
Rheological Properties of Methylcellulose Aqueous
Gels Under Dynamic Compression: Frequency Sweep
and Validity of Scaling Law

Madhumita Kundu,1 S. Mallapragada,2 R. C. Larock,3 P. P. Kundu1

1Department of Chemical Technology, Sant Longowal Institute of Engineering and Technology, Sangrur,
Punjab 148106, India
2Department of Chemical and Biochemical Engineering, Iowa State University, Ames, Iowa
3Department of Chemistry, Iowa State University, Ames, Iowa

Received 13 January 2009; accepted 17 January 2010
DOI 10.1002/app.32121
Published online 13 April 2010 in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: The aqueous methylcellulose (MC) gels are
characterized with a dynamic mechanical analyzer (DMA)
under dynamic vertical compression. During the fre-
quency sweeps of MC gels at different temperatures, the
storage modulus is observed to be higher than loss modu-
lus at lower frequencies. Both of the storage and loss
modulus increases with frequency, but the rate of increase
is higher for loss modulus. This leads to the first cross-
over between E0 and E00 during the frequency scan. For
the frequency scan at a high temperature (80�C), a higher
rate of increase is observed in storage modulus beyond
the first crossover frequency. This leads to the second
crossover between storage and loss modulus. Optical mi-
croscopy results indicate the presence of core–shell micro-

structure in aqueous MC gels. The first crossover is
possibly due to the shell–sol transition, whereas the sec-
ond crossover is due to the sol–shell–core transition. The
validity of scaling laws at and around the first-crossover
point (shell–sol transition) is checked. The scaling law is
valid at the first-crossover point, but it is invalid around
it. Alternate scaling equations based on reduced parame-
ters are also used to check the universality. Irrespective of
temperature, scaling laws are valid for reduced parame-
ters. VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci 117: 2436–
2443, 2010
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INTRODUCTION

The thermo-reversible gelation of methylcellulose
(MC) from the aqueous solution was first investi-
gated by Heymann.1 MC gels are semisolid materi-
als, which behave like solid materials in respect of
dynamic mechanical properties. Thus, irrespective of
the temperature or the frequency scan, polymeric
gels generally exhibit higher storage modulus.
Whereas, any liquid exhibits higher loss (damping
or viscous) modulus during dynamic oscillatory
shearing.2 During the transition from sol to gel or
gel to sol state, the damping (E00) and elastic modu-
lus (E0) is expected to be equal or in other words,
the ratio of E0 and E00 would be unity (i.e., tan d
¼ 1). As sol–gel transition involves the change from
one state to another, it is expected that certain prop-
erties, such as, modulus can be scaled universally
around this transition point for certain parameters.
Winter and Chambon3 developed an equation for
the sol–gel transition point at which both E0 and E00

scale with frequency, x or other related parameters.

g0 / e�c for p < pg (1)

E0ðxÞ � E00ðxÞ / xn at pg (2)

Ee / eZ for p > pg (3)

where e ¼ jp�pgj
pg

is the relative distance of a gelling
variable p from the gel–sol transition point pg, and c,
n, and z are the three indexes used during scaling of
zero shear viscosity (g0), crossover modulus, and
equilibrium modulus, respectively. The reported ex-
perimental values of c, n, and z are within the range
of 1.3–1.7, 0–0.1, and 2.0–3.0, respectively.4,5

This study aims at assessing the effect of dynamic
compressive force on the rheological properties of MC
aqueous gels. The earlier reported applicability of scal-
ing law4,5 for rheological parameters was under
dynamic shearingmode. Thus, the present communica-
tion is the first ever report about the applicability of scal-
ing law for dynamically compressed aqueousMCgels.

EXPERIMENTAL

Materials

Central Drug House, New Delhi (India), supplied
laboratory grade MC in powdered form. The viscos-
ity of 2% aqueous MC solution at 20�C as supplied
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by the manufacturer was about 4000 cP. The viscos-
ity average molecular weight of MC was 149,000
and its methoxy value was 26–30%.

Sample preparation

Solution of MC was prepared in deionized (DI)
water by slowly adding MC in warm water (42�C)
with continuous stirring. The solution was cooled
for 12 h to get a clear solution. A Haake K20 circula-
tor was used to cool the solution.

Morphology

The morphology of the gel was studied under an
optical microscope (Digital blue) at 6000�.

Rheological characterization of the
aqueous MC gel

A Perkin-Elmer dynamic mechanical analyzer
(DMA) Pyris-7e with a 110 mN static force and a
110 mN dynamic force was used to carry out rheo-
logical experiments of the gels. Aqueous MC solu-
tions (3 wt %) were taken in the dynamic test kit (a
conical container). The dynamic testing was pro-
grammed in such a way that a sufficient preheating
of the MC solution at a preset temperature of 50–
80�C for a prefixed time was allowed. The time of
preheating was usually 10 min. Other preheating
times such as 3, 7, 15, and 25 min were also used.
The preheating causes gelation of MC in the
dynamic test kit. Thereafter, the test probe was
pressed against the gels (at the preheating

Figure 1 (a) Storage modulus and loss modulus of 3 wt % aqueous methylcellulose gel (for 10 min preheating at 50�C)
as a function of frequency, x at 50�C. (b) Storage modulus and loss modulus of 3 wt % aqueous methylcellulose gel (for
10 min preheating at 55�C) as a function of frequency, x at 55�C. (c) Storage modulus and loss modulus of 3 wt % aque-
ous methylcellulose gel (for 10 min preheating at 60�C) as a function of frequency, x at 60�C. (d) Storage modulus and
loss modulus of 3 wt % aqueous methylcellulose gel (for 10 min preheating at 65�C) as a function of frequency, x at 65�C.
(e) Storage modulus and loss modulus of 3 wt % aqueous methylcellulose gel (for 10 min preheating at 70�C) as a func-
tion of frequency, x at 70�C. (f) Storage modulus and loss modulus of 3 wt % aqueous methylcellulose gel (for 10 min
preheating at 75�C) as a function of frequency, x at 75�C. (g) Storage modulus and loss modulus of 3 wt % aqueous meth-
ylcellulose gel (for 10 min preheating at 80�C) as a function of frequency, x at 80�C.
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temperature) with a 110 mN static force and 110 mN
dynamic force, followed by dynamic compression of
the gel in accordance to the predesigned program
through a PC. For frequency scan, the sample was
dynamically compressed isothermally (at the preset
temperature) with various frequencies and the
change in dynamic properties such E0, E00, and tan d
were recorded against frequency.

RESULTS AND DISCUSSIONS

Figure 1 shows the variation of storage (E0) and loss
(E00) modulus with frequency at various tempera-
tures [50, 55, 58, 62, 66, 76, and 80�C in Fig. 1(a–g),
respectively]. With an increase in frequency, both E0

and E00 increase almost linearly up to a certain fre-
quency, beyond which a steep increase in loss mod-
ulus is observed. Both for polymer solutions and
gels, the increase in modulus with frequency is also
reported by Desbrieres et al.2 With the application of
a dynamic compressive force, it is expected that the
gels will also response with an equal and opposite
force. When the frequency is low enough, the gel
gets sufficient time to relax. Thus, no change in

modulus is observed with an increase in frequency.
The results reported by Li et al.4 at low level of fre-
quency are in expected line. They termed this fre-
quency as quasi-equilibrium frequency. Unfortu-
nately, due to machine limitation, we are unable to
employ a low frequency (<1 Hz) and we have
observed only an increase in modulus during fre-
quency scan. On increasing the frequency, the poly-
mers or gels do not get sufficient time to relax, caus-
ing an increase in the modulus.2 The smooth
increase in modulus with an increase in frequency
will be continued up to the load bearing capability
of the material. As MC is of heterogeneous structure,
hydrophobic associations in solutions or gels are
formed.6–10 These associations start to disintegrate at
higher frequency,2–4 leading to a sudden increase in
loss modulus. At the higher region of frequency, the
storage modulus is expected to fall due to the disin-
tegration of structure. Thus, in higher frequency
region, two opposing factors, namely disintegration
of structure as well as insufficient relaxation of
dynamic force are playing against each other. Thus,
a less steep increase in storage modulus (E0) com-
pared with loss modulus (E00) is observed.

Figure 1 (Continued from the previous page)
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Eventually, with an increase in frequency, a point is
reached where E00 crosses over E0 at a certain fre-
quency. From Figure 1, the value of E0 is found to be
higher than E00 up to the crossover point, beyond
which E00 is found to be higher.

If one passes from the frequency sweeps for the
samples with a low (50�C) to a high (80�C) preheat-
ing temperature [Fig. 1(a–g)], it is observed that the
modulus values at a low frequency (1 Hz) are
increasing with an increase in temperature. The
increase in preheating temperature for a fixed time
period (10 min) allows an increase in the number of
junction joints11 in the gels and hence leads to an in
increase in the gel strengths and E0 values.

On increasing the preheating temperature from a
low to a high value [Fig. 1(a–f)], it is observed that
the crossover point shifts to a higher frequency and
modulus. The gel network formed during preheating
gets distorted by dynamic compressive force at a suf-
ficiently higher frequency. This is due to insufficient
relaxation of the compressive force. Also, the higher
the temperature, the stronger will be the gel network.
Therefore, more force is required for destroying the
gel network. As the gels are compressed dynamically
with the same force, the higher force will be gener-
ated at a higher frequency due to an insufficient
relaxation. Thus, an increase in crossover frequency
as well as modulus is observed with an increase in
the preheating temperatures. But, at very high pre-
heating temperature of 80�C, the sample during fre-
quency scan exhibits a double crossover in E0 and E00

[Fig. 1(g)]. However, the double crossover was also
observed for aqueous MC gels at 45�C.2 However,
these double crossovers in aqueous MC gels were
not properly explained. Probably, the gel strength
explains these double crossovers of aqueous MC
gels. The strength of the gel is derived from two dif-
ferent types of gel structures. The first type of struc-
ture of gel consists of the weakly associated mole-
cules of MC separated apart and the second type is
composed of the highly associated lumps of MC.12,13

In Figure 1(g), a small increase in E0 is initially
observed, followed by the steep increase. In case of
loss modulus, the increase is steep at around the first
crossover, followed by an plateau at around the sec-
ond crossover. In the frequency range between first
and second crossover, the loss modulus is higher
than the storage modulus. This unusual rheological
behavior of MC aqueous gels can be explained by
using the core–shell structure of gels as depicted in
Scheme 1. The core (inner part) consists of highly
associated aqueous MC gel (more hydrophobic), sur-
rounded by the weakly associated MC aqueous shell
(less hydrophobic). The assumption of this type of
structure is originated from the heterogeneous struc-
ture of methylcellulose.6 The major part of the gel
structure consists of the shell at low preheating tem-

perature and the core possibly grows to a bigger size
at the expense of the shell at a higher temperature.
At very high temperature (80�C), the core grows to
such a big size that the majority of the gel structure
consists of the core. The presence of core–shell struc-
ture in gels is further verified from the optical mi-
croscopy of the gels (Fig. 2). The presence of small
beads (core structure) at a low temperature (30�C) is
due to hydrophobic association of MC [Fig. 2(a)].
The small core grows to a bigger size at higher tem-
perature of 80�C [Fig. 2(b)]. Thus, the increase in loss
modulus at the first-crossover point in Figure 1(a–g)
is due to the destruction of the majority structure
(weak shell) of the gels. In Figure 1(g), after the first-
crossover point, the majority structure (core) has the
capability of withstanding higher compressive forces
originated due to insufficient relaxation at a higher
frequency. Thus, after the first-crossover point, the
storage modulus (E0) starts to increase steeply with
an increase in frequency, leading to the second-cross-
over point. At the crossover points, the values of tan
d are observed to be unity, which symbolizes with
the equality of elastic and viscous response of the
MC aqueous gels.
For further investigation about the double cross-

overs in aqueous MC gels, we studied the rheologi-
cal properties of the gels formed by preheating at
80�C for a very brief period of 3 min (Fig. 3). At low
frequency (1 Hz), the modulus value in Figure 3 is
less than that observed in Figure 1. The less preheat-
ing time (3 min) for the sample in Figure 3 allows
forming less junction points (less dense core struc-
ture of the proposed gel structure in Scheme 1) in
comparison with the sample with more preheating
time (10 min) in Figure 1(a–g). The preheating time
of 3 min is so low that the gel strength is lower than
the sample preheated for 10 min at 50�C. Thus, the
sample in Figure 3 shows minimum modulus com-
pared to the samples preheated for 10 min at much

Scheme 1 The core–shell structure of gels.
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lower temperatures (50�C). The first-crossover point
in Figure 3 is at 8.2 Hz and 28.67 kPa, whereas the
second crossover is at 50 Hz and 769.43 kPa. The first
crossover frequency and modulus in Figure 3 is
lower than that for any sample in Figure 1(a–g). As
the allowed time for gelation is very low (only
3 min), the majority of the gel structure possibly con-
sists of the weakly associated shell structure (Scheme
1). The shell structure dissociates on increasing the
frequency due to insufficient relaxation of the
dynamic force, causing steep rise in loss modulus.
Thus, the sample in Figure 3 exhibits lower modulus
and frequency in comparison with any sample with
higher preheating time of 10 min [Fig. 1(a–g)]. The
gap between the first- and second-crossover points in
Figure 3 is wider than the sample in Figure 1(g).
Moreover, the second-crossover frequency and mod-
ulus in Figure 3 is lower than those in Figure 1(g).
Although both the samples in Figures 1(g) and 3 are
preheated at the same temperature (80�C), the
allowed time for gelation (preheating time) is very
low (3 min) for the sample in Figure 3 in comparison
with the sample in Figure 1(g) (10 min). During the
process of frequency scan at 80�C of the sample in
Figure 3, the weakly associated shell structure starts
to augment the core structure. With the passage of
more time during frequency scan, the gels find suffi-
cient time to associate themself strongly, leading to
the dominance of the core structure in gels. This
causes the widening of gap between the first and sec-
ond crossover. The lower gelation or preheating time
in Figure 3 causes lowering in modulus and fre-
quency at the second crossover.

To check the time dependence of gelation process,
the storage modulus is measured at 8 Hz for the
samples preheated at 80�C for various time intervals.
From the plot of storage modulus against preheating

time in Figure 4, it is observed that the storage mod-
ulus initially increases with time and reaches a max-
ima (at 10 min), followed by a decrease. The increase
in the value of storage modulus indicates the
increase in the gel strength. The unusual behavior
for the samples after preheating for 10 min may be
due to the melting of gel.9

To examine the validity of frequency independ-
ence, the values of E0 and E00 from Figure 1 are used
to compute tan d values at various frequencies
(selected randomly). The results are shown in Figure
5. The plots of tan d versus temperature at various
frequencies are nonlinear and the plots are not fol-
lowing any specific pattern. Thus, the tan d plots in
Figure 5 are not frequency independent over the

Figure 3 Storage modulus and loss modulus of 3 wt %
aqueous methylcellulose gel (7 min preheating at 80�C) as
a function of frequency x at 80�C.

Figure 2 Morphology of (3% wt) aqueous methylcellulose under optical microscope at 6000�. (a) Small-sized core
(beads) and large-sized shell in methylcellulose solution at 30�C. (b) Large-sized core and small-sized shell in methylcellu-
lose gel at 80�C.
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whole temperature range of 50 to 80�C. This fre-
quency dependence of tan d is similar to the obser-
vation of Li et al.4

In all of the frequency sweep [Figs. 1(a–g) and 3],
it is observed that the storage modulus (E0) and loss
modulus (E00) crosses over at a certain frequency.
The crossover of E0 and E00 during the temperature
scan has been defined as the gel point by Desbrieres
et al.2 Thus, keeping in view of the above definition
of gel point, one can define the crossover between E0

and E00 during isothermal frequency scan as the tran-
sition point between gel to sol. If this would have
been the transition from gel to sol, then the storage
modulus during frequency scans (Figs. 1 and 3)
would not continue to rise after this transition.
Moreover, during the transition from a gel to a sol,
the sample on dynamic testing would not have suffi-

cient strength to resist the penetration of the testing
probe into the metallic cone (container of sample),
leading to erratic results. This prompts us to postu-
late a different kind of gel structure, namely core and
shell structure. This hypothesis of core–shell micro-
structure of gels is also verified experimentally from
the optical microscopy (Fig. 2). In all of the above
discussions [Figs. 1(a–g) and 3], the crossover points
are well explained by the hypothesized core–shell
structure of the gel. The first-crossover point between
E0 and E00 involves the destruction of shell structure
of the gel, causing a shell–sol transition. As univer-
sality exists at the crossover point (sol–gel transi-
tion),4,5 one may try to find the possible universality
at the first-crossover point during the shell–sol tran-
sition. Thus, we have tried to find a universality of
the first crossover by applying scaling law.
The three scaling laws for gels as reported in eqs.

(1)–(3) were first tried to apply in our studies. In
stead of eqs. (1)–(3), the following modified equa-
tions are used:

g0 / e�c for x < xc (4)

E0ðxÞ � E00ðxÞ1xn at xc (5)

E0 / eZ for x > xc (6)

where g0 ¼ E00/x and e ¼ jx�xcj
xc

is the relative dis-
tance of a crossover (between E0 and E00) variable, x
from the first-crossover point, xc. The log–log plots
of g0 and E0 versus e and E0 versus x at the cross-
over point for the samples with various preheating
temperatures are reported in Figures 6–8. It is
observed that no linear correlation exists between g0

versus e and E0 versus e. Thus, the scaling laws as in
eqs. (4) and (6) are not valid. On the other hand,
log–log plots of crossover modulus (E0) against
crossover frequency (x) at various preheating

Figure 4 Storage modulus of 3 wt % aqueous methylcel-
lulose gel at 8 Hz frequency as a function of time.

Figure 5 Loss tangent (tan d) as a function of tempera-
ture for a 3 wt % methylcellulose gel at various frequen-
cies (1.0, 1.8, 8, 13, and 18 Hz).

Figure 6 Log–log plot of dynamic viscosity (g0) verses
reduced frequency (e) at different temperatures.

RHEOLOGICAL PROPERTIES OF MC AQUEOUS GELS 2441

Journal of Applied Polymer Science DOI 10.1002/app



temperatures are found to be linear (Fig. 7). In fact,
all the points at different temperatures except for
lower temperatures (50�C) can be linearly fitted.
This indicates the validity of scaling law at the cross-
over point and follows the eq. (5) (the proportionality
constant in eq. (5) is 6.89 and the index, n is 1).14–20 As
scaling law prevails at the first-crossover point, it is
expected that this should also prevail around this
point. So, the invalidity of the scaling law around the
first-crossover point indicates certain inherent flaws
of the eqs. (4) and (6). The term on the right-hand side
of eqs. (4) and (6) have a parameter, e, which may be
defined as relative frequency. Instead of a relative
term on the left-hand side of eqs. (4) and (6), an abso-
lute term is used. From mathematical point of view,
two relative terms can be better correlated and scaled
for universality of the parameters. Thus, instead of
eqs. (4) and (6), the following two equations are
generated:

g0
r / e�c for x < xc (7)

E0
r / eZ for x > xc (8)

where g0
r ¼

�
�
�E

00
x� E000

xð Þ
c

�
�
�

E00
xð Þ

c

and E0
r ¼

�
�E0�E0

c

�
�

E0
c

are the relative

viscosity and the relative modulus. To check the va-
lidity of eqs. (7) and (8), the relative viscosity and
modulus are plotted against the relative frequency
in Figures 9 and 10, respectively. From the plots in
Figure 9, it is observed that all data points at differ-
ent temperatures fall in the same region. Thus, one
can have a polynomial fit of the data points. So,
instead of eq. (7), the scaled polynomial equation is
as follows:

Figure 8 Log–log plot of storage modulus (E0) verses
reduced frequency (e) at different temperatures.

Figure 7 Log–log plot of crossover modulus (Ec
0) verses

crossover frequency (Hz) at different temperatures. Figure 9 Plot of reduced dynamic viscosity (g0
r) verses

reduced frequency (e) at different temperatures.

Figure 10 Log–log plot of reduced storage modulus (E0
r)

verses reduced frequency (e) at different temperatures.
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g0
r ¼ Aþ B1eþ B2e

2 þ B3e
3 þ B4e

4 þ B5e
5 þ B6e

6

for x < xc ð9Þ

where the values of A, B1, B2, B3, B4, B5, and B6 are
0.04669, �1.96192, 37.43563, �222.53228, 574.40199,
�664.03602, and 288.26831, respectively. From Figure
10, it is observed that the data points at different
temperatures lie in the same region. Thus, the scal-
ing law is valid for E0

r and the scaled equation is as
follows:

E0
r ¼ e1:423 for x > xc (10)

CONCLUSIONS

During dynamic rheological characterization (fre-
quency sweeps) of MC gels at different tempera-
tures, the storage modulus is observed to be higher
than the loss modulus at lower frequencies. With an
increase in frequency, both of the storage and loss
modulus increases, but the rate of increase in loss
modulus is higher, leading to the first crossover
between E0 and E00. At high temperature (80�C), with
further increase in frequency (beyond the first cross-
over frequency), the rate of increase in E0 is much
higher than that of E00, leading to the second cross-
over of E0 and E00. All these rheological properties
can be explained by the concept of core–shell micro-
structure of the MC gels. The presence of core–shell
microstructure in MC gel is experimentally observed
under optical microscope. The first crossover is pos-
sibly due to the shell–sol transition, whereas the sec-
ond crossover is due to the sol–shell–core transition.

The earlier efforts by other scientists4,5 of finding
universality at and around the crossover point
through scaling laws prompts us to find universality
at and around the first-crossover point (shell–sol
transition). The scaling law is valid at the first-cross-
over point, but it is not valid around the first-cross-
over point. We have tried to find alternate scaling
equations by using reduced parameters and found
that irrespective of temperatures, scaling law is valid
for reduced parameters.
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