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Abstract The quite efficient adsorption of methylene
blue dye from an aqueous solution by graphene oxide was
studied. The favorable electrostatic attraction is the main
interaction between methylene blue and graphene oxide.
As graphene oxide has the special nanostructural properties
and negatively charged surface, the positively charged
methylene blue molecules can be easily adsorbed on it. In
the aqueous solution of methylene blue at 293 K, the
adsorption data could be fitted by the Langmuir equation
with a maximum adsorption amount of 1.939 mg/mg and a
Langmuir adsorption equilibrium constant of 18.486 mL/mg.
The adsorption amount increased with the increase of the
solution pH (3—11), was not affected significantly by KCI
under the examined condition and the adsorption process
was exothermic in nature. The fast and considerable
adsorption of graphene oxide could be regarded as a
potential adsorbent for cationic dye removal in wastewater
treatment process.
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The effluents from textile plants contain portions of dyes,
which are important water pollution sources. The dyes are
deeply colored, multicomponent, and consume dissolved
oxygen, and destroy aquatic life. Moreover, some dyes and
their degradation products may be carcinogens and toxic
(Mak and Chen 2004). Therefore, it is necessary to treat the
dyes before disposal. Many methods have been used in
wastewater treatment, such as biodegradation (Ong et al.
2005), ultra filtration (Zaghbani et al. 2007), photocatalytic
degradation (Rauf et al. 2010), oxidation (Matsunaga and
Inagaki 2006) and adsorption (Liu et al. 2010). Adsorption
is a conventional but comparatively cheap and efficient
technique for the treatment of these dye-bearing waste-
waters (Yao et al. 2010). Usually, the effectiveness of any
adsorption process largely depends on the physicochemical
properties of the used adsorbent (Kiigiikkosmanoglu et al.
2006). So it is very important and meaningful to seek new
adsorbents with large specific surface area, high adsorption
capacity, fast adsorption rate and special surface reactivity
(Zheng et al. 2009). There are a lot of reports about the
adsorption of some dyes on various adsorbents such as fly
ash (Wang et al. 2008), sand (Bukallah et al. 2007),
rejected tea (Nasuha et al. 2010), polymers (Han et al.
2010); however, no such study is available on graphene
oxide.

Graphene Oxide (GO) (Scheme. 1(a) and (b)) is the
oxidation product of graphene, which is a single sheet from
graphite and has the ideal 2D structure with a monolayer of
carbon atoms packed into a honeycomb crystal plane.
Considerable attention has been drawn to both of them over
the past several years because of their unique physical and
chemical properties and potential applications in various
research and industrial fields. There are a lot of successes
in improvement of the preparative method and under-
standing of their chemical and physical properties. GO,
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Scheme 1 Illustration of the reaction between GO and MB

which has a lot of oxygen-containing groups, such as
hydroxyl, epoxide, carboxyl and carbonyl functional
groups, is hydrophilic, negatively charged, and readily
disperses in water to form a stable colloidal suspension.

Methylene blue (MB) has wide applications, including
dyeing cottons and silks, coloring paper and so on. It is also
used as an oxidation—reduction indicator, antiseptic and for
other medicine purposes. In the present study, MB (Sche-
me. 1(c)) is selected as model compound to evaluate the
efficiency of GO for the removal of dye from its aqueous
solutions (Zaghbani et al. 2007). The influences of exper-
imental conditions such as MB concentration, pH, tem-
perature, adsorption rate, ionic strength and desorption
solution were investigated in detail.

Materials and Methods

Methylene blue was obtained from Tianjin Damao Chem-
ical Co. Graphite was supplied by Tianjin Guangfu Fine
Chemical Research Institute. Persulfate and Phosphorus
pentoxide were purchased from Tianjin Bodi Chemical Co
and Shanghai Lingfeng Chemical Co, respectively. Potas-
sium permanganate was the product of Changsha Xiangke
Fine Chemical Co. The water used throughout this work
was the reagent-grade water produced by Milli-Q SP ultra-
pure-water purification system of Nihon Millipore Ltd.,
Tokyo. All other chemicals were the analytic grade
reagents commercially available and used without further
purification.

Graphene oxide was prepared from natural graphite
power by Hummers and Offeman (1958) as modified by
Kovtyukhova et al. (1999).

Scheme 1 illustrates the interaction between GO and
MB. The concentration of GO, which was used for

adsorption in our experiment, was 2 mg/mL. The adsorp-
tion of MB onto GO was carried out in water at 293 K and
pH 7. In general, 5 mL of 2 mg/mL GO was added to
25 mL of MB solution (0.4—4.0 mg/mL). After stirring by
magnetic stirrer for 30 min to reach equilibrium, GO was
centrifuged at 4,000 r/min for 5 min from MB solution and
the final concentration of dye in the solution was analyzed
by spectrophotometeric method at 664 nm (Beijing pur-
kinje general instrument Co, TU1901UV/vis spectrophotom-
eter). The amount of adsorption at equilibrium g, (mg/mg)
was calculated by the following equation.

_ CoVus — Ce(Vis + Vo)
Wso

qe (1)
where Cy and C, (mg/mL) are the initial and equilibrium
concentration, V,,z and Vo(mL) are the volume of the MB
and GO solution, respectively. Wgo(mg) is the mass of GO
in the solution.

Results and Discussion

The zeta potentials of GO were measured in water solu-
tions at pH 2.7-11 (adjust by NaOH or HCI). As shown in
Fig. 1, the Zeta-potential was negative and decreased with
the increase of pH. This also confirmed that GO was
negatively charged.

To determine proper equilibrium time of the adsorption
progress, time intervals were assessed. It was noteworthy in
Fig. 2 that the adsorption of MB (1.0 mg/mL) reached
equilibrium within 5 min. Such a fast adsorption rate could
be attributed to the absence of internal diffusion resistance
and the good solubility of GO.

The pH of the solution, which can change the surface
charge of adsorbent (GO) and adsorbate (MB), is a very
important factor in our work. To study the effect of pH on
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Fig. 1 Zeta potentials of GO at different pH (filled circle). Adsorption

of MB on GO as a function of pH, Conditions: (GO: 0.33 mg/mL; MB:
1.0 mg/mL; temperature: 293 K; time: 2 h) (filled square)
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Fig. 2 Adsorption of MB on GO as a function of time. Conditions:
(GO: 0.33 mg/mL; MB: 1.0 mg/mL; temperature: 293 K; pH: 7)

adsorption, the experiments were carried out at 1.0 mg/mL. MB
with 0.33 mg/mL. GO concentration. The initial pH value
ranging from 1.5 to 11 was controlled by adding dilute
chloride acid or sodium hydroxide solutions. The result
was illustrated in Fig. 1. It was found that the adsorption
capacity of GO increased with increasing the solution pH.
According to the acid—base equilibrium isotherm, there are
two equilibriums of MB and GO followed by
MBH*"«—MB"+H" and GO-H «—GO™ + H". At
lower pH values, hydrogen ion competes with MB cation,
and most of GO exist in the form of GO-H, which reduced
the adsorption amount of MB. At higher pH values, more
GO occur, which may enhance electrostatic attraction and
the adsorption amount for MB (Liu et al. 2010).

To determine the influence of initial MB concentration,
the initial MB concentration varied from 0.33 to 3.3 mg/mL
at pH 7 and 293 K. The result is shown in Fig. 3. It showed
that the initial concentration of dye solution affected the
adsorption capacity greatly. Owing to the adsorption sites of
the adsorbent getting diminished, the adsorption capacity
reached a plateau until the concentration of dye solution
increased up to 1.66 mg/mL, indicating that the removal of
MB highly depended on the initial dye concentration. This
could be attributed to the increase in driving force of con-
centration gradient, because the increase of dye concentra-
tion could accelerate the diffusion of dye molecules onto the
adsorbent.

The adsorption isotherm indicates the relationship
between the absorbent and the adsorbate when the
adsorption process reaches an equilibrium state. Several
models have been used to describe the adsorption iso-
therms. In this paper, the Langmuir model was used to
describe the relationship between the absorption amount of
dye and its equilibrium concentration.
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Fig. 3 Adsorption isotherm of MB on GO. Conditions: (GO:
0.33 mg/mL; MB: 0.33-3.3 mg/mL; temperature: 293 K; pH: 7;
time: 2 h). The inset illustrates the linear dependence of C./q on C,

The equilibrium isotherm of MB adsorption by GO at
pH 7 and 293 K is shown in Fig. 3. The Langmuir iso-
therms equation is represented by the following equation.

C_ 1. .G 2
q Kgn qm
where ¢ is the equilibrium adsorption amount of MB (mg/
mg), C, is the equilibrium MB concentration in the aque-
ous solution (mg/mL), g, is the maximum adsorption
amount of MB per mg of adsorbent (mg/mg) and K is the
Langmuir adsorption equilibrium constant (mL/mg).
Langmuir isotherm was given in the inset in Fig. 3, which
shows the plot of C./q vs. C, yielded a straight line. From
the obtained results, it was deduced that the adsorption of
MB was well fitted to the Langmuirean behavior. From the
slope and intercept, the values of g,, and K could be esti-
mated to be 1.939 mg/mg and 18.486 mL/mg, respectively.
Usually, temperature has two major effects on the
adsorption process. That is increasing the temperature
could increase the rate of diffusion of adsorbate and
decrease the viscosity of the solution. In addition, changing
the temperature will change the equilibrium capacity of the
adsorbent of a particular adsorbate. The effect of temper-
ature on the adsorption of MB (1.0 mg/mL) by GO in water
at pH 7 was illustrated in Fig. 4. As can be seen, the
adsorption amount of MB showed a contrary trend with
temperature. Higher temperature resulted in less adsorption
indicating that the adsorption was an exothermic process.
As we all know, effluents from textile and dyeing
industries contain not only dyes but also high concentra-
tions of salts which may affect the removal of dye. So the
effect of the ionic strength in solution was also studied. The
effect of KCI concentration on the adsorption amount of
MB (1.0 mg/mL) by GO (0.33 mg/mL) was given in
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Fig. 4 Adsorption of MB on GO as a function of temperature.
Conditions: (GO: 0.33 mg/mL; MB: 1.0 mg/mL; pH: 7; time: 2 h)
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Fig. 5 Adsorption of MB on GO as a function of KCI concentration.
Conditions: (GO: 0.33 mg/mL; MB: 1.0 mg/mL; temperature: 293 K;
pH: 7; time: 2 h)

Fig. 5. It was found that the adsorption amount of MB
remained almost constant with the increase of KCl con-
centration up to 50 mM. This implied that the electrostatic
attraction between the negatively charged GO and the
positively charged MB molecules was not affected signif-
icantly by KCl under the examined condition.

As shown in Fig. 6, the concentration of acetic acid did
not significantly affected the desorption of MB, about 37%
of MB could be desorbed. At the same time, we used a
methanol solution of NH,OH (CH;OH:NH,OH = 24:1,
V/V), the percentage of MB desorption was about 30%.
The result of the desorption progress of MB was not as
good as the others’ report, which was achieved by using a
methanol solution containing acetic acid or ammonia. The
low desorption percentage might be attributed to the spe-
cial structure of GO. GO is a single sheet and the area of
the surface is very large. MB molecular is smaller than GO,

Acetic acid in methanol (Vol%)

Fig. 6 Desorption of MB from GO as a function of acetic acid
concentration in methanol. Adsorption conditions: (GO: 0.47 mg/mL;
MB: 0.33 mg/mL; temperature: 293 K; time: 5 min)

it is easily absorbed on and packaged into GO. At the same
time, the complex of GO and MB assembled seriously, so
the desorption progress was very difficult.

MB could be adsorbed fast and considerably from an
aqueous solution by GO due to its large specific surface
area providing available adsorption sites and the absence of
internal diffusion resistance. The electrostatic attractions
between the positively charged MB and negatively charged
GO play an important role in the adsorption. The equilib-
rium data fitted well in the Langmuir model of adsorption,
and the adsorption amount of MB increased with the
increase of the solution pH, on the contrary, decreased with
the increase of temperature, and was not affected signifi-
cantly by KCI. The desorption was difficult because of the
special structure of GO. Both the adsorption and desorption
reached equilibrium within 5 min. The present study
indicated that GO could be employed for the removal of
MB from water and wastewater.
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