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Hydroxypropylmethylcellulose (HPMC)/montmorillonite (MMT) nanocomposite films are prepared by
solution intercalation method. Mechanical, thermal, moisture absorption, optical clarity and water vapor
permeability of HPMC/MMT nanocomposite films are measured. X-ray diffraction (XRD) and transmission
electron microscopic (TEM) results establish formation of partially intercalated and partially exfoliated
HPMC/MMT nanocomposite films. In presence of MMT, the tensile strength, tensile modulus and elonga-
tion at break of HPMC films are improved. The thermal stability of HPMC/MMT nanocomposites is better
than pure HPMC. The moisture absorption of HPMC film measured in 75% of constant relative humidity
is reduced with loading of MMT. Optical clarity of HPMC film is almost unaffected in presence of MMT.
Water vapor permeability of HPMC decreases in presence of nanoclay due to increasing tortuous path

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, the application of biodegradable polymers
increases to avoid uses of non biodegradable synthetic polymers
from petroleum source which give rise to environmental problems.
But biodegradable polymers such as methylcellulose, hydrox-
ypropylmethylcellulose, starch, lignin, cellulose acetate, poly(vinyl
alcohol) (PVA) and polyester have lower mechanical, barrier, water
resistance properties and thermal properties compare to synthetic
polymers. Therefore, to replace non biodegradable petrochemi-
cal synthetic polymers by biodegradable polymers, properties of
biodegradable polymers are to be improved by several meth-
ods such as blending with synthetic polymers (Arvanitoyannis,
Biliaderis, Ogawa, & Kawasaki, 1998; Bhattacharya, 1998) or nat-
ural polymers (Coffin, Fishman, & Cooke, 1995; Xu, Kim, Hanna, &
Nag, 2005) or by adding nanofillers such as various types of clays
(Tang & Alavi, 2012) and also by crosslinking (Simkovic, Laszlo, &
Thompson, 1996).

Development of biodegradable polymers/clay nanocomposites
is the most importance step towards enhancement of properties
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such as mechanical, thermal and barrier (Yang, Wang, & Wang,
2007). Sodium montmorillonite (MMT) type of layer silicates clay is
the most widely used nanofiller in polymer nanocomposites. Mont-
morillonite is an octahedral alumina sheet sandwiched between
two tetrahedral silica sheets (Ray & Bousmina, 2005). Polymers
and layer silicates clay particles interact by different ways (Tung &
Duman, 2007). Ionic polymers are adsorbed on the surface of clay
particles by electrostatic interactions, while non-ionic polymers
adsorb by steric interactions.

Polymer/clay nanocomposite materials have widely been
studied in the past. The synthesized starch/montmorillonite
composite films with enhanced physical properties have shown
poor water vapor transmission rate and moisture absorption
(Kampeerapappun, Aht-ong, Pentrakoon, & Srikulkit, 2007). Water
vapor permeability or gas permeability is a very essential prop-
erty for various applications. Rimdusit, Jingjid, Damrongsakkul,
Tiptipakorn, and Takeichi (2008) studied the thermal, tensile prop-
erties and biodegradability of MC/MMT nanocomposites as well
as MC-gluteraldehyde crosslinked films. Tun¢ and Duman (2010)
prepared MC/MMT nanocomposite films by different methods for
food packaging applications. Preparation and characterization of
chitosan/montmorillonite nanocomposite is reported by Wang
et al. (2005). Nanocomposites of cellulose acetate and sodium
montmorillonite are prepared using the solution intercalation
method with different solvents by Romero, Leite, and Gongalves
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(2009). Chang, Jang, Ihn, Lee, and Sur (2003) studied the thermal
and tensile properties of PVA hybrids with various clays: Na
ion-exchanged clays and alkyl ammonium ion-exchanged clays.

Hydroxypropylmethylcellulose (HPMC) is a biodegradable and
biocompatible polymer. Although, optical clarity of HPMC film is far
better compare to methylcellulose (MC) film but till date there is
no report on HPMC/MMT nanocomposite film. So, we have selected
HPMC for making nanocomposite films with MMT.

In this work, hydroxypropylmethylcellulose (HPMC)/MMT
nanocomposite films are prepared by solution intercalation pro-
cess. The nanocomposites of HPMC/MMT are characterized by
X-ray diffraction (XRD), transmission electron microscopy (TEM),
thermo gravimetric analysis (TGA), and water vapor transmission
rate (WVTR). Mechanical properties, optical clarity and moisture
absorption of nanocomposite films are also measured.

2. Experimental
2.1. Materials

Hydroxypropylmethyl cellulose (HPMC) (50 cps) was purchased
from Central Drug House (P) LTD, New Delhi, India. Unmodified
montmorillonite clay (MMT) was obtained from nanocor, Sigma
Aldrich with a cation-exchange capacity of 100 mequiv/100g.

2.2. Preparation of HPMC/MMT nanocomposite films by solution
mixing process

HPMC/MMT nanocomposites were prepared by solution mixing
process. Suspensions of MMT were prepared by dispersing MMT in
distilled water. 1 g HPMC was added in MMT suspension at room
temperature with continuous stirring for 12 h and followed by son-
ication for 30 min. Then, solutions were transferred into glass plate
at room temperature. Thin films of appropriate thickness were
obtained after evaporation of water.

3. Characterizations
3.1. X-ray diffraction (XRD)

X-ray diffraction (XRD) analysis of the nanocomposite samples
were performed at room temperature by X-PERT-PRO Panalytical
diffractometer using Cu Ko (A = 1.5406) as X-ray source at a gener-
ator voltage of 40kV and current of 30 mA. The scanning rate was
1°/min. From XRD data, the interlayer spacing of clay platelets was
calculated using Bragg’s law as follows:

A
~ 2sin6 1)
where d is d-spacing (nm), XA is wavelength of X-ray beam (nm),
and @ is the angle of incidence.

3.2. Transmission electron microscopy (TEM)

The nanoscale morphology of the HPMC/3 wt¥MMT nanocom-
posites was observed by using transmission electron microscope
(TEM). TEM was performed on a high resolution TEM (HRTEM)
(model: JEM 2010 EM) at 120kV accelerated voltage.

3.3. Mechanical properties

The mechanical properties of the solution cast HPMC and its
nanocomposite films with MMT were determined using a Zwick
Roell (Z0O10) with film sample of 22 mm in length and 5mm in
width at a cross-head speed of 10 mm/min at 25°C (as per ASTM
D882-95a).

3.4. Thermogravimetric analysis (TGA)

Thermogravimetric analyses of HPMC and its nanocompos-
ite films were carried out on a Mettler-Toledo TGA/SDTA 851
thermal analyzer in a dynamic atmosphere of dinitrogen (flow
rate=30cm? min~1). The samples were heated in a alumina cru-
cible at a rate of 10 °C/min over a temperature range of 50-500°C.

3.5. Moisture absorption

The moisture absorption of HPMC and its nanocomposites films
was determined by the following method. The film samples were
cut in the dimension of 3 cm x 3 cm. Then samples were dried until
constant weight in an oven at 60°C to remove the moisture and
immediately weighted as the initial weight (W;). The samples were
kept in a 75% constant relative humidity environment generated in
a hermetic glass container with aqueous saturated NaCl solutions
(Cyras, Manfredi, Ton-That, & Va’zquez, 2008) (ASTM E 104-85).
After 24 h, the film samples were weighted immediately to obtain-
ing final weight (Wy). Then, the moisture absorption of film samples
were calculated by the following equation (Huang, Yu, & Ma, 2004):

Wy — W
Wi

[

Moisture absorption (%) = x 100 (2)

3.6. UV-vis spectroscopy

Optical clarity of the film samples were examined by UV-vis
absorption spectrum. The film samples were performed in an Agi-
lent 8453 Spectrophotometer, USA in the wave length range from
200 to 800 nm.

3.7. Water vapor transmission rate (WVTR)

Water vapor permeability of the layer silicate nanocomposite
films was calculated in accordance with the modified ASTM E96-
00 method (ASTM, 2000). Film samples were sealed over a 60 mm
circular opening of a permeation cell containing calcium chloride
(0% RH inside the cell). Then the permeation cells were placed
inside a desiccator containing the saturated sodium chloride solu-
tion (75% RH outside the cell), to create a 75% RH gradient across
the film (Cyras, Manfredi, That, & Va’zquez, 2011). The water vapor
transport was determined from the weight gain of the permeation
cell every 24h until constant rate of weight gain was attained.
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Fig. 1. XRD patterns of (a) HPMC, (b) HPMC/3wt% Na*MMT, (c) HPMC/5 wt%
Na*MMT, (d) HPMC/7 wt% Na*MMT and (e) Na*MMT.
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Water vapor transmission rate was calculated by using the follow-
ing equation (Mohd Amin, Abadi, Ahmad, Katas, & Jamal, 2012):

WL
== 3
Q== (3)
where W is increase in the desiccant weight per 24 h, L is the film
thickness (cm), S is the exposed surface area (cm2) and Q is the
water vapor transmission rate (g/cm?2/24h).

4. Results and discussion

4.1. Morphology of nanocomposite films

X-ray diffraction (XRD) is an effective method to determine the
state of intercalation/exfoliation of nanoclay in the polymer matrix.
Fig. 1 shows the XRD patterns of pure HPMC, montmorillonite
and nanocomposites of HPMC/MMT. The diffraction peak of pure
MMT is observed at 6.75° corresponding to interlayer spacing of
1.308 nm. From Fig. 1, it is clear that pure HPMC has no peak in
the range 2-10° and the diffraction peak of MMT shifts towards
lower angle values in the HPMC/MMT nanocomposite films. The

diffraction peak of HPMC/MMT nanocomposites is obtained at
4.21°, 4.69° and 4.90° corresponding to interlayer distance of
2.09nm, 1.88 nm and 1.801 nm with loading of 3 wt%, 5wt% and
7 wt% MMT respectively. Therefore, the results establish formation
of intercalated HPMC/MMT nanocomposites due to strong polar
interactions between the hydroxyl groups present in HPMC and in
the silicate layers (Park et al., 2002). The intensity of the diffraction
peak of MMT in HPMC/MMT nanocomposites increases with
increasing percentage of MMT loading.

From the XRD results, it is clear that intercalated HPMC/MMT
nanocomposites are formed and TEM analysis can be used to
support XRD results. Fig. 2(a)-(f) shows TEM micrographs of
HPMC/MMT nanocomposites. Dark lines are representing 1nm
thick clay sheets and the gap between two adjacent lines is the
interlayer spacing or gallery spacing of MMT. Fig. 23, c, and e shows
the interlayer spacing of MMT in the polymer matrix at high mag-
nification and Fig. 2b, d and f shows dispersion of clay layers at low
magnification of HPMC/MMT nanocomposites with loading 3 wt%,
5wt% and 7 wt% MMT respectively. Fig. 2a establishes the forma-
tion of partly intercalated and partly exfoliated nanocomposite of
HPMC/3 wt% MMT. The interlayer spacing of HPMC/3 wt% MMT

Fig. 2. TEM images of HPMC/Na*MMT nanocomposites. (a and b) HPMC/3 wt% Na*MMT nanocomposite at high and low magnification. (c and d) HPMC/5 wt% Na*MMT
nanocomposite at high and low magnification. (e and f) HPMC/7 wt% Na*MMT nanocomposite at high and low magnification.
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Fig. 3. Variation of (a) stress—strain curve, (b) tensile strength, (c) initial tensile modulus (0.01% strain) and (d) elongation at break of HPMC/MMT nanocomposite films at

different concentration of MMT.

nanocomposites is measured from Fig. 2a and is found 2.21 nm
which is close to XRD results. Fig. 2b shows that MMT layered sil-
icates are well dispersed in the HPMC matrix with some degree
of agglomeration. It is clear from Fig. 2b, d and f, the degree of
agglomeration of MMT increases with increasing concentration of
MMT from 3 wt% to 5 wt% and 7 wt% MMT.

4.2. Mechanical properties of nanocomposite films

Fig. 3a shows the stress-strain curve of HPMC/MMT nanocom-
posites. From Fig. 3a, tensile strength, tensile modulus and %
elongation are calculated and plotted. Fig. 3b shows the tensile
strength of films of HPMC and its nanocomposites with differ-
ent percentage of MMT loading. It is clear from Fig. 3b that the
tensile strength of pure HPMC film is improved from 50.2 MPa
to 62.6 MPa and 71.6 MPa with loading of 1 wt% and 3 wt% MMT
respectively. That means the tensile strength is increased by 24.70%
and 42.63% with loading of 1 wt% and 3 wt% MMT respectively and
this improvement can be correlated to the partly exfoliated and
partly intercalated morphology of the HPMC/MMT nanocomposite
films. It is also observed that with increasing the loading of MMT
from 3wt% to 5wt% and 7wt% in the HPMC matrix, the tensile
strength increases by 10.96% and 19.32% respectively. Therefore,
it can be concluded that HPMC/3 wt% MMT nanocomposite is the
best combination for getting maximum tensile strength. At higher
percentage of MMT, the improvement is not as much as in case
of 3wt% and that may be due to the more agglomeration of MMT
layers in the nanocomposite films.

Fig. 3c shows the tensile modulus at 0.01% stain of HPMC and its
nanocomposite films with loading of various percentage of MMT.

The tensile modulus of pure HPMC film increases from 1.875 GPa
to 2.61 GPa and 3.039 GPa with loading of 1wt% and 3 wt% MMT
respectively. Therefore, the tensile modulus is increased by 62.08%
with loading of 3 wt% MMT. This remarkable improvement of ten-
sile modulus is due to partly exfoliated and partly intercalated
morphology of HPMC/3 wt% MMT nanocomposite films which is
clear from XRD results. According to Giannelis et al. this remark-
able improvement can be thought of as the region of the polymer
matrix that is physisorbed on the silicate surface, and is thus stiff-
ened through its affinity for adhesion to the filler surfaces (Shia, Hui,
Burnside, & Giannelis, 1998). The tensile modulus of pure HPMC is
enhanced by 34.57% and 35.79% with loading 5 wt% and 7 wt% MMT
respectively. So, it can be concluded from above observation that
HPMC/3 wt% MMT is the best composition for getting maximum
improvement in tensile strength and tensile modulus.

Elongation at break of HPMC films with loading of various per-
centage of MMT is shown in Fig. 3d. The elongation at break of
HPMC film increases with incorporation of MMT and the extent
of increase is maximum in case of 3 wt% MMT. The elongation at
break of HPMC is increased from 20.4% to 21.5%, 29.2%, 25.1% and
29% with loading 1 wt%, 3 wt%, 5wt% and 7 wt% MMT respectively.

So, from the above observation it can be concluded that inclusion
MMT not only responsible for strengthening but also toughening of
HPMC matrix and maximum improvement is observed in case of
HPMC/3 wt% MMT nanocomposite.

4.3. Thermal properties of nanocomposite films

Fig. 4(1) shows the thermal degradation of the pure HPMC and its
nanocomposites films and the first order derivatives curves (DTG)
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HPMC/5 wt% Na*MMT and (d) HPMC/7 wt% Na*MMT.

of weight loss as a function of temperature are shown in Fig. 4(II).
The first weight loss observes approximately between 50°C and
90°C for all samples due to presence of moisture and high water
retention capacity of HPMC which is similar to a reported work on
methylcellulose (MC) systems (Rimdusit et al., 2008). The major
weight losses are observed in the range of 250-400 °C, which cor-
responds to the structural decomposition of the HPMC. From the
Fig. 4(1), it is clear that the thermal decomposition of pure HPMC is
shifted towards higher temperature with addition of MMT. There-
fore, the thermal stability of the HPMC is enhanced in presence
of MMT because MMT layers act as barriers to maximize the heat
insulation and to minimize the permeability of volatile degradation
products through the material (Chang et al., 2003). The temper-
ature of half-way degradation (the temperature at which 50% of
the sample weight is lost) of pure HPMC film is increased from
335°Cto0338°C, 343 °Cand 349 °Cwith addition of 3 wt%, 5 wt% and
7 wt% MMT respectively. Fig. 4(1I) shows that the maximum degra-
dation temperature (the temperature at which maximum weight
loss occurs) of HPMC increases from 334 °C to 337 °C with loading
of 3 wt% MMT. It is further observed that with the addition of 5 wt%
and 7 wt% MMT in the HPMC matrix, the maximum degradation
temperature again increases to 346 °C and 355 °C, respectively.
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Fig. 5. Moisture absorption (%) of HPMC/MMT nanocomposite films at various con-
tents of MMT.

4.4. Moisture absorption of nanocomposite films

Fig. 5 shows the moisture absorption of HPMC and its nanocom-
posite films. The moisture absorption of HPMC films decreases with
loading of MMT due to the formation of hydrogen bonds between
HPMC and MMT. For this reason, free water molecules do not inter-
act as strongly as with HPMC/MMT nanocomposite films as with
HPMC film alone (Carvalho, Curvelo, & Agnelli, 2001; Huang et al.,
2004). Moisture absorption of pure HPMC is 11.33% in 73% rela-
tive humidity at 20°C. It is observed that with loading of 3 wt%
MMT in the HPMC film matrix the moisture absorption decreases
to 8.75% that means moisture absorption decreases by 22.77% com-
pare to pure HPMC film. Cyras et al. (2008) have reported similar
observation in case of starch/MMT nanocomposite where moisture
absorption decreases by 19.23% compare to pure starch with the
addition of 5wt% MMT. It is further observed that the moisture
absorption of pure HPMC does not alter much with the increasing
concentration of MMT from 3 wt% to 7 wt%.

4.5. UV-vis spectroscopy analysis of nanocomposite films

Optical clarity of HPMC and its nanocomposite films are studied
by UV-vis spectroscopy. Generally, exfoliated clay nanocompos-
ites have higher optical clarity than phase separated composites
(Gusev & Lusti, 2001; Schmidt & Malwitz, 2003) due to the pres-
ence of aggregated clay layers leading to strong scattering and/or
absorption, resulting in very low transmission of the UV-vis light.
The variation of transmittance of UV-vis light with wavelength is
shown in Fig. 6. The % transmittance of pure HPMC film is not much
affected at the visible range in presence of MMT. So, it can be con-
cluded that maximum part of MMT is uniformly dispersed in HPMC
matrix.

4.6. Water vapor transmission rate (WVTR) of nanocomposite
films

Water vapor permeability of HPMC and its nanocomposite films
are shown in Fig. 7. For packaging applications, permeability of film
is most important factor and it should be better at lower value. The
water vapor permeability of HPMC film decreases in presence of
MMT due to the increase in path of diffusion which is schematically
shown in Fig. 8. When 3wt%, 5wt% and 7 wt% MMT is incorpo-
rated into HPMC matrix, WVTR of HPMC decreases from 24.1 x 10~
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to 21.1 x 107>, 20 x 107> and 20.5 x 10~ g/cm?2/day respectively.
Therefore, WVTR of HPMC decreases by 12.45%, 17.01% and 14.94%
with the addition of 3wt%, 5wt% and 7 wt% MMT respectively.
The increase in water vapor barrier property of polymer/clay com-
posite films is mainly attributed to the tortuous path for water
vapor diffusion due to the impermeable clay layers distributed in
the polymer matrix increases the effective diffusion path length
(Cussler, Highes, Ward, & Aris, 1998; Yano, Usuki & Okada, 1997).
From Fig. 7, it is also clear that with the addition of more nanoclay
in the HPMC matrix, water vapor permeability does not improve
farther (Chiou et al., 2007; Park et al., 2002).

5. Conclusion

HPMC/MMT nanocomposites were prepared by solution cast-
ing method. XRD results established formation of intercalated
nanocomposites. It was clear from TEM images that partly exfoli-
ated and partly intercalated nanocomposite was formed in case of
HPMC/3 wt%MMT combination. Tensile strength, tensile modulus
and elongation at break of HPMC were improved with loading MMT.
So, it can be concluded that inclusion of MMT not only responsible
for strengthening but also toughening of HPMC matrix and max-
imum improvement was observed in case of HPMC/3 wt% MMT
nanocomposite. The thermal stability of pure HPMC was increased
with addition of MMT because MMT layers act as barriers to max-
imize the heat insulation. The amount of moisture absorption of
pure HPMC film was reduced as free water molecules did not
interact as strongly as with HPMC/MMT nanocomposite films as
with HPMC film alone. The water vapor permeability of HPMC also
decreased with addition of MMT which is important from packag-
ing application point of view.
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