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Removal of methylene blue from aqueous solution by graphene oxide
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a b s t r a c t

Graphene oxide (GO) is a highly effective absorbent of methylene blue (MB) and can be used to remove
MB from aqueous solution. A huge absorption capacity of 714 mg/g is observed. At initial MB concentra-
tions lower than 250 mg/L, the removal efficiency is higher than 99% and the solution can be decolorized
to nearly colorless. The removal process is fast and more efficient at lower temperatures and higher pH
values. The increase of ionic strength and the presence of dissolved organic matter would further enhance
the removal process when MB concentration is high. The results indicate that GO can be applied in treat-
ing industrial effluent and contaminated natural water. The implications to graphene-based environmen-
tal technologies are discussed.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

The dyes in effluents are of serious concern because of their ad-
verse effects to human beings and the environment [1,2]. Besides,
the colors of the dyes are easily recognized even at very low con-
centrations, making them highly visible and undesirable. Many
technologies have been developed for dye removal from aquatic
environments, including physical, chemical, and even biological
approaches [1,2]. Among these approaches, absorption is regarded
as an easy and economic process [3,4]. Various materials, such as
commercial active carbon, natural materials, bioadsorbents, and
wastes from agriculture, have been used for such processes [3,4].

The rapid development in nanotechnology sheds light on the
wastewater treatment [5]. Nanomaterials have been studied for
the absorption of metal ions [6], dyes [7], and antibiotics [8].
Although it was discovered just a few years ago, graphene and its
derivates have attracted tremendous research interests not only
in electronics and energy fields [9,10] but also in environmental
applications [11–14]. For example, we have reported that graphene
oxide (GO) could be used for heavy metal removal [11]. Beyond
that, graphene composites have been used for arsenic and dye re-
moval [12–14].

Herein, we report that GO can be directly used as an effective
absorbent for the decoloration of methylene blue (MB, Fig. 1),
which is widely applied to dye cotton, wood, and silk. GO has a
huge absorption capacity for MB, which is competitive with other
high performance absorbents. The fast absorption process of MB
onto GO is one advantage. The absorption capacity of GO is
ll rights reserved.
regulated by many influencing factors, such as temperature, pH va-
lue, ionic strength, and dissolved organic matter (DOM) content.
2. Materials and methods

2.1. Materials

GO was prepared following the modified Hummers method
[15–17]. The GO solution was centrifuged at 12,000 rpm for
10 min, and the residue was collected for the absorption experi-
ments. The obtained GO sample was characterized by infrared
spectroscopy (IR, Avatar 370, Thermo Nicolet, USA), X-ray photo-
electron spectroscopy (XPS, Kratos, UK), atomic force microscopy
(AFM, SPM-9600, Shimadazu, Japan), and transmission electron
microscopy (TEM, JEM-200CX, JEOL, Japan).

MB was purchased from ACROS Organics (Catalog No.
414240250). It was used without further purification. Other chem-
icals, bought from Sinopharm Chemical Reagent Co., Ltd., China, are
of analytical grade.

2.2. Absorption of MB by GO

GO (400 lL, 1.500 g/L, pH 6) was mixed with 800 lL of MB (pH
6, 0.188–1.000 g/L) by a vortex mixer. The suspension was incu-
bated at 25 �C for 1 h and then centrifuged at 14,000 rpm for
20 min. The absorbance of the supernatant was recorded at
664 nm (Fig. 1). Unless noted specifically, the following absorption
experiments were performed following the same protocol.

The equilibrium concentration (Ce) of MB was calculated refer-
ring to the calibration curve of MB. The equilibrium sorption capac-
ity (qe) of GO was calculated by (C0 � Ce)/CGO, where C0 is the initial
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Fig. 1. Absorption spectrum and chemical structure of MB.
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concentration of MB and CGO is the final concentration of GO. The
removal efficiency of MB was calculated by (1 � Ce/C0) � 100%.
The absorption data were fitted to both Langmuir model (Eq. (1))
and Freundlich model (Eq. (2)) (11). The maximum absorption
capacity (qm) and Freundlich constant (KF) were obtained
accordingly.

1
qe
¼ 1

qm
þ 1

bqmCe
ð1Þ

ln qe ¼ ln KF þ
1
n

ln Ce ð2Þ

To demonstrate the removal efficiency directly, GO (2 mL,
1.500 g/L, pH 6) or deionzed water was mixed with 4 mL of MB
(0.312 g/L, pH 6). After the mixtures were incubated for 1 h and
centrifuged, each supernatant was put into a vial for photography.
Deionized water was taken as the reference.

2.3. The influence of contact time and temperature

To investigate the kinetics of the absorption, GO (400 lL,
1.500 g/L, pH 6) was mixed with 800 lL of MB (pH 6, 0.188–
0.750 g/L), incubated at 25 �C for different time intervals, and then
centrifuged at 14,000 rpm for 20 min. The concentration of MB (Ct)
at different time points post mixture was measured for calculating
the absorption capacity (qt) by (C0 � Ct)/CGO.

The influence of temperature (0, 25, and 50 �C) on the absorp-
tion was investigated too. GO (400 lL, 1.500 g/L, pH 6) was mixed
with 800 lL of MB (pH 6, 0.188–0.750 g/L), incubated at different
temperatures for 1 h, and then centrifuged at 14,000 rpm for
20 min. The absorbance of the supernatant was recorded for qe

calculation.

2.4. The influence of pH, ionic strength, and DOM

As for the pH effect study, the initial pH of GO and MB was ad-
justed to 2–12 using NaOH or HCl aqueous solution. At each initial
pH, GO (400 lL, 1.500 g/L) was mixed with 800 lL of MB (0.188–
0.750 g/L) for 1 h and Ce was measured for the calculation of qe.

Besides, the influence of ionic strength on the absorption was
investigated. GO (400 lL, 1.500 g/L, pH 6) was premixed with NaCl
solution (200 lL, pH 6, 0–600 mM), and then 600 lL of MB (pH 6,
0.250–1.000 g/L) was added. The mixture was treated as described
above for the calculation of qe and the removal efficiency. As the
corresponding control, NaCl solution (200 lL, pH 6, 0, 150–
600 mM), MB solution (600 lL, pH 6, 0.250–1.000 g/L), and deion-
ized water (400 lL, pH 6) were mixed and treated the same way.
Because the pH and ionic strength may modulate the charge
interaction between GO and EB, the f-potential of the GO under
different conditions would be an important indicator of such inter-
action. Therefore, the f-potentials of GO (500 mg/L) under different
pH values (2–12) and ionic strengths (pH 6, 0–100 mM Na+) were
measured by a nanosizer (Nano ZS90, Malvern, UK).

Considering that DOM is common in aquatic environments, its
effect on the absorption should be investigated. GO (400 lL,
1.500 g/L, pH 6) was premixed with tannic acid solution (200 lL,
pH 6, 0–60 g/L), and then 600 lL of MB (pH 6, 0.250–1.000 g/L)
was added. The mixture was treated the same way for the calcula-
tion of qe and removal efficiency. As the control, tannic acid solu-
tion (200 lL, pH 6, 0–60 g/L), MB solution (600 lL, pH 6, 0.250–
1.000 g/L), and deionized water (400 lL, pH 6) were mixed and
treated the same way.
3. Results and discussion

3.1. Characterization of GO

The GO sample is readily dispersed in water forming brown sus-
pension. The GO sheets, 300 nm�2.2 lm in size, are mainly in a
single-layer state according to the AFM investigation (around
0.9 nm in height) (Fig. 2a). Similar results are observed in the
TEM image (Fig. 2b). The XPS spectrum of the GO sample suggests
that the oxygen content is around 36% in mass. The IR analysis sug-
gests that the oxygen atoms should be in the form of ACOOH/AOH
group (broad band around 3400 cm�1) and C@O bond (1720 cm�1)
[11].
3.2. Absorption of MB by GO

The absorption isotherm of MB by GO is shown in Fig. 3a. At low
Ce values, the absorption capacities (qe) increase quickly. The qe

values increase slowly after Ce is above 150 mg/L. At Ce of
312 mg/L, the qe value is 709 mg/g. When initial MB concentrations
are lower than 250 mg/L, the removal efficiencies are higher than
99.4% and the remnant MB concentration is lower than 1.5 mg/L.

The photograph directly shows the successful decoloration of
MB by GO (Fig. 3b). At initial MB concentrations of 200 mg/L, the
decolorized solution is transparent and nearly colorless. The rem-
nant MB in supernatant is only 0.3 mg/L, corresponding to a re-
moval efficiency of 99.8%. Referring to the deionized water, only
very faint blue color is recognized in the decolorized solution. In
contrast, MB solution at 200 mg/L is dark blue and nontransparent.
The very low remnant MB concentration might be regarded as a
priority of absorption over other approaches. For example, after
photocatalysis by TiO2–graphene composites, there is still a con-
siderable amount of MB in solution (�2 mg/L) [13]. Because it
could decolorize MB solution in a wide concentration range, GO
might be hopefully applied in treating not only the industrial efflu-
ent but also the contaminated natural water.

The absorption data of MB by GO fit the Freundlich model nicely
(Fig. 4). The correlation coefficient R is 0.994. The absorption
capacity is reflected by the KF value of the Freundlich model,
469.6 mg/g (L/mg)1/n. The n value is an indicator of the favorite
state of the absorption process. Usually, when n is larger than 2,
the absorbent is regarded as a good one. Here, the n value is 13.4
for the absorption of MB by GO. Therefore, GO is an excellent
absorbent of MB. Besides, the 1/n value is close to 0, suggesting
that the surface of GO is heterogeneous, which is consistent with
the property of GO.

To compare the absorption capacity of GO with other absor-
bents, we also fitted the data by Langmuir model, which is usually
adopted in the studies of other absorbents. However, the data were



Fig. 2. Characterization of GO sample. (a) AFM image; (b) TEM image; (c) XPS spectrum.
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not well fitted by the Langmuir model (R = 0.903). Thereupon, we
fitted the last five data points (Fig. S1, R = 0.984), whose Ce values
are higher than 30.2 mg/L, to obtain an approximate qm value.
The obtained qm is 714 mg/g. The number is very close to the mea-
sured value (709 mg/g) at the Ce of 312 mg/L, indicating the
dependability of qm value. The qm value of GO is competitive with
that of other carbon-based absorbents, such as active carbon, car-
bon nanotube (CNT), and graphene–Fe3O4 composite [18–23]. Ta-
ble 1 summarizes the adsorption capacity of various absorbents
of MB. Due to the different surface and bulk properties, it is very
difficult to perform a really fair comparison. Even though, our data
still provide the useful information at least on the order of magni-
tude [11].

Chemically, there are plenty of oxygen atoms on GO in the
forms of epoxy, hydroxyl, and carboxyl groups [24]. The oxygen
atoms are highly amiable to positively charged molecules because
of strong electrostatic interactions [11,25–30]. We have reported
that GO sheets interact with Cu2+ intensely [11]. Other studies on
graphite oxide have evidenced the strong interaction of oxygen
atoms with cations and positively charged surfactants [25–30].
MB molecules are positively charged in nature, so the electrostatic
interaction between the GO and the MB molecules is the primary
binding strength. Such interaction has been adopted in fabricating
graphite–MB composites [31].

There might be p–p stacking interaction contributing to the
whole binding strength, too [32–34]. However, the literature sug-
gests that the affinity of CNTs and MB is lower. The qm of CNTs is
only 6% of that of GO [7]. The major differences between CNTs
and GO are the curvature of the structure and the oxygen content.
The skeleton structure of both CNTs and GO sheets is a graphene
structure, but the oxygen content of CNTs (commonly lower than
5 wt.%) [24,35] is much lower than that of GO. Separately, the
absorption of MB onto expanded graphene was reported [36].
The skeleton structure of expanded graphite is nearly the same
as that of GO, while the oxygen content of expanded graphite is
much lower. The absorption capacity of MB on expanded graphite
is three orders of magnitude lower than that on GO. These facts
collectively suggest that the p–p stacking interaction only plays
a minor role in the absorption of MB onto GO.

3.3. Influence of contact time and temperature

The absorption process of MB by GO reaches a balance very
quickly (Fig. 5). In fact, MB–GO aggregates and precipitates imme-
diately after the mixing. The fast absorption is one attractive merit
of GO over other carbon-based MB absorbents. For example, the
absorption of MB onto active carbon and CNTs needs more than
1 h to reach a balance [7,19]. The currently presented kinetics data
are still preliminary. More systematic investigations of the kinetics
are very important and highly encouraged.

We also performed the absorption experiments under different
temperatures to evaluate the influence of temperature. The
absorption process is more favorable at lower temperatures, espe-
cially for a high MB concentration system (Fig. 6). At a MB concen-
tration of 500 mg/L, the absorption capacity is 730 mg/g at 0 �C.
When the temperature increases to 50 �C, the absorption capacity
drops to 682 mg/g. This phenomenon implies that the absorption is
an exothermal reaction. Actually, the environmental temperature
could seldom be higher than 50 �C. Therefore, GO would be very
effective under different environmental temperatures. To under-
stand the thermodynamics of the absorption process, more efforts
are required in the future.



Fig. 3. Absorption of MB by GO at 25 �C. (a) absorption isotherm (n = 3); (b)
photographs of the MB solution before (MB) and after (AT) the GO treatment.

Fig. 4. Freundlich (a) and Langmuir (b) isotherms for the absorption of MB by GO.

Table 1
Maximum adsorption capacity (qm) of various absorbents of MB.

Absorbent qm (mg/g) Refs.

Teak wood bark 914.6 [18]
Bamboo-based active carbon 454.2 [19]
Filtrasorb 400 476 [20]
Peat 323.7 [21]
Activated sludge biomass 256.4 [22]
Graphene–Fe3O4 composite 190.1 [14]
CNTs 46.2 [7]
Clay 6.3 [23]
GO 714 This study

Fig. 5. The influence of contact time on the absorption of MB onto GO (n = 3). The
initial concentration of MB: 500 mg/L (top), 250 mg/L (middle), and 125 mg/L
(bottom).

Fig. 6. The influence of incubation temperature on the absorption of MB onto GO
(n = 3). The initial concentration of MB: 500 mg/L (top), 250 mg/L (middle), and
125 mg/L (bottom).

S.-T. Yang et al. / Journal of Colloid and Interface Science 359 (2011) 24–29 27
3.4. Influence of pH, ionic strength, and DOM

The pH regulates the ionization of both GO and MB, so it has sig-
nificant influence on the absorption process. Generally, GO absorbs



Fig. 7. The influence of pH on the absorption of MB onto GO (n = 3). The initial
concentration of MB: 500 mg/L (top), 250 mg/L (middle), and 125 mg/L (bottom).

Fig. 8. The influence of ionic strength on the absorption of MB onto GO (n = 3). The
initial concentrations of MB: 500 mg/L (top), 250 mg/L (middle), and 125 mg/L
(bottom).

Fig. 9. Influence of DOM on the absorption of MB onto GO (n = 3). The initial
concentration of MB: 500 mg/L (top), 250 mg/L (middle), and 125 mg/L (bottom).

28 S.-T. Yang et al. / Journal of Colloid and Interface Science 359 (2011) 24–29
more MB at higher pH values (Fig. 7). At a MB concentration of
500 mg/L, the absorption capacity increases to 983 mg/g at pH
12. pH hardly affects the ionization of S–Cl of MB. However, at
higher pH, GO is ionized and has more negative charges, which
would enhance the electrostatic interaction of GO and MB. Such
pH-regulated ionization is already reflected in the f-potential mea-
surements, where GO shows a high negative f-potential at high pH
values (Fig. S2). Moreover, the absorption process shifts the bal-
ance to a deprotonation direction to release more H+ from carboxyl
groups on GO. At higher pH, the released H+ would be depleted by
neutralization reaction, which makes the absorption more favor-
able. Similarly, the pH-regulated absorption behavior is also ob-
served in the studies of other carbon absorbents [7].

The ionic strength regulates the absorption too. At high MB con-
centrations, the increase of the ionic strength leads to the increase
of the absorption capacity (Fig. 8). At a MB concentration of
500 mg/L, the existence of 100 mM Na+ makes the absorption
capacity have a 26% increase. Sodium ions reduce the interaction
of MB with H2O, making it more amiable to GO. Sodium ions also
depress the ionization of GO (Fig. S3). It seems that the increase
of ionic strength improves the hydrophobicity of both MB and
GO. The control experiment (in the absence of GO) suggests that
the increase of ionic strength has little influence on the removal
of MB by direct centrifugation (Fig. S4). At low MB concentrations,
the capacity remains nearly unchanged.

In treating MB in natural water, the influence of DOM should be
considered. Tannic acid is a widely used model molecule for DOM.
We find that tannic acid has complicated effects on the absorption
of MB onto GO (Fig. 9). At lower MB concentrations (125 and
250 mg/L), the increase of tannic acid content leads to the inhibi-
tion of absorption, resulting in a small decrease of the absorption
capacity. The competitive absorption of MB onto GO and tannic
acid (both GO and tannic acid are negatively charged) may contrib-
ute to the absorption inhibition.

At high MB concentration (500 mg/L), tannic acid promotes the
removal significantly. The absorption capacity of GO increases to
990 mg/g, when the concentration of tannic acid reaches 10 g/L.
This might be due to the additional formation of a MB–tannic acid
complex, which is less charged and less soluble. The positive
charges of MB molecules are neutralized by the negative charges
of tannic acid molecules, therefore reducing the solubility of both
MB and tannic acid. Although MB can be removed by tannic acid
alone even in the absence of GO (Fig. S5), the removal efficiency
is around 70% lower than that in the presence of GO. The tannic
acid concentrations used here certainly are pretty high compared
to the environmental level, and GO turns out to be very effective
under such extreme conditions.
4. Conclusions

In summary, GO is an excellent absorbent for MB removal, with
a maximum absorption capacity of 714 mg/g. At initial MB concen-
trations lower than 250 mg/L, the removal efficiency is higher than
99% and the solution can be decolorized to nearly colorless. The
main strength of absorption is the electrostatic interaction, while
the p–p stacking interaction might also contribute to the whole
interaction. The removal efficiency is regulated by temperature,
pH, ionic strength, and DOM content, especially at high MB concen-
trations. For future studies, the kinetics and thermodynamics of
this absorption process should be systematically investigated.
Our results certainly stimulate more interests and efforts on the
graphene-based environmental technologies.
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