic difference in their structure and relative interac-
tion with the neighboring molecules in the solution,
the fields of attractive forces exerted by the PVA mol-
ecules will be different from those exerted by water
molecules. In the bulk solution, PVA molecules re-
main at a higher free-energy state because of the large
association tendency of water molecules among them-
selves through H-bond. Hence, PVA always has a
tendency to migrate from bulk to the surface (i.e., at a
low free-energy state). The statistical accumulation in
the surface of those molecules with weaker fields re-
sults in a lowering of surface-free energy. It can be also
correlated with the Gibb’s adsorption equation:

B cdy
~  RTdc

(Considering the activity coefficient is unity)

The accumulation of PVA on the surface results in
excess positive surface tension values; hence, the sur-

face tension of the PVA solution will be decreased.
With the increase in concentration of PVA, the surface
excess value will be increasing, and thus, the surface
tension trend will be reversed.

Figure 1 shows that there is a decrease in surface
tension with concentration, and no maxima or minima
is observed. At low concentration, the decrease is very
sharp; then, the curve levels off and continues to fall
slowly as the concentration increases. Here, it has been
observed that the decreasing trend is rather low in the
high-concentration range (>0.25%). At low concentra-
tion of PVA (<0.25%), the attraction among the water
molecules results in a water-pulling effect. Here, the
inward attraction of water molecules from the surface
to the bulk is greater than that in a PVA solution of
higher concentration. Hence, an appreciable enhance-
ment to the surface excess value results.

The concentration dependence of the surface ten-
sion values are being studied for the different molec-
ular weights of PVA, and it follows the same trend for
the different molecular weights of PVA studied. Here,
we have presented the variation of surface tension
values for the PVA (0.001 to 3%), of molecular weight
72,000.

Effect of temperature

The surface tension of solutions decreases with an
increase in temperature. With the increase in temper-
ature, heat is absorbed, and as a result, surface is
extended. This heat represents the work necessary to
pull the new molecules into the surface against the
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Figure 2 Variation of surface tension of PVA with temperature: A (M,, 14,000), B (M,, 72,000), C (M, 125,000); (I) 0.001%,
(11) 0.01%, (III) 0.1%, and (IV) 0.25%.
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attractive forces of the interior. Thus, enrichment of
the surface occurs. The variation of the surface tension
with the temperature is shown in Figure 2(A-C) for
the different molecular weights of PVA. It was seen
that, with the increase of temperature, the surface
tension decreases. It is interesting to mention that,
with the increase of concentration, the slope of the line
increases, which means the temperature effect is more
pronounced; as in the case of higher concentration, the
surface enrichment predominantly occurs. The same
trend is observed in the case of PVA of all the molec-
ular weights we have studied (e.g., 14,000, 72,000, and
125,000).

Effect of addition of salts to the PVA solution

In general, hydrophilic polymeric solution (e.g., PVA)
in the presence of salt does not coagulate with the
addition of small quantities of electrolyte. Consider-
able quantities of electrolyte solution added to the
polymeric solution cause the polymer to separate out
from the polymer-rich phase. The fact is often called
salting out. In this case, the coagulation may take place
in such a way that the two liquid phases are formed:
one is polymer-rich with a small amount of electrolyte
and the other one is electrolyte-rich with a small
amount of polymer. De Jong and Kruyt have called

this particular type of coagulation process coacerva-
tion."" The conventional view of salting out is based
on the competition of water of hydration between the
polymer and salt molecules. This causes the loss of
water hydration of the polymer molecules and thus
decreases the solubility in the electrolyte-rich phase.
More recently, it has been shown that in the presence
of chaotropicions (e.g., Cl~, SO,>, etc.) the disruption
of tetrahedral structure of water occurs.'>'® The salts
affect the orientational order on the water that is in-
compatible with that of the directional hydrogen
bonds of the solute displaying a miscibility gap.” From
the neutron diffraction data, Leberman and Soper12
suggest that a similar kind of disordering mechanism
occurs in aqueous solution of ionic salts of different
types, but the size of the effect depends significantly
on the particular ions involved (i.e., the structural
change is ion-specific). They have shown that SO,>~
ions are more effective than Cl™ ions in the disruption
of tetrahedral structure of water. The change in struc-
tural function is as if the pressure of the water has
been increased. In the present case, we are interested
in the effect of surface tension on addition of chloride
and sulfate ion, as the anion appears to dominate the
phase separa’cion.14 At constant temperature, the pres-
sure effect of the water is different for the different
salts. The effect of NaCl addition to the PVA solution
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Figure 3 Effect of surface tension on addition of 30% NaCl solution to PVA, A (M, 14,000), B (M, 72,000), C (M,, 125,000);
(I) 0.001%, (II) 0.01%, (III) 0.1%, and (IV) 0.25%.
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is well reflected from the surface tension study (Fig. 3).
Initially, the effect is due to the salting out effect of
PVA, as addition of sodium chloride facilitates pack-
ing of PVA molecules because of its strong affinity of
water. The increase in salt concentration disturbs the
H-bonding between the PVA molecules and water.
That is why the repulsion between the surface mole-
cules of PVA is minimized and why it facilitates pack-
ing of PVA molecules; thus, the surface is enriched
with the molecules. The surface tension value de-
creases and after completion of salting out the surface
tension value increases because of the addition of
NaCl surface-inactive agent; thus, there is an intersec-
tion between the two lines in Figure 3(A-C). The trend
is quite similar irrespective of the concentration and
molecular weight except the variation of 0.001% for
M, 14,000 [Fig. 3(A)]. In this case, the pattern is re-
versed. It seems that at this concentration, due to more
dilution, the surface tension values increase with the
addition of surface inactive agent, similar to the addi-
tion of NaCl in water. For low molecular weight PVA
(M,, 14,000), the surface enrichment is enhanced in
comparison to other molecular weights studied here.
That is why the different trend is observed. With the
addition of an appreciable quantity of 30% NaCl
(W/V) (20 mL), the salting-out effect is reflected. In
this case, there is a trend with the molecular weight of

the sample. For M, 14,000 and 72,000, the intersection
occurs at the added volume 15 mL NaCl, but for M,
125,000, it occurs at a lower added volume of 10 mL.
As the molecular weight is higher, there is more
chance of packing with the low volume of NaCl to
salting out. A similar effect was observed in the case of
poly(ethyl glycol) (PEG).> This fact is more pro-
nounced in the case of Na,SO,. For salting out, the
requirement of sodium sulfate is less because the af-
finity of water of sodium sulfate is more than sodium
chloride and is according to the lyotropic or Hofmeis-
ter series of ion, where the effect is more due to the
valency of the ion, 50427 > Cl. Moreover, it has been
also shown from the study of Leberman and Soper'?
that in the case of sodium sulfate, the equivalent pres-
sure is more than sodium chloride. Both sodium and
sulfate ions have significantly smaller partial molal
volumes than water, which suggests that these ions
have a substantial electrostrictive effect on water
structures and so introduce disorder into the normal
tetrahedral coordination of water molecules. Thus, the
salting out effect of sodium sulfate is more than so-
dium chloride. The variation of surface tension with
the concentration is rather the same as in the case of
sodium chloride (Fig. 4). However, it can be also ex-
plained thermodynamically. The effect of salt type
seems to be largely dependent on the anion, which
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Figure 6 Variation of surface tension of PVA, M,, 72,000, on addition of methanol.

makes it the dominant contribution; this is reflected by
its AGhyd.15 The more negative the AG,, 4 of the salt,
the greater the salting-out effect of the salt.

When the temperature of the solution is increased,
there is, in any case, a corresponding pressure in-
crease. That is why the salting-out effect is more prom-
inent in higher temperatures by adding a relatively
small amount of sodium chloride. The temperature
dependence regarding salting out was studied in the
case of PVA (M,, 72,000). As the temperature is kept
higher, it needs a low amount of NaCl to salt out. With
an increase in temperature, the H-bonding between
the PVA molecule and water disrupts and the packing
of molecule enhances apart from the salting-out effect.
The solution of Na,SO, shows the same trend (similar
to NaCl) in the temperature variation study (Fig. 5). In
this case, the volume needed for salting out follows
the order 45°C > 40°C > 35°C > 25°C = 15°C. There
may be some minor volume difference or otherwise
similarity because the H-bonding disruption effect is
not very high in this temperature between 15 and
25°C.

However, we have carried out preliminary experi-
ments on the addition of antichaotropic agents such as
ammonium chloride, which shows salting in rather
than salting out, as both ammonium and chloride ions
have the partial molar volumes close to that of water

(~ 18 cm®/mol). These values do not change appre-
ciably with concentration.'®!” These values affect the
solubility of the polymer, which will be taken up in
our future studies.

The addition of methanol affects the H-bond of the
polymer and water molecules, the phase inversion of
the process. The interaction parameter of methanol
with water is higher than the polymeric interaction
with water. Preliminary studies were carried out
where addition of methanol lowers the surface ten-
sion. It shows no break point, as addition of methanol
always lowers the surface tension (Fig. 6). Moreover,
the nature of the curve is similar to the surface tension
behavior of the methanolic addition of the water, ex-
cept in the initial case, where the surface tension be-
havior is exceptionally high with respect to the surface
tension of the polymeric solution.

CONCLUSION

The study of the surface tension of the polymer
molecules is quite promising as it is the exception of
other surface-active agents. The microstructure of
the polymer molecules is dependent on the molec-
ular weight and temperature. It has been also ob-
served that water-mediated interactions are largely
dependent on the addition of salts. The chaotropic
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ions (viz. chloride and sulfate) have hindered the
interchain H-bonding and results in salting out. The
salting-out effect is temperature- as well as poly-
meric molecular weight dependent. The surface ten-
sion data are quite promising to establish the order
of the Hofmeister series.
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