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ABSTRACT: Biopolymer nanocomposite films were prepared by adding exfoliated graphene oxide nanosheets (GOn) into carboxy-
methyl cellulose (CMC) at low and high GOn loadings (0.4—7 wt %). As firstly evidenced by viscosity of film-forming solutions,
microscopic observations and infrared spectroscopy measurements, it was found that the GOn form a three-dimensional network
throughout strong interfacial interactions with CMC, confirming that the GOn were well dispersed within the CMC, even at high
GOn content, owing to the presence of several multifunctional groups on both phases which ensured the high compatibility between
them. The topography of as prepared films was characterized by atomic force microscopy measurements showing that the films have
a smooth surface with a very low average roughness for all range of GOn contents. Furthermore, the thermal stability, glass transition
temperature, and tensile properties of nanocomposite films were gradually increased with increasing of GOn contents. By adding 7
wt % GOn, 18% increases of thermal stability, 17% of glass transition temperature, 623% of Young’s modulus, and 268% of tensile
strength were achieved. This work produced structured CMC-based nanocomposite films containing low and high loadings of well-
dispersed GOn. The high performances of these films can be expected to have potential in biomaterials or packaging materials appli-
cations. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 42356.

KEYWORDS: biopolymers & renewable polymers; composites; films; interfaces; mechanical properties; surfaces
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INTRODUCTION Recently the incorporation of a large variety of nanofillers, such
.. .. . as graphene,”>* carbon nanotubes and nanofibers,”® carbon
The plastic industry has made significant progress toward sustain- 3,10

black,” nanodiamond,® nanoclay,9 and cellulose nanocrystals,
in the biopolymers has been observed to lead to significant
enhancements in their mechanical, thermal, rheological, and gas
barrier properties.

able development and environment management."” The attempt
concerns the replacement of polymers derived from petroleum
with superior biodegradable polymers.® In this sense, biopolymers
have attracted special attention to be considered as potential

replacement for the conventional plastic materials. Nevertheless, it
is worth mentioning here that additional developments and inves-
tigations are required to improve their properties to position them
as essential materials able to compete with fossil derivative prod-
ucts. For instance, biopolymer based nanocomposites technology
consisting of fabricating biopolymer matrix reinforced by appro-
priate nanofillers can be considered as reliable approach to
enhance the basic properties of the neat biopolymer.'

© 2015 Wiley Periodicals, Inc.
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The discovery of graphene, which is a one-atom-thick planar layer
of carbon atoms that are self-assembled in a honeycomb-type
two-dimensional (2D) lattice,'! has attracted substantial interest
due to its outstanding properties, of which have already been
exploited as nanofillers into a matrix to form nanocompo-
sites.">™"> However, graphene is incompatible with most organic
polymers; thus, its oxygenated counterpart like graphene oxide,
has been used as compatible nanomaterial.' Graphene oxide is a

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.42356
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CMC@GOn casted film

GOn

CMC@GOn 3D network

Figure 1. Schematic representation of the structures of based products
(CMC and GOn) and their well dispersed bio-nanocomposite cast film.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

single layer of graphite oxide obtained through a process of oxida-
tion/exfoliation of natural graphite.'® Graphene oxide nanosheets
(GOn) are essentially graphene nanosheets in which oxygen-
containing functional groups are thought to be present in the
form of carboxyl, hydroxyl, and epoxy groups.'®"” The high
properties and benefits of GOn have generated an active area of
research, where many investigations have shown potential appli-
cations in various technological fields.”** Because of the very
hydrophilic character of graphite oxide, an aqueous colloidal sus-
pension of GOn can easily be obtained by complete exfoliation of
bulk graphite oxide via simple sonication in water.'®™"*

In the field of biopolymer nanocomposites, two things must be
achieved to carry over the exceptional properties of the nanofiller
in a biopolymer matrix. The first is the need for good dispersion
and distribution of the nanofiller in the matrix, while the second
is the need for a high degree of interaction between the nanofiller
and the macromolecular chains of biopolymer. These mechanisms
can be ensured by the high compatibility between the surface of
the nanofiller and the macromolecular chains of the polymer.' In
this context, the functional groups of GOn can serve as sites of
chemical anchorage, improving the dispersion and distribution of
nanosheets and generating high interfacial interactions with the
functional groups of water soluble biopolymer matrices, such as
the carboxymethyl cellulose (CMC) biopolymer, and thus take
advantage of the outstanding properties of graphene materials.'

Recent prominent studies have explored GOn’s potential to
make functional biopolymer based nanocomposites using sev-
eral matrices such as chitosan,*?> CMC,>*?’ starch,"?® algi-
nate,” polylactic acid,’®*' and gelatin.’> These biopolymer
based nanocomposites showed high improvement in thermal,
mechanical, electrical, and bioactivity properties at a very low
GOn loading. However, it has been reported that the GOn start
to aggregate when their loading level became higher than a crit-
ical content, with a maximum of 3 wt %.”>° This is mainly
attributed to the inadequate compatibility between the sheet
and polymer chains, leading to the sheet—sheet interaction.

Maﬁ‘i& WWW.MATERIALSVIEWS.COM
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Thus, with an aim to use biopolymers as materials that can be
competitive with the fossil derivatives, the research on GOn
filled biopolymer nanocomposites has gained considerable
momentum. CMC, the sodium salt of the carboxymethyl ether
of cellulose, is an anionic polymer from cellulose, monochloro-
acetic acid, and sodium hydroxide.*® This biopolymer has
diverse and interesting properties, including biocompatibility,
nontoxicity, biodegradability, and film-forming ability.>” These
properties make CMC one of the most important cellulose
derivatives. CMC is widely used in various technological appli-
cations.”®™** Biodegradable films made of this material do not
pose a threat to the environment, and has a relatively low cost
and is non-toxic. However, the disadvantages of this film
include poor mechanical properties and a strong hydrophilic
nature.**

Recently, some researchers studied CMC nanocomposites filled
by GOn. Wang et al. studied the non-linear optical properties
of GOn filled CMC nanocomposite films. They revealed that
GOn are specific nanomaterials to enhance the optical proper-
ties of CMC.** The morphological, thermal, and tensile proper-
ties of GOn filled CMC nanocomposites were studied by Layek
et al. by varying the GOn weight fractions from 0.25 to 1 wt %.
They found that the successful nanocomposite formation is
facilitated by hydrogen bonding interaction between GOn and
CMC.* From their results, the selected properties are gradually
improved with increasing of GOn content. For example, the
storage modulus, Young’s modulus, and tensile strength were
increased by 174, 154 and 188%, respectively, when 1 wt %
GOn is added. In the same way, Yadav et al. developed also
GOn filled CMC nanocomposite at different GOn contents
(0.5-1 wt %). A maximum increase of Young’s modulus and
tensile strength of 148 and 67% has been observed in the nano-
composite containing 1 wt % GOn.”” It is very interesting to
develop such nanocomposite materials at high GOn content, in
order to verify the structure and the properties of CMC based
nanocomposites containing high amounts of GOn and to pro-
pose a biocompatible nanocomposite material with very high
improvement of its properties, which can be potential for bio-
materials or packaging materials applications.

In this study, low and high GOn contents and CMC biopolymer
were mixed to produce structured CMC-based nanocomposite
films, where GOn worked as the 2D cross-linker due to its mul-
tifunctional groups on both sides and edges. CMC and GOn
have hydrophilic nature and both have oxygen-containing
groups. Therefore, these two components can easily be mixed in
water. Thus, the aim of this study is to prepare biocompatible
and mechanically strong nanocomposite films by dispersing
GOn in CMC biopolymer using the solution casting method, as
shown in Figure 1. The effect of low and high GOn fractions
(0.4-7 wt %) on the morphology, structural, thermal, and
mechanical properties of CMC-based nanocomposite films has
been evaluated and discussed in this report.

EXPERIMENTAL

Materials and Methods
Exfoliated GOn were prepared via chemical oxidation of natural
graphite (<20 pm, 99.99%, Sigma-Aldrich) followed by

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.42356
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Figure 2. Digital images of neat CMC and CMC@GOn film-forming solu-
tions and the corresponding isolated solid films (=70 pum) with various
GOn contents. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

sonication assisted water-phase exfoliation in accordance to our
previous works.'*'>***” In order to prepare 0.4, 1.2, 2, 4, and 7
wt % GOn filled CMC nanocomposite films, 0.016/0.056/0.08/
0.16/0.28 g of graphite oxide powder were dispersed into
250 mL of deionized water and sonicated for 1 hour to obtain
homogeneous and stable exfoliated GOn suspensions. Then,
3.984/3.944/3.920/3.840/3.720 g of high molecular weight CMC
sodium salt powder (CAS 9004-32-4, Alfa easer) were slowly
added to the GOn dispersions, respectively, and stirred for 4
hours. The obtained CMC@GOn homogeneous mixtures (Fig-
ure 2) were poured onto PET sheets and kept in air to slow
evaporation of water. Then, the films were peeled from the
sheets and kept in vacuum oven at 60°C for 12 hours, for the
complete elimination of physisorbed water. Neat CMC film
without addition of GOn was prepared by the same procedure.
The samples are referenced as CMC, CG0.4, CG1.2, CG2, CG4,
and CG7, respectively (Figure 2). The number in each code
name indicates the weight fraction of GOn in nanocomposites.

Characterization Techniques

Atomic force microscopy (AFM) measurements were carried
out using a Veeco Dimension ICON. The tapping mode was
used to capture height sensor images at a scan rate of 1.5 Hz.
The samples used for AFM characterizations were deposited
from aqueous GOn dispersion on mica sheets and allowing the
solvent to dry in air. The steady shear viscosity measurements
were performed at 20°C, using a rotational Physica MCR500
rheometer equipped with concentric cylinder geometry (CC27).
The temperature was regulated by a Paar Physica circulating
bath and a controlled peltier system (TEZ 150P-C). Fourier
transform infrared spectroscopy (FTIR) was performed on an
ABB Bomem FTLA 2000 spectrometer equipped with a Golden
Gate single reflection ATR accessory. The UV-Vis spectroscopy
analysis was carried out using a PerkinElmer LAMBDA 1050
UV/Vis/NIR Spectrophotometer. Films were mounted with their
surface perpendicular to the incident light and referenced to air.
Transmission electron microscope (TEM) was performed by
using a FEI Tecnai G2 microscope operated at an accelerated
voltage of 120 kV. Nanocomposite thin films of CMC@GOn
were deposited from the homogenous mixture on the carbon
coated copper grid and left to dry for 12 hours at 70°C. Ther-
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mogravimetric analyses (TGA) were conducted under nitrogen
gas, using a TGA-Q500 (TA Instruments) apparatus with 10°C/
min ramp between 25°C and 600°C. Differential scanning calo-
rimetry (DSC) was carried out under nitrogen gas with 10°C/
min heating rate from —20 to 200°C using a DSC-Q100 (TA
Instrument); and the sample mass was approximately 10 mg for
each sample. Tensile tests were performed using an Instron
8821S tensiometer. The tensile specimens were cut in rectangu-
lar shapes with dimensions of 80 mm in length and 10 mm in
width. The gauge length was fixed at 25 mm and the speed of
the moving clamp was 10 mm/min. All tests were carried out
on a minimum of five samples and the reported results are
average values.

RESULTS AND DISCUSSION

As previously stated, CMC and GOn both contain hydroxyl and
carboxyl groups and have hydrophilic character, their mixture
in water can easily be achieved in controlled conditions, ena-
bling the formation of a homogeneous and stable mixture in
aqueous media. Figure 2 shows the photographs of a neat CMC
solution and its mixture with different amounts of GOn. The
photographs were recorded at room temperature and 10 days
after their preparation, showing high stability and good homo-
geneity. By casting these mixtures on plastic plates, films with
high quality, smooth surfaces, good flexibility and 70-um thick
were produced. Figure 2 shows the isolated films of pure CMC
and its nanocomposites with different amounts of GOn. It can
be seen that, with the increase of GOn loading, the transparency
of CMC@GOn films was reduced, and the films become darker
at high GOn loading level (4 and 7 wt %). We noted that the
thickness of these films can be controlled by the amount of the
solution used for the casting process. Furthermore, it can be
simply cut into various desired forms by using a special knife.

AFM Characterization of GOn

Before blending the suspended GOn with CMC biopolymer, the
complete exfoliation of GOn was confirmed by AFM observa-
tions. Indeed, individual nanosheets were obtained by intense
sonication in water of completely oxidized natural graphite.'**®
During this operation, it was noted that the bulk graphite oxide
dispersion gradually transformed into a yellow brown solution
during which the graphite oxide powder was transformed into
individual nanosheets. It has been reported that the successful
oxidation of graphite is crucial for its complete exfoliation into
individual GOn.'***%/

The AFM images of the GOn revealed the presence of irregular
shaped nanosheets with uniform thickness and different lateral
dimensions (Figure 3). As shown from the diameter distribution
and the height profiles that were recorded at different locations,
the lateral dimensions (diameter) of the obtained sheets ranged
from approximately 100 nm to approximately 2-3 pm, while the
thickness was observed at 1 nm (Figure 3). We conclude from this
analysis that there were no nanosheets thicker or thinner than
1 nm. This observation could be explained by the efficient top—
down process of the exfoliation of graphite oxide in to GOn,
achieved by the ultrasonic treatment. However, we would also
point out that a single sheet of graphene is atomically flat with a
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Figure 3. (a) High and (b) low scale AFM images taken in tapping mode, (c) histogram of nanosheet diameter, and (d) two height profiles taken along

the indicated lines in image b. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

thickness of 0.34 nm; the sheet of GOn is expected to be thicker
due to the presence of oxygen-containing functional groups
attached on both sides of the GOn and the displacement of the
sp>-hybridized carbon atoms slightly above and below the origi-
nal graphene plane.'>** In addition, this increased thickness up
to 1 nm was owed to the wrinkled and folded structure that cre-
ates a space between the sheets and substrate during solvent evap-
oration. This result is in agreement with our previous work.*®

Viscosity of Film Forming Solutions

Figure 4(a) illustrates the dependence of the steady shear viscosity
(1) on the shear rate (y) for film forming solutions of neat CMC
and its mixtures with GOn, obtained from the steady shear sweep.
It should be noted that all solutions were prepared with a 1.6 wt
% CMC@GOn concentration (with respect to 100 g of solution).
From Figure 4(a), neat CMC solution shows a Newtonian behav-
ior at a low shear rate, which was characterized by the shear rate-
independent viscosity. At a higher shear rate, the most pro-
nounced shear-thinning behavior was also observed for the neat
CMC solution. This outcome indicates that, as shear rate
increases, the intermolecular junctions were disrupted at a rate
faster than their rate of reformation, resulting in a decrease of the
junction density and hence dropping in viscosity. For nanocom-
posite solutions, it was observed that the presence of GOn has an
effect on the steady state viscosity. At a low shear rate region, the
viscosity increases gradually with increasing GOn loadings; this is
due to the flow-impeding effect induced by the presence of
GOn.**?° Furthermore, the presence of GOn restrains the shear
flow of the CMC macromolecules because the sheet’s lateral size
is far larger than that of the chain segment of the biopolymer,
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resulting in an increase of shear viscosity.*” Moreover, due to the
high affinity between the functional groups of both phases, GOn
can form a three-dimensional (3D) network throughout strong
interfacial interactions with CMC chains, restricting the mobility
of macromolecule chains of CMC (Figure 1). The nanocomposite
solutions showed only the shear thinning behavior, in the full
shear rate range compared with the neat CMC solution, especially
at higher GOn loading levels. This trend has been also observed
in our previous work studying ternary bio-nanocomposites based
on cellulose nanocrystals filled polyvinyl alcohol/chitosan poly-
mer blend.”

In Figure 4(b), the zero shear viscosity (1,) was estimated by
extrapolation along the low shear rate plateau, and the 7, values
determined for all studied solutions were plotted against GOn
loadings. The 1, versus GOn content increased linearly with
increasing of GOn content. Consequently, this large viscosity
enhancement suggests that the GOn and CMC are perfectly
compatible phases via the hydrogen bond interactions, between
the functional groups present in both phases.*® Therefore, a 3D
interconnected network is assumed to be formed in CMC based
solutions mixed with GOn (Figure 1). Since the special 2D mor-
phology of the GOn as well as its functionalized surface pro-
vides a good homogeneous dispersion, leading to a high contact
area in the CMC@GOn film-forming solutions. This was mainly
the result of strong interactions between the macromolecular
chains of polymer and the nanosheets of GOn.

FTIR Characterization of Films
The results obtained regarding the viscosity of film-forming sol-
utions were confirmed by FTIR measurements of the as-
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prepared solid films. Figure 4(c) shows the FTIR spectra of neat
CMC and CMC@GOn films with various GOn contents. For
the CMC spectrum, the band at 1042 cm !
—C—oO stretching vibration of ether groups; the bands at 1411
and 1591 cm ™" are associated to the asymmetric and symmetric
modes of stretching vibration of carboxylate groups, respec-
tively.”>>' When GOn were added to the CMC, the C=0 car-
bonyl stretch of the carboxylic group observed at 1715 cm ™' in
the GOn spectrum,*® was overlapped with that of carboxylate
groups of the CMC, indicating that the carboxyl group of GOn
showed a strong interaction with the hydroxyl groups present in
the CMC. The epoxy groups observed at 1000-1280 cm™ ' in
GOn spectrum,*®* can also interact with the hydroxyl groups
of CMC biopolymer. Figure 4(d) shows the FTIR spectra in the
region of 1450-1800 cm™'. From this figure, it is clear that the
peak observed at 1591 cm™' of the carboxyl groups of CMC is
shifted to 1609-1616 cm ™' as function of GOn content in the
nanocomposites; thus confirming that the hydroxyl groups of
GOn are strongly interacted with the carboxyl groups of CMC.
The strong interaction is observed for CMC containing 4 wt %
GOn (CG4 sample), because the highest shift (1616 cm ) is
observed for this sample. Therefore, an interconnected structure
is formed in CMC filled by GOn that originated from the
strong interactions between the hydroxyl, carboxyl, and epoxy

is associated to
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groups of GOn with the hydroxyl and carboxylate groups of
CMC biopolymer.”® These results are in good agreement with
those obtained by the other authors for lowly filled CMC nano-
composites with GOn.>*?’

TEM Characterization of Films

TEM characterizations were employed to investigate the disper-
sion quality and the morphology of CMC@GOn nanocomposite
films. The TEM micrographs of ultrathin films containing 0.4,
2, 4, and 7 wt % of GOn (CG0.4, CG2, CG4, and CG7) are
shown in Figure 5. From this figure, a fine dispersion of GOn
in the CMC matrix can be clearly observed. In these micro-
graphs, the isolated nanosheets appear as distinct dark lines
homogeneously dispersed within the matrix, with a few agglom-
erates observed at high GOn content (CG7 film) [Figure 5(d)].
One can clearly see that the GOn has been successfully exfoli-
ated and uniformly dispersed throughout the polymeric matrix.
Because the presence of oxygen-containing groups on the sur-
face and edge of GOn, the compatibility of GOn with CMC and
the quality of dispersion can be significantly improved. The
strong interactions between oxygen groups and the CMC chains
lead to the homogeneous dispersion of GOn in the CMC
matrix, as deduced from the viscosity measurement and FTIR
analysis (Figure 4). Therefore, the excellent dispersion of GOn
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Figure 5. TEM images of CMC@GOn nanocomposite films with (a) CG0.4, (b) CG2, (c) CG4, and (d) CG7 samples. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

in the CMC matrix, at low and high GOn content, is directly
correlated with its effectiveness in improving the properties of
nanocomposite films.*’

UV-Vis Spectroscopy of Films

UV-Vis spectroscopy was also used to evaluate the local disper-
sion characteristics of GOn within the CMC matrix. For that
assessment, films of neat CMC and CMC@GOn nanocompo-
sites were characterized and the relative absorbance was
recorded and plotted in the UV-Visible region (200-800 nm)
[Figure 6(a)]. The scattering intensity at an arbitrarily chosen
wavelength (550 nm) was also extracted and plotted against
GOn loading [Figure 6(b)]. Evidently, there was not an absorp-
tion peak for the CMC polymer, since this polymer is known to
be transparent in the UV-visible region. For the CMC films
filled by GOn, the absorbance increased gradually with the
increase of GOn loadings, especially in the UV region. The
absorption spectra of CMC nanocomposite films was dominated
by the Raleigh scattering component (the 1/2* tail) from the
nanophase dispersed in polymer matrix.”>** For each GOn
loading, a decrease in absorbance was observed as wavelength
increased. The increase in nanosheets loading resulted in the
nanocomposite films becoming darker, corresponding to a rela-
tive increase in the Rayleigh’s tails for the full wavelength
range.® This can be seen in Figure 6(b) for a wavelength of
550 nm. In general, the lateral size of GOn is more than
100 nm (Figure 3); their presence in nanocomposite films is
responsible for scattering and/or absorbing light and to enhance
the absorbance level of CMC@GOn films. However, there was
not any strong scattering and/or absorbance found, indicating
that the GOn were well dispersed at nanoscale within the CMC
polymer.*® The spectrum for the GOn dispersion in water
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exhibits a maximum at 230 nm and a tiny shoulder at 300 nm,
as shown in the inset of Figure 6(a). This can be, respectively,
associated to m — 7" transitions of aromatic C=C bonds and n
— * transitions of C=O bonds.*® These peaks were also
observed for CMC@GOn films, with few shifts toward low val-
ues. This indicated that strong interactions occurred between
macromolecular chains of CMC and the functionalized surface
of GOn,*** as confirmed by FTIR and viscosity measurements
(Figure 4).

Thermal Properties of Films

The DSC was used to investigate the T, of the CMC@GOn
nanocomposite films. It can be observed that the addition of
GOn gradually increased the T, of the CMC matrix, even if at
high GOn loading (7 wt %). This observation indicated that the
chains’ mobility of CMC was more affected when high amounts
of GOn were added. As shown in Figure 6(c), the T, of neat
CMC film is about 71.6°C. With the addition of 7 wt % GOn,
the maximum increase of T, is 12°C higher than that of neat
CMC biopolymer. The increase in T, can be ascribed to the
effective attachment of CMC to the nanosheets that constrain
the segmental motion of the CMC chains by strong hydrogen-
bonding interactions, as previously observed from low GOn
content filled CMC nanocomposites,”® where the T, increased
from 67°C for neat CMC to 71°C for CMC nanocomposite con-
taining 1 wt % GOn.

The thermal stability of the nanocomposite films were evaluated
with TGA. It should be noted that GOn is a thermally unstable
material and shows a significant weight loss (=50%) at a tem-
perature below 210°C, due to the decomposition of oxygen-
containing groups [inset of Figure 6(d)]. In TGA thermograms
of CMC and CMC@GOn films, the first weight loss occurred at
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50°C-100°C and was attributed to the removal of adsorbed
water molecules. It should be noted that the amount of
absorbed water for neat CMC film was higher than that of
CMC@GOn films [Figure 6(d)] suggesting that the GOn nano-
sheets were well dispersed within the CMC matrix, acting as an
interpenetrated network within the CMC matrix, and thus pre-
vented the absorption of water by films when exposed to the
moisture.”” This theory can be supported by the increase of the
onset temperature of degradation with the increase of GOn con-
tent in the CMC@GOn films. Additionally, in CMC@GOn
nanocomposite films, the major mass loss (/=50%) of GOn
occurring at around 210 °C was disappeared, suggesting a good
interaction between the oxygen functional groups of GOn and
the macromolecular chains of CMC polymer This leads in a
mobility suppression of the polymer segments at the interfaces
between CMC and GOn surface, improvement in turn the ther-
mal stability of CMC.

AFM Characterization of Films

The topography of the prepared films was characterized by
AFM measurements. This property is known to substantially
affect the bulk properties of a material. Figure 7 shows the
AFM 3D profile of neat CMC and CMC@GOn nanocomposite
films. The AFM images show that the surface of the neat CMC

Mah\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

42356 (7 of 11)

film is quite smooth with an average surface roughness of
16 nm, whereas the images of CMC@GOn show that the aver-
age roughness of nanocomposite films gradually increases with
the increasing of GOn loadings, showing a maximum of 59 nm
for high GOn loading (7 wt %). This behavior was also previ-
ously observed for polymer nanocomposite films based on gra-
phene and clay.>> The relatively low values of average
roughness observed for CMC@GOn films may be due to the
good homogenous dispersion of nanosheets within the CMC
matrix; additionally, no large aggregates were formed in result-
ing films. By considering these low values of roughness, the as-
prepared CMC@GOn films have a very high smooth surface,
which is a required property for packaging applications in com-
bination with superior flexibility and mechanical strength of the
films.

Mechanical Properties

The GOn’s large aspect ratio and its very high Young’s modulus
should have a significant reinforcement impact on the mechani-
cal properties of the polymer. Dispersion—exfoliation and
homogenous distribution of GOn, along with favorable interfa-
cial interactions between GOn and the polymer matrix are key
points needed to achieve polymer nanocomposite films with
enhanced final properties.”*
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The tensile properties of neat CMC film and its nanocomposite
films with different GOn loadings were investigated by uni-axial
tensile testing. Figure 8(a) shows the typical stress—strain curves
of all the studied films. From these curves, the Young’s modulus
(E), the ultimate tensile strength (o), the elongation at break
(&p), and the toughness (T) were extracted and presented as a
function of GOn contents in Figure 8(b—e). The cast neat CMC
film shows a Young’s modulus of 1.14 GPa, an ultimate tensile
stress of 87.89 MPa, an elongation at break of 25.18% and a
toughness of 16.96 X 10~ ° J/m’. These obtained values are the
characteristics of a high molecular-weight CMC biopolymer.?®

The addition of GOn gradually improved the selected tensile
properties of the CMC matrix, for both low and high GOn
loadings (0.4-7 wt %). The nanocomposite films containing
only 0.4 wt % GOn (CG0.4 film) showed better mechanical
properties with respect to the neat CMC film. The Young’s
modulus and the ultimate tensile strength of this nanocompo-
site film (CGO0.4 film) were increased, respectively, by 51.75 and
44.60% with respect to the neat CMC film [Figure 8(b,c)].
When 1.2 wt % GOn is added (CGl.2 film), an increase of
166 and 107% for Youngs modulus and tensile strength is
achieved, respectively. Indeed, for low GOn loading (<1 wt %),
our results are in agreement with previously reported results.
Layek et al. studied GOn filled CMC nanocomposites with a
maximum GOn loading of 1 wt %. For this GOn content, they
observed that the Young’s modulus and the tensile strength were
increased by 154 and 188%, respectively; and this improvement
was attributed to the hydrogen bonding interaction between
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GOn and CMC.*® In the same way, Yadav et al. developed also
GOn filled CMC nanocomposite at different GOn contents
(0.5-1 wt %). A maximum increase of Young’s modulus and
tensile strength of 148 and 67% has been observed in the nano-
composite containing 1 wt % GOn.”” Similar trends have been
also observed for low GOn loading filled various commercial
biopolymer matrices such as starch,”® alginate,” polylactic

acid,”®! and gelatin.>

For high GOn loading (up to 7 wt %), when very high
improvement is needed, there are some previous reports regard-
ing biopolymer based nanocomposite films.””*® It has been
reported that the GOn start to aggregate when their loading
level became higher than 3 wt %.%">° This can be attributed to
the insufficient compatibility between the sheet and the polymer
chains, leading to the sheet—sheet interaction. In this sense, Xu
et al. studied the tensile properties of GOn-reinforced PVA
nanocomposite films. It was found that the addition of 3 wt %
GOn into PVA matrix resulted in the increase of Young’s modu-
lus and tensile strength by 128 and 70% in comparison with
neat PVA polymer, but when 4 or 5 wt % of GOn was added,
the nanocomposite films showed brittle failure, because the
selected properties start to decrease in comparison with nano-
composite containing 3 wt % GOn, which was explained by the
fact that the nanosheets start to aggregate when GOn loading
became higher that 3 wt %.> Similarly, Jose et al. observed that
the GOn nanosheets start to aggregate at 1 wt % GOn in PVA/
starch blend matrix and the maximum increase of mechanical
properties is observed for 0.5 wt % GOn.>* The phenomenon of
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sheet aggregation is also observed by Zhang et al. in GOn/poly-
urethane nanocomposites, where the tensile properties of such
nanocomposites start to decrease when more than 0.4 wt %
GOn was added.”

From our results, the Young’s modulus and the ultimate tensile
strength were continuously improved up to 7 wt % GOn con-
tent, which were increased, respectively, by 623 (8.24 GPa)
and 205% (267.77 MPa) for CG7 film with respect to the neat
CMC. Herein, it is assumed that as the content of GOn
increases, the phenomenon of nanosheets restacking together
does not occur and the nanosheets are still well dispersed and
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distributed within the matrix; as evidenced by TEM observa-
tions (Figure 5). For highly filled biopolymers with GOn, some
interesting results have been also reported. Pandele et al. meas-
ured the Young’s modulus of GOn filled PVA/Chitosan blend.
They observed that the modulus was gradually increased when
GOn loading increase from 0.5 to 6 wt %. Which was ascribed
to the strong interaction between GOn and PVA/Chitosan
matrix, resulting in the good dispersion of GOn within the
polymer matrix, which leads to a more uniform stress distribu-
tion and minimizes the presence of the stress concentration cen-
ters.”” Han et al. prepared highly filled nanocomposite films
based on GOn and chitosan by varying the GOn contents from
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6 to 18 wt %. From their results, the tensile strength is gradually
increased with increasing of GOn contents, and no aggregation of
sheets has been observed, ascribing this finding to the molecule-
level dispersion of GOn and the strong hydrogen bonding between
the chitosan and the surface of GOn.”® Therefore, the successful
addition of high GOn content into biopolymer matrix strongly
depends on the good compatibility and the strong interfacial inter-
action between the two phases. Herein, it was demonstrated that a
high GOn content can be incorporated into CMC biopolymer
without nanosheets aggregation, resulting in large improvement of
mechanical properties of CMC@GOn nanocomposite films.

Besides, for comparing the reinforcement efficiency of GOn at
high loading level with other nanofillers, we based on some
reported works for CMC based nanocomposites. It has been
reported that the addition of montmorillonite (MMT) into
CMC increase gradually the Young’s modulus and the tensile
strength, with a maximum increase of 122 and 54% has been
observed for the nanocomposite containing 10 wt % MMT,
respectively.”® Additionally, the dispersion of layered double
hydroxide (LDH) into CMC biopolymer with LDH contents of
0-8 wt % was also reported. The maximum increase of Young’s
modulus (143%) and tensile strength (148%) has been observed
for the 3 wt % LDH content. While these properties start to
decrease when LDH content is higher than 3 wt %, which can
be related to aggregation phenomenon.”” Similarly, cellulose
nanocrystals (CNC) have been also dispersed into CMC matrix
by varying their contents from 5 to 30 wt %. However, the con-
tent of 5 wt % was the better for enhancing the mechanical
properties, for which the Young’s modulus and tensile strength
were increased, respectively, by 85 and 30%.°° Consequently,
it is clear that the reinforcement efficiency of GOn, at high
loading level, is large superior than other nanofillers for the
development of CMC based nanocomposite materials.

More importantly, the large improvement of Young’s modulus
and tensile strength of CMC@GOn nanocomposites was accom-
panied by an increase of the toughness up to its maximum
value of 24.74 X 106 J/m’ for CMC@GOn nanocomposite films
containing 4 wt % [Figure 8(e)]. Figure 8(d) shows that the
elongation at break of the CMC@GOn films gradually decreases
with GOn loading. The value of the elongation at break
decreases to 10.18% for the nanocomposite with 7 wt % GOn
loading (CG7). The reason may be attributed to the large aspect
ratio and the strong interactions between GOn and the CMC
matrix, which restricts the movement of the polymer chains.
This trend is also observed in a variety of previously reported
GOn filled biopolymer nanocomposite.>*>~*’

Such improvement in mechanical properties of as-prepared
CMC@GOn nanocomposite films was due to the presence of
strong hydrogen-bonding interactions between CMC chains and
GOn and the high nanodispersibility of GOn at the individual
nanosheet level, even at high GOn content, which was related to
the high compatibility between the two phases. These compo-
nents were required to improve interfacial stress transfer from
the polymer matrix to the individual nanosheets, thus increasing
nanocomposite stiffness and mechanical properties. And it can be
expected that CMC nanocomposites with largely improved
mechanical properties may play a more important role in bioma-
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terials or packaging materials applications. It is suggested that
films suitable for food packaging should preferably be strong and
flexible.*” This trend was observed for the GOn filled CMC bio-
nanocomposite films fabricated in the present work.

CONCLUSIONS

Mechanically strong and flexible nanocomposite films were pre-
pared by dispersing exfoliated GOn into CMC biopolymer at
low and high GOn contents (0.4, 1.2, 2, 4, and 7 wt %). An
interconnected structure is assumed to be formed in CMC
strengthened by GOn. The GOn’s special 2D morphology and
its functionalized surface allow obtaining a good homogeneous
dispersion, which leads to a high contact area within the CMC
matrix, for all GOn contents. This was mainly the result of a
strong interaction between the macromolecular chains of CMC
and the nanosheets of GOn. Due to these strong interfacial
interactions, gradual improvements of structural, thermal, and
mechanical properties has been obtained for GOn filled CMC
nanocomposite films, for both low and high GOn contents.
With the incorporation of 7 wt % GOn, 18% increase of ther-
mal stability, 17% of glass transition temperature, 623% of
Young’s modulus, and 205% of tensile strength were achieved.
This work produced high performances CMC-based nanocom-
posite films containing low and high loadings of well-dispersed
GOn. Such nanocomposite films can be expected to have poten-
tial in biomaterials or packaging materials applications.
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