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ABSTRACT: Four surfactants, namely, sodium #n-decyl
sulfate (SDeS), sodium n-hexadecyl sulfate (SHS), sodium
n-dodecyl sulfate (SDS), and Triton X-100, were used as
additives to study thermal behavior and sol-gel transfor-
mations in dilute aqueous hydroxypropyl methyl cellulose
(HPMC) /surfactant mixtures using micro-differential scan-
ning calorimetry. The influence of anionic surfactant, SDS
on the gelation varied with SDS concentration where the
sol-gel transition started at a higher temperature. Shape of
the thermograms changed from single mode to dual mode
at the SDS concentration of 6 mM and higher. SDeS and
SHS, however, resulted in “salt-in” effect of a different

magnitude during gelation. Triton X-100, being a non-ionic
surfactant, showed a minor “salt-out” effect on the
thermo-gelation process. On the basis of different thermal
behavior of anionic and non-ionic surfactant/HPMC sys-
tems, a mechanism is proposed explaining how the chemi-
cal structure and electro-charge of the surfactants affect
the polymer/surfactant binding and polymer/polymer
aggregation because of hydrophobic interaction during the
sol-gel transition. © 2009 Wiley Periodicals, Inc. Journal of
Applied Polymer Science 113: 2887-2893, 2009
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INTRODUCTION

Amphiphilic nature of surfactants grants them special
properties to introduce interactions with water-soluble
polymers, especially those with hydrophobic seg-
ments/blocks. As far as ionic surfactants are con-
cerned, reduction in surface tension and electrostatic
interaction are the two main driving forces that induce
variance of aggregation patterns and phase change in
water-soluble polymers in aqueous media.'”

Because of a range of applications in pharmaceuti-
cals, cosmetics, and food industry,3'4 behavior of
aqueous mixtures of cellulose derivatives and surfac-
tants has generated considerable interest among
research community. Strong tendency of a surfactant
to self-aggregation induces changes in the thermal
behavior of cellulose derivatives during the sol-gel
transformation process.”” With priority binding to
hydrophobic side chains of a polymer in an entropy-
driven process, surfactant molecules tend to aggre-
gate easily around such hydrophobic segments of
the polymer in an aqueous environment. This pro-
motes integration between the polymer chains and/
or causes solubilization of the amphiphilic polymer
to certain extent during the process.”
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Hoffmann et al. investigated the effect of anionic
surfactants such as sodium dodecylsulfate (SDS) and
sodium tetradecylsulfate (STS) on the gelation of
hydroxyethyl cellulose (HEC) and modified HEC sam-
ples with cationic groups (cat-HEC) or with a cationic
and hydrophobic group (cat-HMHEC).® Kastner et al.
reported that on the addition of an oppositely charged
surfactant, modified HEC solutions showed an asso-
ciative phase separation at certain concentration of the
surfactant followed by re-solubilization with excess
surfactant concentrations.” The cationic and hydro-
phobic parts of the modified HEC interacting synerg-
istically with anionic surfactant molecules led to better
viscoelastic properties than that of cationic HEC under
the same conditions. According to Evertsson and Nils-
son,®> hydrophobically modified ethyl hydroxyethyl
cellulose (HM-EHEC) self-associates and forms poly-
meric micelles in semi-dilute solutions. Significant rise
in the micro-viscosity and reduction in the micro-
polarity were observed upon successive addition of
SDS.> Minor non-cooperative SDS binding to HM-
EHEC started at low concentration of SDS (<5 mM)
followed by a highly cooperative binding region at
SDS concentration of >5 mM. In general, monomeric
surfactants and the composition of the formed micellar
aggregation between the bound surfactant and the
hydrophobic segments induce ali§nment of polymer
chains as physical cross-link sites."

The propensity of oppositely charged surfactants
and polyelectrolytes (polymers) to bind together is
governed by the critical aggregation concentration
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(CAQ). Thus, CAC relates to the concentration of the
aggregation of surfactant and polymers together. The
strong surfactant/polyelectrolyte interaction may
lower the CAC value and counteract solubility of both
components resulting in formation of gel because of
associative phase separation.'"' In the case of surfac-
tant/non-ionic polymer mixtures, significant interac-
tions occur only after the surfactant concentration
reaches its CAC value,® whereas the free surfactant
molecules continue to bind to the polymer through
adsorption or cluster formation until the state of satu-
ration is reached. It is supposed that the non-ionic
polymer will change into a polyelectrolyte-like poly-
mer when ionic surfactant molecules are adsorbed
onto the polymer via its hydrophobic tail. The electro-
static repulsions between ionic heads of the surfactant
molecules result in conformational changes of the
polymer chains and the microstructure of the corre-
sponding gel.”'® As far as the ionic surfactants are
concerned, anionic surfactants generally cause viscos-
ity to increase in comparison with cationic surfactants
because of stronger synergic interactions in a poly-
mer/surfactant mixture; and the effect varies with dif-
ferent chain length in a homologous series of
surfactants.'”®

Hydroxypropyl methylcellulose (HPMC) being a
widely used cellulose-based polymer, its interaction
with various surfactants has been of research focus. In
this article, the effects of three anionic surfactants;
namely, sodium n-dodecyl sulfate (SDS), sodium
n-decyl sulfate (SDeS), sodium n-hexadecyl sulfate
(SHS), and one non-ionic surfactant, Triton X-100, on
thermal behavior of HPMC hydrogels are investi-
gated. The purpose of the study is to determine effects
of chemical structure and electrostatic properties of
these surfactants, on the sol-gel transition behavior of
HPMC during heating. The possible mechanisms that
affect the sol-gel transitions in HPMC/surfactant
systems are proposed through the variations in the
chemical structure, molecular binding and the sur-
face-active properties of the surfactants. Explanations
are provided based on the different modes of molecu-
lar interaction in polymer-surfactant binding and
polymer—polymer hydrophobic association. Discus-
sions are related to the energy input to the polymer/
surfactant systems. This work is expected help in
accurately proposing a type and quantifying the addi-
tion of a surfactant to HPMC to suit an application. It
will also highlight the specific energy requirements
for gelation of surfactant-HPMC mixtures.

EXPERIMENTAL STUDIES
Materials

The HPMC ({[CsH;0,(OH)3..,(OCH3).(OCH,CHOH-
CH,),In} used in this work was purchased from
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Sigma-Aldrich (USA). Its molecular weight (M,,) was
86,000 and its 2-wt % aqueous solution has the vis-
cosity of 4000 mPa s at 20°C. The average degrees of
substitution (x) and (y) of methyl (CH3) and hydrox-
ypropyl (C3H;O) groups were 1.8-2.0 and 0.2,
respectively. The HPMC was dried overnight at
60°C in vacuum and stored in a desiccator before
use. SDS (C12H25NaSO4), SDeS (C10H21NaSO4), and
Triton X-100 (C34Hg2041 for x = 10) were purchased
from Sigma-Aldrich. SHS (Cy6H33NaSO,) was or-
dered from Alfa Aesar, a Johnson Matthey Company
(USA). The de-ionized (DI) water was obtained
using Alpha-Q Millipore (Bedford, MA) water puri-
fication system.

Sample preparation

An aqueous solution of 1.00 wt % HPMC was pre-
pared by dispersing appropriately weighed HPMC
powder into DI water under stirring. The formed
mixture was stored in a refrigerator (4°C) for 24 h
until a homogeneous and transparent solution was
obtained. Various surfactants were added in pre-
determined concentrations into the HPMC solutions
and the mixes were stirred overnight. All the sam-
ples were stored in the refrigerator before any
measurements.

Micro level thermal measurements

A differential scanning calorimeter (VP-DSC MC-2
microcalorimeter, MicroCal, USA) was used to study
the thermal behavior of the HPMC/surfactant solu-
tions. The procedure included heating the sample
from 20 to 100°C and then cooling back to 20°C,
both at the scanning rate of 1°C/min. DI water was
used as the reference for all measurements. Before
each test, the sample and reference cells (each hav-
ing 0.516 mL capacity) were thoroughly cleaned and
the instrument was calibrated. The relative heat
capacity (C,) was recorded during upscan (or the
heating segment) after giving due consideration to
the volume of the samples used. As a normal prac-
tice, DSC results were obtained after subtracting the
results for the reference fluid, the DI water.

RESULTS AND DISCUSSION

It is generally regarded that changes in C, with tem-
perature (T) could be used to describe the thermo-
gelation process or the sol-gel transitions for cellu-
lose-based systems.'” The onset and offset gelation
temperatures correspond to the starting point of ris-
ing and the end point of diminishing C,-T curves,
commonly known as thermograms, observed during
DSC measurements.



THERMAL BEHAVIOR AND SOL-GEL TRANSFORMATIONS 2889

12

HPMC
SDS2mM
SDS4mM
SDSEmM
SDSBmM
SDS10mM
SDS12mM

ASG OO

Relative Cp (J/L"C)

Temperature ("C)

Figure 1 Relative heat capacity as a function of tempera-
ture for 1 wt % HPMC solutions with different concentra-
tions of SDS.

Effect of SDS

The thermograms of HPMC/SDS solutions with dif-
ferent SDS concentrations recorded by micro-DSC
during heating process are shown in Figure 1. With-
out SDS, the thermogram of the HPMC solution
showed a low peak with its temperature at 61°C.
With the addition of SDS, the area under the curve
(or the enthalpy) and the position of the maximum
or peak C, changed. At the SDS concentrations of 2
and 4 mM, the peaks of the thermogram shifted
slightly to lower temperatures. It may be said that
the addition of SDS in such low concentrations had
a slight “salt-out” effect on gelation of HPMC. The
C, values and the enthalpy for the SDS/HPMC solu-
tions, however, increased significantly as compared
to the pure HPMC solution. Other researchers also
observed a similar phenomenon for a SDS/MC sys-
tem.” In the case of 4 mM SDS/HPMC solution, the
curve also registered a higher offset temperature.
With SDS concentration of 6 mM, not only the peak
of the corresponding DSC curve appeared at slightly
higher temperature when compared with the pure
HPMC solution, but also the onset of the sol-gel
transition delayed and occurred at a higher tempera-
ture. The thermogram stood out with its peak much
higher than the other SDS/HPMC mixtures. This
shows that the SDS concentration of 6 mM had a
significant and peculiar influence on the gelation of
HPMC. At the SDS concentration higher than 6 mM,
the sol-gel transition started at even higher tempera-
tures. Although, the shape of the thermograms
changed from single mode to dual mode with the
addition of SDS, the change was very distinct for
SDS concentrations of 8 mM and above. Each of the
8, 10, and 12 mM thermograms spread over a

broader temperature range, but with a reduced
height of the peaks. Such drastic change in the gela-
tion process for HPMC above the SDS concentration
of 6 mM gave the indication that 6 mM be consid-
ered as the CAC value in the presence of HPMC.

By drawing logical inferences from the DSC obser-
vations made and taking some clues from the previ-
ous work of our group," schematic diagrams as in
Figure 2 illustrating interaction between HPMC and
SDS as well as the gelation of HPMC/SDS system are
constructed. Figure 2(a) shows solubilized HPMC
because of the formed water cages around the hydro-
phobic side chains. This is an entropy-driven process
and occurs at low energy levels. As discussed earlier,
the presence of SDS in low concentrations have minor
effect on the gelation temperature for HPMC. The
entire gelation process occurs almost in a similar man-
ner as for HPMC without any additives. First, the

Figure 2 Schematic diagrams showing molecular interac-
tion between HPMC and SDS: (a) HPMC with bound
water cages; (b) HPMC with partially displaced water
cages by the attached SDS molecules at the concentration
below 6 mM; (c) HPMC saturated with SDS at its concen-
tration between 6 and 8 mM; (d) induced aligning of
HPMC with SDS concentration higher than 8 mM; (e)
induced aggregation of hydrophobic parts of HPMC at the
elevated temperature; and, (f) the final network structure
of HPMC gel. (@~_J represents polar head and
hydrophobic tail of a surfactant molecule. Hollow
circles represent water molecule and the long contin-

uous lines depict HPMC molecules).
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Figure 3 Relative heat capacity as a function of tempera-
ture for 1 wt % HPMC solutions with different concentra-
tions of SDeS.

water cages are broken upon heating and the hydro-
phobic association of HPMC chains leads to a
systemic aggregation bringing about the sol-gel tran-
sition.”! The only difference is the increase in a transi-
tion energy at 2 and 4 mM SDS. Below 6 mM
concentration, SDS molecules exist mostly as mono-
mers. Some of the SDS molecules bind to the hydro-
phobic segments of the HPMC chains and eventually
displace part of the bound water surrounding the cor-
responding hydrophobic segments of HPMC; refer
Figure 2(b). Although the energy requirement for
breaking the water cages before any gel formation
starts, is reduced, higher energy and longer time are
required to dismantle the bound surfactant molecules
off the hydrophobic segments of the HPMC chains to
cause proper gel formation. Thus, the relative heat
capacity of the SDS/HPMC mixtures and the corre-
sponding offset temperatures increased quantitatively
in the presence of SDS.

When the SDS concentration is at its CAC value of 6
mM, binding of SDS to hydrophobic segments of
HPMC occurs either through adsorption or through
cluster formation until saturation because the forma-
tion of SDS/HPMC complex is energetically more
favorable than the formation of SDS micelles. The crit-
ical micellization concentration (CMC) of SDS is ~ 8
mM for a binary SDS/water system.”” For SDS con-
tent between CAC (6 mM) and CMC (8 mM), surfac-
tant molecules continually bind to the available
hydrophobic sites of HPMC as either monomeric sur-
factants or partial micelle-like aggregations [Fig. 2(c)].
At the SDS concentration above 8 mM, a large amount
of SDS molecules in the solution induce intermolecu-
lar aggregation of HPMC after binding themselves to
the hydrophobic sites on the polymer chains as
depicted in Figure 2(d). Such binding occurs at a tem-
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perature lower than the onset gelation temperature
and continues until the saturation of the HPMC mole-
cules with SDS; this was verified by other researchers
through the measurement of the conductivity of simi-
lar system.” With temperature increasing further, the
hydrophobic association between neighboring HPMC
chains progresses until it reaches the saturation state
inducing partial formation of the gel network. How-
ever, the entire process results in “salt-in” effect above
8 mM concentration of SDS. The first endothermic
peak in the thermograms therefore appears at a
higher temperature. With the temperature rising fur-
ther, these bound surfactant and water cages get
detached from the hydrophobic parts of HPMC
exposing them to water. Consequently, intermolecu-
lar association between HPMC molecules starts to
occur through physical association of hydrophobic
groups [Fig. 2(e)]. At this stage, there are still some
formation of SDS micelles float around. As the forma-
tion of gel network progresses, mobile species like the
SDS micelles, the dismantled surfactant molecules,
and water molecules, begin to get trapped within the
formed cell-like structure of the gel [Fig. 2(f)]. This gel
formation process attributes to the second peak in the
thermograms. In the end, all surfactant and water get
imbibed into the gel network, which develops into a
well-stabilized entity at the offset temperature.

Effect of SDeS

Figure 3 shows the thermograms for HPMC with
SDeS added in. It is reported that the CMC value for
SDeS in aqueous solution is 33 mM.* Because the
objective was to study and compare behaviors of
surfactants at concentrations below and above CMC,
SDeS was used in three concentrations, 20, 30, and
40 mM.

With the addition of SDeS at these three concen-
trations, i.e. 20, 30, and 40 mM, a strong “salt-in”
effect was observed in the thermograms and the ge-
lation of HPMC/SDeS mix occurred at higher tem-
peratures. As shown in Table I, the occurrence of the

TABLE I
Temperature at Highest Relative C,(C, pear) with
Various Surfactant Concentrations

Surfactant concentration Temperature at

(mM) Cp-reak (°C)
HPMC - 61.8
HPMC+SDeS 20 62.3
30 71.0
40 81.3
HPMC+SHS 0.2 61.3
1.0 63.1
HPMC+Triton 0.1 61.0
0.2 60.8
1.0 60.0
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Figure 4 Relative heat capacity as a function of tempera-
ture for 1 wt % HPMC solutions with different concentra-
tions of SHS.

Cppeak On the thermogram shifted to a temperature
20°C higher than for the surfactant-free solution.
Although the shape of the thermograms had only
one peak, the temperature range for the sol-gel tran-
sition became narrower with the increase in the con-
centration of SDeS. Like SDS, SDeS, having a polar
head and hydrophobic tail, has propensity to bind to
the hydrophobic segments of HPMC. In the current
study, because of its higher CMC concentration, the
bound SDeS granted high-density electrostatic inter-
actions of repulsive nature allowing more surfactant
shells around the HPMC resulting in the higher
onset gelation temperature as additional energy
input was essential to break these shells.

Effect of SHS

The thermograms of HPMC in the presence of SHS
are presented in Figure 4. With the addition of 0.2
mM SHS, the onset temperature for the HPMC solu-
tion did not change. The peak of the thermogram
appeared at a temperature slightly lower than that
for the pure HPMC solution, and a higher C, was
registered. It should be noted that SHS concentration
of 0.2 mM is lower than its CMC, which is at 0.45
mM of SHS in aqueous solutions.?*?® Thus, the addi-
tion of SHS had the similar influence as that of SDS
at low concentrations. With the increase in SHS con-
centration from 0.2 mM to 1.0 mM, gelation of the
HPMC solution started at a higher temperature, the
behavior similar to for SDeS/HPMC mixtures.
The corresponding thermogram shifted slightly to
the right side although the peak of the thermogram
appeared nearly at the same temperature for the
SHS-free HPMC solution.

It may be noted that dual peaks were found at the
SDS concentrations above its CAC. However, only
single peaks were observed for SDeS and SHS at
their respective concentrations above CAC. This is
primarily because of the different hydrophobic alkyl
chains and aggregation properties of these three
surfactants, which also leads to different activation
energies. The difference on the alkyl chain plays a
great role in causing variance of CAC and/or CMC,
which indicates that the aggregation of surfactants
and polymers is influenced by the chemical structure
of the surfactants.

Effect of triton

The ionic surfactant induce strong electrostatic inter-
actions when introduced in neutral polymers while
interactions between non-ionic surfactants and neu-
tral polymers are very weak.***> Hydrophobic asso-
ciation and hydrogen bonding thereof are the main
interactions involved in the aggregation/dismantling
of polymer/non-ionic surfactant systems.”® As seen
in Figure 5, when Triton X-100 was introduced into
the aqueous solutions of HPMC, the gelation pat-
terns exhibited a different trend when compared
with those observed for anionic surfactants (SDS,
SHS, and SDeS). With the addition of Triton in dif-
ferent concentrations, ie. 0.1, 0.2 and 1.0 mM, a
minor “salt-out” effect (about 1.8°C as reported in
Table I) was observed and the HPMC gelation
occurred at lower temperatures. The enthalpy
change in the gelation process was much less when
compared with the anionic surfactants. It is reported
that the CMC value for Triton X-100 in aqueous so-
lution is ~ 0.2 mM.* At the Triton X-100 concentra-
tion up to its CMC, the enthalpy increase during
sol-gel transition was not significant. Above CMC,

4

—s—HPMC

—o—Triton 0.1 mM

w
T

—<—Triton 0.2 mM

——Triton 1.0 mM
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Temperature C)
Figure 5 Relative heat capacity as a function of tempera-
ture for 1 wt % HPMC solutions with different concentra-
tions of Triton.
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relatively higher C, (C,.peax) Was noticed. However,
shape of the thermogram was very similar to that
for the surfactant-free HPMC solution. This essen-
tially points out to the weak interaction between the
surfactant and the polymer. In addition, this may be
attributed to the absence of any dominating electro-
static interaction, as Triton X-100 molecules have no
polar head.

Electrostatic effect

As seen in Figure 2(b) for SDS, some of the fully
integrated water cages get broken partially when
some SDS molecules get attached to the hydrophobic
segments of HPMC. As a result, such partially
“caged” hydrophobic segments of HPMC show
some polarity because of the polar heads of the
attached SDS molecules. The electrostatic repulsion
of the bound SDS hinders the movement of the
approaching HPMC chains in the neighborhood. As
such, more energy is then required to overcome
these phenomena and dismantle the surfactant/poly-
mer aggregation.

The different strengths of electrostatic repulsion
for SDeS and SHS molecules, as shown schemati-
cally in Figure 6(a,b), seemed to be the key factor in
determining the behavioral differences during the
thermally driven sol-gel transitions in HPMC-surfac-
tant mixtures. The strength of the electrostatic repul-
sion and its variation for SDeS and SHS (it is much
higher for SDeS) affect the processes of inducing mi-
celle like aggregation and dismantling of the bound
surfactant. This, in turn, influences the gelation,
decides the thermogram pattern, and determines the
overall enthalpy for the sol-gel transition.

Considering its non-ionic nature, the addition of
Triton X-100 did not introduce any electro-statically
repulsive interactions among the surfactant molecules
[Fig. 6(c)] at the time when the hydrophobic segments
of HPMC were coming closer. Consequently, energy
required for dismantling any aggregation of the sur-
factant molecules was much less, which was also due
to the lower CMC of Triton X-100.

Increased energy requirement

With the addition of either anionic or non-ionic sur-
factant, the bound surfactant around the hydrophobic
parts of HPMC requires more energy to induce align-
ment of the polymer chains and dismantle the micel-
lar structure. This automatically raises the energy
requirement for the system. The magnitude of it, is
however controlled by two phenomena: one, the in-
tensity of the aggregation of surfactant molecules at
the hydrophobic parts of the polymer, and two, the
strength of the electrostatic repulsion produced by the
surfactant. Both these phenomena were weakly pres-
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Figure 6 Interaction between surfactant-bound HPMC
molecules: (a) SDeS; (b) SHS; (c) Triton. (@ represents

polar head of surfactant molecule and, <« repre-
sents electro-static repulsion.).

ent for Triton X-100 and therefore, only a slight
increase in the peak C, and the enthalpy were seen.
In contrast, anionic surfactants raised the energy
requirements for the HPMC gelation.

CONCLUSIONS

This study demonstrated that the thermal behavior of
HPMC hydrogels is affected by addition of surfac-
tants. The effect, however, varied for anionic (SDS,
SDeS, SHS) and non-ionic (Triton X-100) surfactants.
Anionic surfactants increased the energy barrier of
the sol—gel transition because of their priority binding
to the hydrophobic parts of HPMC inducing polar
outshells, which hinder the free access to HPMC
chains at elevated temperature. The non-ionic
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surfactant showed much less influence on the gelation
of HPMC solution. Difference in the chemical struc-
ture and electrostatic interaction between the surfac-
tant and HPMC molecules determined the thermal
energy requirements for sol-gel transitions in the ter-
nary mixtures of surfactant/HPMC/water.
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