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Preparation of graphene oxide–montmorillonite
nanocomposite and its application in multiple-pollutants
removal from aqueous solutions
Chengyu Zhang, Jingde Luan, Wei Chen, Xin Ke and Haijun Zhang

ABSTRACT
It is of interest to develop a novel fabrication method of a mineral adsorbent for wastewater treatment
to remove the combination of heavy metal ions and refractory organic contaminants. The crosslinking
agent stearyl trimethyl ammonium chloride was added into a suspension of montmorillonite and
graphene oxide to implement their recombination to fabricated graphene oxide–montmorillonite
nanocomposite (GMN). The fabricated nanocomposite was characterized by X-ray diffraction,
scanning electron microscopy, Fourier transform infrared spectroscopy, Brunauer–Emmett–Teller
analysis and zeta potential. Results indicated that GMN exhibited a honeycomb texture, providing the
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chemical reaction site for the simultaneous adsorption of Pb2þ and p-nitrophenol (PNP). Factors
including pH value, contact time, contact temperature and GMN dosage in the adsorption process
were crucial for both Pb2þ adsorption and PNP adsorption. The optimum adsorption capacities of Pb2þ
and PNP onto GMN were 19.39 mg·g1 and 14.90 mg·g1 under the condition of pH ¼ 6, contact
temperature 55  C, contact time 60 min and GMN dosage 0.10 g, respectively. Data from experimental
studies on simultaneous adsorption was well described by the pseudo-second-order model. The
implementation of this work shows that GMN is a promising material for application in the
simultaneous removal of heavy metal ions and refractory organic contaminants.
Key words
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INTRODUCTION
Inorganic metal ions and organic contaminants are
common in industry wastewater, especially heavy metals
and refractory organic contaminants (ROCs) (Ömeroğlu
Ay et al. ). These contaminants can exert direct or indirect harm to human health once discharged to the
environment (Batool et al. ). Their combined pollution
is a remarkable obstacle to the practical application of wastewater treatment due to their high concentrations, nonbiodegradable behavior and the difﬁculty in treating both
together. Nowadays, adsorption stands out from wastewater
treatment technologies due to low cost, easy operation and
high removal efﬁciency (Wu et al. ; Zhang et al. ).
Clay mineral adsorbents have become an alternative to
active carbon in recent years, especially montmorillonite
(MMt). The sandwich structure of MMt crystal molecule is
composed of one central alumina octahedral sheet and two
silica tetrahedral sheets (Adrar et al. ). The interlayer
doi: 10.2166/wst.2019.046
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hydrophilicity and cation exchange property of MMt have
positive effects on its adsorption performance towards
heavy metal ions (Gupta ; Yang et al. ). Meanwhile,
organic modiﬁcation methods have been adopted to convert
MMt interlayer hydrophilicity to hydrophobicity, which plays
an important role in the improvement of MMt adsorption
performance towards organic contaminants (Zhou et al.
). Graphene oxide (GO) contains both hydrophilic and
hydrophobic functional groups, indicating it is a good adsorbent for heavy metal ions and ROCs (Gao ; Zhao et al.
). However, the aggregation behavior of GO in aqueous
solution is an adverse factor on its application for pollutant
adsorption (Jiang et al. ). Therefore, it is imperative to
improve the dispersion of GO into a single layer
to strengthen its adsorption performance (Zhao et al. ).
It is reported that there is no chemical reaction between
GO and minerals with surface electronegativity, indicating
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that it is possible to prepare a suspension of GO and mineral
with good dispersity. This suspension can be used to fabricate
composite materials with different functions.
GO and MMt were employed to synthesize composite
sponge by adding the crossing linker ethylenediamine,
which has a positive promotion effect on blood coagulation
(Li et al. ). The solvent method was adopted to prepare
GO-MMt nanocomposites, which was characterized as
pH-dependent under acid condition (Zhang et al. ).
When agar was introduced into the GO-MMt suspension,
the fabricated composites exhibited a good performance
for heavy metal removal in low and high pH regions
(Cheng et al. ). Nowadays, GO-MMt based materials
as adsorbent have been applied to deal with single-component or binary-component wastewater, such as single or
binary heavy metal ions, and organic contaminants (Deng
et al. ; Liu et al. ; Batool et al. ; Zhang et al.
; Liu et al. ). Although the strong electrostatic
attraction between GO and clay minerals inhibited the
adsorption of organic contaminants onto GO, the weak
electrostatic attraction was convenient for fabricating the
GO-MMt nanocomposite adsorbent (Sun et al. ). As a
surface electropositive mineral, MMt modiﬁed by cationic
surfactant is considered to be a better option to combine
with GO for functional material fabrication.
The present work investigated the novel fabrication of
GO-MMt nanocomposite using stearyl trimethyl ammonium
chloride (STAC) as linkage and the ﬁrst-time application of
the fabricated material for the simultaneous removal of Pb2þ
and p-nitrophenol (PNP) from aqueous solutions. Based on
the characterization analysis with X-ray powder diffraction
(XRD), scanning electron microscopy (SEM), Fourier
transform infrared (FTIR) spectroscopy, and an automatic
physical adsorber and zeta potential analyzer, the adsorption mechanism of target contaminants onto GO-MMt
nanocomposite and their adsorption competitive behavior
have been elucidated in depth.
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Deionized water was used for solution preparation, sample
cleaning and container cleaning.
Preparation of GO-MMt nanocomposite
Brieﬂy, GO powder (0.1 g) was added into 200 mL of
deionized water solution, through the simultaneous treatment of ultrasonic and mechanical stirring for 15 min,
to achieve its good dispersion in aqueous solution. Subsequently, 3 g MMt powder was added to the GO
dispersion to fabricate a GO-MMt suspension through ultrasonic treatment for 15 min. Then, 1.38 g STAC powder was
immersed in this suspension, which was continuously stirred for 120 min. After standing for about 20 min, this
suspension was ﬁltered by vacuum to form a ﬁlter cake,
which was washed three times and placed in a vacuum
freeze-drying oven for 15 h to obtain the adsorbent sample.
Materials characterization
XRD patterns were obtained by an X-ray diffractometer
(SHIMADZU-7000s) with radiation CuKα under the 2θ
range from 2 to 60 at the scanning rate of 2 min1. The
microstructure of GO-MMt nanocomposite was characterized by a ﬁeld emission scanning electron microscope
(JEOL-JSM-7800f, Japan). The change of functional groups
was determined by an FTIR spectrometer (Thermo Fisher
Nicolet iS10, USA) in the range of spectra between
400 cm1 and 4,000 cm1. The speciﬁc surface area, pore
diameter and pore volume of GO-MMt nanocomposite
were measured by an automatic physical/chemical adsorption instrument (Quantachrome Autosorb-iQ-C, USA). The
potential changes of experimental samples were investigated
by a zeta potential analyzer (Malvern-Zetasizer Nano ZS,
UK). Pb2þ concentration was measured by an inductively
coupled plasma mass spectrometer (ICP, PE-OptimaPE8300, USA). The absorbance value of PNP in solution
was determined by a UV-vis spectrophotometer (Shanghai
Uniko-UV-2100, China) to calculate the PNP concentration.

EXPERIMENT SECTION
Adsorption experiments
Materials
Natural MMt powder reagent was obtained from Gongyi
city, Henan province, China. The analytical reagents
STAC, lead standard solution and PNP were purchased
from China National Pharmaceutical Group Chemical
Reagent Co., Ltd. GO powder reagent was purchased
from Shanghai Ashine Technology Development Co., Ltd.
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The lead standard solution was diluted to prepare
100 mg L1 of Pb2þ aqueous solution, while PNP was dissolved with deionized water to prepare 150 mg L1 of
PNP aqueous solution. Powder samples (0.1 g) of MMt,
GO and GO-MMt nanocomposite (GMN) were put into a
conical ﬂask containing 20 mL of Pb2þ, PNP and their
mixed solution, respectively. The conical ﬂask was placed
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into a water bath shaker with controlled temperature. Batch
experiments were carried out to investigate the effect of the
reaction temperature and reaction time on the adsorption
performance of GMN. The concentrations of Pb2þ and
PNP in suspension after adsorption were determined by an
ICP and UV-vis spectrophotometer, respectively.
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The surface property and pore structure of MMt, GO and GMN

Adsorbent

Speciﬁc surface
area (m2 g1)

Pore volume
(cm3 g1)

Pore diameter
(nm)

MMt

80.446

0.357

14.284

GO

28.848

0.065

6.771

GMN before adsorption 35.138

0.389

31.715

GMN after adsorption

0.206

24.088

22.681

RESULTS AND DISCUSSION
Material characterization
XRD analysis
The diffraction peaks of MMt and GO appeared at 7.26 and
9.80 , indicating that their layer spacing was 12.17 Å and
9.02 Å, respectively (Figure 1). When STAC as linkage was
introduced to the suspension containing MMt and GO for
GMN fabrication, there was a signiﬁcant change in the
molecular structure and the layer spacing of GMN was
20.83 Å. The increase of the GMN interlayer space was
mainly due to the crosslinking recombination of MMt and
GO. The increase in the layer spacing had a positive effect
on improving the adsorption capacity of contaminants
(Kraehenbuehl ; Chen et al. ).
Textural characteristics of GMN adsorbent
The speciﬁc surface area, pore volume and pore diameter
are the key factors when evaluating the adsorption performance of adsorbent (Ogata et al. ; Samejima et al.
). In comparison to MMt, there was a remarkable

Figure 1

|

XRD patterns of MMt, GO and GMN.
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reduction in the speciﬁc surface area of GMN. Compared
with MMt and GO, the pore volume of GMN increased
by 8.96% and 498.46%, while the pore diameter of
GMN increased by 122.06% and 257.40%, respectively
(Table 1). It can be seen from the subsequent experiments
that the effects of the pore diameter and pore volume on
the adsorption capacity were higher than that of the
speciﬁc surface area. The speciﬁc surface area, pore
volume and pore diameter of GMN after adsorption of
pollutants decreased by 35.45%, 47.04%, and 24.05%,
respectively. This phenomenon indicated that adsorption
occurred on the surface and in the pore volume and pore
diameter between layers.
SEM and EDS analysis
SEM images indicated that natural MMt was characterized by a lot of blocks with their diameter <1 μm, while
GO was characterized by stack curls (Figure 2). When
STAC was introduced into the suspension of MMt and
GO to prepare nanocomposite, GMN exhibited a honeycomb texture, indicating that STAC successfully acted as
a crosslinking agent to realize the recombination of
MMt and GO. There were a lot of folds and tiny pores
on the honeycomb texture of GMN, which could provide
more adsorption sites to enhance its adsorption performance. After the adsorption of target contaminants onto
GMN, the folds and tiny pores disappeared, making the
honeycomb texture become ﬂat, indicating that the
adsorption of target contaminants occurred at the surface
and interlayer of GMN.
The energy dispersive spectroscopy (EDS) spectra indicated that the mass percentages of N and O elements
increased from 0.00% and 44.94% to 1.07% and 45.61%,
respectively, indicating that PNP was successfully adsorbed
onto the GMN surface (Figure 3). The mass percentage of
Pb element increased from 0% to 0.05% and Na element
decreased from 0.17% to 0.06%, which indicated that a
small amount of Pb2þ was adsorbed on the surface of GMN.
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Figure 2

|

SEM images of MMt (a), GO (b), GMN (c) and GMN after adsorption (d).

Figure 3

|

EDS spectra of samples.
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Figure 5

Figure 4

|

FTIR spectra of MMt, GO, GMN and GMN after adsorption.

FTIR analysis
Clear differences in the peaks between GO, MMt and GMN
are seen in Figure 4. In comparison to MMt, there was an
occurrence of the absorbance bands centered at
2,850 cm1 and 2,938 cm1, resulting from C-H symmetric
stretching vibration and C-H asymmetric stretching
vibration. The results manifested that STAC as linkage was
successfully implanted into the MMt interlayer or was
arranged in a disordered manner on the MMt surface, indicating that the hydrophilicity of the mineral maybe
converted to be hydrophobic. In the case of GMN, the
band at 3,612 cm1 corresponded to the stretching vibration
of -OH, while the peak at 3,447 cm1 was a consequence of
water -OH elongation vibration, and there appeared a weak
band at 1,039 cm1, resulting from Si-O stretching vibration
(Liu et al. ; Lv et al. ). The presence of these new
peaks suggested that MMt successfully combined with GO.
When the target contaminants were adsorbed onto GMN,
a new peak appeared at 1,384 cm1, resulting from the
cation exchange with Pb2þ and the coordination reaction
between the active group of GO and contaminants.
Zeta potential analysis
Figure 5 indicates that the surface zeta potential of MMt and
GO were 37.5 mV and 40.6 mV, respectively. The surface zeta potential of GMN was 25.5 mV, indicating that
STAC successfully acted as the crosslinking agent. The
surface negativity of adsorbent is important for static interaction with cations, and the surface electropositivity of
adsorbent plays an important role in electrostatic adsorption
of anionic pollutants. Zeta potential data have been used
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Zeta potential of MMt, GO and GMN.

to explain the adsorption mechanisms of ionic moieties on
the surface (Khaldoun et al. ; Atta ). The zeta potential analysis was consistent with the results of XRD, SEM
and FTIR. Obviously, it can be speculated that electrostatic
adsorption and the hydrophobicity were beneﬁcial to PNP
adsorption. The introduction of STAC did not cause a
reduction in the adsorption capacity of Pb2þ, indicating
that hydrophilic functional groups of GO could provide
more active sites to facilitate the adsorption reaction.
Factor analysis on the adsorption of target
contaminants onto GMN
Effect of pH value
It has been reported that the ﬂocculent precipitate often
appeared due to the combination of heavy metal ions and
the hydroxyl radical (OH) in high pH aqueous solution
(Ijagbemi et al. ). The adsorption experiment in low
pH region was worthwhile to investigate the adsorption
performance of GMN on Pb2þ and PNP. Preliminary experiments indicated that there was an obvious occurrence of
the ﬂocculent precipitate when pH value of prepared solution exceeded 6.3. Therefore, the effect of low pH on
adsorption capacity of target contaminants onto GMN was
investigated under the condition of the reaction temperature
25  C and the reaction time 120 min. Figure 6(a) indicates
that there was a signiﬁcant increase in the adsorption
capacity of Pb2þ onto GMN from 1.86 mg·g1 to 19.94
mg·g1, indicating that the removal efﬁciency of Pb2þ went
up by 90.41% in the range of pH value from 2 to 6. This
phenomenon was related to the adsorptive sites and electrostatic attraction. In low pH solution, hydrogen ion has
obvious advantages in the competition for adsorption sites

328

Figure 6

C. Zhang et al.

|

|

Preparation of GMN and its application in pollutants removal

Water Science & Technology

|

79.2

|

2019

Simultaneous adsorption of Pb2þ and PNP by GMN under different conditions.

with heavy metal ions (Cui et al. ; Ravikumar et al. ).
Meanwhile, the electropositive surface of carboxyl group
and hydroxyl group caused by the strong protonation produced electrostatic repulsion on Pb2þ (Fan et al. ). The
adsorption capacity of PNP onto GMN increased from
7.11 mg·g1 to 10.46 mg·g1, indicating that PNP removal
efﬁciency went up by 11.17% in the pH ranging from 2
to 6. The results might be related to GO and the interlayer
hydrophobicity of MMt.
Effect of contact temperature
The effect of contact temperature on the simultaneous
removal of Pb2þ and PNP was investigated at the condition
of contact time 120 min and pH ¼ 6. When the contact
temperature was in the range from 25  C to 65  C, there
was a remarkable increase in PNP adsorption capacity
onto GMN from 10.46 mg·g1 to 14.91 mg·g1, while Pb2þ
adsorption capacity onto GMN ﬂuctuated slightly between
19.39 mg·g1 and 19.91 mg·g1 in Figure 6(b). In

Downloaded from http://iwaponline.com/wst/article-pdf/79/2/323/616216/wst079020323.pdf
by guest

comparison to Pb2þ adsorption, there was an obvious sensitivity of GMN for PNP adsorption. Overall, the total
adsorption capacity of Pb2þ and PNP was higher than
34 mg·g1 when contact time exceeded 55  C.
Effect of contact time
The effect of contact time on the simultaneous removal of
Pb2þ and PNP was investigated at the condition of contact
temperature 55  C and pH ¼ 6. It was clearly seen that the
adsorptions of Pb2þ and PNP were fairly rapid on GMN
to reach equilibrium within 60 min and 40 min, respectively
(Figure 6(c)).
Effect of GMN dosage
The effect of GMN dosage on the simultaneous removal of
Pb2þ and PNP was investigated at the condition of pH ¼ 6,
contact temperature 55  C and contact time 60 min.
Figure 6(d) indicates that the adsorption capacities of
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Pb2þ and PNP onto GMN were 8.76 mg·g1 and 10.10
mg·g1, respectively. The adsorptions of Pb2þ and PNP
were fairly rapid onto GMN to reach 19.39 mg·g1 and
14.90 mg·g1, respectively, when GMN dosage increased
from 0.05 g to 0.10 g. The continuous increase of GMN
dosage presented a slightly higher adsorption capacity of
Pb2þ. However, PNP adsorption on GMN still presented
a rapid increase. The results indicated that the adsorption
of Pb2þ in aqueous solution was close to saturation with
0.10 g GMN dosage. The continuous increase in PNP
adsorption was ascribed to the higher concentration of
GO in GMN dosage.
Comparison of the maximum adsorption capacity for Pb2þ
We compared the present GMN’s maximum Pb2þ adsorption capacity in the combined-pollutant system with the
results for the adsorption of Pb2þ as a single pollutant by
other materials. Table 2 reveals that GMN’s simultaneous
adsorption of Pb2þ was 27.12 mg·g1 and single adsorption
for Pb2þ by other materials is high. Our research focuses
more on the synchronous adsorption of heavy metal ions
and anionic organics onto GMN, and we hope that our
research can provide useful information for the treatment
of wastewater with compound pollutants.
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indicating that the agglomeration effect of GO in solution
was successfully prevented. Although there was a slight
reduction in the adsorption capacity of Pb2þ due to the electrostatic repulsion caused by the surface electropositivity,
GMN still maintained a high adsorption capacity. The Langmuir adsorption isotherm simulation also showed that the
maximum adsorption capacity of GMN for PNP was
112.09% and 183.11% higher than that of MMt and GO,
respectively. Obviously, the signiﬁcant improvement in
PNP adsorption onto GMN resulted from the hydrophobic
groups on GO. According to the value of RL, the isothermal
adsorption line can be divided into non-preferential adsorption (RL > 1), linear adsorption (RL ¼ 1), preferential
adsorption (0 < RL < 1) and irreversible adsorption (RL ¼ 0)
(Alslaibi et al. ; Aziz et al. ; Sivasankari &
Arulanantham ). Because all the RL values were between
0 and 1, the adsorption process was preferential adsorption.
Freundlich adsorption isotherm models indicated that the
adsorption capacity of Pb2þ and PNP onto GMN was quite
different from the actual experimental data. The degree of difﬁculty of the adsorption process can be judged by the value of
the constant 1/n. The Freundlich constant 1/n was between
0.1 and 0.5 indicating that the adsorption of pollutants by
the adsorbent was relatively easy to carry on (Nadia & F
Handan ; Vinod et al. ). As seen from Table S1,
the Langmuir model was a better ﬁt (r 2 > 0.99) than the
Freundlich adsorption isotherm model.

Adsorption isotherm analysis
Langmuir and Freundlich adsorption isotherm models were
adopted to gain insight on the adsorption performance of
MMt, GO and GMN for Pb2þ and PNP. These models
with details are given in the Supporting Information (available with the online version of this paper). The adsorption
capacity and adsorption parameters are shown in Figure 7
and Table S1 (available online). The adsorption capacity of
GMN for PNP went up by 80.94% compared with GO,

Table 2

|

Adsorption kinetics simulation analysis
Adsorption kinetics simulation was used to describe the
adsorption mechanism of GMN for the simultaneous
removal of Pb2þ and PNP in aqueous solution (Figure 8).
Five models with details (pseudo-ﬁrst-order model, pseudosecond-order model, intraparticle diffusion model, Bangham
model and Elovich model) in this work are given in the

Comparison of the maximum adsorption capacity for Pb2þ

Single or combined

Maximum adsorption

Adsorbent

pH

adsorption

capacity, qmax(mg·g

Mesoporous silica nano-adsorbent

5.2

Single

169.34

Khaleque ()

1

)

References

Ash and Fe nanoparticles loaded ash

6

Single

588.2 and 833.3

Ghasemi et al. (b)

SDS-AZS nano-composite

6

Single

21.01

Naushad ()

Fig sawdust activated carbon

4

Single

80.645

Ghasemi et al. (a)

Ti(IV) iodovanadate cation exchanger

6

Single

63.29

Naushad et al. ()

GMN

6

Combined

27.12

Present study
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Langmuir and Freundlich sorption isotherms analysis on the simultaneous adsorption of Pb2þ and PNP.

Supporting Information. The rate constants, adsorption
capacity and correlation coefﬁcients (R2) are three key factors to carry out the evaluation of adsorption kinetic
models. The pseudo-second-order model provided the best
correlation to experimental data, shown by the highest R2
values and the greatest similarity between experimental
and equilibrium adsorption capacities for this model.
(Table S2, available online), indicating that chemical adsorption was the possible restriction that formed coordination
compound adsorption and hydrophobic bond adsorption.
The intraparticle diffusion model was considered as an
efﬁcient method to the further elaborate the diffusion mechanisms and identify the possible rate controlling procedure
(Chen et al. ). The plot of qt versus t1/2 indicated that
there were three stages in the adsorption process. Speciﬁcally, the ﬁrst stage could be ascribed to the molecular
diffusion of adsorbate from water surface to the adsorbent
surface. The second stage could be attributed to the diffusion
of adsorbates in the particles of adsorbent. Figure 8(c) shows
that the linear part does not pass through the origin,
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indicating that the intraparticle diffusion was not the only
step controlling the adsorption process. Moreover, there
was also the presence of material exchange and other chemical reactions. The third stage indicated that the intraparticle
diffusion of target contaminants on GMN diminished
gradually after the equilibrium of diffusion adsorption was
reached.
The Bangham model indicates that the diffusion within
the adsorbent is the control step of the adsorption rate.
When the correlation coefﬁcient R2 > 0.99, it indicates
that the pore diffusion model can better represent the
actual adsorption. The Elovich model is used to describe
the adsorption behavior of pollutants on a heterogeneous
solid surface. The Elovich model does not have a clear
assumption of the adsorption mechanism, but it can
describe the kinetics of the chemical adsorption process.
The two models had a relatively poor ﬁt to the experimental
data (Figure 8 and Table S2). Therefore, these two adsorption kinetic models did not describe the process of
adsorption of Pb2þ and PNP onto GMN very well.
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Different adsorption kinetics models.

CONCLUSIONS
The crosslinking agent STAC was added into a suspension
containing MMt and GO to fabricate GMN. The resulting
GMN was used to carry out the simultaneous removal of
Pb2þ and PNP from aqueous solution. The adsorption experiments were conducted under conditions that differed in pH
value, contact temperature, contact time and GMN dosage.
The experimental results indicated that the simultaneous
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adsorption capacities of Pb2þ and PNP onto GMN were
19.39 mg·g1 and 14.90 mg·g1, respectively, under the condition of pH ¼ 6, contact temperature 55  C, contact time
60 min and GMN dosage 0.1 g. Material characterization
suggested that the honeycomb texture of GMN provided
the chemical reaction sites for Pb2þ and PNP in the
simultaneous adsorption. The adsorption kinetics of target
contaminants onto GMN was well described by the
pseudo-second-order model, while the simultaneous
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adsorption rate was dominated by the intraparticle diffusion
process. Overall, GMN is a promising material for application in the simultaneous removal of heavy metal ions
and the electronegative organic pollutants from aqueous
solution.

SUPPORTING INFORMATION
The supplementary data associated with this article (available with the online version) contains the mathematical
expressions and variable deﬁnitions of the Langmuir
adsorption isotherm model, pseudo-ﬁrst-order model,
pseudo-second-order model, intraparticle diffusion model,
Bangham adsorption kinetic model and Elovich adsorption
kinetic model. The supplementary also includes the comparison of GMN and GO in their adsorption performance,
the adsorbent regeneration, and the tables for adsorption
isotherm parameters and kinetics parameters.
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