Article
pubs.acs.org/IECR

Polysaccharide Nanocomposites Reinforced with Graphene Oxide
and Keratin-Grafted Graphene Oxide
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ABSTRACT: Nanocomposites of polysaccharide matrices, chitosan−starch, and carboxymethyl cellulose-starch reinforced with
graphene oxide and graphene grafted with keratin were developed. Composites films had been prepared for the casting/solvent
evaporation method. The interaction and distribution of graphene materials in the biopolymer matrices were analyzed by Fourier
transform infrared spectroscopy (FTIR), Raman spectroscopy, and scanning electron microscopy (SEM), and the
thermomechanical properties were examined using dynamic mechanical analysis. The nanocomposites of the chitosan−starch
matrix improved their mechanical properties substantially, with respect to the film without reinforcing, obtaining an increase
of 929% in the storage modulus (E′, 35 °C) with only 0.5 wt % of graphene oxide and outstanding increments in E′ at 150 and
200 °C when keratin-grafted graphene oxide is incorporated (0.1 wt %). In contrast, the graphene oxide incorporated into the
carboxymethyl cellulose−starch matrix tends to decrease the stiffness of the film, behaving in a manner opposite to that of
nanocomposites of the chitosan−starch matrix. Similarly, the incorporation of graphene grafted with keratin shows a decrease in
the rigidity of the resulting material. In this way, the importance of compatibility between the graphene and the host matrix to
achieve a fine control of interface and manipulate the final properties of the material is demonstrated.

1. INTRODUCTION
During the last two decades, significant efforts have been made
toward diminishing the impact of man on the environment.
Following this tendency, the attempt has been made to replace
polymers derived from petroleum with biodegradable ones. In
this sense, the biopolymers seem like a possible alternative to
this effort; nevertheless, some of their properties must be
improved to position them as materials that can be competitive
with the fossil derivatives. The technology of nanocomposites is
an elegant answer to this problem. The nanocomposites consist
of a polymeric matrix or continuous phase and a discontinuous
phase or filler, where at least one dimension is <100 nm.1 The
nanometric dimension2 and the type of nanofiller3 provide a
synergic effect to the material, improving the resulting properties of the nanocomposites, compared with those of the
individual components. Currently, different nanomaterials have
been used as reinforcements for different polymer matrices;
however, the discovery of graphene, which is a single layer of
carbon atoms covalently bonded in a hexagonal crystalline
structure, has attracted enormous interest, because of the
exceptional properties of electronic transportation,4 mechanical
force,5 and thermal conductivity6 that have been presented,
which have already been reported to be promising properties
for use as nanofillers. Nevertheless, the graphene is
incompatible with most organic polymers; thus, it is oxygenated
counterpartgraphene oxide (GO)has been studied.7
© 2012 American Chemical Society

The graphene oxide presents numerous groupshydroxyl,
epoxy, and carboxylhanging oxygenated in the basal planes,
and the borders of the sheet serve as sites of chemical anchorage.8
These sites of anchorage could allow one to improve the
distribution of the GO sheets and generate interfacial bonding
with the hanging groups of natural polymers matrices, and thus
taking advantage of the outstanding properties of graphene
materials. Recently, GO sheets have been modified with various
organic molecules, providing them with interesting new properties.9−11 Based on this background, we use keratin obtained from
chicken feathers to change the behavior of GO sheets. Keratin is a
fibrous protein that consists of polypeptide chains formed via the
condensation of distinct amino acids.12 This protein is durable
and insoluble, and its self-assembled structure provides the
mechanical properties of strength and flexibility.13 Keratin can be
found in wool, hair, horns, avian feathers, and the epidermis of
reptiles. Recent studies have shown that geckos can crawl on
vertical surfaces thanks to efficient adhesive devices called “setaes”,
which consist of long bundles of keratin.14−16
Thus, the adhesion properties and the large-number functional groups (hydroxyl, thiol, and carboxyl groups of keratin)
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2.1.1. Preparation of Graphene Oxide. Graphite oxide
(GO) was prepared from graphite via the modified Hummers
method, according to the literature reported by Stankovich
et al.29 Briefly, 46 mL of cool (0 °C) concentrated sulfuric acid
(H2SO4) placed into a round flask was mixed with 2 g of
graphite powder. The suspension was stirred and maintained in
an ice bath, followed by the slow addition of 6 g of KMnO4 to
keep the reaction temperature at <20 °C. The mixture then was
stirred for 2 h at 35 °C. Next, 92 mL of distilled water was
added and stirred for 15 min. After that, the mixture was
poured into a container with 280 mL of distilled water; 10 mL
of a 30% H2O2 solution then was added to remove the excess
KMnO4. The GO was isolated by centrifugation and washed
first with a solution of HCl in water (1:10 v/v dilution of HCl,
12.1 N) and then with deionized (DI) water several times until
pH was close to neutrality. The GO powder was dried in an
oven at a temperature of 75 °C for 24 h and, furthermore, is
redispersed in DI water and subjected to an ultrasonic bath for
3 h to form homogeneous suspensions of GO sheets. The
morphology and thickness of the GO sheets were investigated
by transmission electron microscopy (TEM) and atomic force
microscopy (AFM). The size of the GO sheets ranged from
1 μm to 2 μm in the lateral dimension. The average thickness
was 0.6 nm. These and other characterizations were reported in
previous studies.30
2.1.2. Preparation of Graphene Oxide Grafted with
Keratin. Keratin is a protein obtained from the biofiber of
chicken feathers in salt form as follows: 3 g of biofiber were
dissolved in a mixture of 75 mL of distilled water, urea, EDTA,
and 2-mercaptoethanol with vigorous stirring for 24 h at room
temperature. The keratin salt then is dialyzed for three days.31
After that, 125 mg of graphite oxide is suspended in 10 mL of
distilled water and subjected to ultrasonic bath for 3 h to obtain
a dispersion of GO sheets. The grafting reaction is performed
under a redox system by mixing the dispersion of GO sheets
with 7.5 mL of dialyzed keratin, 0.75 mL of H2SO4, 0.05 g of
malic acid, and 0.375 g of KMnO4 at 65 °C for 3 h. This is the
first condition of reaction, and the graft is designed GKGO1. In
the second condition, we change only the amount of H2SO4 (to
0.5 mL) and malic acid (to 0.07 g). The graft is designed
GKGO2. The morphology and thickness of keratin-grafted
graphene oxide (GKGO) sheets were investigated by TEM and
AFM. The size of the GKGO1 and GKGO2 sheets ranges from
0.6 μm to 2 μm in the lateral dimension. The average thickness
was 4.5 nm. These and other characterizations were reported in
previous studies.30
2.1.3. Preparation of Chitosan−Starch−Graphene Oxide
and Chitosan−Starch−Graphene Oxide Grafted with
Keratin Films. The films were prepared by the casting/solvent
evaporation method reported by Mathew18 with slight
modifications. The films contain a 50:50 chitosan/starch ratio.
In this proportion, the films present good physical features.18 The
chitosan solution (1% w/v) was prepared by dissolving chitosan in
1% (v/v) aqueous acetic acid solution with vigorous stirring. GO
sheets were dispersed in 10 mL of 1% (v/v) aqueous acetic acid in
an ultrasonic bath for 3 h. The GO filler loading levels were 0.1
and 0.5 wt %. Rice starch solution (1% w/v) was prepared in water
that had been distilled and heated at 90 °C for 10 min with
constant stirring. During the heating process, 0.5 mL of sorbitol
was added as a plastifier. The starch solution was allowed to cool
to room temperature under agitation. The solution of chitosan and
the dispersion of GO sheets were added to the cold starch solution
and vigorously stirred.

can be widely exploited to improve the interface between the
graphene and the polymer matrices. Chitosan (Ch), starch (S),
and carboxymethyl cellulose (CMC) are natural polymers used
in this research that have hydroxyl and amine groups (only
chitosan) that could be useful to link the chemical moieties of
modified graphene with natural polymer matrices. The chitosan
is a polysaccharide obtained via partial deacetylation of the
chitin.17 Its chemical structure is a random linear chain of
N-acetyl-D-glucosamine units (acetylated unit) and D-glucosamine
(deacetylated unit) linked by β (1→4) linkages.3 It is nontoxic,
biodegradable, biocompatible, and resistant to the microbial
growth, and it displays good film-forming properties.18 The starch
is a biopolymer that is produced by the plants in grain form,
serving as reservoirs of energy. Extracted mainly from cereals and
tubers, starch is composed of two α-D-glucopyranose homopolymers: amylose and amylopectin.3 It is a polysaccharide that is
inexpensive and biodegradable, and it has excellent gas-barrier
properties. The carboxymethyl cellulose is an anionic polymer
derived from the cellulose.19 This biopolymer has diverse
interesting properties, including biocompatibility, nontoxicity,
and biodegradability. The properties of the above-mentioned
biopolymers permit them to have important applications in the
fields of medicine, water treatment, packaging, and pharmaceutics,
as well as in the food industry. Despite these properties and
advantages, the starch films exhibit high sensitivity to moisture
and poor mechanical properties, such fragility and rigidity.20,21 To
improve the drawbacks, the blending of starch with various
biopolymers has been investigated. Special attention has been
given to chitosan, because its unique properties favor the
formation of films with a high modulus, flexibility, and lower
water permeability, as well as antimicrobial and antifiungal
attributes.22,23 Such films can be used to develop biodegradable
films for packaging and biomedical materials.23,24 The good interaction between these biopolymers has been amply studied and is
also known.25−27 On the other hand, carboxymethyl cellulose
exhibits excellent film-forming properties, and their chemical
similarity to the starch favor good compatibility between their
improving mechanical properties and moisture resistance; despite
this fact, reports on CMC that has been modified with starch to
form biocomposite films are scarcely found.28 Thus, these
polymers could be find application in order to form novel
ecofriendly polymers; however, the mechanical properties of these
films still must be improved to make them suitable for possible
applications, and nanofillers in this type of polymer play an
important role.
In this paper, we report the synthesis of chitosan/starch
(Ch/S) and carboxymethyl cellulose/starch (CMC/S) nanocomposites reinforced with GO and graphene oxide grafted
with keratin (GKGO). Thus, interesting effects of graphene
materials are observed, depending on the type of polymer
matrix and the interfacial interactions, which are directly
related to the compatibility between polymers and nanomaterials.

2. EXPERIMENTAL SECTION
2.1. Materials. Chitosan powder from crab shells (with the
degree of deacetylation being ≥75%), salt of Na-CMC (with an
average molecular weight of 250 000 g/mol), and rice starch
were supplied by Sigma−Aldrich. Sorbitol in aqueous solution
(70 wt %) was purchased from Golden Bell Reagents. Graphite
was obtained from Electron Microscopy Sciences in the form of
bars, pulverized, and sieved to 300 mesh. Other reagents were
of analytic grade and were used as received.
3620
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The Ch/S/GO mixture then was poured into expandible
polystyrene plates. The film was dried, up to room temperature,
during 120 h. The dry films were washed first with 1 M
aqueous NaOH for 30 min to eliminate the remaining acetic
acid and then with distilled water for an additional 30 min.
After drying the films at room temperature for 360 h, they were
peeled from the plates and stored for later testing. The films
that contain graphene oxide grafted with keratin (GKGO1 and
GKGO2) as nanofiller were prepared using the same method
and the same filler loading levels (0.1 and 0.5 wt %). Details of
the formulations of the films and abbreviations used are shown
in Table 1.

Table 2. Nomenclature and Description of Carboxymethyl
Cellulose−Starch−Graphene Oxide Films
sample identification
CMC/S
CMC/S/GO1
CMC/S/GO5
CMC/S/GKGO11
CMC/S/GKGO15
CMC/S/GKGO21

Table 1. Nomenclature and Description of Chitosan/StarchGraphene Oxide Films
sample
identification
Ch/S
Ch/S/GO1
Ch/S/GO5
Ch/S/GKGO11
Ch/S/GKGO15
Ch/S/GKGO21
Ch/S/GKGO25

CMC/S/GKGO25
components
chitosan and starch
chitosan and starch reinforced with graphene oxide at
0.1 wt %
chitosan and starch reinforced with graphene oxide at
0.5 wt %
chitosan and starch reinforced with graphene oxide
grafted with keratin condition 1 at 0.1 wt %
chitosan and starch reinforced with graphene oxide
grafted with keratin condition 1 at 0.5 wt %
chitosan and starch reinforced with graphene oxide
grafted with keratin condition 2 at 0.1 wt %
chitosan and starch reinforced with graphene oxide
grafted with keratin condition 2 at 0.5 wt %

components
carboxymethyl cellulose and starch
carboxymethyl cellulose and starch reinforced with
graphene oxide at 0.1 wt %
carboxymethyl cellulose and starch reinforced with
graphene oxide at 0.5 wt %
carboxymethyl cellulose and starch reinforced with
graphene oxide grafted with keratin condition 1 at
0.1 wt %
carboxymethyl cellulose and starch reinforced with
graphene oxide grafted with keratin condition 1 at
0.5 wt %
carboxymethyl cellulose and starch reinforced with
graphene oxide grafted with keratin condition 2 at
0.1 wt %
carboxymethyl cellulose and starch reinforced with
graphene oxide grafted with keratin condition 2 at
0.5 wt %

The morphology of the nanocomposites was examined using
scanning electron microscopy (SEM) (JEOL, Model JSM-6060
LV) system under an accelerating voltage of 20 kV. In order to
obtain samples for SEM observations, all the films were
fractured on a universal tensile testing machine. The unique
purpose of this procedure is to obtain a surface subject to strain.
The fractured surfaces were coated with gold, using a sputter
coater (Electron Microscopy Sciences, Model EMS550), and
then were analyzed.
Dynamic mechanical analysis (DMA) of the samples (cut in
rectangular shapes with dimensions of 20 mm in length and
8 mm in width) were carried out with a TA Instruments Model
DMA Q800 system, using tension clamps. The thickness of the
films was measured with a micrometer (Starrett No. 436-1 in.).
Three thickness values were obtained along the length of the
filmstrip, and the mean values were 0.13 mm for the Ch/S
nanocomposites and 0.15 mm for the CMC/S nanocomposites.
The samples were tested over temperature ranges of 30−
270 °C for Ch/S films and 30−220 °C for CMC/S films.
A heating rate of 3 °C/min, with a constant frequency of 1 Hz,
was applied. All treatments were made in duplicate.

2.1.4. Preparation of Carboxymethyl Cellulose−Starch−
Graphene Oxide and Carboxymethyl Cellulose−Starch−
Graphene Oxide Grafted with Keratin Films. A Na-CMC
salt and starch were poured into a flask with 40 mL of distilled
water, and the mixture was heated at 90 °C for 5 min with
vigorous stirring. The films contain a 70:30 carboxymethyl
cellulose/starch ratio. Previous tests allowed us to determine
this ratio to be the better ratio to use to obtain a uniform film.
During the heating process, 0.5 mL of sorbitol (as a plastifier)
was added. GO sheets were dispersed in 10 mL of distilled
water with a ultrasonic bath for 3 h. The GO filler loading levels
were 0.1 and 0.5 wt %. The CMC/S mixture was allowed to
cool to room temperature under agitation. The dispersion of
GO sheets then was added to the cold CMC/S mixture and
dispersed with constant stirring. The CMC/S/GO mixture was
poured in expandable polystyrene plates and dried to room
temperature for 360 h. After drying, the films were peeled from
the plates and stored for later testing. The films that contain
graphene oxide grafted with keratin (GKGO1 and GKGO2) as
nanofiller were prepared with the same method and with the
same filler loading level (0.1 and 0.5 wt %). Details of the
formulations of the films and abbreviations used are shown in
Table 2.
2.2. Methods. Fourier transform infrared (FTIR) spectra of
the nanocomposite films in the attenuated total reflection
(ATR) mode were obtained using a spectrometer (Bruker
Vector 33, model alpha-p) in the wavelength range of 4000−
400 cm−1, with a resolution of 1 cm−1. The Raman spectra of
the samples were measured on a Bruker dispersive Raman
Senterra model. The laser wavelength was 785 nm, with a
power of 100 mW. For each spectrum, an average of six scans
were performed with an integration time of 10 s over a range of
80−3200 cm−1.

3. RESULTS AND DISCUSSION
The FTIR spectra of graphene oxide, neat Ch/S film, and the
nanocomposite films with GO, GKGO1, and GKGO2, at 0.1
and 0.5 wt %, are shown in Figures 1a and 1b, respectively.
Characteristic infrared bands found in the neat Ch/S spectrum
and the band shifts found in the nanocomposites spectrum, which
is referenced as the Ch/S spectrum, are shown in Table 3.
Table 3 also shows the signals that confirm important shifts
in the nanocomposite spectra, taking, as reference, the Ch/S
film and GO spectra. It is possible to observe that the bands
that are involved in these changes are related with ν(O−H),
ν(CO), ν(N−H), ν(C−N), and ν(C−O). The shifts of the
majority of these bands are associated with hydrogen bonds,
because of the interaction between GO and the Ch/S polymer
and might be considered as an evidence of the participation of
these functionalities in the formation of interfacial interactions
between graphene and a polymeric matrix.34 Similar shifts have
been found in starch−graphene oxide composites, indicating
interfacial interactions.36 However, the peaks associated with
CO and C−N vibration are more susceptible to shift in the
composites than N−H and C−O. In addition, hydrogen bonds
are also corroborated by the shifts in O−H vibrations, which
3621
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Figure 1. FTIR spectra of neat chitosan/starch film (Ch/S), graphene oxide (GO) powder, and nanocomposite films (Ch/S/GO, Ch/S/GKGO1,
and Ch/S/GKGO2) at (a) 0.1 wt % and (b) 0.5 wt %.

Table 3. Overview of Infrared Bands of Graphene Oxide, Neat Chitosan/Starch Film, and Ch/S/GO, Ch/S/GKGO11 and
Ch/S/GKGO21 Nanocomposites
Band Position [cm−1]
Ch/S

Ch/S/GO

Ch/S/GKGO11

Ch/S/GKGO21

3354
2922
1647
1588

3514

3514

3528

1670
1592

1670
1592

1667
1592

1374
1316
1311
1014
1010
1010
band position for graphene oxide [cm−1]
3382−3169
1700
1624−1585
1400
1228
1059

band
assignment
ν (O−H)
ν (C−H)
ν (CO)
ν (NH3+)

1341
ν (C−N)
1010
ν (C−O)
band assignment
ν(O−H)
ν(CO)
ν(CC)
ν(C−O)
ν(C−O)
ν(C−O)

remarks

ref(s)

assigned to the vibrations of this group linked to the saccharide chain of starch
associated with the stretching vibration of the ring methine hydrogen atoms
attributed to the amide group of the portion acetylated of chitosan
assigned to interaction of primary amide groups of chitosan and hydroxyl
groups of starch
attributed to the group amide III of chitosan
associated with the stretching vibration of C−O in C−O−C groups in starch
remarks
ref

32
18
33, 34
18

ascribed to the vibration of this group linked to basal planes of graphene
corresponding to vibration of carboxyl groups
corresponding to the remaining sp2 character
assigned to the Carboxy groups
associated to the Epoxy groups
assigned to the Alkoxy groups

18
32

35
35
35
35
35
35

with hydrogen bonds also could be found in this type of
nanocomposite. However, notably, these spectra show much
less evidence of interfacial links than the Ch/S nanocomposites.
The FTIR spectrum of nanocomposites films reinforced at
0.5 wt % (Figure 2b) shows similar positions, compared with
the bands in films reinforced at 0.1 wt %.
The Raman spectra of neat Ch/S film and nanocomposite
films at 0.1 and 0.5 wt % are presented in Figures 3a and 3b,
respectively. Raman bands in neat Ch/S film and nanocomposites spectra are shown in Table 5.
In Table 5, it is possible to observe the bands in the nanocomposite spectra related with notable shifts, using the Ch/S
spectrum as a reference. The groups involved in these changes
correspond to ν(C−O−C) and δ(C−O−H) for the nanocomposites reinforced with GO, and δ(C−OH) and chitosan
skeleton for the nanocomposites containing grafted GO. This
corroborated the IR results, and the stronger influence of
hydrogen bonds in the interface of the nanocomposites; also, it
is again evident that groups related with C−O vibration show
different links when keratin is present or not in GO. This fact
could be influenced by the fact that the CO and O−H

are present in all nanocomposite spectra. These facts indicate
that interactions between nanofillers and the polymer matrix
are produced in both GO and grafted GO, showing that links
that involve CO with O−H groups are more influenced than
N−H hydrogen bonds links. Taking these results into account,
and because of the nature of keratin, it is supposed than
nanocomposites with GO could produce more links with the
matrix than keratin-grafted GO. The FTIR spectra of films
reinforced at 0.5 wt % (Figure 1b) exhibit a behavior similar to
that of spectrum films filled at 0.1 wt %.
The FTIR spectra of graphene oxide, neat CMC/S film, and
nanocomposite films at 0.1 and 0.5 wt % are shown in Figures 2a
and 2b, respectively. Characteristic infrared bands found in the
neat CMC/S spectrum and the band shifts found in the nanocomposite spectrum, taking the CMC/S spectrum as a reference,
are shown in Table 4. The remarks of infrared bands of GO were
previously given in the table of the C/S films.
Based on the band positions displayed in Table 4, it is
possible to observe only notable changes for the nanocomposites in the peaks associated with ν(CO), situated at
1366 cm−1 for the CMC/S spectrum, and the bands related
with ν(O−H). This indicates that possible interactions related
3622
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Figure 2. FTIR spectra of neat carboxymethyl cellulose/starch film (CMC/S), graphene oxide (GO) powder and nanocomposites films (CMC/S/
GO, CMC/S/GKGO1 and CMC/S/GKGO2) at (a) 0.1 wt % and (b) 0.5 wt %.

Table 4. Overview of Infrared Bands of Graphene Oxide, Pristine Carboxymethyl Cellulose/Starch Film, and CMC/S/GO,
CMC/S/GKGO11 and CMC/S/GKGO21 Nanocomposites
Band Position [cm−1]
CMC/S CMC/S/GO CMC/S/GKGO11 CMC/S/GKGO21
3283

3293

3296

3296

band
assignment
ν (O−H)

2920

ν (C−H)

1592

ν (CO)

1366
1316
1014

1410

1410

1413

ν (CO)

1321

ν (CO)
ν (C−O)

remarks

ref(s)

assigned to the vibrations of this group linked to the saccharide chain
of starch and carboxymethyl cellulose
associated with the stretching vibration of the ring methine hydrogen
atoms
attributed to asymmetric stretching vibration of this group in
COO−Na+
attributed to symmetric stretching vibration of this group in
COO−Na+
associated with the stretching vibration in COO−1
associated with the stretching vibration of C−O in C−O−C groups in
starch

19, 37
18
33
33
38
32

Figure 3. Raman spectra of neat Ch/S film and nanocomposite films (Ch/S/GO, Ch/S/GKGO1, and Ch/S/GKGO2) at (a) 0.1 wt % and
(b) 0.5 wt %.

groups in GO are occupied by the grafted keratin. Changes
found in nanocomposites at 0.5 wt % show the same tendency.
Raman spectroscopy of neat CMC/S film and nanocomposite films at 0.1 and 0.5 wt % are presented in Figures 4a
and 4b, respectively. Characteristic Raman bands found in neat
CMC/S film and nanocomposite spectra are shown in Table 6 in
order to observe possible changes.
Contrary to the Ch/S nanocomposite spectra, where O−H
band shifts are observed, in the CMC/S nanocomposite

spectra, only light shifts are found, using the CMC/S spectrum
as a reference; the bands involved in these changes are related
to the backbone of cellulose and the glycosidic linkage. This
indicates that GO groups could be produce some interactions
in polymer films; however, it is evident that the shifts found in
Ch/S film are stronger than those in CMC/S materials.
The fracture surface morphology of the nanocomposite Ch/S
films was investigated via SEM, and the micrographs are
displayed in Figure 5 at two magnifications, in order to show
3623
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Table 5. Positions and Assignments of Characteristics Raman Bands of Pristine Ch/S Film and Nanocomposite Films
Reinforced with GO, GKGO1, and GKGO2 at 0.1 wt %
Band Position [cm−1]
Ch/S

Ch/S/GO

362
480
940

936

1114

1110

1377

Ch/S/GKGO11

Ch/S/GKGO21

365

365

band assignment(s)
ν (C−C−C)
ν (C−O−C)
ν (C−O−C)
ν (C−O), ν (C−O−C)

1320

1332

1332

D band

1456
1600

1459
1597

1459
1592

δ (C−OH)
G band

2627

2D band
ν (C−H)

2902

remarks

ref(s)

assigned at vibration of skeleton of chitosan
attributed to the symmetric vibration of the α-glucose ring; this
band is the dish most characteristic of starch in Raman spectra
associated with the symmetric stretching vibration in amilosa α1,4-glycosidic linkage
corresponds to the symmetric vibration of these groups in
glycosidic bond
assigned to this band in graphene; corresponds to the breathing
mode of κ-point photons of A1g symmetry
attributed to the bending vibration of this group in starch
attributed to this band in graphene; assigned to the first-order
scattering of the E2g phonon of sp2 C atoms
attributed to this band in graphene; attributed to the overtone
of the D line
assigned to the vibration of this group in starch and chitosan

39−41
42, 43
42, 43
40, 43
44
43
45
44
40, 42

Figure 4. Raman spectra of neat CMC/S film and nanocomposites films (CMC/S/GO, CMC/S/GKGO1, and CMC/S/GKGO2) at (a) 0.1 wt %
and (b) 0.5 wt %.

Table 6. Positions and Assignments of Characteristics Raman Bands of Neat CMC/S Film and Nanocomposite Films
Reinforced with GO, GKGO1, and GKGO2 at 0.1 wt %
Band Position [cm−1]
CMC/S CMC/S/GO CMC/S/GKGO11 CMC/S/GKGO21

ν (C−C−C)
ν (C−O−C)

359
480
916

ν (C−O−C)

921

ν (C−C)

1107
1320

1320

1323

2910

D band
ν (C−O−C)

1264
1328
1412

band
assignment

1460
1597

1460
1600

1460
1600

δ (C−OH)
ν (C−C−C)
G band

2620

2620

2620

2D band
ν (C−H)

the differences between the nanocomposites and the polymer.
The cross section of the pristine Ch/S film (Figure 5a(a′))

remarks

ref(s)

assigned to the vibration of the skeleton of both polymers
attributed to symmetric vibration of α-glucose ring; this band is the
dish most characteristic of starch in Raman spectra
associated with vibration skeleton in CMC and glycosidic linkages
in starch
assigned to symmetric vibration of glycosidic bonds in both
polymers
assigned to this band in graphene; corresponds to the breathing
mode of κ-point photons of A1g symmetry
attributed to the stretching vibration in carboxymethylated
polymers
assigned the bending vibration in starch
associated with the vibration of the backbone of cellulose
attributed to this band in graphene; assigned to the first-order
scattering of the E2g phonon of sp2 C atoms
attributed to this band in graphene; attributed at overtone of the D
line
assigned to the stretching vibration of this group in both
polysaccharides

39
42, 43
38, 43
40, 41
44
38
43
40
45
44
40, 43

shows a homogeneous surface, without a separation of phases
between polysaccharides, which is an indication of the good
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Figure 5. SEM images of fracture surfaces. Cross sections of (a-a′) neat Ch/S film, (b-b′) Ch/S/GO at 0.1 wt %, (c-c′) Ch/S/GKGO1 at 0.1 wt %,
(d-d′) Ch/S/GKGO2 at 0.1 wt %, (e-e′) Ch/S/GO at 0.5 wt %, (f-f′) Ch/S/GKGO1 at 0.5 wt %, and (g-g′) Ch/S/GKGO2 at 0.5 wt %.

interaction between two components.27 The cross section of
nanocomposite Ch/S/GO film at 0.1 wt % (Figure 5b(b′)) is
completely different than that of the neat Ch/S film. The

fracture surface shows a rough structure, revealing a strong
interfacial adhesion and compatibility between the GO and the
matrix. Similarly rough surfaces have been found on other
3625
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Figure 6. SEM images of fracture surface. Cross sections of (a-a′) neat CMC/S film, (b-b′) CMC/S/GO at 0.1 wt %, (c-c′) C/S/GKGO1 at
0.1 wt %, (d-d′) CMC/S/GO at 0.5 wt %, and (e-e′) C/S/GKGO1 at 0.5 wt %.

composites that contain graphene, indicating good adhesion.46
Also, in other recent studies, where chitosan is modified with
graphene oxide, a similar appearance of this type of composite has been observed, indicating that irregular surfaces are
formed by the GO sheets covered by polymer.34,47 Note that
graphene produce important changes in the morphology of
the nanocomposite with very low loading levels of filler.
Figures 5c(c′) and 5d(d′) show the fracture surface of Ch/S/
GKGO1 and Ch/S/GKGO2 films at 0.1 wt %. The cross section
of the films shows a rough structure and uniformity, indicating a
good incorporation of keratin-grafted graphene oxide in the
matrix. The film shows some microcracks, which are due to the
fracture procedure.
From the fracture surface of nanocomposite Ch/S/GO at
0.5 wt % (Figure 5e(e′)), it is possible to observe that this film

has a striated structure and many granulations, indicating a
different behavior, with respect to the neat film. The Ch/S/
GKGO1 and Ch/S/GKGO2 films at 0.5 wt % (Figures 5f(f′)
and 5g(g′)) displayed a surface with essentially the same
characteristics as the nanocomposite films at 0.1 wt %.
The SEM micrographs of the fracture surface of nanocomposite CMC/S films are shown in Figure 6. The cross
section of pristine CMC/S film (Figure 6a(a′)) shows a rough
and bulky surface, without a separation of phases between
polysaccharides, suggesting good integration between the
carboxymethyl cellulose and the starch. However, the majority
of the surfaces related with CMC/S/GO1, CMC/S/GO5, CMC/
S/GKGO11, and CMC/S/GKGO15 films (Figures 6b(b′)−
e(e′)) do not show structural differences, compared to the neat
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film, indicating pore interaction between the nanofillers and the
matrix.
Dynamic mechanical analysis (DMA) provides information
about the viscoelastic behavior in a range of temperatures.
Figure 7 shows the storage modulus (E′) for neat Ch/S film

Figure 8. Temperature versus dynamic storage modulus (E′) of neat
Ch/S film and the nanocomposite Ch/S/GO, Ch/S/GKGO15, Ch/
S/GKGO25 films.

storage modulus increased from 193 to 2033 MPa at 35 °C. As
the temperature increases, the Ch/S/GO film displays a typical
gradual decrease in storage modulus. For the Ch/S/GKGO15
and Ch/S/GKGO25 films the storage modulus at 35 °C is 796
and 467 MPa, respectively. In contrast with their counterpart
reinforced at 0.1 wt %, the storage modulus gradually decreased
at higher temperatures suggesting that the higher content of
grafted nanofiller may modify the interfacial interactions due to
the hydrophobic nature of keratin. Dynamic storage modulus
has been improved in a wide range of temperatures for all the
nanocomposites, however, the Ch/S/GO film shows an important
improvement respect to the neat film. This improvement in the
mechanical properties suggesting a good distribution of the GO
and graphene oxide grafted with keratin in the matrix as well as a
good interfacial contact which also agree with the interactions
found by IR and Raman spectroscopy.
The temperature dependencies of storage modulus for neat
CMC/S and nanocomposite films at 0.1 and 0.5 wt % are
displayed in Figure 9. Clearly, the thermomechanical properties
of these nanocomposite films are totally different, compared to
the Ch/S films. While, in Ch/S films, the adhesion of nanofillers significantly improved the storage modulus in CMC/S
films, E′ decreased. When the CMC/S matrix was reinforced
with GO at 0.1 wt % (Figure 9a), the stiffness decreased. The
storage modulus decreased from 1255 to 784 MPa compared
with neat CMC/S film and the same effect is observed with the
CMC/S/GKGO11 and CMC/S/GKGO22 films. The storage
modulus at 35 °C for the CMC/S/GKGO11 film is 965 MPa,
and for the CMC/S/GKGO21 film, it is 774 MPa. The storage
modulus is partially recovered with the increase in nanofiller
content. The nanocomposite CMC/S/GO film at 0.5 wt %
(Figure 9b) displayed a storage modulus of 1126 MPa at a
temperature of 35 °C. The CMC/S/GKGO15 and CMC/S/
GKGO25 films have a slightly higher storage modulus,
compared with CMC/S/GO film; however, at higher temperatures, the films have less stiffness. These results indicated that
the graphene oxide produces a different effect, leading to an
increase in E′ for the Ch/S film and a decrease in E′ for the
CMC/S film, which also is in agreement with the light interactions found by IR and Raman and the insignificant morphological
changes found in SEM.
This behavior also exhibits the importance of compatibility
between the graphene oxide and the polymer matrix to
manipulate the final properties of the material. Therefore,
the storage modulus of the CMC/S and Ch/S polymer at
35 °C with graphene oxide paper with 4 wt % of water is

Figure 7. Temperature versus dynamic storage modulus (E′) of neat
Ch/S film and the nanocomposite Ch/S/GO, Ch/S/GKGO11, Ch/
S/GKGO21 films.

and nanocomposites at 0.1 wt %. It is possible observe that all
the films shows higher E′ values, compared to that of the neat
Ch/S film. When the matrix is reinforced with GO at 0.1 wt %,
the storage modulus increases from 196 MPa to 767 MPa at
35 °C. As the temperature increases, the nanocomposite film
displays a gradual decrease in storage modulus, showing behavior
similar to that of the Ch/S film. The Ch/S/GKGO11 and Ch/
S/GKGO21 nanocomposites exhibit a completely different
behavior. The storage modulus at 35 °C is 322 MPa for Ch/S/
GKGO11 and 252 MPa for Ch/S/GKGO21, and the storage
modulus gradually increases and achieves maxima in E′ at 164
and 135 °C, respectively. It is known that Ch/S film loses free
water at ∼100 °C,18 and there exist more interactions with free
water of hydroxyl groups than amine groups in this type of
polymer.48 These later statements could explain the effect in
DMA of E′ in the temperature range. Note that, at higher
temperature, there is a loss of OH groups in Ch/S, belonging to
free water; thus, one can suppose that this fact allows
more interaction between bound OH of the polymer and the
amine groups in keratin. The suggestion is also supported by
the hydrophobic nature of keratin,12 since, although more free
water is eliminated, there exist the possibility to produce a link
between hydrophobic groups in keratin with polymer chains;
therefore, an increase in the stiffness is reached. In addition,
the assumption agrees with the IR and Raman results, where
nanocomposites with grafted GO show interactions in the
amide groups and nanocomposites with GO show evidence of
interactions in CO, O−H moieties. This fact also explains
the high storage modulus of Ch/S/GO at 35 °C. Such behavior
indicated that GO and keratin-grafted graphene oxide interacted with the matrix in different ways. As previously mentioned,
the different interactions between the nanofillers and the matrix
produced an important synergistic effect at different temperatures.
Figure 8 display the storage modulus (E′) for neat Ch/S film
and nanocomposites at 0.5 wt %. It can be seen the behavior of
the nanocomposite films is more uniform compared with the
samples reinforced at 0.1 wt %. In this case the storage modulus
is substantially improvement with the increase in content of
GO nanofiller. When the matrix was reinforced with GO, the
3627
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Figure 9. (a) Temperature versus storage modulus for neat CMC/S and nanocomposite CMC/S/GO1, CMC/S/GKGO11, and CMC/S/GKGO21
films. (b) Temperature versus storage modulus of neat CMC/S film and nanocomposites films at 0.5 wt %.

considered (E′ ≈ 23 GPa (ref 49)). The calculated values of
nanocomposites, considering the rules of mixture, would be 210
and 311 MPa for Ch/S composites reinforced with 0.1 and
0.5 wt % of GO, respectively, and the experimental values
obtained correspond to 767 and 2033 MPa, respectively. In
contrast, in the caswt %e of CMC/S composites, the calculated
values correspond with 1270 and 1350 MPa for nanocomposites with 0.1 and 0.5 wt % GO, respectively, while the
obtained values in DMA are 784 MPa for composite with 0.1
wt % and 1119 MPa for composite with 0.5 wt %.

CMC/S nanocomposites shows not change in morphology of
polymer.
The results presented in this work demonstrate the importance
of the compatibility between the nanofillers and the polymeric
matrix to manipulate the final properties of a material.
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In summary, films of chitosan/starch (Ch/S) and carboxymetyhl cellulose reinforced with GO (CMC/GO) and
graphene oxide grafted with keratin (GKGO) have been
successfully prepared via the casting/solvent evaporation
method. According to the results from the FTIR analysis, all
the Ch/S nanocomposites undergo significant shifts in the
bands related with some functional groups (such as OH, CO,
and C−N). However, in other functional groups (such as N−H
and C−O), only light shifts are found. These facts indicate that
CO···OH links could predominant in comparison with N−
H···OH bonds. Therefore, a higher interaction with the hanging
groups of GO by hydrogen bonds could be produced.
Meanwhile, in the GKGO, the interaction with the matrix
could be produced by both CO and N−H; however, because
of the nature of proteins, N−H bonds could be predominant.
This fact suggests possible stronger interactions in GO
composites than in the GKGO composites.
In Raman spectroscopy, the groups involve in changes
correspond to ν(C−O−C) and δ(C−O−H) in the nanocomposites reinforced with GO, and δ(C−OH) and chitosan
skeleton in nanocomposites containing grafted GO. This
corroborated the IR results, as well as the stronger influence
of hydrogen bonds in the interface of the nanocomposites.
The dynamic materials analysis DMA and SEM results
corroborated the links found in the IR and Raman spectroscopies. Composites with GO presents high storage moduli and
the composites with GKGO increase their storage modulus
when free water is evaporated. SEM analysis of samples
confirmed that the fillers in the Ch/S nanocomposites have a
good interaction with the matrix for the capacity they have to
change the roughness of the polymer. Further, SEM analysis in
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(30) Rodríguez-González, C.; Kharissova, O. V.; MartínezHernández, A. L.; Castaño, V. M.; Velasco-Santos, C. Graphene

oxide sheets covalently grafted with keratin obtained from chicken
feathers. Submitted to J. Nanopart. Res., 2012.
(31) Schrooyen, P. M. M.; Dijkstra, P. J.; Oberthur, R. C.; Bantjes, A.;
Feijen, J. Partially Carboxymethylated Feather Keratins. 1. Properties
in Aqueous Systems. J. Agric. Food Chem. 2000, 48, 4326−4334.
(32) Xiong, H.; Tang, S.; Tang, H.; Zou, P. The structure and
properties of a starch-based biodegradable film. Carbohydr. Polym.
2008, 71, 263−268.
(33) Smith, B. Infrared Spectral Interpretation. A Systematic Approach;
CRC Press: Boca Raton, FL, 1999.
(34) Han, D.; Yan, L.; Chen, W.; Li, W. Preparation of chitosan/
graphene oxide composite film with enhanced mechanical strength in
the wet state. Carbohydr. Polym. 2011, 83, 653−658.
(35) Park, S.; Lee, K. S.; Bozoklu, G.; Cai, W.; Nguyen, S. T.; Ruoff,
R. S. Graphene Oxide Papers Modified by Divalent Ions-Enhancing
Mechanical Properties via Chemical Cross-Linking. ACS Nano 2008,
2, 572−578.
(36) Changhua, R. L.; Ma, J. Studies on the properties of graphene
oxide-reinforced starch biocomposites. Carbohydr. Polym. 2011, 84,
631−637.
(37) Lii, C.; Tomasik, P.; Zaleska, H.; Liaw, S.; Lai, V. M. F.
Carboxymethyl cellulose−gelatin complexes. Carbohydr. Polym. 2002,
50, 19−26.
(38) Yuen, N. S.; Choi, S. M.; Phillips, D. L.; Ma, C. Y. Raman and
FTIR spectroscopic study of carboxymethylated non-starch polysaccharides. Food Chem. 2009, 114, 1091−1098.
(39) Thygesen, L. G.; Løkke, M. M.; Micklander, E.; Engelsen, S. B.
Vibrational microspectroscopy of food. Raman vs. FT-IR. Trends Food
Sci. Technol. 2003, 14, 50−57.
(40) Zhanga, K.; Peschel, D.; Helm, J.; Groth, T.; Fischer, S. FT
Raman investigation of novel chitosan sulfates exhibiting osteogenic
capacity. Carbohydr. Polym. 2010, 83, 60−65.
(41) Pelletier, M. J. Analytical Applications of Raman Spectroscopy;
Blackwell Science: Oxford, Malden, MA, 1999.
(42) Passauer, L.; Bender, H.; Fischer, S. Synthesis and characterisation of starch phosphates. Carbohydr. Polym. 2010, 82, 809−814.
(43) Almeida, M. R.; Alves, R. S.; Nascimbem, L. B. L. R.; Stephani,
R.; Poppi, R. J.; Oliveira, L. F. C. Determination of amylose content in
starch using Raman spectroscopy and multivariate calibration analysis.
Anal. Bioanal. Chem. 2010, 397, 2693−2701.
(44) Wang, G.; Yang, J.; Park, J.; Gou, X.; Wang, B.; Liu, H.; Yao, J.
Facile synthesis and characterization of graphene nanosheets. J. Phys.
Chem. C 2008, 112, 8192−8195.
(45) Wang, G.; Shen, X.; Wang, B.; Yao, J.; Park, J. Synthesis and
characterization of hydrophilic and organophilic graphene nanosheets.
Carbon 2009, 47, 1359−1364.
(46) Loung, N. D.; Pahimanolis, N.; Hippi, U.; Korhonen, J. T.;
Ruokolainen, J.; Johansson, L. S.; Nam, J. D.; Seppälä, J. Graphene/
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