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cellulose/clay nanocomposites
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Abstract

The focus of this work is to study the effect of sodium montmorillonite (MMT-Na) clay content on the rate and
extent of enzymatic hydrolysis polyvinyl alcohol (PVA)/starch (S)/carboxymethyl cellulose (CMC) blends using
enzyme cellulase. The rate of glucose production from each nanocomposite substrates was most rapid for the
substrate without MMT-Na and decreased with the addition of MMT-Na for PVA/S/CMC blend (51.5 μg/ml h), PVA/
S/CMC/1% MMT (45.4 μg/ml h), PVA/S/CMC/3% MMT (42.8 μg/ml h), and PVA/S/CMC/5% MMT (39.2 μg/ml h). The
results of this study have revealed that films with MMT-Na content at 5 wt.% exhibited a significantly reduced rate
and extent of hydrolysis. Enzymatic degradation behavior of MMT-Na containing nanocomposites of PVA/S/CMC
was based on the determinations of weight loss and the reducing sugars. The degraded residues have been
characterized by various analytical techniques, such as Fourier transform infrared spectroscopy, scanning electronic
microscopy, and UV-vis spectroscopy.
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Background
Recently, non-degradable plastics have brought about
a lot of concerns due to their polluting effects on the
environment. In addition, the petroleum shortage is a
real threat throughout the world. Considering these
two problems, all countries are trying to develop environ-
mentally friendly materials achieved from non-petroleum
resources. Cellulose, as one of the most abundant poly-
mers, is renewable and natural; furthermore, it has plenty
of advantages such as reasonable cost, biodegradability,
availability, considerable stiffness, thermal recyclability
by combustion, and desired mechanical features. Besides,
the low density of cellulose results in particular mech-
anical properties [1]. Therefore, instead of routinely
used glass fiber or synthetic fiber as reinforcing elements
in composite materials, cellulose can be successfully used
due to its great advantages. In this regard, a large number
of researches have been done on composites derived from
petroleum-based polymers such as polyethylene and poly-
propylene reinforced with cellulose [2-4]. Regarding
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incompatibility between polar and hydrophilic fibers
and non-polar and hydrophobic matrix, a big problem will
be brought about if cellulose fibers combine with thermo-
plastic matrix. For improving matrix reinforcement adhe-
sion in composites, the surface of cellulose can be
modified, either physically or chemically. The modifica-
tion can be carried out by acetylation and alkali treat-
ment [5]. Parallel with increase of awareness on
environment, recently, more environmentally friendly
and biodegradable materials have called a lot of atten-
tion. For fully biodegradable composites, considerable
researches have been done on synthetic polymers hav-
ing backbones like polylactic acid [6], polyvinyl alcohol
(PVA) [7,8], and polycaprolactone [9] as potential matrix.
Among synthetic water-soluble polymers throughout
the world, PVA is the largest which has broad applica-
tions [10]. Interestingly, it possesses a lot of magnificent
features such as high tensile strength, biodegradability,
biocompatibility, chemical resistance, gas barrier, and ex-
cellent adhesive properties [11]. By preparing composites
with more biodegradable and easily processable fillers
such as cellulose, the cost and biodegradability of PVA
can be decreased and enhanced, respectively. Due to
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the polar nature of both PVA and composites with nat-
ural polymeric materials, PVA is well suited for those
composites. A lot of bio-degradable composites based on
PVA have been prepared by incorporating natural poly-
meric materials such as pea starch [12], cellulose fibrils
[13], wheat glen [14], etc. Carboxymethyl cellulose is a
cellulose ether which shows thermal gelation and forms
perfect films. In biocomposite film production,
carboxymethyl cellulose can be used as filler due to its
polymeric structure and high molecular weight. It is
also capable of improving mechanical and barrier fea-
tures of films based on starch [15]. Furthermore, the
addition of fillers can improve the mechanical proper-
ties of this polymer. These composites could be used
in packaging where good barrier and thermal properties
are required [16]. One of the most advanced steps
of polymer technology is developing polymer/clay
nanocomposites. Interestingly, some of the properties of
biodegradable polymers can be improved by preparing
blends or nanocomposites using inorganic or natural fi-
bers. Regarding thermoplastic starch-polyvinyl alcohol
(TPS-PVOH) blends and their excellent compatibility
and improved features such as tensile strength, elongation,
toughness, and processability, predominantly further in-
vestigations on them are of particular interest. Compared
to pure TPS, TPS-PVOH shows an improvement in melt
strength [16]. Besides, to further improve the features of
materials, plasticizers such as sorbitol, glycerol, and
maltitol can be added to starch formulations [17,18]. In
comparison to traditional composites, nanocomposites that
resulted from adding a low amount of clay to polymers led
to improvement in the properties such as barrier, thermal,
and oxidative. Clay minerals are aluminum silicates catego-
rized as phyllosilicates which are of a layered type. Since
Montmorillonite is abundant and environmentally friendly
with relatively low cost, it is one of the most commonly
Figure 1 DED of nanocomposite films. Values are mean ± standard devi
used layered silicates. The sodium montmorillonite (MMT-
Na) clay possesses high surface area and is hydrophilic
[19,20]. In 1975, Griffin increased the biodegradability by
the aid of blending [21]. Bastioli et al. reported that the bio-
degradation of an amylose-PVA composite (PVA-starch
blend) was very slow and that in a degradation test with ac-
tivated sludge, 75% weight loss required 300 days. These
two polymers can be an excellent pair for blending duo to
their biodegradable features. In addition, PVA can mix
evenly with the starch because of its water solubility [22].
Because of these facts, researches have focused a lot on
PVA/starch. Starch/PVA/MMT and its blends have been
tested in terms of enzymatic degradation [23,24]. Abbasi
et al. reported enzymatic degradation tests on thermoplastic
cellulose-clay nanocomposites [25]. At moderate tempera-
tures and pH conditions, efficient enzymatic hydrolysis of
cellulose could give glucose as follows [26]:

C6H10O5ð Þn þH2O →
Cellulase

nC6H12O6: ð1Þ

However, the enzymatic degradation of PVA/starch (S)/
xcarboxymethyl cellulose (CMC) nanocomposites and so-
dium montmorillonite clay has never been studied.
The current paper studies the cellulase action on PVA/

S/CMC composite film containing sodium montmorillon-
ite nanoparticle at temperature 37°C ± 1°C. The modifica-
tions induced by the enzymatic treatment were evidenced
by determination of weight loss, water absorption capacity,
sugars released during biodegradation, as well as by UV
spectroscopy, and total sugars were estimated by dinitro-
salicylic acid (DNS) method [27].

Methods
Materials
Starch (S) was provided by Merck Company (Whitehouse
Station, NJ, USA), and PVA (Mn = 72,000) and glycerol
ation (n = 3).

http://www.inl-journal.com/content/3/1/51


Figure 2 WAC of nanocomposite films. Values are mean ± standard deviation (n = 3).
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(Mn = 92/10, 78% purity) were purchased from the same
company. Carboxymethyl cellulose sodium salt, with an
average molecular weight of Mn = 295,225 was purchased
from Fluka Company (Buchs, Switzerland). Sodium mont-
morillonite (Cloisite Na+) with a cation exchange capacity
of 92.6 meq/100 g clay was supplied by Nanocor Inc.
(Arlington Heights, IL, USA). Reagent DNS was used
for the determination of sugars released during degrad-
ation. Cellulase from Aspergillus niger (specific activity
111 U mg−1) and hydroxide sodium were provided by
Fluka Company.

Experiment
The present work analyzes the enzymatic degradation
behavior of some montmorillonite-containing nanocom-
posites of PVA/starch with CMC based on the determi-
nations of weight loss and the reducing sugars.
The nanocomposites have been prepared from 50 wt.%
PVA-30 wt.% S-20 wt.% CMC containing small
amounts of plasticizers, stabilizers, and destructuring
agents (stabi-lizers or destructuring agents such as
Figure 3 Concentration of glucose produced for nanocomposite films
deviation (n = 3).
sodium montmorillonite clay and plasticizer such as gly-
cerol) [28,29]. Biodegradation studies were carried out at
37°C ± 1°C, pH = 4.8, using cellulase for 72 h.

Enzymatic degradation test
The enzymatic reaction mixture, comprising 1 ml of cellu-
lase and 25 ml of 0.1 M acetate buffer, was placed in clean
conical flasks. The dried samples were cut into 4 × 4 cm2

specimens, weighed, and immersed in the conical flasks.
The flasks were placed in a shaking incubator with a rate
of 70 rpm for 72 h at 37°C ± 1°C. After 1, 2, 3, 5, 7, 9, 12,
18, 24, 30, 36, 40, 48, 56, 60, and 72 h, the samples were
removed, rinsed with distilled water to remove the enzyme,
dried, and weighed, respectively.
The degree of enzymatic degradation (DED) was cal-

culated by the following equation:

DED% ¼ W0−Wdð Þ=Wd½ � � 100; ð2Þ

where W0 and Wd represents the initial and final weights
(before and after degradation, respectively) of the blends.
after 72 h of enzymatic degradation. Values are mean ± standard
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Table 1 Rates of glucose production due to the action of
1-mg cellulase for each substrate

Substrate Rate (μg⁄ml h) R2

PVA/S/CMC 51.5 0.93

PVA/S/CMC/1% MMT 45.4 0.96

PVA/S/CMC/3% MMT 42.8 0.96

PVA/S/CMC/5% MMT 39.2 0.95
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Water absorption test
Pre-dried samples (with freeze dryer FD-10 (Pishtaz
Engineering Co., Tehran, Iran)) were weighed for the
dry weight and then placed in a bath with distilled
water at room temperature. After 1, 2, 5, 8, 24, 30, and
50 h, the samples were removed from distilled water
and weighed. The water absorption capability (WAC)
was calculated using the following equation:

WAC% ¼ Wwet−Wdry
� �

=Wdry
� �� 100; ð3Þ

where Wwet represents the weight of the wet specimen
and Wdry is the weight of the dry specimen.

Detection of reducing sugars
The reducing sugars in the degradation solutions were
quantified by the Nelson-Somogyi method (dinitrosalicylic
acid method): 1 ml of reagent DNS was added to 1 ml of
the sample to be analyzed [27] using 1 mg/ml glucose
stock solution as a standard. At the same time, the blank
was prepared using 1 ml of control sample. The mixture
was heated at 90°C to 100°C for 10 min. After cooling to
room temperature, 5 ml of distilled water was added, and
the absorbance at 540 nm was measured. The respective
carbohydrate concentration was obtained by comparison
with a standard curve. Concentration of glucose produced
for nanocomposites after 72 h and the first 4 h of enzymatic
Figure 4 Concentration of glucose produced for nanocomposite films
standard deviation (n = 3).
degradation is due to the action of cellulase at temperature
37°C ± 1°C.

FT-IR spectra
Infrared spectral analysis of the blends, before and after
degradation, was carried out by Shimadzu FT-IR RF50
spectrometer (Kyoto, Japan). The samples were prepared
using KBr pellets, and spectra were recorded at a reso-
lution of 4 cm−1.

Scanning electronic microscopy
Surface morphology of the films, before and after en-
zymatic degradation, was investigated using a scanning
electronic microscope of XL30 type (FEI, Eindhoven,
The Netherlands). The films were coated with pure me-
tallic Ag. The laying down of Ag was carried out by
evaporation of the metal under a high vacuum to give a
thickness of around 100 Å.

Results and discussion
Degradability of polymers is a critical functionality for
their application. Currently, no official standard method
was established in determining biodegradability of poly-
mers. The enzyme method [30], the microbiological
method [31], and the soil burial method [32] have been
used by different researchers. Moreover, biodegradability
is also recorded by diverse indexes even using the same
methods. The present study shows the role of cellulase
in PVA/S/CMC/MMT-Na degradation.

Weight loss and water uptake
The water absorption capacity and the degradability
are the most important properties for biodegradable
materials. The water absorption capacities of the PVA/
S/CMC blend film were found to have significant
in the first 4 h of enzymatic degradation. Values are mean ±

http://www.inl-journal.com/content/3/1/51


Figure 5 FT-IR spectra of nanocomposite films. (a) PVA/S/CMC undegraded. (b) PVA/S/CMC with 1 wt.% MMT undegraded. (c) PVA/S/CMC
with 3 wt.% MMT undegraded. (d) PVA/S/CMC with 5 wt.% MMT undegraded. (e) PVA/S/CMC degraded. (f) PVA/S/CMC with 1 wt.% MMT
degraded. (g) PVA/S/CMC with 3 wt.% MMT degraded. (h) PVA/S/CMC with 5 wt.% MMT degraded.
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difference. This was consistent with the results of [16]
and [24]. The increase of nanoparticle leads to the de-
crease of both weight loss and water uptake. Figures 1
and 2 clearly show that degradation is much more pro-
nounced when the WAC% is high. In all concentrations,
the addition of MMT decreased the water solubility of
films because the layers of MMT act as a barrier against
the diffusion of the water to films. A comparison between
the variation of the DED% and WAC% with respect to
sodium montmorillonite clay content clearly shows that
degradation is much more pronounced when the water
sorption is high. The total solids that remained after
4,320 min were 74.53 wt.% (PVA/S/CMC), 77.87 wt.%
(PVA/S/CMC/1% MMT), 80.13 wt.% (PVA/S/CMC/3%
MMT), and 83.11 wt.% (PVA/S/CMC/5% MMT). The
hydroxyl groups of MMT can form strong hydrogen
bonds with the hydroxyl groups on PVA, starch, and the
hydroxyl and carboxyl groups on CMC, thus, improving
the interactions between the molecules, improving the
cohesiveness of biopolymer matrix, and decreasing the
water sensitivity. PVA/S/CMC exhibited both a high
water sorption and the most significant weight loss.

Rate and extent of glucose production
The rate and extent of enzymatic hydrolysis by the action
of cellulase were measured using the DNS method glucose
assay of four blends of varying MMT. The production of
glucose was used as a measure of carboxymethyl cellulose
hydrolysis. Figure 3 shows the extent of glucose over a
72-h hydrolysis time for each substrate. Figure 4 illustrates
the initial rate of glucose production for each substrate up
to a hydrolysis time of 4 h. The rate of glucose production
was calculated; refer to Table 1 by assuming a linear rela-
tionship between the concentration of glucose and time
for the first 4 h of hydrolysis. The rates of glucose produc-
tion from each composite substrates were most rapid for
the substrate without MMT-Na and decreased with the
addition of MMT-Na for PVA/S/CMC blend (51.5 μg/ml
h), PVA/S/CMC/1% MMT (45.4 μg/ml h), PVA/S/CMC/
3% MMT (42.8 μg/ml h), and PVA/S/CMC/5% MMT
(39.2 μg/ml h). The rate of carboxymethyl cellulose hy-
drolysis was most rapid for the PVA/S/CMC substrate and
decreased with the addition of sodium montmorillonite
clay. One of the routes of biodegradation is by hydrolysis,
and the enzymatic hydrolysis of CMC is accompanied
by the release of glucose. Figure 3 shows the release of glu-
cose (μg/ml) during exposure to cellulase. The amount of
free glucose increased with time for the blends showed a
peak release of glucose at 4 h, followed by a decline.
Apparently, the MMT has a stabilizing effect against the
enzymatic attack (MMT layers act as a barrier against the
diffusion of the enzyme to films), even after increasing
the content of insoluble fraction. Each point is the
mean of three replicates (n = 3); error bars were drawn
according to a 95% confidence interval of each mean.

FT-IR spectra
Fourier transform infrared (FT-IR) spectra of films before
and after enzymatic degradation with cellulase are shown
in Figure 5. In this study, attention was focused on the
range in the absorption pattern in six main regions: (1)
stretching vibration of the O-H group between 3,436
and 3,455 cm−1, (2) stretching vibration of the C=O at
about 1,740 cm−1, (3) stretching vibration of the C=C at
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Figure 6 Scanning electron micrographs. PVA/S/CMC degradable films after 72 h of enzymatic degradation due to the action of cellulase.
(a) PVA/S/CMC undegraded. (b) PVA/S/CMC degraded. (c) PVA/S/CMC with 1 wt.% MMT undegraded. (d) PVA/S/CMC with 1 wt.% MMT
degraded. (e) PVA/S/CMC with 3 wt.% MMT undegraded. (f) PVA/S/CMC with 3 wt.% MMT degraded. (g) PVA/S/CMC with 5 wt.% MMT
undegraded. (h) PVA/S/CMC with 5 wt.% MMT degraded.
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about 1,638 cm−1, (4) stretching vibration of the C-O
at about 1,237 cm−1, (5) stretching vibration of the C-H at
about 1,454 cm−1, and (6) stretching vibration of the
COO− group between 1,500 and 1,600 cm−1. The broad
band in the region of 3,430 cm−1 is due to the hydroxyl
stretching vibration, and the band in the region of 2,929
cm−1 is due to CH2 asymmetric and symmetric stretching
vibrations. The peak at 1,454 cm−1 was assigned to CH2

bending vibration [33]. The absorbance at 1,115, 1,163,
and 1,026 cm−1 is more sensitive to the conformational
changes produced during degradation processes, indicat-
ing a short range order and helicity changes when
crystallinity and molecular orientation are lost. The in-
tensity of the peak at 1,115 and 1,040 cm−1 decreased, in-
dicating the action of cellulase in cleaving the glycosidic
linkages of CMC after incubating with cellulase. The
absence of the peak in the 1,740 to 1,720 cm−1 range
indicates the absence of aldehyde groups from which it is
inferred that all aldehyde groups have been involved in
crosslinking [34,35]. The absorption peak from 1,060 to
1,150 cm−1, which can be assigned to the (C-O-C), ap-
pears as a shoulder in the spectra of the undegraded
films and as a well-defined band in the degraded ones,
which also indicates the crosslinking of PVA.
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Scanning electronic microscopy
Several scanning electronic microscopy images of nano-
composites (in order to compare changes on surface
morphology before and after enzymatic degradation with
cellulase) are given in Figure 6. Heterogeneity of surfaces
decreased as a function of MMT-Na content, as detected
on the surface microstructure between the control and
more degraded samples (after 72 h), being more rough.
The MMT has a stabilizing effect against the enzymatic
attack (MMT layers act as a barrier against the diffusion
of the enzyme to films). One may observe that the films
are considerably destroyed, although during degradation
a much more stable fibrillar fraction is revealed.

Conclusions
This present study reports the role of cellulase enzyme in
the degradation of nanocomposites. The sodium mont-
morillonite clay content significantly impacted on the rate
of CMC solubilization. Biodegradation behavior of films
depends on the content of nanoparticles, and the decrease
of the degradation rate observed in the final stage can be
explained to the lower degradability of the MMT-PVA-S-
CMC domains that remain in the material. After 4 to
72 h, the variation is almost negligible, nearly zero, as no
saccharides and other compounds leached to the solution,
as demonstrated before. The reduction of the degradation
rate is also influenced by the water uptake ability of these
polymers. MMT (0% to 5% w/w film) could decrease the
WAC% and DED% of PVA/S/CMC/MMT nanocomposite
films compared to the PVA/S/CMC films. Considering
these results, it seems that the PVA/S/CMC/MMT bio-
nanocomposite films show better physico-chemical prop-
erties than PVA/S/CMC films, and they can potentially
replace PVA/S/CMC films.
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