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a b s t r a c t

A graphene oxide-chitosan composite (GO-CS) adsorbent was synthesized, in which GO played 
a cross-linking role. The synthesized GO-CS had good acid-resistance and mechanical strength, 
which was attributed to excellent cross-linking. The GO-OS was evaluated as an adsorbent for 
the removal of Cr(VI) from aqueous solutions. Experimental results confirmed that GO-CS has an 
excellent adsorption capacity for Cr(VI) (~67.8 mg/g). Kinetic regression results showed that the 
adsorption kinetics were more accurately represented by a pseudo second-order model. The over-
all adsorption process was jointly controlled by external mass transfer and intra-particle diffusion, 
whereby intra-particle diffusion played a dominant role. The Langmuir isotherm model provided a 
good fit for the adsorption process. The remarkable adsorption capacity of the GO-CS for Cr(VI) can 
be attributed to the combined adsorption interaction mechanisms onto the GO-CS. The results of 
this work are significant for environmental applications of GO-CS as a promising adsorbent for the 
removal of heavy metal pollutants from aqueous solutions.
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1. Introduction

Industrial wastewaters are a major concern for the 
government and public due to the emission of various 
organic pollutants and heavy metal contaminants. Among 
the heavy metal contaminants in wastewaters, chromium, 
especially Cr(VI), has received more attention because of its 
high toxicity and threat to human health [1,2]. Effluent con-
centrations can vary from tens to hundreds of milligrams/
liter, and the USEPA has set a standard of 0.05 mg/l for the 
discharge of Cr(VI) to surface water, whereas total Cr is reg-
ulated to below a level of 2 mg/l [3]. Therefore, treatment 
of chromium-containing industrial effluent to meet gov-
ernment requirements and to protect the public is urgently 

needed. Among the different physicochemical treatments 
used for wastewater treatment, the adsorption technique 
has been a very effective method because of its low cost, 
easy operation and high efficiency, compared with other 
methods [4–6].

Chitosan (CS) is a linear natural polysaccharide that 
is composed of glucosamine and N-acetyl glucosamine 
units linked by a β-(1−4)-glycosidic bond [7]. Chitosan 
has attracted attention because of its excellent biocom-
patibility, hypotoxicity, antimicrobial activity and biode-
gradability [8–10]. Generally, CS has been widely used in 
tissue engineering, separation membranes, wound dress-
ing, drug delivery and packaging materials [11]. CS can 
also be used as an adsorbent to remove heavy metals and 
dyes due to its active amino and hydroxyl groups [12]. 
However, the strong hydrogen bonds between the abun-
dant amino and hydroxyl groups in CS create intrinsic 
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drawbacks, such as low mechanical properties and poor 
stability in acid media. To enhance the mechanical and 
anti-acid properties of CS-based materials, researchers 
have developed many effective modification strategies 
[13]. Cross-linking is a simple modification approach and 
can take place between CS and multi-functional anhydride 
or aldehyde reagents [14]. The cross-linking reagents that 
are traditionally used include organic solvents such as 
anhydride or aldehyde. However, during the cross-link-
ing reaction, the volatile organic substance can be harmful 
to the environment and humans. Moreover, operation and 
implementation of the cross-linking reaction can be com-
plicated. Therefore, green cross-linking methods for the 
operating procedure that are concise, easy, and have no 
harmful odor need to be developed.

Graphene, a single layer of carbon atoms in a hexagonal 
lattice, has recently attracted much attention due to its novel 
electronic and mechanical properties [15]. Graphene oxide 
(GO) is a typical pseudo-two-dimensional oxygen-contain-
ing solid in bulk form that possesses multiple functional 
groups, including hydroxyls, epoxides, and carboxyls [16–
18]. GO has been used as a filler for the next generation of 
nanocomposite materials. However, there are few studies of 
the preparation of a supramolecular hydrogel using GO as 
a 2D cross-linker [19,20]. 

The large number of amino groups bonding onto the 
matrix of CS make CS an alkaline polysaccharide polymer; 
thus, the amino groups exhibit certain alkaline and nucleo-
philic properties [20]. By contrast, GO has certain acidic and 
carbenium ion characteristics [7], and GO contains hydrox-
yls, epoxides, and carboxyls. CS and GO are both high 
molecular weight polymers. When they are mixed together 
under certain conditions, they can react and produce new 
substances. The highly active epoxy group on the surface of 
GO can rapidly react with the amino group on the surface 
of CS via catalysis with a weak acid (carboxyl group) and 
weak base (amino-group) [21].

In this paper, a graphene oxide-chitosan composite (GO-
CS) adsorbent was successfully synthesized, in which GO 
played a cross-linking role for the reaction between CS and 
GO. This synthesis method possessed the following advan-
tages: (a) a low temperature, (b) the use of a non-organic 
solvent, and (c) a concise and easy operating procedure 
with no harmful odor. The resulting GO-CS was used as an 
adsorbent to remove Cr(VI) from an aqueous solution, and 
the composite exhibited an excellent adsorption capacity.

2. Materials and methods

2.1. Materials and chemicals 

All chemicals were purchased from Sinopharm Chem-
ical Reagent Co., Ltd (Shanghai, China) and were of ana-
lytical purity and used in the experiments directly without 
any further purification. All solutions were prepared using 
deionized water. 

2.2. Preparation of GO-CS

The graphite oxide was prepared using a modified 
Hummer’s method [22,23]. Graphite oxide was dispersed 

in deionized water and sonicated in an ultrasonic bath for 
12 h. The sonicated dispersion was centrifuged for 20 min 
at 4000 rpm (revolutions per minute) to remove the unex-
foliated graphite oxide particles from the supernatant. 
The obtained suspension of GO was then processed by 
freeze-drying the supernatant to obtain a GO powder. Chi-
tosan (100 mg) was slowly added to a solution containing 
200 mg of GO and the mixture was aggressively stirred for 
10 min. The above-mentioned raw mixture was placed in an 
electric-heated thermostatic water bath at 80°C for 5 h. The 
raw product was filtered and freeze dried, and thus GO-CS 
was successfully created.

2.3. Batch adsorption experiments 

Sorption isotherms were obtained using a batch equil-
ibration technique. Solid-to-solution ratios were adjusted 
to obtain a 20–60% solute uptake by the sorbents. The sol-
id-to-solution ratios used for the sorption of Cr(VI) by GO, 
CS and GO-CS were 0.2 mg/ml, 0.4 mg/ml and 0.6 mg/
ml, respectively. A labeled stock solution of Cr(VI) was 
prepared with a buffer solution to maintain a pH of 2. 
Test solutions of Cr(VI) concentrations were prepared by 
introducing diphenylcarbazide into the buffer solution 
with Cr(VI) (GB7467-87). When the Cr(VI) had completely 
reacted with diphenylcarbazide, the absorbance value 
at 540 nm on a UV visible spectrophotometer (Techcomp 
UV2310 II) was monitored. A calibration curve of the rela-
tionship between the Cr(VI) concentrations and absorbance 
values was confirmed. The Cr(VI) concentrations in the 
solution were obtained based on the calibration curve. The 
total chromium concentration in the solution was obtained 
using an inductively coupled plasma emission spectrome-
ter (ICP, Agilent 720ES, Japan).

Batch adsorption experiments were performed as fol-
lows: 10 mg of the adsorbent was introduced into a 25 ml 
conical flask containing 10 ml of Cr(VI) solution rang-
ing from 5 mg/L to 33 mg/L. The flasks were sealed and 
shaken in a TS-2102C model Shaken Incubator shaker at a 
preset temperature at 120 rpm for 24 h to ensure adsorption 
equilibrium. The Cr(VI) uptake was calculated by conduct-
ing a mass balance before and after adsorption using the 
following equation:

( )0 1
e

eC C V
Q

W

− ×
=  (1)

where V1 (L) is the volume of the solution, W (g) is the mass 
of a given dry adsorbent, and C0 and Ce (mg/L) are the ini-
tial and equilibrium concentrations, respectively, of Cr(VI) 
in the aqueous solution. For the kinetic study, the amount 
of adsorbent and solution were 200 mg and 200 ml, respec-
tively, and 0.50 ml of the solution was sampled at various 
time intervals to determine the adsorption kinetics.

2.4. Characterization methods

The surface morphologies of the samples were visual-
ized using a field-emission scanning electron microscope 
(SEM, Hitachi S-4800) operating at a typical accelerating 
voltage of 10 kV. Infrared spectra (FTIR) were obtained 
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using a Bruker FT-IR spectrometer (Bruker, Germany). 
To determine the functional groups and related oxidation 
states on the surface of the materials, X-ray photoelectron 
spectroscopy (XPS) analysis was carried out in a Kratos 
Axis Ultra DLD spectrometer with monochromatic Al/Ka 
X-rays at a base pressure of 1 × 10–9 Torr. 

3. Results and discussion

3.1. Characterization of adsorbent

A powdery or bulk morphology was observed for the 
chitosan, as shown in Fig. 1a, whereas GO exhibited a 
schistose shape (Fig. 1b). When GO reacted with chitosan, 
a curved surface and laminated structure was observed 
(Fig. 1c, 1d). The curved surface and laminated structure of 
GO-CS is better for the adsorption of Cr(VI) from aqueous 
solutions.

As seen in Fig. 2, GO presented a strong peak at ~3300 
cm–1, which was attributed to hydroxyl groups, and there 
was another peak at 1250 cm–1, which was attributed to 
ester groups. There were also peaks at ~1700 cm–1, which 
were attributed to carbonyl groups. The above-mentioned 
results demonstrated that the surface of GO was decorated 
with carboxylic acid and hydroxyl and carbonyl groups. 
After GO reacted with chitosan, the characteristic peak 
from ester groups disappeared, and the characteristic peak 
intensity of the hydroxyl and carbonyl groups that bonded 
to the GO were weakened. The characteristic peaks at 3200 
cm–1 (N-H) and 1100 cm–1 (C-N) were weakened and even 
disappeared. 

As seen in Fig. 3a, the C1s binding energies of GO 
were 284.6 eV (C-C/C=C bond), 286.4 eV (C=O bond), and 
287 eV (C-O/O-C=O bond). The C1s binding energies of 
GO-CS were 283.1 eV (C-C bond), 284.4 eV (C-O bond) and 
285.5 eV (O-C=O bond) (Fig. 3b). After GO reacted with CS, 
the C-C binding energies of GO decreased by ~1.5 eV, the 
C-O binding energies of GO decreased by ~2 eV, and the 
O-C=O binding energies of GO decreased by ~1.5 eV, which 
further demonstrated that GO-CS was synthesized through 
the covalent cross-linking between GO and CS [24,25].

As seen from Fig. 3c and 3d, the N1s binding energies of 
CS were ~397.9 eV (C-N bond), and the N1s binding ener-
gies of GO-CS were ~397.5 eV(C-N bond) and ~399.3 eV 
(N-C=O bond). These phenomena were attributed to the 
change in the nitrogen surroundings, which was attributed 
to the mutual reaction between GO and CS. Nitrogen in CS 
was in the amine form, whereas nitrogen in GO-CS was in 
the amide form. The above-mentioned results from XPS and 
IR spectra clearly demonstrate that GO had reacted with CS 
by covalent cross-linking. Two possible reaction mechanism 
are possible as follows: a) the opening cycle of the epoxy 
group can react with active hydrogen from the hydroxyl 
and amino functional group, and b) the carbonium of the 
carbonyl group can attack the active hydrogen from the 
hydroxyl and amino functional groups and produce new 
ester or amide groups [26,27].

3.2. Removal properties of Cr(VI)

As shown in Fig. 4a, no more than ~1% of the Cr(III) 
was detected during GO and GO-CS adsorption process 
within 1 h, which further demonstrated that reduction 
could not happen during the Cr(VI) removal process 
[28,29]. The Cr(VI) removal rate by GO-CS was stronger 
than that of GO, which was attributed to the better net-
work structure that was formed between GO and CS. Table 
1 present a comparison of the maximum adsorption capac-
ities of Cr(VI) between our GO-CS and other adsorbents 
obtained from the literature. It is can be clearly seen that 
GO-CS had a excellent adsorption capacity as compared to 
other adsorbents.

These results indicated that GO and GO-CS exhib-
ited different adsorption capacities for Cr(VI). The Cr(VI) 
removal ratio of GO-CS reached approximately 40%, 
whereas the Cr(VI) removal ratio of GO reached approxi-
mately 6% within 1 h. The outermost electron configuration 
of Cr(VI) was 3d04s0, which left five 3d vacant orbitals and 
one 4s vacant orbital. Therefore, only when Cr(VI) formed 
six coordination bonds with six pairs of lone electrons could 
Cr(VI) be removed from the solution. Because GO-CS had 
more lone pair electrons than GO, the GO-CS can form more 
coordination bonds with Cr(VI) than GO. Moreover, GO-CS 
exhibited stronger Cr(VI) removal capacities than GO from 
the aqueous solution [36,37]. 

Fig. 2. IR spectrum of GO, CS and GO-CS.

Fig. 1. SEM images of CS (a), GO (b) and GO-CS (c,d).
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Fig. 4b shows that the adsorption capacities of GO, CS 
and GO-CS for Cr(VI) were 7, 12.5 and 27.13 mg/g, respec-
tively. The high Cr(VI) adsorption capacity of GO-CS was 
mainly attributed to GO-CS being able to form sufficient 
coordination bonds with the vacant orbitals located in the 
Cr(VI) matrix. These functional groups with many lone 
pair electrons can play a vital role during the adsorption 
process. The results of the adsorption capacities of GO-CS 
compared with GO and CS are as follows: the adsorption 
capacity of GO-CS increased by ~3.88 times compared with 
the adsorption of Cr(VI) by GO, and by ~2.17 times com-
pared with the adsorption by CS.

3.3. Adsorption kinetics

Adsorption is a physicochemical process that involves 
the mass transfer of a substance from the liquid phase to 
the adsorbent surface; in this study, the adorption process 
involves Cr(VI) forming complexes with the hydroxyl 
groups on the GO-CS composite. An initial concentration of 
33 mg/L for the corresponding Cr(VI) solution was utilized 
to investigate the adsorption kinetics of Cr(VI) on GO and 
GO-CS. The adsorption removal of Cr(VI) by GO-CS was 
rapid and reached equilibrium in ~20 min. The concentra-
tion gradients gradually reduced due to the accumulation 

Fig. 3. C1s deconvolution of GO (a) and GO-CS (b) and N1s deconvolution of CS (c) and GO-CS (d).

Fig. 4 (a). Cr(VI) or Cr(III) removal rates of GO and GO-CS (initial concentration = 33 mg/L, pH = 2). (b) Comparison of the Cr(VI) 
adsorption rates of GO and GO-CS.
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of Cr(VI) adsorbing onto the surface sites of GO-CS, leading 
to the decline in the adsorption rate at a later stage. By con-
trast, the adsorption removal of Cr(VI) by GO was slow and 
reached equilibrium in ~50 min. More equilibrium time was 
required for the adsorption of Cr(VI) onto GO than onto 
GO-CS, which may be attributed to the different mecha-
nisms of Cr(VI) adsorption onto GO and GO-CS (discussed 
in the subsequent sections).

The transient behavior of the Cr(VI) adsorption pro-
cess was further investigated using three kinetic models: 
pseudo-first-order (PF), pseudo-second-order (PS) and 
the Weber-Morris model [38–40], which originated from 
chemical reaction kinetics. The constants k1 (min–1), k2 
(min–1) and Ki are the pseudo-first order, pseudo-second 
order and Weber-Morris model adsorption rate constants, 
respectively; qe,cal (mg mg–1) and C (mg mg–1) are the sorption 
capacity at equilibrium and at time t, respectively.

The calculated kinetic parameters are presented in 
Table 2. By comparing the correlation coefficients (R2), 
the Cr(VI) adsorption process onto GO and GO-CS was 
best described by the pseudo-second order model. The 
higher adsorption rate constant, k2, of Cr(VI) onto GO-CS 
compared with Cr(VI) onto GO indicated a higher rate of 
Cr(VI) removal by GO-CS, which was consistent with the 
experimental data. Moreover, the calculated q values (qe,cal) 
from the pseudo-second order model were much closer to 
the experimental data than those calculated from the pseu-
do-first order model.

Because the general kinetic analysis could not identify 
the rate-limiting step of the Cr(VI) adsorption process onto 

GO-CS and GO, an intra-particle diffusion model proposed 
by Weber and Morris was used. Plots of qt vs. t1/2 for Cr(VI) 
adsorption onto GO-CS and GO are shown in Fig. 5d. If 
the plots of qt vs. t1/2 yield a straight line and pass through 
the origin, the intra-particle diffusion would be the sole 
rate-limiting step in the entire adsorption process.

As shown in Fig. 5d, the adsorption plots of GO-CS and 
GO for Cr(VI) removal are non-linear over the entire time 
range, and the plots do not pass through the origin, indicat-
ing that intra-particle diffusion was involved but was not 
the rate-limiting step. If the data showed multi-linear stages, 
then two or more steps influenced the adsorption process, 
such as external diffusion and intra-particle diffusion. The 
result indicated that three steps existed in the entire adsorp-
tion process: (i) the instantaneous adsorption or external 
surface adsorption, possibly including the boundary layer 
diffusion of the solute molecules; (ii) the gradual adsorption 
stage, where intra-particle diffusion into mesopores and 
micropores was the rate-controlling step; and (iii) the final 
stage, where intra-particle diffusion started to slow down 
due to the relatively low residual Cr(VI) concentration in 
the solution.

The equilibrium adsorption capacities of Cr(VI) onto 
GO and GO-CS were 5.73 and 26 mg/g, respectively. The 
results indicated that GO-CS exhibited better adsorp-
tion performance than GO, which was ascribed to GO-CS 
containing more lone pair electrons than GO. Generally 
the removal rate of Cr(VI) is initially rapid but gradually 
decreases with time until it reaches equilibrium. This phe-
nomenon was ascribed to the fact that a large number of 
vacant adsorption sites were available for adsorption at 
the initial stage and the remaining vacant adsorption sites 
gradually decreased with time.

3.4. Adsorption isotherms

Langmuir, Freundlich and Dubinin-Radushkevich 
(D-R) isotherm models [41] were used to fit the exper-
imental data. The parameters obtained from nonlin-
ear regression by the three models are listed in Fig. 6. 
The determination coefficients (R2) of the Langmuir, 
Freundlich and D-R isotherms of GO-CS are summa-
rized Table S2. Based on the determination coefficients 
shown in Table S2, the Langmuir isotherm model was 
a better fit for the adsorption data than the Freundlich 
isotherm model. The applicability of the Langmuir iso-
therm model suggested that the same sites with several 
adsorption energies were involved, and, in some cases, 

Table 1 
Comparison of the adsorption capacities of Cr(VI) onto various 
adsorbents

Adsorbents Adsorption 
capacity (mg/g) 

Reference

IL-functionalized  
oxi-MWCNTs

85.83 [30]

Coconut tree sawdust 3.46 [31]

Porous Fe3O4 hollow 
microspheres/graphene 
oxide composite

32.33 [32]

Groundnut husk 7.0 [33]

SWCNTs 20.3 [34]

GO-CS 67.8 This work

Table 2 
Kinetic parameters of pseudo first- and second-order adsorption kinetic models and Weber-Morris model for Cr(VI) on GO-CS or 
GO. (Cr(VI) concentration = 33 mg/L, GO-CS or GO = 0.33 g/L)

Adsorbents Initial 
conc. 

qe,exp Pseudo first-order model Pseudo second-order model Weber-Morris model

(mg/L) (mg/g) k1 (min–1) qe,cal 

(mg/g)
R2 k2 (min–1) qe,cal 

(mg/g)
R2 Ki  

( g·mg–1· 
min–0.5)

C (mg/g) R2

GO-CS 33 26.28 0.015 2.13 0.547 0.017 26.0 0.999 0.535 19.93 0.546

GO 33 5.32 0.012 1.76 0.822 0.007 5.73 0.9695 0.355 0.84 0.843
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the intermolecular interactions occurred between Cr(VI) 
and GO-CS. Table 3 shows that the computed maximum 
monolayer capacity was 26 mg/g for the adsorption of 
Cr(VI) onto GO-CS. 

GO-CS exhibited stronger removal properties of 
Cr(VI) than traditional adsorbents, as shown in Table 
3. GO-CS contains many nitrogen (amino) and oxygen 
(hydroxyl) with lone pair electrons, whereas the tra-
ditional adsorbents contain only a few oxygen groups. 
GO-CS can provide many electron pairs so that it can eas-

ily coordinate bonds with the vacant orbitals of Cr(VI) 
and therefore successfully remove Cr(VI) from aqueous 
solutions. 

3.5. Effects of pH

The solution pH can affect the surface charge of the 
adsorbent, the radius of the chromium ions, and the dis-
sociation of the functional groups on the active sites of the 
adsorbent [42]. Thus, the influence of pH on the removal 

Fig. 6(a). Equilibrium adsorption isotherms and (b) D-R model of Cr(VI) onto GO-CS (Cr(VI) = 33 mg/L, GO-CS = 0.2 g/L).

Fig. 5(a). Kinetic curves of Cr(VI) adsorption onto GO and GO-CS, (b) pseudo first-order model, (c) pseudo second-order model and 
(d) Weber-Morris model.
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of Cr(VI) by GO and GO-CS was studied to further inves-
tigate the adsorption process. The effect of the initial pH 
on the removal of Cr(VI) by GO and GO-CS is shown in 
Fig. 7. These results indicated that the removal of Cr(VI) 
by GO remained nearly constant over the pH range of 1–6, 
and decreased over the pH range of 6–10. When the pH 
value was between 1 and 6, GO exhibited weak and sta-
ble removal capacities of Cr(VI). When the pH value was 
above 6, the hydroxyl and carboxyl groups were gradually 
converted into anions; thus, the removal of Cr(VI) by GO 
decreased.

The effect of the initial pH on the removal of Cr(VI) by 
GO-CS is shown in Fig. 7. The Cr(VI) adsorption capacity 
onto GO-CS increased with increasing pH, and reached a 
maximum at a pH of 2. When the pH ranged from 2 to 8, the 
Cr(VI) adsorption capacity decreased and was stable and 
weak above a pH of 8.

When the pH value ranged from 1 to 2, the amide-func-
tional group gradually increased as the pH value increased 
and then led to the increasing Cr(VI) adsorption capacity 
onto GO-CS. When the pH value was 2, the Cr(VI) adsorp-
tion capacity onto GO-CS was maximized; this was derived 
from the good and stable lattice-like structure in which suf-
ficient Lewis bases from the nitrogen (amide and amino) 
and oxygen (hydroxyl, carboxyl) groups were available. 
When the pH value ranged from 2 to 8, the hydroxyl and 
carboxyl groups were converted into anions; thus, the 
Cr(VI) adsorption capacity onto GO-CS decreased to the 
same degree. When the pH value was above 8, because the 
amide group had slowly decomposed and the hydroxyl and 
carboxyl groups had been almost completely converted into 
anions, the Cr(VI) adsorption capacity became stable and 
negligible. 

4. Conclusion

In summary, a graphene oxide-chitosan composite 
adsorbent was successfully synthesized, and GO played a 
cross-linking role for chitosan. The resulting GO-CS had 
good dispersion and many active oxygen-containing func-
tional groups, which made GO-CS promising for use as 
an adsorbent for Cr(VI) removal from aqueous solutions. 
Indeed, GO-CS exhibited an excellent adsorption capacity 
and good acid-resisting properties. The results of this work 
are significant for environmental applications of GO-CS as 
a promising adsorbent material for the removal of heavy 
metal pollutants from aqueous solutions.
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