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a b s t r a c t
Graphene oxide (GO) cross-linked chitosan (CS) nanocomposite membrane is ﬁrstly reported in this
study. At elevated temperatures, the cross-linking reaction between amino groups of CS and epoxy
groups of GO happens which signiﬁcantly affects the properties of membranes. The physicochemical properties of nanocomposite membranes have been examined by various methods including
the gel content test, Fourier transform infrared (FTIR), differential scanning calorimeter (DSC), scanning electron microscope (SEM), transmission electron microscope (TEM) and tensile strength test.
Interestingly, the tensile strength of chitosan membranes is greatly improved by GO incorporation.
The 1 wt% loading of GO can improve the tensile strength from 43.2 MPa to 104.2 MPa with the
increment of 141%. This should be attributed to the effective load transfer between GO and CS
arising from the good interfacial properties after cross-linking reactions. Therefore, the biocompatible nanocomposite membranes with enhanced physicochemical properties are promising for diverse
applications.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction

2. Experimental

Chitosan (CS) has attracted great attentions due to its excellent biocompatibility, hypotoxicity, antimicrobial activities and
biodegradability [1,2]. Generally, CS has been widely used in
the tissue engineering, separation membranes, wound dressing, drug delivery and packaging materials [3]. However, the
strong hydrogen bonds among abundant amino and hydroxyl
groups in CS have created the intrinsic drawbacks such as low
mechanical properties and poor solubility in normal solvents.
In attempt to enhance the properties of CS based materials,
researchers have made great efforts to develop effective modiﬁcation strategies. Cross-linking as a simple modiﬁcation approach
can take place between CS and multi-functional anhydride or
aldehyde reagents [4]. It has been proven that the primary
amine groups on CS could interact with various groups for 3-D
network formation to improve the properties of CS based materials. With the rapid development of nanocomposite technology
[5–7], CS based materials should be further tuned by nanohybrids.
In fact, the inherent chemical structures of GO and CS have the
potentials for the cross-linking reactions similar to the curing of
epoxy resin [8] because GO bears with epoxy groups and CS has
amino groups. If the above mentioned cross-linking reaction can be
produced, the enhanced interface can be anticipated in GO crosslinked CS nanocomposites. Here, the ﬁrst report on the fabrication
of GO cross-linked CS nanocomposite has been disclosed and the
basic properties of GO cross-linked CS nanocomposites have been
examined by various methods.

2.1. Materials
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Chitosan was obtained from Zhejian Golden-Shell Biochemical
Co., Ltd. (degree of deacetylation: 86.11%, Mw = 355,000). Graphite
powder, purchased from Qingdao Baichuan Graphite Co., Ltd.,
was used to prepare graphene oxide. Other reagents (KMnO4 and
NaNO3 ) with analytical grade and HAc (A.R. 99.5%), H2 SO4 (A.R.
95–98%), H2 O2 (A.R. 30%) and HCl (A.R. 36–38%) were obtained
from Beijing Beihua Chemical Reagent Co. Ltd. All the chemicals
were used as received without any further puriﬁcation.
2.2. Graphene oxide and GO cross-linked CS nanocomposite
preparations
A modiﬁed Hummers method was used to prepare the graphene
oxide from natural graphite powder [9]. A certain amount of prepared GO was dispersed into 1% acetic acid aqueous solution.
The certain amount of chitosan (degree of deacetylation: 86.11%,
Mw = 355,000) was added into the suspension, stirred for 5 h to
form a homogeneous system. The CS/GO solution was treated with
ultrasound at 60 ◦ C for about 4 h, followed by pouring the prereaction CS/GO solution onto a glass plate. After drying, CS/GO
nanocomposite membrane was peeled off and further dried at
120 ◦ C overnight for post cross-linking. By changing the weight
ratio of CS to graphene oxide, membranes with different GO loadings (0.5, 1, 2, 5 wt%) were prepared (coded as CS/GO-0.5, CS/GO-1,
CS/GO-2 and CS/GO-5).
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Fig. 1. Cross-linking reaction during the formation of GO cross-linked CS nanocomposite membranes.
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FTIR spectra were taken on a Nicolet-Nexus 670 FT-IR in the
range from 400 to 4000 cm−1 with a resolution of 4 cm−1 . DSC
was performed on a DSC-Q2000 (TA Instruments, USA) with a
heating rate of 10 ◦ C/min under dry N2 purge (50 mL/min). The
membrane morphology of the cross-section was examined by SEM
(SEM, FEI-Sirion, Netherlands). The dispersal situation of GO in the
composite membranes were characterized by TEM. A universal tensile testing machine (CMT, Shenzhen SANS Test Machine, China)
was used to measure the tensile strength of different kinds of membranes at a speed of 20 mm/min. The gel content was calculated
by Gel% = (W /W) × 100%, where W and W were the initial weight
and the insoluble fraction weight of the cross-linked membrane,
respectively.
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3. Results and discussion
The cross-linking reaction process during nanocomposite membrane preparation has been illustrated in Fig. 1. Fig. 2 illustrates
the result of gel content, which is essentially utilized to adjust the
cross-linking reactions. According to Fig. 2, the gel can be found
in nanocomposite membranes which should be the cross-linked
products of CS and GO. In fact, GO with abundant epoxy groups
on its surface has been well reported [10]. At elevated temperature, the epoxy groups in GO will react with the amino groups in
CS for the cross-linking reaction which follows the mechanism of
nucleophilic additions. The gel content which is the indication of
cross-linking degree sharply increases only with 0.5 wt% GO loading. After that, the cross-linking degree slowly increases which may
be due to the conformation restrain of CS molecular chains and
bulky GO limiting the reaction. After the loading of GO reaching
2 wt%, the gel content is almost 100%. This result well proves that
GO can effectively cross-link CS, which may have great impact on
the properties of nanocomposites.
Fig. 3 illustrates the FTIR spectra of GO, CS and GO cross-linked
CS nanocomposite (CS/GO-1). The GO synthesis is successful
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Fig. 2. Gel content results of GO cross-linked CS membranes.

Fig. 3. FTIR results of nanocomposite membranes.

Letter to the Editor / Applied Surface Science 280 (2013) 989–992

991

Fig. 4. SEM cross-section images of pure CS (a), CS/GO-1 (b), CS/GO-2 (c), CS/GO-5 (d) and TEM image of CS/GO-5 (e).

some structural defect on the surface, it should be much stronger
than CS. According to Fig. 5, the tensile-strength of GO cross-linked
CS nanocomposite membranes has signiﬁcantly increased with
GO loading. This phenomenon can be explained by the covalent
bond formation after cross-linking reaction between GO and CS,
which has effectively improved the interface between two phases
and facilitated the load transferring from CS to GO. In this study,
the tensile strength of pure CS is 43.2 MPa which is comparable
to 40.2 MPa reported in the literature [12]. When the GO loading is 1 wt%, the enhancement of tensile strength is about 141%
104.2 MPa. The enhanced tensile strength in GO cross-linked CS
membrane is much pronounced than that (89.2 MPa) in GO blended
CS membrane reported by Yang et al. although the GO loading is the
same. This should be attributed to the GO induced cross-linking in
CS membrane at elevated temperatures too. If the physicochemical properties of GO, such as the intensity of functional groups and
particle sizes, can be further tuned ﬁnely by controlling the oxidization process [13], the better properties of such nanocomposites are
anticipated.
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with the support of FT-IR characteristic peaks located at
3300–3600 cm−1 (hydrogen bonds), 1725 cm−1 (C O stretching), 1630 cm−1 (deformation of O H bonds) and 1060 (C O of
epoxy group) [11]. When comparing FTIR results between CS and
GO cross-linked CS, the locations of basic peaks of C H stretching
(2860 cm−1 ), C O C stretching (1020 cm−1 ), hydrogen bonds
(3300–3600 cm−1 ) and C O stretching (1636 cm−1 ) in NHCO
are similar. The reaction between epoxy groups and amino groups
transforms primary amine groups ( NH2 ) into secondary amine
groups ( NH ) which also has similar peaks. However, the close
examination of FT-IR results illustrates that the intensity of C O
stretching of NHCO (the un-deacetylation units) declines and
the N H bending demonstrates the blue shift from 1538 cm−1
to 1532 cm−1 which indicates the happening of epoxy-amino
reaction as Fig. 3 indicated. Therefore, the results of FT-IR are
consistent with the gel content test both of which indicate the
cross-linking reaction between GO and CS. Based on DSC test, the
peak of the decomposition of amine unit which has the typically
exothermic peak obviously shifts to the higher position after GO
cross-linking from 276 ◦ C to 281 ◦ C. This phenomenon should be
due to the formation of covalent bond after cross-linking between
GO and CS which retards the decomposition of amine units in CS.
SEM was employed to evaluate the morphological characteristics of membranes with different GO loadings (0, 1, 2, 5 wt%) as
Fig. 4a–d shows. Many obvious wrinkles and grooves are observed
in GO cross-linked nanocomposite membranes compared with that
of pure CS membrane, and the fracture surfaces become rougher
with the increase of GO loading. This kind of cross-section morphology indicates that the tougher properties of CS cross-linked by
GO. Furthermore, transmission electron microscopy (TEM) image
shown as Fig. 4e demonstrates the information about homogeneity and the excellent dispersion of GO in chitosan matrix. The tough
interface can also be observed which is similar to SEM results. This
phenomenon proves that there is the strong interaction generated
by cross-linking and chain entangling of CS in the fracture areas,
which should affect the mechanical properties of membranes.
At last, the mechanical property of CS membranes before and
after GO cross-linking is investigated. Fig. 5 illustrates the tensilestrength of CS membranes changing with different GO loading. It
is well known that graphene has the superior mechanical properties. Although GO is the form of oxided graphene and may have
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Fig. 5. The effect of GO loading on the tensile strength of CS nanocomposite membranes.
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4. Conclusions
The GO cross-linked CS nanocomposite membranes with different GO contents have been successfully produced by solution
casting method. A cross-linking reaction between CS and GO at
elevated temperatures has been evidenced by the results of gel
experiments and FTIR. The enhanced thermal property of GO crosslinked CS membrane is detected by DSC. As the direct result of
cross-lining between GO and CS, the tensile strength of membranes has been improved signiﬁcantly. The novel GO cross-linked
CS nanocomposite membranes with the enhanced mechanical
properties may have the potentials for biological or separation
applications.
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