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ty, and strong mechanical strength [13−16]. For example, 
Banerjee et al. [17,18] successfully achieved the prepara-
tion of various hydrogels that can be used as dye-adsorb-
ing agents in waste-water removal. In addition, this group 
has also reported metal-nanoparticle-containing GO-
based hydrogels and novel morphological transformation 
of graphene based nanohybrids [19−21]. Generally, GO-
based composite hydrogels were obtained by mixing organ-
ic macromolecules or small amphiphiles with an aqueous 
GO dispersion [22−24]. Chitosan (CS), a well-known com-
pound of chitin N-deacetylation, shows many eco-friendly 
properties, such as biodegradation, good biocompatibil-
ity, and antifungal activity. These characteristics make it 
a promising candidate in the fields of catalysis, materials, 
food, drugs, etc. [25−27]. Since GO crosslinks with chi-
tosan via the carboxyl, hydroxyl, epoxy, and amine groups 
of chitosan, the adsorption capacity of the formed compos-
ite is expected to be high. To date, some reports have been 
published on GO-chitosan nanocomposites used for drug 
release and antimicrobial activity [28−32]. 

In this study, we report the preparation of GO-based 
composite hydrogels using the self-assembly of CS and 
GO, and an in situ reduction approach. The composite hy-
drogels consist of both hydrogen bonding and electrostat-
ic interactions between the CS molecules and GO sheets. 
CS molecules were incorporated to facilitate the gelation 
process of GO sheets, and the dye adsorption capacity of 
the hydrogel was mainly attributed to the GO sheets. For 
the three dyes tested in this study, namely, Congo red (CR), 
methylene blue (MB), and Rhodamine B (RhB), the as-pre-
pared composite hydrogels exhibit good removal rates in 
accordance with the pseudo-second-order model. More 
importantly, the hydrogels prepared in this study have po-
tential large-scale applications in organic dye removal and 

Graphene oxide (GO)-chitosan composite hydrogels were suc-
cessfully prepared via the self-assembly of chitosan molecules 
and GO  . These as-prepared hydrogels were characterized by 
different techniques. The morphology of the internal network 
  structure of the nanocomposite hydrogels was investigated. The 
adsorption capacity results demonstrate that the prepared GO-
based composite hydrogels can efficiently remove three tested 
dye molecules, Congo red, methylene blue and Rhodamine B, 
from wastewater in accordance with the pseudo-second-order 
model. The dye adsorption capacity of the obtained hydrogels 
is mainly attributed to the GO sheets, whereas the chitosan 
molecule was incorporated to facilitate the gelation process of 
the GO sheets. The present study indicates that the as-prepared 
composite hydrogels can serve as good adsorbents for wastewa-
ter treatment as well as the removal of harmful dyes.

INTRODUCTION
Graphene has been attracting a lot of interest in diverse 
fields, such as chemistry, materials, physics, energy, and 
fuels, since the first report on its preparation via mechan-
ical exfoliation [1−6]. Graphene oxide (GO), a kind of 
highly oxidized and chemically modified graphene mate-
rial, contains various functional groups, such as hydroxyls, 
epoxides, and carboxyls in plane or at the edge. The sur-
rounding carboxylate group can improve colloidal stability 
and negative interfacial charge distribution [7], while the 
hydroxyl and epoxide functional groups in plane can inter-
act via noncovalent interaction, such as hydrogen bonding 
and π-π stacking [8]. These special characteristics make 
GO a potential adsorbent material. Therefore, various GO-
based adsorbent materials have been developed to facili-
tate the separation of dye or poison from aqueous solutions 
[9−12]. In addition, three-dimensional (3D) porous gels 
from graphene composites show new properties, such as 
large surface areas, high compressibility, ultralow densi-
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wastewater treatment.

EXPERIMENTAL DETAILS 

Materials
CS (>90% degree of deacetylation) was purchased from 
Sinopharm Chemical Reagent Co., Ltd (Beijing, China). 
CR, RhB, and MB were obtained from Tianjin KaiTong 
Chemical Reagent co., Ltd (Tianjin, China). Other ma-
terials, such as sulfuric acid (98%), vitamin C, potassium 
permanganate (KMnO4), graphite powder (99.85% purity), 
hydrogen peroxide (30%, w/w), potassium nitrate (KNO3), 
and hydrochloric acid, were obtained from Aladdin Chem-
icals (Tianjin, China) and used without further purifica-
tion. The water used in all the experiments was obtained 
using a Milli-Q ultrapure water purification system.

Fabrication of the GO/CS and reduced GO/CS hydrogels 
GO was obtained from graphite powder according to a 
modified Hummers method [33]. Brown GO sheets were 
obtained after centrifugation and freeze-drying at −50°C 
for 2−3 days. GO-based composite hydrogels, including 
GO/CS hydrogel and reduced GO (RGO)/CS hydrogel, 
were prepared using CS. In a typical experiment, 4.0 mL of 
an aqueous dispersion of GO (5 mg/mL) was mixed with 
0.4 mL of CS (30.0 mg/mL, prepared in 2.5% acetic acid 
(HAc) solution) in a glass vial. In order to obtain a homo-
geneous gelation state, the hydrogel was then sonicated for 
2−3 min. For the preparation of the RGO/CS composite 
hydrogel, 1.0 mL of vitamin C solution (60 mg/mL) was 
first added into 4.0 mL of a GO aqueous dispersion (5 mg/
mL), which was stirred for several minutes. Next, 0.4 mL of 
CS (30.0 mg/mL, prepared in 2.5% HAc solution) was add-
ed to the above solution and the obtained ternary mixture 
was sonicated for about 10 min and heated subsequently 
at 90°C for 10 min. After heating, the GO component in 
the gel transformed to RGO with slight shrinking of the 
gel state. 

Adsorption experiments
Adsorption capacity experiments were designed and mod-
ified according to previous reports [34,35]. In adsorption 
experiments, about 1 mL of GO/CS or RGO/CS hydrogels 
(without lyophilization) was added to 100 mL of each dye 
solution (MB, 10 mg/L; RhB, 5 mg/L; CR, 5 mg/L). These 
solutions were slowly stirred in dark at a constant rate at 
room temperature. Supernatant liquid was withdrawn at 
different time intervals for subsequent characterization us-
ing an UV-vis spectrometer (752, Sunny Hengping, Shang-
hai, China). Different absorbance wavelengths (662 nm for 

MB, 554 nm for RhB, and 497 nm for CR) were utilized 
to determine the concentration of the residual dyes in the 
supernatant liquid. 

Characterization
The GO sheets and xerogels used in the present study were 
prepared using a lyophilizer at −50°C with a FD-1C-50 ly-
ophilizer instrument from Beijing Boyikang Experimental 
Instrument Co., Ltd. (Beijing, China) for more than 2 days. 
The nanostructures of all the lyophilized samples were 
studied by a field-emission scanning electron microscope 
(SEM) (S-4800II, Hitachi, Japan) with 5−15 kV accelerat-
ing voltage as well as a transmission electron microscope 
(TEM) (HT7700, Hitachi High-Technologies Corporation, 
Japan). Thermogravimetry-differential scanning calorim-
etry (TG-DSC) characterizations were carried out by us-
ing a NETZSCH STA 409 PC Luxxsi multaneous thermal 
analyzer (Netzsch Instruments Manufacturing Co., Ltd., 
Germany) in air. X-ray diffraction (XRD) was conducted 
on an X-ray diffractometer equipped with a Cu Kα X-ray 
radiation source and a Bragg diffraction setup (SMART 
LAB, Rigaku, Japan). Raman spectroscopy was performed 
on a Horiba Jobin Yvon Xplora PLUS confocal Raman mi-
croscope equipped with a motorized sample stage. The 
wavelength of the excitation laser was 532 nm and the la-
ser power was maintained below 1 mW without noticeable 
sample heating. 

RESULTS AND DISCUSSION

Structure characterization of hydrogels
The photographs of the GO aqueous solution, GO/CS gels, 
and RGO/CS composite gels are demonstrated in Fig. 1f. It 
indicates that both gels show good gelation stability. Both 
the SEM and TEM pictures of the obtained composite hy-
drogels in Fig. 1 indicate that porous 3D network nano-
structures were formed by the self-assembly of GO sheets 
and CS molecules. It should be noted that after in situ re-
duction of GO by vitamin C under heating (90°C), the GO 
composite gel can transform to an RGO-based hydrogel. It 
is well known that vitamin C usually acts as an eco-friend-
ly moderate reducing agent. At the same time, the formed 
composite gels can provide enough space among its 3D 
nanostructure for the adsorption of organic dyes.

In addition, XRD was used to characterize the obtained 
organized nanostructures in the composite materials, as 
shown in Fig. 2. For the GO sheet and lyophilized GO/CS 
hydrogel samples, the peaks that appear at 11.1° and 9.8°, 
respectively indicate increased layer spacing between the 
GO layers in the organized composite gels. In the XRD pat-
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tern of the dried RGO composite hydrogel, a broad peak 
centered at 2θ = 22.6° is clearly seen and the diffraction 
peak at 2θ = 11.1° in the GO gel disappears. This change 
suggests that the transformation from GO to RGO is ac-
companied by the removal of various oxygen-containing 
functional segments on the GO surface [36 ].

Fig. 3a illustrates the thermograms of the obtained 
composite gel materials. It can be concluded from the TG 
data that both the composite hydrogels demonstrate better 
thermal stability compared with GO; this could mainly be 
due to the self-assembly and cross-linked nanostructures 
in the gels. The data indicates two obvious mass loss peaks 
at around 200 and 500°C for the composite materials; these 
mainly originate from the pyrolysis of the oxygen-con-
taining segments in the GO sheets and CS molecules, re-
spectively. At temperatures higher than 560°C, no further 
change is observed in the mass of the prepared RGO gel 
material. GO composites have been previously reported 
to demonstrate various weight retention ratios at a high 
temperature range, mainly due to the change in the self-as-
sembly of the 3D porous carbon composites [37]. In the 
present study, the as-prepared composite materials clear-
ly exhibit enhanced thermal stability in comparison with 
pristine GO. 

It is well known that Raman spectroscopy is a useful 
technique to investigate various carbon composite materi-
als [38]; the Raman spectra for the composites are shown 
in Fig. 3b. The spectrum shows three obvious bands at 
1601 cm−1, 1351 cm−1, and 2692 cm−1, which can be as-
signed to the G band, D band, and 2D band, respectively 

a b c
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Figure 1  SEM and TEM images of GO sheet (a, d), GO/CS hydrogel (b, e), and RGO/CS hydrogel (c, f), respectively. The inset in image f shows the 
GO aqueous solution and both composite hydrogels (left to right).
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Figure 2  XRD patterns of the obtained samples: a, GO sheet; b, GO/CS 
gel; c, RGO/CS gel.
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[39,40]. It has been reported that the G and 2D bands can 
shift to lower and higher wavenumbers from their origi-
nal positions at 1585 and 2679 cm−1, respectively, when 
single-layer graphene sheets are transformed to the mul-
tilayer (about 2–6 layers) state [41,42]. On the other hand, 
the 2D/G ratios for graphene sheets with different layers 
(1, 2, 3, >4) are normally >1.6, 0.8, 0.30, and 0.07, respec-
tively [43,44]. Recently Akhavan and co-workers [45] have 
reported single and bilayer GO sheets with 2D/G ratios 
in the range of 1.53–1.68 and 0.82–0.89, respectively. For 
the present study, the 2D/G ratios in both the composite 
materials were calculated to have values ranging from 0.11 
to 0.14, shown in Fig. 3d, indicating that the as-prepared 
graphene samples possessed multilayer structures. Fur-
thermore, it is also well known that the D/G peak inten-
sity ratio can serve as a characteristic of the sp2 area size 
of graphene sheets containing sp3 and sp2 bonds. In the 
present case, the results indicate that the D/G ratio changes 
from 0.97 to 1.02−1.14 after the self-assembly in composite 

gels, as seen in Fig. 3c. 

Adsorption capacity of hydrogels
The dye adsorption capacity of the as-prepared composite 
hydrogels was investigated by placing the obtained com-
posite gel materials in aqueous CR, MB, and RhB solutions, 
respectively. It should be noted that the adsorption process 
of the freeze-dried samples seemed typical and easy to in-
vestigate. In present work, we investigated the in situ ad-
sorption capacity of hydrogels, which could demonstrate 
the real adsorption process of GO-based gels for different 
dyes in wastewater. In addition, GO-based composites may 
act as a potential photocatalyst for degradation of dyes 
under visible light condition. The present adsorption ex-
periments were measured and repeated under dark condi-
tions to avoid this effect of GO as catalyst. Different absor-
bance wavelengths (497 nm for CR, 662 nm for MB, and 
554 nm for RhB) were utilized to investigate the residual 
dye concentrations at various time intervals. At the same 
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time, the dye removal rates were calculated according to 
the equation: K = (A0−AT)/A0 × 100%, where K is defined 
as the dye removal rate, A0 is defined as the absorbance of 
the dye solution, and AT is defined as the absorbance of 
the supernatant liquid collected at different intervals. Fig. 4 

plots the dye removal rate as a function of time for the three 
dyes. The dye removal rates reach stable values for both 
MB and RhB within approximately 20 min, suggesting that 
the as-prepared composite hydrogels act as efficient dye 
adsorbents. In addition, the thermodynamic behaviors of 
the other RGO-based hydrogels for dye adsorption capac-
ity have been characterized in detail [46]. We performed 
primary adsorption kinetic experiments of the as-prepared 
composite hydrogels on different dyes, and the obtained 
data are shown in Fig. 5. The hydrogels demonstrated con-
tinuous and homogeneous adsorption, with equilibrium 
times of around 50 min for CR and 20 min for MB and 
RhB, respectively. The obtained kinetic results can mainly 
originate from the prepared special 3D porous nanostruc-
tures by electrostatic force and hydrogen bonding, as well as 
highly dispersed GO nanosheets as adsorption substrates. 
It should be noted that classical kinetic models were used 
to explain the adsorption process as follows:

The pseudo-first-order model:

 e elog( ) = log
2.303t

kq q q t  . (1)

The pseudo-second-order model:

 2
ee

1= +
t

t t
q qkq , (2)

where qe and qt are defined as the adsorbed dye amount 
(mg/g) at equilibrium and time t, respectively, and k1 and 
k2 represent the kinetic rate constants [10−12]. From the 
kinetic data in Table 1, it can be concluded that the adsorp-
tion process in all cases is in accordance with the pseu-
do-second-order model with good correlation coefficient 
(R2 > 0.999 for MB and RhB, R2 > 0.992 for CR). Consid-
ering the obtained experimental results described above, it 
should be noted that the present composite hydrogels are 
more environmentally friendly than organogels prepared 
from different organic solvents [47−49]. Detailed stud-
ies on the drug release behaviors and the preparation of 
nanoparticle-containing hybrid hydrogels using the pres-
ent supramolecular gels are still underway.

CONCLUSIONS
In summary, we reported the preparation of two GO/CS 
composite hydrogel materials and evaluated their adsorp-
tion capacity for three different dyes. The CS molecule was 
chosen for its functional amine segments in the molecular 
skeleton that can form porous gel nanostructures via inter-
actions such as hydrogen bonding. Morphological charac-
terizations of the obtained gel materials demonstrate the 
formation of porous 3D nanostructures by a self-assembly 
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Figure 4  Adsorption properties of GO/CS and RGO/CS hydrogels for 
the three dye solutions used. The inserted pictures show the colorful dye 
solutions obtained from supernatant liquids at different time intervals.
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Figure 5  Adsorption kinetics curves of GO/CS and RGO/CS hydrogels for different dye adsorptions: (a, c, e) pseudo-first-order kinetics; (b, d, f) 
pseudo-second-order kinetics.

Table 1  Kinetic parameters of GO/CS and RGO/CS nanocomposite hydrogels for three dye removal at 298 K (experimental data obtained from 
Fig. 5)

Pseudo-fi rst-order model Pseudo-second-order model
qe (mg/g) R2 k1 (min−1) qe (mg/g) R2 k2 (g/(mg min))

CR
GO-CS 10.188 0.7803 0.04835 12.026 0.9973 0.00071

RGO-CS 12.869 0.6334 0.05858 16.337  0.9925 0.00031

RhB
GO-CS 1.885 0.9892 0.02396 1.974  0.9999 0.02408

RGO-CS 1.834 0.9920 0.03464 1.913  0.9999 0.03464

MB
GO-CS 3.486 0.9985 0.2994 3.504 0.9999 0.9118

RGO-CS 3.398 0.9967 0.24715 3.442 0.9999 0.2954
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process. At the same time, various spectral results indicate 
that the organized structure and characteristics of the GO 
sheets remain mainly unchanged prior and post gelation. 
The data of adsorption capacity experiments suggest that 
the prepared 3D GO-based hydrogels can efficiently re-
move dyes from wastewater in accordance with the pseu-
do-second-order model. We anticipate that the GO-based 
composite hydrogels prepared in the present study could 
open up new avenues for the design and application of 
composite hydrogels materials.
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中文摘要    本文通过壳聚糖分子与氧化石墨烯(GO)的自组装成功制备了GO-壳聚糖复合水凝胶, 并对该水凝胶进行了表征. 研究发现
复合水凝胶中存在网状微观结构. 吸附性能结果表明制得的基于GO的复合水凝胶可以有效地从废水中去除三种测试染料分子, 同时
符合准二阶模型. 该水凝胶的染料吸附能力主要来源于GO片层, 而壳聚糖分子促进了GO片层的凝胶化过程. 目前的研究结果表明制
备的复合水凝胶可以作为良好的吸附剂应用于废水处理以及有害染料去除等领域.
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