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a b s t r a c t

Regenerated cellulose/graphite oxide (GO) blended films have been prepared in 6 wt.%NaOH/4 wt.%urea
aqueous solution by a simple and cost effective method. The structure, thermal stability and mechanical
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properties of these composite films have been investigated by wide-angle X-ray diffraction, scanning
electron microscopy, thermal analyses, and tensile strength measurements. The results obtained from
those different studies revealed that cellulose and GO are mixed homogeneously. The thermal stability
and mechanical properties of the composite materials are improved significantly over those of pure
cellulose. The cellulose/GO film showed a high storage modulus up to 180 ◦C. The effect of the amount of
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. Introduction

Bio-based materials have attracted much attention for their
enewability and biodegradability (Gross & Kalra, 2002; Nishio,
006; Ragauskas et al., 2006). Cellulose, the most affluent biopoly-
er resource in the world, is widely considered as an inexhaustible

aw material with fascinating structures and properties. It has
rowing demand due to its environment friendly and biocompati-
le products (Klemm, Heublein, Fink, & Bohn, 2005; Klemm et al.,
006; Read & Bacic, 2002). It is well known that cellulose is the main
einforcing constituent in plant cell walls and it is a natural linear
olysaccharide in which d-glucopyranose rings are connected to
ne another with �-(1,4)-d-glycosidic links. Here, making use of
ellulose is believed to be a route to prepare materials and chem-
cals instead of petrochemicals (Mascal & Nikitin, 2008; Nogi &
ano, 2008). However, cellulose has not yet been used in opti-
um potential applications, because neither it can be melted nor

t can be dissolved in a common solvent easily to fabricate into a
esired form. Thus, more attention has been paid on searching suit-

ble solvent systems for cellulose (de Menezes, Pasquini, Curvelo,
Gandini, 2009; El Seoud, Koschella, Fidale, Dorn, & Heinze, 2007;
einze et al., 2000; McCormick, Callais, & Hutchinson, 1985; Yan
Gao, 2008; Zhang, Ruan, & Zhou, 2001; Zhu et al., 2006). It

∗ Corresponding author at: Department of Chemical Physics, University of Science
nd Technology of China, Jinzai Road 96#, Hefei 230026, Anhui, PR China.
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E-mail address: lfyan@ustc.edu.cn (L. Yan).

144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2010.09.006
aterial has also been investigated.
© 2010 Elsevier Ltd. All rights reserved.

has been confirmed that cellulose could be well dissolved in the
NaOH/urea aqueous solution at low temperature (Isogai & Atalla,
1998; Laszkiewicz, 1998; Zhang et al., 2001).

It is widely accepted that blending is an important method
for developing novel polymeric materials of potential applica-
tion. Blending cellulose with other material is an interesting
approach for preparing functional composites (Liang et al., 2009;
Yang et al., 2009; Yun & Kim, 2008; Zhang, Wang, Zhang, Wu,
Zhang, & He, 2007). Zhang et al. reported that the blending of
carbon nanotube with cellulose enhanced the mechanical prop-
erties of the composite materials (Zhang et al., 2007). Recently,
organic/inorganic intercalation composites have also attracted
many scientists because of their excellent physical–chemical prop-
erties (Bartholome, Derre, Roubeau, Zakri, & Poulin, 2008).

Graphene, a single layer of carbon atoms in a hexagonal lattice,
has recently attracted much attention due to its novel electronic
and mechanical properties (Ramanathan et al., 2008). Graphene
is usually prepared by the reduction of its precursor graphite
oxide (GO) (Chen, Yan, & Bangal, 2010), a typical pseudo-two-
dimensional oxygen-containing solid in bulk form which possesses
functional groups including hydroxyls, epoxides, and carboxyls
(McAllister et al., 2007; Niyogi et al., 2006; Stankovich et al., 2007;
Vickery, Patil, & Mann, 2009). Both graphene and GO papers show
very high mechanical properties, and they are also the poten-

tial reinforcing materials for polymers (Stankovich et al., 2006;
Wakabayashi et al., 2008; Wang, Tambraparni, Qiu, Tipton, & Dean,
2009). The chemical functionalization of GO has been found to
be a feasible and effective means of improving the dispersion of
graphene. Additionally, functional side groups bound to the surface

dx.doi.org/10.1016/j.carbpol.2010.09.006
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:lfyan@ustc.edu.cn
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f graphene sheet may improve interfacial bonding between the
raphene and the matrix similar to that observed for functionalized
arbon nanotube-based composites (Coleman et al., 2004). Thus,
his remarkable mechanical property of low costs, 2D graphene or
O sheets is expected to offer promising nanoscale filler for the next
eneration of composite materials. In other way, these functional
roups allow GO to be easily absorbed in polar matrices and in polar
olymers to form GO intercalated exfoliated composites. However,
here are some reports pertaining to the intriguing applications
such as organic conductive films and heat-resistant material) of
O–polymer composites (Fang, Wang, Lu, Yang, & Nutt, 2009; Kong,
oo, & Jung, 2009). Since GO can be dispersed in water as the indi-
idual sheet, it is possible to achieve a truly molecular-level disper-
ion of GO when water is used as the common solvent for both GO
nd the polymer matrix. Arguably it is considered that H-bonding
nteraction is stronger than van der Waals interaction and it can
ive effective interfacial adhesion between the filler and matrix.

Taking these considerations into account, we report here a
imple and environmentally friendly preparation of cellulose–GO
omposite films by blending GO into the microcrystalline cellulose
MCC) matrix using alkali aqueous solution as the processing sol-
ent. The structure and morphology of these prepared films are
xamined and discussed. These composite films combining the
dvantages of the cellulose and GO, result in a high mechanical
erformance. Good adhesion is found between GO filler and the
ellulose matrix, and significant reinforcement is observed. Fur-
hermore, we suggest that the cellulose/GO composites have high
egree of heat-resistant than that of pure regenerated cellulose
RC). In addition, the effect of the blending content of GO on the
roperties of the prepared composites is also systematically inves-
igated.

. Experimental

.1. Materials

MCC with a purity >99% was supplied by Shanghai Chemical
iber Co. Ltd. (Shanghai, China). Its viscosity-average molecu-
ar weight (M�) was determined using an Ubbelohde viscometer
n NaOH(6 wt.%)/urea(4 wt.%) aqueous solution at 25 ± 0.05 ◦C
nd calculated using the equation [�] = 3.85 × 10−2 M�

0.76 to be
.5 × 104 g mol−1.(Zhou, Zhang, & Cai, 2004).

All the reagents (urea, NaOH, NaNO3, 98%H2SO4, 30% H2O2 and
MnO4) of analytical grade were purchased from Sinopharm Chem-

cal Reagent Co. Ltd. in China and were used as received without
urther purification. Ultrapure water with resistivity of 18 M� cm
as produced by a Milli-Q (Millipore, USA) and was used for

olution preparation. Graphite powder, natural, briquetting grade,
9.9995% (metals basis) was purchased from Alfa Aesar.

.2. Preparation of GO

GO was prepared from natural graphite by the well-known
ummers method with little modification (Becerril et al., 2008;
illiam, Hummers, & Richard, 1958). In brief, 2 g of the natural

raphite powder was added into a 250 mL beaker, then 1 g of NaNO3
nd 46 mL of H2SO4 were added into it sequentially under stirring
n an ice-bath. Next, 6 g of KMnO4 was added slowly into the beaker
nder stirring and the temperature was controlled up to 20 ◦C. The

ce-bath was removed after 5 min and the system was heated at

5 ◦C for 30 min, and then 92 mL water was added slowly into the
ystem and it was stirred for another 15 min. Then 80 mL hot water
ith 60 ◦C and 3% H2O2 aqueous solution were added to reduce

he residual KMnO4 till no bubble appears. Finally, the system was
entrifuged at 7200 rpm for 10 min, and the product was washed by
mers 83 (2011) 966–972 967

warm water until the pH value of the upper layer suspension arrives
to 7. The obtained yellow-brown powder was re-dispersed into
ultrapure water and was treated at ultrasonic power of 0.06 W/cm3

for 15 min. A homogeneous suspension of different concentrations
was prepared after filtering the trace black residues. GO powder
was obtained after freezing drying of the suspension.

2.3. Preparation of films

Highly oxidized GO, especially the one synthesized from
natural graphite, can be easily dispersed in water. However,
desired amount of GO powder (0.10–0.30 g) was dispersed into
90 mL of ultrapure water and was treated at ultrasonic power
of 0.06 W/cm3 for 15 min in a 250 mL beaker, and homoge-
neous suspension of GO was found. These suspensions were
pre-cooled to 0 ◦C in a refrigerator. After that, 6.0 g of NaOH
and 4.0 g of urea were added into the prepared suspensions,
and then 4.0 g of MCC powder was added sequentially into it
under stirring in an ice-bath. After 10 min of stirring, the prepared
mixtures (6 wt.%NaOH/4 wt.%urea/4 wt.%MCC/different contents of
GO) were cooled to −15 ◦C and held at that temperature for 2 h.
The resulting mixture solution was stirred at room temperature
for 30 min. The mixed solution was cast on a glass plate and a gel-
like sheet with a thickness of about 0.8 mm was found. Then the
sheet was immediately immersed into 5 wt.% H2SO4 aqueous solu-
tion for 5 min to obtain composite film. The prepared films were
washed by running water and dried in air at room temperature for
48 h following dried at 80 ◦C for 10 min. Finally, the composite films
were dried in a vacuum at 30 ◦C for further experiment. By chang-
ing the weight ratio of MCC to GO, such as 40:1, 40:2, and 40:3, a
series of RC/GO blended films were prepared and to identify the
respective film a coded is given as RC/GO-1, RC/GO-2, and RC/GO-
3. In particular, the film with code RC-0 was prepared from pure
MCC in the NaOH/urea aqueous solution using the same method.
Apparently, the content of GO in the composite films (cellulose and
GO) are 0, 2.5, 5.0, and 7.5 wt.%. Since GO aggregates in higher con-
centration the film with more than 7.5 wt.% of GO is very difficult
to prepare following the described method.

2.4. Characterization

Thermal analyses of the films were measured in air by Shimadzu
TGA-50 thermogravimetric instrument. The temperature range is
employed from 20 to 700 ◦C with a heating rate of 10 ◦C min−1.

To observe crystal structure of the films, wide angle X-ray
diffraction (XRD) measurements were performed on a setup with
Mar 345 image plate as detector and the Cu K� was used as the
source (wavelength � = 0.1542 nm). The recorded region of 2� was
from 5◦ to 45◦ with scanning speed 2.0◦/min.

FTIR spectroscopy was used to obtain the information about the
interactions between cellulose and GO sample. FTIR were measured
on a Perkin-Elmer FTIR in the range 4000–600 cm−1.

The surface morphology of the films was measured using a Shi-
madzu scanning electron microscopy (SEM) (Superscan SSX-550,
Japan). The films were frozen in liquid nitrogen, and immediately
snapped and then vacuum-dried. The fracture surface (cross-
section) of the films was coated with gold, and then observed and
photographed.

The tensile strength (�B) and elongation at break (εB) of the com-
posite films were measured on a universal tensile tester (TS7104,
Shenzhen SANS Test machine, China) according to ISO527-3:1995

at a speed of 5.0 mm min−1. The specimens were in rectangu-
lar shape with dimension of 20 mm × 5 mm × 0.07 mm. The length
between two grips was set as 10 mm. The average values and stan-
dard deviations of the Young’s modulus and tensile strength �max

were evaluated for five tested specimens. Dynamic mechanical



968 D. Han et al. / Carbohydrate Polymers 83 (2011) 966–972

F
o
i

a
(
f
h
i
t

c
r

3

a
t
a
t
t
p
o
G
h
p

R
fi
f
f

crystallinity of the former than the latter. The crystallinity indexes
of RC-0, RC/GO-1, RC/GO-2, and RC/GO-3 are calculated to be 51.6,
47.7, 45.5, and 44.2%. Interestingly, the crystallinity decreases on
increasing the amount of GO in the composite film owing to the
ig. 1. Photographs of the cellulose NaOH/urea aqueous solution (A), the mixture
f GO and aqueous solution of NaOH/urea (B), and the mixture of GO and cellulose
n its NaOH/urea aqueous solution (C).

nalysis (DMA) was conducted on a dynamic mechanical analyzer
DMA-7, Perkin-Elmer Instruments). The measurements were per-
ormed in a nitrogen atmosphere to avoid thermal oxidation. A
eating rate of 5 ◦C min−1 was applied in 1 Hz frequency for an orig-

nal length of 10 mm. A tensile deformation of 0.25% was applied
o the specimen.

Contact angles of the films with the water were measured by a
ontact angle goniometry (JC2000C, Zhongcen, Shanghai, China) at
oom temperature.

. Results and discussion

Fig. 1 shows the photographs of cellulose (4 wt.%) in NaOH/urea
queous solution, GO (0.3 wt.%) in NaOH/urea aqueous solution and
he mixture of GO (0.3 wt.%) and cellulose (4 wt.%) in its NaOH/urea
queous solution, which shows the maximum stability of the sys-
ems in solution. Apparently, there easily forms aggregates of GO in
he aqueous solution of NaOH/urea while there forms a stable sus-
ension of GO in the presence of cellulose in the aqueous solution
f NaOH/urea, indicates cellulose could prevent the aggregating of
O in the solution at high NaOH concentration. The as-prepared
omogeneous suspension of cellulose and GO make it possible to
repare blend film of them.
The optical photographs of the pure RC film (RC-0) and the
C/GO film (RC/GO-3) are shown in Fig. 2. The thicknesses of these
lms are 70 ± 6 �m. The transmittance of the film RC-0 is 61.1%

or 540 nm light where as the transmittance of the film RC/GO-3 is
ound to be only 0.83% at that wavelength.

Fig. 2. The optical photographs of the RC film (a) and the RC/GO film (b).
Fig. 3. XRD patterns of RC-0, RC/GO-1, RC/GO-2, RC/GO-3, and pristine GO.

The XRD patterns of the films with different GO contents are
shown in Fig. 3. The interlayer spacing of our synthesized GO
is 0.83 nm, which is within the range of values that have been
previously reported (Bissessur, Liu, White, & Scully, 2006; Scully,
Bissessur, MacLean, & Dahn, 2009). However, all other prepared
films starting from RC-0 to RC/GO-3 exhibit three distinct peaks at
2� = 12.1◦, 19.8◦, and 21.0◦, which are assigned to be the (1 1 0),
(1 1 0), and (2 0 0) planes of crystalline form of cellulose-II. The
diffraction angles of the blended films are almost similar to that
of the pure RC, and the diffraction peaks corresponding to GO is not
observed and it could be the indication of the further exfoliation of
GO into single layer during blending. In addition, the color of the
composite film turned to black, which indicates the reduction of
GO takes place in some extent during the preparation of the film. It
is reported that GO can be reduced to graphene in the presence of
aqueous NaOH (Fan et al., 2008) and we presume the similar mech-
anism could be operative here too and a detail study is required
to explore the fact in depth and it is planned soon. However, the
stronger diffraction intensity of the cellulose film than that of the
cellulose/GO composite film at 2� = 12.1◦ implied a slightly higher
Fig. 4. The FTIR spectra for pristine GO, RC/GO-3, and RC-0.
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Fig. 5. SEM images of surfaces of RC-0 (a), RC/GO-1 (b), RC/GO-2 (c), and RC/GO

ontribution of the amorphous state of GO. In addition, appearance
f diffused intensity peaks around 19.8◦ indicates that the cellulose
lms contain considerable proportion of the amorphous region and

t could be due to neutralization–coagulation. However, the struc-
ures of the cellulose in the blended films barely change, which
ndicates that there are mainly physical interactions between cel-
ulose and GO, but scarcely chemical reaction between them.

FTIR studies confirm the successful oxidation of graphite to
raphite oxide. The IR spectrum of our GO is similar to a previ-
us report in the literature (Bissessur, Liu, & Scully, 2006). The FTIR

−1
pectrum of GO in Fig. 4(a) depicts a strong –OH peak at 3368 cm
nd other C–O functionalities such as COOH (1718 cm−1), C–OH
1413 cm−1), and C–O–C (1227 cm−1 and 1060 cm−1). The spec-
rum also shows a C C peak at 1620 cm−1 corresponding to the
emaining sp2 character. The FTIR spectrum of RC-0 is shown in
, and the cross-sections of RC-0 (e), RC/GO-1 (f), RC/GO-2 (g), and RC/GO-3 (h).

Fig. 4(c), and the diffraction curve is of typical cellulose structure.
The peaks around 3360 cm−1 are corresponding to –OH stretch-
ing vibration (wide and strong). The peak at 2920 cm−1 is assigned
to C–H stretching vibration. The peaks at 1010 and 1160 cm−1

are attributed to alcoholic group of C–OH. The peak at 1370 and
1310 cm−1 are assigned to C–H/CH2 bending vibration. The peaks
of the characteristic absorption in the curve of RC/GO are approxi-
mately similar with the curve of pure cellulose as shown in Fig. 4(b).
However, the result indicates the formation of an intercalated and
exfoliated structure. The curve of the RC/GO compound shows a

combination of characteristics similar to that of the pure cellu-
lose and GO which includes the broad absorption band located at
3360 cm−1 assigned to the –OH groups in GO and cellulose. The
peaks at 1620, 1410, 1228 and 1060 cm−1 are corresponding to C C
and C–OH/C–O–C group from GO respectively, which indicates suc-
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E′(180 ◦C)/E′(25 ◦C) are 0.41, 0.66, 0.82 and 0.90. It could be seen
that the storage moduli of all the RC/GO films are higher than that
of the pure RC film, and this effect is particularly more prominent
at higher temperatures. In addition, it is also observed that the
70 D. Han et al. / Carbohydra

essful blending GO with cellulose. Besides, the peak at 1718 cm−1

s disappeared in the curve of the RC/GO compound compared
ith that of pristine GO, because COOH groups from GO have been

eacted with the alkaline solution in the process of preparing the
lms.

SEM measurements provide direct information regarding the
nterfacial bonding of these blended films, as shown in Fig. 5. In
ig. 5(a), the surface of the RC-0 displayed homogeneous mesh
tructures, which are attributed to the self-aggregation tendency
f cellulose in solution and the penetration of coagulants in the
oagulation process (Weng, Zhang, Ruan, Shi, & Xu, 2004). The sur-
ace of RC/GO-1, RC/GO-2, and RC/GO-3 shows smooth morphology
Fig. 5(b)–(d)) which indicate that the cellulose is miscible with GO.
ue to the physical crosslinking and chain entangling of the cellu-

ose fibers, the inner structure of RC/GO-1, RC/GO-2, and RC/GO-3
s denser than that of RC-0, and it predicts to enhance the tensile
trength of composite films. In addition, surface of the blended films
xhibits high level of homogeneity which indicates that the cellu-
ose fibers and the GO fillers are completely unified in the composite
nd the blended films are successfully formed. The distribution of
O in the composite films is indicated by the white arrows (Fig. 5).
he cross-sections of the blended films show grooves of differ-
nt magnitudes due to different structures and stiffness between
ellulose and GO (Fig. 5(e)–(h)). A clear stratification appeared in
C/GO-3 as the amount of exfoliated GO is very high. However,
ince the blending of GO is covered by a cellulose layer, there is
arely a fully exfoliated GO sheet available, which indicates a good
dhesion between the cellulose and the GO.

The contact angle of the pure RC-0 film with water is 12.9◦,
here as the contact angle of the RC/GO film with water is

ound to be 51.5◦. This enhance of contact angle on going
rom RC-0 to RC/GO film not only suggests the enhancement
f hydrophobicity of the blended films but also reveals that the
icrostructures of the RC/GO films are more compact than that of

he RC-0 film. This observation nicely supports the results of SEM
nalysis.

The thermogravimetry (TG) and differential thermogravimetry
DTG) curves of the films are shown in Fig. 6. The Ti value is the
nitial decomposition temperature. Tmax is the temperature with

aximum decomposition rate, and Tf is the final decomposition
emperature. For the pure cellulose film, Ti = 210 ◦C, Tmax = 316 ◦C,
nd Tf = 366 ◦C, while for the RC/GO-3 film, Ti = 231 ◦C, Tmax = 340 ◦C,
nd Tf = 391 ◦C. The Tmax of the blended films are higher than that of
he pure cellulose film, which indicates the involvement of strong
nteraction between the cellulose and GO leading to improve the
hermostability of the blended films. From Fig. 6(a), it can also be
een that the char yield of the films increased by GO incorporated
nto the fibers. For example, at 350 ◦C, the char yield of pure RC
lm was about 40 wt.%, whereas RC/GO composite films containing
.5 wt.% GO had char yields of about 47 wt.%. This means that the
ost part of GO remained in the composites at high temperature.

hus, it may be expected that cellulose composite films containing
O would possess better mechanical properties than pure cellulose
lms at high temperature.

The typical stress–strain (� vs ε) curves for the prepared films
re presented in Fig. 7. The tensile strain at the breaking point grad-
ally increases on increasing the amount of GO into the composite
lm. The RC-0 film shows minimum tensile strain at the breaking
oint. This result combines to the fact that the addition of GO could
ffectively improve the mechanical strength of the film. Further-
ore, with an increase of the amount of GO in the blended film

rom 2.5 to 7.5 wt.%, the �max values sharply jump from 54.6 ± 2.9

o 83.1 ± 3.8 MPa. This strong dependence of the tensile strength
n the content of GO is perhaps due to the dispersion of GO in
olecular level leading to strong H-bonding interaction between

he cellulose fibers and the surface of GO.
Fig. 6. TG (a) and DTG (b) curves of the films.

The Young’s moduli of the films are also calculated, and they
are 1.19, 1.28, 1.45, and 1.91 GPa for the RC-0, RC/GO-1, RC/GO-
2, and RC/GO-3 films, respectively. For all the films, the Young’s
modulus increases gradually with the increase of loaded amount of
GO, which indicates that the addition of GO helps to increase the
interaction between the fibers.

The dynamic storage modulus E′ of the films is measured by DMA
as shown in Fig. 8. For the RC-0, RC/GO-1, RC/GO-2, and RC/GO-3
films the E′ values are 1.39, 1.55, 1.75, and 1.99 GPa at 25 ◦C while
they are 0.57, 1.02, 1.44, and 1.80 GPa at 180 ◦C, and the ratio of
Fig. 7. Stress–strain curve of the prepared composites.
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ig. 8. Temperature dependence of the dynamic storage modulus E′ of the prepared
lms.

igher loading of GO in the film qualitatively enabled the cellu-
ose matrix to sustain a high modulus in higher temperature. The
etention ratio, defined as the ratio of the storage modulus at 180 ◦C
o that at 25 ◦C, is a measure of the mechanical properties of mate-
ials with temperature. It could be seen that the retention ratio
ncreases on increasing the content of GO. The retention ratio is
nly 0.41 for the RC-0 film, but it reaches to 0.90 for the RC/GO film
ontaining 7.5 wt.% GO. These results indicate that the RC/GO films,
specially those containing more GO, possess improved mechanical
roperties at higher temperatures.

The data of TG/DTG and DMA above strongly suggest that the
ontent of GO has significantly improved the thermal stability of
he blended films. When the amount of GO is low in the compos-
te, the interaction force between the GO layers and cellulose is not
ery high and the cellulose chain could move when heated. When
he amount of GO is increased, the amount of polar groups also
s increased, and the interaction force (van der Waals force and
-bonding force) between the GO layers and cellulose is enhanced

esulting the restriction in the movement of cellulose chain. Hence,
O blended cellulose films can be utilized for potential high tem-
erature application.

. Conclusions

Blended films of cellulose and GO are successfully prepared
sing alkali aqueous solution as solvent. This is a simple, low cost,
nd “green” pathway preparing composite film of required prop-
rties. The results revealed improved thermostability and higher
echanical properties of the RC films blended with less than

.5 wt.% GO. All the results summarize to the conclusive fact that
O is well-dispersed in the cellulose matrix, and there is strong
-bonding interaction between hydroxy groups of the cellulose
nd hydroxy groups of the GO. A 98% increase in tensile strength
nd a 60% improvement of Young’s modulus are achieved by addi-
ion of only 7.5 wt.% GO. The obtained composited films own higher

echanical strength than the pure RC film, especially at high tem-
erature. Therefore, the blended films with features of safeness,
nd thermostability may have promising applications in day to day
ife.
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