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a  b  s  t  r  a  c  t

Sodium  alginate/graphene  oxide  (Al/GO)  nanocomposite  films  with  different  loading  levels  of graphene
oxide  were  prepared  by casting  from  a suspension  of  the two  components.  The  structure,  morphologies
and  properties  of  Al/GO  films  were  characterized  by  Fourier  transform  infrared  (FT-IR)  spectroscopy,  X-
ray  diffraction  (XRD),  scanning  (SEM)  and  transmission  electron  microscopy  (TEM),  thermal  gravimetric
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(TG)  analysis,  and  tensile  tests.  The  results  revealed  that hydrogen  bonding  and  high  interfacial  adhesion
between  GO  filler  and  Al matrix  significantly  changed  thermal  stability  and  mechanical  properties  of
the  nanocomposite  films.  The  tensile  strength  (�) and  Young’s  modulus  (E)  of Al films  containing  6  wt%
GO  increased  from  71  MPa and 0.85  GPa  to  113  MPa  and  4.18  GPa,  respectively.  In  addition,  TG  analysis
showed  that  the thermal  stability  of Al/GO  composite  films  was  better  than  that  of neat Al  film.
echanical properties

. Introduction

Alginates as a star in biomaterials research have been attract-
ng tremendous attention in the past few years in various fields
f biomedicine (Augst, Kong, & Mooney, 2006). They have been
ound widespread applications in scaffolds for tissue engineering,
elivery vehicles for drugs, and as model extracellular matrices for
iological studies (Augst et al., 2006; Hua, Ma,  Li, Yang, & Wang,
010; Rani, Mishra & Sen, 2012; Rowley, Madlambayan, & Mooney,
999; Tezcan, Gunister, Ozen, & Erin, 2012). Biomaterials for tis-
ue engineering require tight control of a number of properties
ncluding mechanical stiffness, maintain physical integrity or bear
oads until they are replaced by newly formed tissue, swelling,
nd cell attachment. Alginates themselves display some unsatis-
actory properties such as poor mechanical strength and loss of
tructural integrity which limits the applications (Rani et al., 2012).
urrently, much effort has been made for improving the perfor-
ance of alginates tissue engineering scaffolds. Compounding of

lginates with other polymers such as pectin (Beyer, Reichert,
eurich, Jandt, & Sigusch, 2010), chitosan (Li, Ramay, Hauch, Xiao,

 Zhang, 2005), or polyvinyl alcohol (Bichara et al., 2010) has
een found to provide just marginal effect. Successful attempts
nvolved the embedding of alginates with inorganic materials.
arbon nanotubes reinforced alginates scaffolds are mechanically
trong and electro-active which is useful for stimulate-guided
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growth cells (Kawaguchi et al., 2006). However, the techniques
utilized in carbon nanotubes fabrication involve the use of metal
catalyst which can be trapped inside carbon nanotubes and its pres-
ence introduces significant toxicity (Ge et al., 2008; Pumera, 2007).
Graphene/graphene oxide (GO) material has become one of the
most fascinating materials in the past few years in various fields
including biomedicine (Bao et al., 2011; Rodrigue-Gonzalez et al.,
2012; Zhu et al., 2010). GO is essentially a sheet that is only one atom
thick with large specific surface area and a large number of func-
tional groups (e.g. hydroxyl, epoxide, and carbonyl groups) bound
on the surface. The chemical groups of GO have been found to be an
effective means to impart the desired solubility in water or differ-
ent solvents (Zhu et al., 2010). Moreover, these functional groups
improve interfacial interaction between graphene oxide and a
polymer matrix and pave the pathways for developing GO based
nanocomposites with remarkable mechanical and thermal proper-
ties (Meyer et al., 2007). Recent prominent studies have explored
GO potential the make functional biomaterials. Han, Yan, Chen,
and Li (2011) reported a significant, simultaneous, improvement of
strength and toughness of chitosan with incorporation of 1 wt% GO.
Fan et al. (2010) reported a significant increase (over 200%) of elastic
modulus of chitosan with the addition of small amount of graphene
(0.1–0.3 wt%) furthermore the GO based composites were noncyto-
toxic. Gelatin–GO films with improved bioactivity and mechanical
response were prepared (Wan, Frydrych, & Chen, 2011). However,
to the best of our knowledge, there have been no previous reports

on the possibility of alginate (Al) embedded with graphene or GO.
GO sheet presents numerous oxygen functional groups in the basal
planes and the borders which could allow homogeneous distribu-
tion of GO sheets and generate interfacial bonding with hanging
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Table 1
XRD data of Al and Al/GO nanocomposite films.

Sample FWHM [◦] 2� [◦] ds [Å]

Al 3.24 13.32 6.63
GO  2.26 10.92 8.06
Al/GO 0.5 wt% 3.37 5.02

13.46
17.73
6.71

Al/GO 1 wt% 3.67 5.07
13.59

17.42
6.51

Al/GO 2.5 wt% 4.00 5.13
13.36

17.19
6.62
40 M. Ionita et al. / Carbohydr

ydroxyl groups of Al, and thus take advantage of the excellent
roperties of GO material.

In the present study, we employed casting techniques for the
reparation of novel Al/GO nanocomposite films and then struc-
ural, morphological, thermal stability and mechanical properties
f the films were explored. The addition of 6 wt% GO significantly
mproved the Young’s modulus by about 300% and increased the
hermal stability of Al/GO composite films with about 25 ◦C.

. Experimental

.1. Materials

High-purity graphene oxide was kindly supplied by National
nstitute for Research and Development in Microtechnologies
Romania). They were manufactured from natural graphite by
ummer’s method (Obreja et al., 2011; William, Hummers, &
ichard, 1958). Alginic acid sodium salt from brown algae with
edium viscosity was purchased from Sigma–Aldrich. All materials
ere used without future purification.

.2. Preparation of graphene oxide-based sodium alginate
omposite films

Graphene oxide aqueous suspensions were prepared by ultra-
onic treatment using double distillate (DD) water. Briefly, 0.1 g
f GO was mixed in 100 ml  of DD water. The mixture was soni-
ated for 1 h to get a homogenous dispersion. The alginate solution
as obtained by dissolving the sodium alginate in DD water as 1%

w/v) solution. Composite films with different GO contents (0, 0.5,
, 2.5, and 6 wt%) were produced by drop wise GO suspension to
he sodium alginate solution. The resulting mixture was constantly
tirred for about 30 min  using a magnetic stirrer. Each solution was
ast onto transparent glass Petri dish and left undisturbed for 72 h
t ambient temperature allowing formation of thin film. The films
ere peeled off from the mould and then thermal treated to a

acuum pressure of 80 kPa according to the following procedure:
0 min  50 ◦C, 30 min  70 ◦C and 4 h at 120 ◦C.

.3. Characterization

The structural characteristics of the films were studied by X-
ay diffraction (XRD) using Panalytical X’Pert Pro MPD  instrument
ith Cu K� radiation. Fourier transform infrared (FT-IR) spectra
ere recorded on a Bruker VERTEX 70 spectrometer using 32 scans
ith a resolution of 4 cm−1 in 4000–600 cm−1 region. The sam-
les were analysed from ATR. To investigate Al/GO composites by
ransmission electron microscopy (TEM) small pieces of the films
ere embedded in an Epon resin, cut on microtome, transferred

o a copper grid covered with a thin amorphous carbon films with
oles. TEM images were recorded on TECNAI F30 G2 S-TWIN equip-
ent provided with 300 kV emission gun. The surface morphology

f Al/GO composite films was characterized by field-emission scan-
ing electron microscope (SEM; QUANTA INSPECT F) with 1.2 nm
esolution and an energy dispersive X-ray spectrometer with res-
lution of 133 eV to MnK�. Thermogravimetric (TG) analysis was
one on a Q 500 TA Instrument. The samples of 1.5 mg  were heated
rom 30 to 620 ◦C at a scanning rate of 10 ◦C/min under a constant
itrogen flow rate (40 mL/min).

Mechanical test was performed using an universal mechanical
ester (Instron, Model 3382, USA) at a speed of 2 mm/min  at room

emperature and relative humidity was 45–50%. The size of the test
pecimens was 10 cm in length and 1 cm in width. A minimum of
en specimens were tested for each sample and the average values
re reported.
Al/GO 6 wt%  4.00 5.69
13.31

15.51
6.65

3. Results and discussion

By employing casting technique well-dispersed Al/GO
nanocomposite films were fabricated with thickness of 70 ± 10 �m.
Because of the oxygen functional groups on the surface of the GO
sheets, these were dispersed at the level of individual sheets.

3.1. FT-IR studies

FT-IR experiments were carried out to investigate the interac-
tion between GO and Al. Fig. 1 shows absorption bands from FT-IR
spectrum of Al, GO and Al/GO composite films. The FT-IR spectrum
of GO and Al were similar to those previously presented in literature
(Li et al., 2012; Malesu, Sahoo, & Nayak, 2011). In the Al spectrum
the peak at 3347 cm−1 is attributed to OH stretching vibration, the
bands at 1600 cm−1 and 1414 cm−1 correspond to symmetric and
asymmetric COO− stretching vibration of carboxylate salt group,
and the peak at 1030 cm−1 is assigned to the stretching vibra-
tion of C O C groups respectively (Malesu et al., 2011). For the
GO spectrum, dominant peaks appear at 3401 cm−1, 1735 cm−1,
1624 cm−1, 1043 cm−1 and are assigned to OH stretching vibration,
C O stretching vibration of the carboxylic group, C C stretching
mode of the sp2 network and C O stretching vibration respectively
(Li et al., 2012), demonstrating the presence of the reactive groups
in the GO product.

From FT-IR spectrum of the composite films a shoulder peak at
1735 cm−1 due to the carboxyl groups from the GO surface can be
observed, in addition to Al spectrum, which evidences the presence
of GO in composite films. Moreover with the GO addition, the peaks
at 3347 and 3401 cm−1 (O H stretching vibration) broadened and
shifts to smaller wavelengths (3331 cm−1) which can be attributed
to the interaction of Al and GO through intermolecular hydrogen
bonds. The achieved electrostatic attraction and hydrogen bonding
between Al and GO may  induced good interfacial adhesion at the
interface GO/Al and result in an enhanced mechanical response.

3.2. XRD studies

Fig. 2 depicts the X-ray diffractograms of Al, GO, and Al/GO com-
posite films with 1 and 2.5 wt%  GO measured at 25 ◦C. As shown
in Fig. 2A and Table 1, GO spectrum exhibits a characteristic peak
at 2� = 10.92◦ and the d spacing obtained from Bragg equations as
8.06 Å, which is within the range of values that has been previously
reported (Jingchao, Xianbao, Chunhui, Min, & Xiaopen, 2011). Con-
versely, in the XRD pattern of Al film the weak, broad diffraction
peak at 13.32◦, with average intermolecular distance 6.63 Å indi-
cates a rather amorphous structure for this compound (Kim, Lim,
Jegal, & Lee, 2000). All of the XRD patterns of the composite films

present two diffraction peaks at 2� ∼ 5◦ and 13◦ associated with GO
and Al respectively. The diffraction angle characteristic for GO is
shifted toward lower angle values (Table 1) and the GO interlayer
spacing increases from 8.06 Å for pristine GO to ∼17 Å for Al/GO



M. Ionita et al. / Carbohydrate Polymers 94 (2013) 339– 344 341

B) GO,

c
l
m
i
o
t
i

3

fi
e
s

c
i
F
e
T
o
c
w
t

F

(Han et al., 2011; Pan et al., 2011; Yang, Tu, Li, Shang, & Tao, 2010)
we propose a possible structure of the Al/GO composite materi-
als. Scheme 1 depicts GO sheets unidirectionally alignment and
uniform intercalated with Al chains, “brick-and-mortar” structure
Fig. 1. FT-IR spectra of (A) Al, (

omposite film with 2.5 wt% GO, indicating formation of interca-
ated structures. It is noticed that the incorporation of GO within Al

atrix slightly broadened the diffraction peak at about 13◦ indicat-
ng that GO is slightly hindering the relatively ordered arrangement
f the Al. However the Al structure was not significantly affected by
he incorporation of GO indicating that there were mainly physical
nteraction between Al and GO (Han et al., 2011).

.3. TEM and SEM studies

Fig. 3 shows typical TEM micrographs of the nanocomposite
lms Al/GO displaying that GO are indeed present and partially
xfoliated into individual sheets within Al matrix. Apparently, GO
heets were unidirectionally distributed in the Al matrix.

To further determine the quality of the GO dispersion and the
omposite films morphology SEM was employed. Fig. 4 illustrates
mages of Al and Al/GO composite films with 2.5 wt% GO loading.
rom the films surface micrographs (Fig. 4A and B) noticeable differ-
nce between pure Al and Al/GO composite films can be observed.
he surface of Al film displays a homogeneous, smooth morphol-

gy (Fig. 4A). Changes in surface morphology were observed for the
omposite films Al/GO, these revealed a rather rough morphology
ith some salient banded structures which might be attributed to

he GO sheets embedded into Al, there were also few GO sheets

ig. 2. XRD patterns of (A) GO, (B) Al, (C) Al/GO 1 wt% and (D) Al/GO 2.5 wt% films.
 and (C) Al/GO composite film.

dragged out (pointed by black arrows in Fig. 4B. The cross sec-
tion of the Al/GO composite films is totally different with that
of the pristine Al. As shown in Fig. 4D the films became coarser
when GO is added with grooves which might be generated by
the different structures and stiffness between Al and GO when
the films are snapped (Han et al., 2011). Fig. 4D also indicates
the well dispersed status of the GO in the Al matrix without any
aggregation, in addition, clear stratification of GO parallel to the
surface of the film is observed. The alignment of GO sheets is exactly
in agreement with TEM assessment. The same observations were
reported in the literature for similar materials (i.e. chitosan–GO)
prepared from the same method (i.e. solution casting). Pan, Wu,
Bao, and Li (2011),  reported that GO sheets tend to lie down inside
the chitosan solution due to their 2D structure and gravitational
attraction. On the basis of XRD, TEM and SEM results and simi-
lar phenomenon found in the preparation of comparable materials
Fig. 3. TEM images of Al/GO 2.5 wt%  composite films.
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Fig. 4. SEM film surface images (A, B) and fracture surface images (C, D) of (A, C) Al and (B, D) Al/GO 2.5 wt%.

Scheme 1. Schematic representation Al/GO nanocomposite films structure.
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Fig. 5. TG analysis curves of neat Al and Al/GO composite films. Inset: magnification
of  first stage of degradation.

Table 2
Decomposition temperature and mechanical properties of neat Al and Al/GO
nanocomposite films.

Sample Td3%
a [◦C] Tensile modulus

[GPa]
Tensile strength
[MPa]

Al 80 0.85 ± 0.08 71 ± 9
Al/GO 0.5 wt%  81 1.45 ± 0.42 68 ± 5
Al/GO 1 wt%  94 1.39 ± 0.52 82 ± 1
Al/GO 2.5 wt% 108 3.80 ± 0.47 86 ± 4
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Al/GO 6 wt% 105 4.18 ± 0.11 113 ± 4

a The temperature at which the weight loss is 3%.

Yang et al., 2010). FT-IR results suggested the possible formation
f hydrogen bonds between Al and GO oxygen functional groups as
chematically shown in Scheme 1, but additional work is needed to
nvestigate this feature. The homogeneous uniform dispersion and
ertain degree of alignment of GO within Al matrix coupled with
ood interfacial adhesion between GO and Al should lead to signif-
cant improvement in thermal stability and mechanical properties
f Al/GO nanocomposite films.

.4. TG studies

The TG analysis of Al/GO composite films shows higher start-
ng decomposition temperature around 100 ◦C and less weight
oss than that of pure Al films (Fig. 5 and Table 2). The temper-
ture at which the weight loss is 3% (Td3%) increased by about
0 ◦C in the case of the composite with the highest amount of
O added to the pure biopolymer. Conversely, the residual weight

oss of the composites is higher than that of neat Al, which can
e attributed to the excellent thermal stability of GO which gener-
lly present a decomposition temperature around 200 ◦C (Qiu et al.,
011).

.5. Mechanical properties investigation

Eventually, the mechanical behavior of the films, pure Al and
l/GO composites was investigated by tensile tests. Fig. 6 shows

ypical stress–strain curves of neat Al and its composites with
O. The tensile strength and modulus as a function of GO con-

ent are summarized in Table 2. The data are the average results
easured for ten samples. Generally a reinforcement of the Al

as observed with the addition of the GO. The reinforcement was

elated to the GO amount, it is evident that even a small amount
f GO significantly increases the tensile modulus of Al biopoly-
er. Moreover, higher values of GO loading from 2.5 to 6 wt%
Fig. 6. Tensile stress versus strain curves for Al and Al/GO films as a function of GO
content.

cause a significant increase of tensile strength and Young’s mod-
ulus from 82 to 113 MPa  and from 1.39 to 4.18 GPa respectively.
The improvement of the mechanical properties of the compos-
ites is mainly attributed to alignment, compatibility and specific
interactions of Al hydroxyl groups with GO  functional groups
(hydroxyl, epoxide) rather than to Al crystallinity modification.
In general, as polymer crystallinity decreases, also its level of
secondary bonding does and leads to a decline the stiffness and
strength of the polymer (Ramkumar & Bhattacharya, 1997). As
shown in XRD patterns in Fig. 2, the addition of GO affects only
slightly the crystalline structure of Al therefore here the crys-
tallinity plays a less important role. The phenomenon may  be
explained by the fact that macroscopic properties such as tensile
strength are relatively insensitive to small changes in the crys-
tallinity of the composites (Ramkumar & Bhattacharya, 1997). The
same observations were reported in the literature for chitosan asso-
ciated with GO. Yang et al. (2010), reported that the addition of
0.5 wt%  GO in the composite films, slightly affects their crystallinity
and significant increase the strain modulus, Young’s modulus and
elongation at break. In this case, the improved tensile proper-
ties are ascribed to GO and Al hydrogen bonding and preferential
alignment of GO shown by SEM and TEM investigation. As schemat-
ically shown in Scheme 1, the brick and mortar structure of the
Al/GO composites leads to more uniform stress distribution and
minimizes the presence of stress concentration center, thus signif-
icantly increase the mechanical properties of the nanocomposite
films.

4. Conclusion

This work confirms that high performance Al/GO nanocompos-
ite films could be successfully prepared using a simple solution
casting method. FT-IR and XRD results suggested that GO sheets,
containing abundant functional groups on the surface, form inter-
action with the Al matrix. In addition, TEM and SEM evidenced
an uniform distribution and preferential alignment of GO sheets
within Al matrix. The incorporation of GO sheets within Al
matrix have beneficial effect on mechanical integrity and ther-
mal  stability of the nanocomposite films. Among the studied
nanocomposite films Al/GO with 6 wt% GO exhibited the high-
est increase of the tensile strength and Young’s modulus from

71 to 113 MPa  and from 0.85 GPa to 4.18 GPa respectively. Mean-
while, the TG analysis indicate that the incorporation of 6 wt%
GO in the Al matrix leads to an increase of Td3% with about
25 ◦C.
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