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Abstract: In this study, free-standing expanded graphite chitosan (EG-chitosan) nanocomposite
films have been prepared using a novel green and simple preparation method, starting from
a commercial expandable graphite (GIC). The in situ exfoliation of GIC by a solvent-free
sonication method was monitored as a function of the process parameters using X-ray diffraction
(XRD), transmission electron microscopy (TEM), dynamic light scattering (DLS) and UV-visible
transmittance (UV-VIS) analyses. The optimal process parameters were selected in order to obtain an
efficient dispersion of EG in chitosan solutions. The effective EG amount after the in situ exfoliation
was also determined by thermogravimetric analyses.
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1. Introduction

Polymer composites reinforced with inorganic fillers of dimensions in the nanometer range
(less than 100 nm), known as nanocomposites, have attracted great interest from researchers, due
to unexpected “synergistic” properties derived from the two components. The most studied polymer
nanocomposites are composed of thermoplastic or thermosetting matrix, clay [1-7], or carbon
nanotubes (CNTs) and graphene nanoplatelets [8-21].

The discovery of graphene combines extraordinary physical properties, and its ability to be
dispersed in various polymer matrices leads to a new class of polymer composites. Graphene is an
atomically thick, two-dimensional (2-D) sheet composed of sp2 carbon atoms arranged in a regular
hexagonal pattern. It can be considered as the building block of all other graphitic carbon allotropes
of different dimensionality [22]. Montmorillonite and graphite, once exfoliated in a polymer matrix,
show a layered structure characterized by a high aspect ratio, defined as the ratio between the in-plane
dimension and the thickness of the reinforcement [23,24]. Polymer matrices reinforced with graphene
platelets present higher electrical and thermal conductivity sharing with those reinforced with clay
platelets improved strength, modulus, heat distortion temperature and barrier properties [25].

The synthesis of expandable graphite (GIC) as well as graphene sheets is well documented in
the literature [25-27]. Neat graphite (NG) is first converted to intercalated or expandable graphite
through chemical oxidation in the presence of concentrated HySO4 or HNO3. Expanded graphite
is then obtained by expansion and exfoliation of GIC by rapid heating in a furnace above 600 °C.
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A number of studies have been conducted on expanded graphite reinforced conductive polymer
composites [27-31]. So far, investigations have been carried out on thermoplastic materials such as
polystyrene [28] and poly(methyl methacrylate) (PMMA) [29]. These composites were prepared via
in situ polymerization or solution compounding looking mainly at their electrical properties.

Graphene-based sheets have also been tested as possible nanocarriers for delivering drugs [32]
and also as functional biomaterials [33,34]. Shen et al. [35] reported graphene oxide-based
biocomposites through diimide-activated amidation and found that the covalently bonded
biomaterials retained their bioactivity while Dai ef al. [36-38] reported non-toxic nano-graphene oxide
modified with poly(ethylene) glycol (PEG) could delivery water-insoluble cancer drugs.

Chitosan is a linear polysaccharide consisting of ((1,4)-linked D-glucosamine residues
(deacetylated unit) with a variable number of randomly located N-acetyl-glucosamine groups
(acetylated unit). As one of the most abundant natural biopolymers on earth, it is extensively used
for food packaging, biosensors, water treatment, and drug delivery [39]. It has been reported that
chitosan-based biomaterial could promote chondrogenesis [40—42].

Despite its unique physical properties, the mechanical properties of pristine chitosan are
insufficient to satisfy a wide range of applications. A lot of researchers demonstrate that
graphene-oxide (GO) can be evenly dispersed in chitosan matrix, even through the formation of
amide linkages between them [25,43-47].

Since the chitosan can provide a biocompatible, transferable, and implantable condition for cell
culture [47,48], some authors also evaluate the viability of cells on GO-chitosan composite film using
C3H10T1/2 cells, for potential applications in growth of articular cartilage [49].

However, there is a very limited literature on the development of chitosan matrices reinforced
with thin graphene sheets (or stacks of several graphene sheets), obtained starting from expandable
graphite. In this paper, a novel green-based technique to obtain exfoliated EG into chitosan solutions
was achieved. The goal was to determine the optimum process conditions to create EG-chitosan
nanocomposites without the use of any organic solvent. To this aim, different process parameters
were investigated by using several structural, morphological and thermal analyses.

Furthermore, since the EG-chitosan films are biologically compatible and mechanically
reinforced, they could have additional applications in different functional biomaterials. Based on
the obtained results, it is envisaged that the EG-chitosan films will pave the way for next-generation
graphene applications in the realm of functional biomaterial or food packaging applications. Further
mechanical and barrier (oxygen and water permeability) analyses are still in progress, in order to
verify the potential application fields of the novel EG/chitosan composites.

2. Experimental Section

2.1. Materials

Expandable graphite flakes (GIC), intercalated with a mixture of sulfuric acid and nitric acid,
were obtained from Anthracite Industries (EG 3772, Sunbury, PA, USA). A content of 3.5 wt % of
intercalate was reported on the technical data sheet. GIC, after a rapid heating at 700 °C for 2 min
in an oven, is transformed in expanded graphite (EG) characterized by a volume of about 250 cm?/g
and a carbon content of about 99.5%, by following a simple procedure previously assessed [24,50-52].

Chitosan, from crab shell, with low molecular weight (LMW) (Average molecular weight of
100 kDa, Deacetylation degree of 85%), glacial acetic acid (AA), were purchased from Sigma Aldrich
(Milan, Italy) and used without further purification. All solutions were prepared using water from
reverse osmosis purification system (General Waters, Bologna, Italy) and filtered through a 0.45 mm
Milipore syringe filter. Chitosan solutions were prepared by suspending 1 g of chitosan in 100 g of
water/AA (1% v/v) solutions in glass flasks.

2585



Polymers 2015, 7, 2584-2594

2.2. EG-Chitosan Nanocomposites Preparation

The graphite precursor was obtained by sonicating EG in chitosan solutions at different time
points (0 h-control, 2, 4, 6 and 8 h) using a Bioruptor (Diagenode Inc., Denville, NJ, USA). After the
sonication step, the solutions were centrifuged at 5000 rpm for 20 min in order to collect supernatant
solution containing the polymer and the precursor.

The EG-chitosan (EG_CS) films were then prepared using the solvent evaporation technique. For
each time point, film forming solutions were then poured on PTFE (Teflon) plates and left to dry for
24 h at 25 °C, until the total evaporation of the solvent. The dried films were peeled from the plate
and maintained at 25 °C. Neat chitosan films, prepared following the same sonication procedures at
the same time points, were used as a control in the different analyses. In Table 1 the sample code and
compositions of all the suspensions prepared are reported.

Table 1. Sample code and compositions of EG-chitosan (EG_CS) composites.

Sample code Chitosan solution (mL)  Sonication time (h) EG (mg)

CS (control) 3 0 na
EG_CS2h 3 2 15
EG_CS 4h 3 4 15
EG_CS 6h 3 6 15
EG_CS 8h 3 8 15

The effective EG weight fraction for each sample has been calculated by means of
thermogravimetric analysis as described into the experimental section.

2.3. Experimental Techniques

2.3.1. X-Ray Diffraction

Wide-angle X-ray diffraction (XRD) was collected on a ULTIMA + (RIGAKU, Ettlingen,
Germany), using Cu Ko radiation in reflection mode. Samples of expandable graphite (GIC),
expanded graphite (EG), and EG-chitosan based nanocomposites (2-8 h of sonication) were
step-scanned at room temperature from values of 26 ranging from 5° to 60°. The samples were
held in the diffractometer using a socket glass sample holder, and d-spacings were calculated using
Bragg’s law.

2.3.2. TEM

The transmission electron microscopy (TEM) images were taken by a Hitachi H-9000NAR
(Tokyo, Japan) model instrument operated at an accelerating voltage of 100 kV. Samples for TEM
imaging were prepared by placing a drop of the suspensions (the suspensions were diluted in
deionized water and dispersed by ultrasonic waves before use) onto carbon coated copper grids,
dried in air and loaded into the electron microscope chamber.

2.3.3. DLS

The size of the graphite particles contained in the liquid mixtures, corresponding to each
nanocomposite formulation prepared, were measured by Dynamic Light Scattering analysis
(DLS Zetasizer—Malvern Instruments, Worcestershire, UK). Samples were prepared by diluting
approximately 1 mL of sonicated native solution after each step in 9 mL of distilled water. Ten
consecutive measurements were performed on each sample, thus reducing the influence of random
errors. At the end of the above-mentioned measurements, the software was able to calculate the mean
value and the polydispersion index for each sample.
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2.3.4. UV-VIS

Transmittance spectra of the unfilled and filled liquid mixtures (diluted in distilled water by
1/10 v/v) were recorded at normal light incidence in the wavelength range of 300-1100 nm with
a Varian Cary 50 SCAN UV-Vis spectrophotometer (Agilent Technologies, Santa Clara, CA, USA).
Unfilled sonicated chitosan solutions were used as a reference for each time point.

2.3.5. Thermal Analyses (TGA/DSC1)

The solid residual of each unfilled and filled film was calculated by thermogravimetric analysis
(TGA/DSC1 Star and System, METTLER Toledo, Ziirich, Switzerland). To this aim, the samples were
heated from room temperature up to 800 °C at 10 °C/min in nitrogen atmosphere.

3. Results and Discussion

The results of XRD, performed on graphite flakes of EG 3772 before (GIC) and after the expansion
(EG) and sonication in chitosan (EG_CS), for the minimum and maximum sonication time (EG_CS 2h
and EG_CS 8h), are reported in Figure 1 and summarized in Table 2.
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Figure 1. XRD spectra of graphite flakes of EG 3772 before (GIC) and after the expansion (EG) and
sonication in chitosan (EG_CS), for the minimum and maximum sonication time (EG_CS 2h and
EG_CS 8h).

Table 2. XRD parameters obtained from data reported in Figure 1.

Sample code 20 (°) d (nm)
GIC 26.02; 26.55 0.336

EG 26.05; 26.56 0.335
EG_CS2h 26.36 0.337
EG_CS 8h 26.28 0.338

Intercalated graphite platelets show an intense peak at 20 = 26.02° (corresponding to
d = 0.336 nm, attributed to the intercalation of sulfuric acid) and only a shoulder at 26 = 26.54°. After
the expansion, XRD analysis on EG shows a reduced intensity of the peak at 20 = 26.05°, resulting
from sulfuric acid decomposition, leading to a lower amount of intercalated graphene. In the case of
expanded and sonicated graphite in chitosan (EG_CS 2h, EG_CS 8h), the position of the second peak

2587



Polymers 2015, 7, 2584-2594

remained roughly the same; on the other hand, the peak at 20 = 26.05° vanished, as a consequence
of a complete disaggregation of intercalated galleries, independently of the time sonication. This
latter result suggests that the sonication of the EG may lead to an increase of the aspect ratio of the
nanofiller, and that the time of sonication does not affect the grade of exfoliation.

The morphology of expandable graphite flakes before (GIC) and after (EG) expansion has been
reported in a previous work [24]. The diameter of GIC platelets is approximately 400-600 um.
The intercalated graphite platelets were expanded a few hundred times during high-temperature
treatment. The microstructure observed for the EG sample, obtained after the heat-treatment of
the intercalated graphite flake at 700 °C, exhibits a worm-like or an accordion-like shape composed
of multiple nano-scaled platelet layers held together at their edges. These long, porous, distorted
structures are characterized by a length up to 300 times higher than the initial platelet thickness,
while their diameter remains almost unchanged.

Conversely, the morphology of EG-chitosan composites, evaluated by TEM analyses is reported
in Figure 2A-D. TEM analysis revealed a large quantity of flakes with different structures varying the
sonication time. In particular, TEM image of EG_CS composites after 2 h of sonication in Figure 2A
shows a small quantity of monolayer EG flakes. A larger quantity of flakes with few layers (including
some bilayers and tri-layers) can be observed when the sonication time is increased (Figure 2B).
Furthermore, in Figure 2C,D, a transparent sheet-like structure can be found indicating the presence
of monolayers. These images suggest that the selected sheet could be arranged in a single crystal
and the obtained products include monolayer graphene sheets [53]. In general, the majority of these
few-layer flakes had lateral dimensions of ~1 pm. Thicker flakes, with more than a few graphene
layers per flake, were larger, ranging up to 3 pm in diameter.

Figure 2. TEM images of EG-Chitosans at different sonication time: (A) 2 h; (B) 4 h; (C) 6 h;
and (D) 8 h.

The XRD analysis, which can give relevant results on the intercalation properties of bulky
samples, does not provide information either on the aspect ratio of EG or on the presence of exfoliated
lamellae. The first issue is also critical for SAXD analysis, which can only give information on the
average lamellar spacing. TEM analysis suggests that actually two factors play a significant role in
nanocomposite: the degree of intercalation (defined by the inter-laminar spacing, as revealed by XRD
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analysis), and the degree of dispersion (defined by the average number of lamellae in each stacking),
which cannot be determined by XRD analysis. Intercalated structures with the same basal spacing are
characterized by similar XRD spectra, although the degree of dispersion can be different, as well as
the resultant macroscopic physical and mechanical properties [6]. According to these observations,
further experiments were conducted to analyze the differences between nanocomposites with similar
XRD spectra (Table 2 and Figure 1) but presenting different macroscopic properties.

The characterization of the particle size distribution of the liquid nanocomposites mixtures
was also performed using DLS technique. The average particle dimension measured by DLS for
EG-chitosan formulation, sonicated at different time points, ranging from 2 to 8 h is reported in
Figure 3. The chitosan nanocomposite formulations showed an average EG particle dimensions
ranging between 270 to 530 nm, as a function of the sonication times. In particular, the lower particles
dimension was found in the case of the EG-chitosan formulation sonicated for 6 h. These results
are in agreement with TEM analyses, and put in evidence that the grade of exfoliation of EG in the
chitosan matrix clearly depends on the sonication time, even if the XRD analyses were not able to
reveal this aspect.
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Figure 3. DLS curves of EG-chitosan formulations with the respective EG dimension.

It is also evident that the smallest particle size, showed by DLS data and reported in the table of
Figure 3, reversibly increased at 8 h. This latter result is evidence that a time sonication longer than
6 h could cause structural defects in the chitosan matrix, with the formation of graphite micrometric
aggregates [54].

To have further evidence of the influence of the sonication time on the grade of exfoliation
and dispersion of the EG nanoparticles in the chitosan matrix, UV-visible transmittance (UV-VIS)
measurements were also performed on each water dilute EG-chitosan suspension. The results are
reported in Figure 4. UV-VIS absorption spectra of the EG-chitosan dispersions at different exfoliation
time are presented. In literature is reported that graphene has got a peak centered at 300 nm
corresponds to the C=C of graphene sheet [54]. Increasing in absorbance values is correlated with
a further exfoliation of EG in the solution. Thus, the absorbance of graphene dispersions after 2 h
sonication is not effective in the exfoliation process.
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Figure 4. UV-visible transmittance spectra of the water dilute EG-chitosan formulations.

Correlating the absorbance with the concentration of the synthesized EG-chitosan samples, it
is evident that the absorbance increased remarkably with the increasing sonication time with a
maximum for 6 h sonication. In contrast, 8 h sonication seems to have a destructive effect on the EG
sheets. This result is in agreement with DLS analyses, and confirms that 6 h of sonication represent
the more suitable time to obtain a good exfoliation and dispersion of the filler in the chitosan matrix.

The EG-chitosan films, prepared using the solvent evaporation technique, were characterized by
thermal analysis in order to calculate the weight fraction of EG contained in each film, obtained with
a different sonication time. The TGA curves of each EG-chitosan composite are reported in Figure 5A.
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Figure 5. (A) TGA/DSC1 curves of unfilled and filled EG-chitosan composites; (B) Enlargement
of TGA/DSC1 curves in a temperature range of 200400 °C; (C) pictures of the unfilled and filled
EG-chitosan composite films.

All films showed three stages of weight loss (100-200 °C; 200—400 °C; and 500-700 °C). Referring
to the stages of weight losses illustrated by the pure chitosan (CS), the first weight loss started
at about 100 °C and was attributed to the evaporation of absorbed water; the second and third
stages (200—400 °C and 500-700 °C) were assigned to the decomposition of chitosan, vaporization
and elimination of volatile products due to pyrolysis of polysaccharides [55]. Similarly, EG-chitosan
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composites showed the same three-stage degradation behavior. The first stage, between 100 and
200 °C, should be associated with the loss of water in the chitosan. For the EG-chitosan composites,
it was not possible to observe an increase of initial degradation with the increase sonication time,
being indicative of the unchanged thermal stability of the chitosan, in presence of EG, even at
higher sonication times. The mass residual percentage of chitosan and EG-chitosan composites
measured, from TGA curves at the temperature of 800 °C, are reported in Table 3. The mass residual
percentage at 800 °C was found to be about 0.02% and up to 24.64% for neat chitosan and EG_CS 8h,
respectively. This highlighted that starting from the same amount of EG added to the chitosan matrix
and increasing the time of sonication led to a substantial increase of the final content of EG in the
chitosan matrix, in particular in correspondence of 6 and 8 h of sonication. The high amount of EG
contained in the EG_CS 6h and EG_CS 8h is also evidenced by the black color of the films, as visible
in the picture of Figure 5B.

Table 3. Final solid residual and EG weight fraction measured from TGA analysis.

Sample code Final solid residual (%) EG weight fraction (%)
CS (control) 0.02 na

EG_CS 2h 0.63 0.61

EG_CS 4h 0.89 0.87

EG_CS 6h 12.05 12.03

EG_CS 8h 24.64 24.68

4. Conclusions

In this work, we have developed a method for the direct exfoliation of EG in the presence of
chitosan solution for the preparation of EG-chitosan nanocomposites. The aim of the study was
to disperse graphite in water solution of chitosan with the aid of ultrasonication in a solvent-free
and green environment. This process results in large-scale exfoliation to give larger quantities of
multilayer graphene stacks and monolayer graphene in the case of extended time of treatment. XRD
analyses seem to be ineffective in determining the grade of exfoliation of EG-chitosan formulations.
On the other hand, UV-VIS, TEM and DLS analyses provide significant information about the
dimensions, morphology and chemical structure of exfoliated EG, dispersed in the liquid chitosan
matrix. The characterization of dilute EG-chitosan dispersions by UV-VIS suggests the absence
of defects with a maximum in the yield of the process for the sample sonicated for 6 h. The
dispersions are reasonably stable, and they can be used to form semi-transparent films by solvent
casting techniques. We showed that the selected exfoliation method for EG-chitosan in aqueous
solution is an effective route for a green synthesis of chitosan-graphene nanocomposites. These
preliminary results could be a promising starting point for a following study on the application of
these novel composites to different technological fields. As an example, in the future, the addition of
different natural polymers as the incorporation of selected active natural molecules will be evaluated
with the aim to create a versatile platform for different applications. Biomedical applications could
also be envisioned, thanks to chitosan osteogenic properties. A potential use of the EG-chitosan
composites for food packaging applications will finally be explored, by measuring permeability
to gasses and vapors, such as oxygen and water, mechanical properties, and water resistant and
antifungal properties of the of EG-chitosan films.
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