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a b s t r a c t
Herein, a green chemical, glucose was applied to prepare reduced graphene oxide (RGO), of which 
the removal performance was explored within three different dye effluents of lower concentration. 
The results demonstrated that the average removal capacity of RGO was as high as ~47.5 mg/g, over-
whelming popular adsorbents like nanotitania, activated carbon, and graphene oxide, from initial con-
centration of 5 mg/L. Meanwhile, effects of adsorbent dosage and reuse cycle relating to the adsorption 
were also addressed. Moreover, it was found that the Langmuir isotherm and pseudo-second-order 
model fit the adsorption process of RGO well, with the thermodynamic analysis revealing that it was 
performed in a spontaneous and endothermic way. Overall, this work is targeted to establish an effi-
cient approach applied in advanced treatment of effluents. 
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1. Introduction

In decades, increasingly harsh law have been globally 
made to manage the emission of dye sewage, in which most 
chemicals have aromatic ring or heterocyclic ring that are 
highly carcinogenic and mutagenic [1–3]. Hence, to advo-
cate advanced treatment allows of no delay. However, it is 
adventurist to realize this aim by setting up new devices, 
and may not be indiscriminately adopted. Thus, upgrading 
present facilities sounds more reasonable; especially, when 
targets to the preliminarily purified wastewater that already 
meets the current emission standards (still contains dyes of 
lower concentration). For now, many novel techniques have 
attracted tremendous interests, such as reverse osmosis, 
photocatalysis, and ions exchange. However, the general-
ization is still hard to facilitate owing to huge energy con-
sumption, intricate process, and complicated production 
operations [4–9]. 

Within this context, adsorption method appears to 
be a decent choice, thanks to the cost-effectiveness, wide 
available range, and operational simplicity [10,11]. In partic-
ular, graphene derivative adsorbents have been developed 
as a hot topic, with recent efforts being paid on avoiding 
over-reduction of the raw material to be aqueous insolu-
ble, while assuring the sustainability, thus brings a bunch of 
weaker reductants and methods [12–16]. Ramesha et al. [17] 
explored the possibility of using reduced graphene oxide 
(RGO) for removal of cationic or anionic dyes from aqueous 
solutions lower than 60 mg/L. Tiwari et al. [18] synthesized 
the three-dimensional RGO-based hydrogels using sodium 
ascorbate as reductant, this hydrogels showed excellent 
removal capabilities for methylene blue (~100% of 8.52 mg/L) 
and rhodamine B (~97% of 9.5 mg/L) due to adsorption 
through strong π–π stacking and anion–cation interactions. 
A simple one-step solvothermal strategy using sustainable 
precursors has been developed to prepare magnetic/RGO 
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nanocomposites by Sun et al. [19], over 91% for rhodamine 
B and 94% for malachite green of removal efficiency were 
obtained, with initial concentrations varying in 0.5–4 mg/L. 

In this study, we stated the fabrication of RGO using bio-
compatible glucose and probed its adsorption considering 
three different dyes of lower concentration. The results indi-
cated that GO can be efficiently reduced to RGO as an excel-
lent adsorbent toward different dyes. Meanwhile, effects of 
experimental variables (adsorbent dosage and reuse cycle) 
on the absorption, together with relative isotherm, kinetics, 
and thermodynamic were all addressed in detail. Frankly, 
this paper could pave the way of applying glucose-RGO in 
environment remediation.

2. Materials and methods

2.1. Materials

Graphite (8,000 mesh), sulfuric acid (98%), sodium nitrate, 
potassium permanganate, hydrogen peroxide, ammonia 
hydroxide (25%), glucose, nanotitania, activated carbon, 
methylene blue, bromocresol green, and methyl orange 
were all in analytic grade, and purchased from Sinopharm 
Chemical Reagent Co., Ltd. All solutions were prepared 
using deionized water.

2.2. Preparation of RGO 

First, precursor graphene oxide was synthesized accord-
ing to the Hummers’ method [20]. Then, as-prepared GO 
(0.4 g) was vigorously stirred with deionized water (400 mL), 
in a high power ultrasonic field for 2 h. The resultant suspen-
sion was then pH adjusted using 3.2 mL of NH3·H2O, in prior 
to adding 8 g of glucose with rapidly heating to 100°C and 
kept for 2 h. Followed filtration was utilized when applying 
deionized water as wash phase until pH of 7 was reached. In 
final, the obtained filter cake was vacuum dried at 50°C to 
give the powdery RGO.

2.3. Batch adsorption experiments

Batch adsorption experiments (as shown in Fig. 1) were 
conducted in a water bath shaker at 290 K for 40 min. The 

removal capacities of different adsorbents (nanotitania, 
activated carbon, GO, and RGO) on different dyes (meth-
ylene blue, bromocresol green, methyl orange) were tested 
by adding 2.5 mg of adsorbent into 20 mL dye solutions, 
with the concentration varying from 5 to 17.5 mg/L. After 
each run was done, centrifuge was conducted to separate 
the to-be-reused adsorbent and residual dye. In general, 
the adsorption capacity, ac, and removal percentage, R%, 
of adsorbent (mg/g) could be evaluated with the following 
equations, respectively:

a
C C
m

Vc
i= ×
−

	 (1)

R
C C
C
i

i

% = ×
−

100% 	 (2)

where Ci and C are initial and final concentrations of dyes 
(mg/L), respectively, m is the mass of adsorbent (g), and V is 
volume of the solution (L).

The effect of adsorbent dosage was conducted by mix-
ing 20 mL of dye solution (5 mg/L) with different amounts 
of RGO (0.05–0.15 g/L in a gradience of 0.025 g/L) at 290 K 
for 40 min. And the reuse cycles’ study was researched by 
regenerating the used RGO then preceding the adsorption. 
In brief, the mentioned precipitate of centrifugation was 
concurrently stirred and ultrasonicated for 1 h as soon as 
re-collected, and suffered the same dehydration as described 
above. Thereafter, the reused RGO was obtained and could 
be further used in next cycle.

The adsorption isotherm was carried out by adsorbing 
dye solutions of different concentrations (5–17.5 mg/L, step 
size of 2.5 mg/L) with 2.5 mg of RGO at 290 K. Besides, the 
kinetics was discussed via successively investigating the 
adsorbing processes. Briefly, 50 mg of RGO was blended with 
400 mL dye solution (10 mg/L), of which the absorbance was 
measured every 20 min. In addition, for the thermodynamic 
evaluation, 2.5 mg of RGO was mixed with 20 mL of solutions 
(initial concentration ranges from 5 to 17.5 mg/L, step size of 
2.5 mg/L), the mixture then performed the adsorption pro-
cess at different temperature (290, 307, or 324 K) for 40 min.

2.4. Characterization

Fourier transform infrared (FTIR) spectra were carried 
out using Bruker VERTEX 70 spectrometer in the frequency 
range of 3,600–400 cm–1 with a resolution of 4 cm–1. Raman 
spectra were investigated on a LabRAM Aramis Raman 
Spectrometer in the frequency range between 500 and 
3,500 cm–1 with a resolution of 1 cm–1. X-ray photoelectron 
spectroscopy (XPS) was performed on a Kratos Axis Ultra 
DLD Spectrometer, with monochromatized Al Kα source 
(1,486.6 eV) under ~5 × 10–9 torr and scanning type of CAE.    
Field emission scanning electron microscope (FESEM) image 
was taken with a Zeiss LEO1530VP scanning electron micro-
scope operated at 20 kV. UV–Vis spectrophotometry was 
conducted using an Agilent 8453 UV–visible spectrophotom-
eter, with which the λ were fixed at 664, 463, and 615 nm with 
respect to methylene blue, bromocresol green, and methyl 
orange, respectively.

 

Fig. 1. Schematic experimental flow diagram showing prepara-
tion of RGO and batch adsorption experiments.
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3. Results and discussion 

3.1. Characterizations of RGO 

The efficient transformation of GO to RGO is confirmed 
by the FTIR and Raman result as elucidated in Fig. 2. It is 
obvious that peaks around 1,101, 1,621, 1,732, and 3,138 cm–1 
can be assigned to functional groups like C–O, C–O–C, C=O, 
and O–H, respectively, are shown in the spectra of GO. For 
RGO, almost all bands suffer a marked intensity decrease, for 
instance, C=C and C=O stretching vibrations can hardly be 
observed. Nevertheless, the weirdly steady band at 3,412 cm–1 
gives a hint that certain fraction of hydroxyl functionality 
remains after the reduction (Fig. 2(a)). The Raman spectra 
of GO and RGO in Fig. 2(b) share two same sharp peaks, 
~1,331 cm–1 (peak D) that is barely seen in pristine graphite 
and ~1,580 cm–1 (peak G). Thus, confirms that to some extent, 
RGO resembles GO, though, which is reduced by glucose, 
but through less severe process. Besides, the intensity ratio 
(ID/IG, peak D over peak G) of GO is about 0.9980, lower than 
1.3226 of RGO. Hence, less oxygen-contained defects are 
included in RGO [21]. 

XPS is used to investigate the chemical structure and 
composition of all samples. As illustrated in Fig. 2, the C1s 
band of GO is well within agreement with databases, while 
RGO is significantly different. On one hand, the C/O atomic 
ratio of RGO significantly increases to 8.81, from 1.82 of GO 
(Fig. 3(a)). The decreased content of O atoms suggests that 
GO is successfully reduced. On the other hand, the observed 
XPS peaks are identified as C atoms that associate with 
non-covalent C–O interaction (283.0 eV), unoxidized or aro-
matic sp2 structure (284.5 eV), C–C component (285.5 eV), 
and hydroxyl or epoxy groups (286.6 eV). It is noteworthy 

that GO have notable peaks around 283.0 and 285.0 eV, which 
are all absent in the profile of RGO. This could be presumed 
that after the reduction, the decreased oxygen-containing 
functional groups mainly affects the non-covalent bonding, 
meanwhile, the originally merged 285.0 eV peak split back 
into bands around 284.5 and 285.5 eV. As a result, glucose 
can be ascertained mild and sufficient for GO, as previously 
discussed [22].

3.2. Adsorption of dyes

3.2.1. Batch adsorption experiments

Results of different adsorbents adsorbing multiple dyes of 
lower concentrations are graphed in Fig. 4. Note that, in com-
parison to raw GO, RGO can remove ~40% more of each dye, 
in value. RGO shows no selectivity, otherwise insensitivity 
will be seen toward one (activated carbon) or two dyes (nanoti-
tania). These may be possibly due to that RGO possesses 
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Fig. 2. (a) FTIR spectra of graphite, GO, and RGO in the range of 
3,800–400 cm–1 and (b) Raman spectra of graphite, GO, and RGO 
in the range of 500–3,500 cm–1.
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less structural defects, namely higher non-polarity, which 
resulting in better affinity toward organic dye in molecules. 
Furthermore, since both nanotitania and activated carbon are 
inorganic materials, it is undoubted that the two-dimensional 
structure of RGO, and probable π–π interactions between 
RGO and aromatic rings of dyes also make difference.

3.2.2. Effects of adsorbent dosage and reuse cycle

The effect of adsorbent dosage on adsorption of meth-
ylene blue is shown in Fig. 5(a). As the adsorbent dosage 
increases from 0.05 to 0.15 g/L, the R% relatively grows from 
43.1% to 96.8%, whereas the ac reduces from 64.6 to 48.4 mg/g. 
Sure, higher dosage leads to increased R% [23]. However, the 
adsorption capacity is different. As ac presents an enhance-
ment at first, and then decreases even increasing the dosage. 
This may be due to that once saturation is reached, continue 
adding more adsorbent will cause an excess, instead of an 
improved adsorption capacity [24]. In general, both lack-
ing and overdose would result in inefficiency (lower R% or 
higher cost). Therefore, the optimum adsorbent dosage of 
0.1 g/L was selected for further studies.

Fig. 5(b) shows the relation between the reuse cycle and 
the adsorption of methylene blue. The R% deceases from 
96.19% to 91. 91% as the reuse cycle rises to 5. This indicates 
that good adsorption efficiency of RGO can be recovered by 
the regeneration process, thanks to the surface morphology 
of RGO as shown in Fig. 5(c). The surface of RGO sheet grows 
countless folds and trenches, which benefits dye molecules to 
anchor and even interact, through hydrogen bonding, elec-
trostatic interactions, and conjugated π electrons in sp2 car-
bon populations [25–27]. Similarly, facile retention makes the 
loaded dye molecules more reachable, and can be desorbed 
by drastic agitation and ultrasonication of the regeneration. 
In addition, the slight downtrend of R% may be owing to 
some tiny cavities on RGO that are susceptible to be blocked, 
while which the morphology of RGO is relatively steady 
through the generation process [28]. 

3.2.3. Adsorption isotherm

To describe the interactive behavior between adsorbent 
and adsorbate, it is adsorption isotherm the most important 

design parameter. Based on this, methylene blue is specified 
as the research object due to RGO possesses unobvious selec-
tivity against different types of dyes. Fig. 6 shows the adsorp-
tion isotherm of methylene blue absorbed by RGO. When the 
C is lower, the adsorption capacity increases sharply, which 
indicates that plenty of active sites are accessible. However, 
if increases the C, the escalating trend of ac will slow down 
or even stop changing. This may be attributed to that though 
continue increasing C, overmuch dye can hardly diffuse into 
saturated pores or crevices of the adsorbent, once the equilib-
rium was already reached.

The adsorption isotherm data are commonly 
visualized to models, namely the Langmuir equation 
[29], BET equation [30], Kelvin equation [31], and Dubinin 

Methylene blue Bromocresol green Methyl orange
0

20

40

60

80

100

R
em

ov
al

 p
er

ce
nt

ag
e/

%

 Titania
 Activated carbon
 RGO
 GO

Fig. 4. Batch adsorption experiments of methylene blue, 
bromocresol green, and methyl orange adsorbed by nanotitania, 
activated carbon, and RGO, respectively.

0.04 0.06 0.08 0.10 0.12 0.14 0.16
45

50

55

60

65

70

Adsorbent dosage/g·L-1

 a
c/m

g·
g-1

40

50

60

70

80

90

100

a

 R
/%

0 1 2 3 4
45.0

45.5

46.0

46.5

47.0

47.5

48.0

48.5

Reuse number/ time

 a
c/

m
g·

g-1

b

90

92

94

96

98

100

 R
/%

Fig. 5. (a) Effect of adsorbent dosage on methylene blue 
adsorbed by RGO, (b) effect of reuse numbers on the adsorption 
of methylene blue, and (c) high magnification FESEM image 
of RGO.



391R. Wang et al. / Desalination and Water Treatment 70 (2017) 387–393

equation [32]. The Langmuir equation hypothesizes that the 
adsorption process happens on a homogeneous surface in 
the monolayer pattern, and the sorption energies are equiva-
lent. The Langmuir equation can be expressed as:

a
L a C
L Cc

c

c

=
+
max

1 	 (3)

where C (mg/L) is the final concentration of methylene blue, 
amax (mg/g) represents the maximum adsorption capacity, 
Lc (L/mg) is the Langmuir constant related to the energy of 
adsorption and represents the affinity within adsorbent and 
adsorbate. The values of amax and Lc were programmed by 
using Eq. (3) to fit the adsorption isotherm data and they are 
93.49 mg/g and 5.16 L/mg, respectively. It is 0.9826 the deter-
mination coefficient of the Langmuir equation, which suggests 
that the Langmuir equation can be used in this experiment to 
assess the maximum dye adsorption capacity. The Langmuir 
isotherm can be expressed as a dimensionless parameter (Li):

L
L Ci
c i

=
+

1
1

	 (4)

where Ci is the highest initial concentration of methylene blue 
(mg/L), the value of Li indicates that whether the discussed 
Langmuir isotherm is favorable (0 < Li < 1) or not (Li > 1 means 
unfavorable, Li = 1 means linear, Li = 0 means irreversible). In 
this study, the calculated Li is 0.01, indicating that methylene 
blue adsorbed by RGO is favorable [33–36].

3.2.4. Kinetic studies

In order to evaluate the kinetic mechanism that manages 
the whole adsorption process, the pseudo-first-order equa-
tion and the pseudo-second-order equation were applied to 
analyze the experimental data. The pseudo-first-order equa-
tion was expressed as follows:

ln ln
.

a a a
k

te t e− −( ) = ( ) 1

2 303 	 (5)

where k1 is the rate constant of pseudo-first-order adsorption 
(1/min), ae and at are the amounts of methylene blue adsorbed 
at equilibrium and at time t (min), respectively. The values 
of k1 and ae can be calculated from the slope of the plots 
of ln(ae − at) vs. t (Fig. 7(a)) and they are 0.042/min and 
163.5 mg/g, respectively. The determination coefficient r2 
is as lower as 0.4018, which indicates the data disobey the 
pseudo-first-order kinetic model.

The linearized-integral form of the pseudo-second-order 
model is expressed as follows:

t
a k a

t
at e e

= +
1

2
2 	 (6)

where k2 (g/(mg·min)) is the rate constant of 
pseudo-second-order adsorption. From the slope and vertical 
intercept of the linear charts obtained by plotting t/at against t 
(Fig. 7(b)), k2 and ae can be calculated and the values are given 
as 0.364 mg/(mg·min) and 95.2 mg/g, respectively. However, 
higher determination coefficient (0.9933) and closer experi-
mental data (90.4 mg/g) imply that the adsorption of meth-
ylene blue onto RGO fits the pseudo-second-order model 
well. Moreover, the overall rate of the dye adsorption is 
likely monitored by chemically sharing of electrons or by 
covalently exchanging of electrons between adsorbent and 
adsorbate [37].

3.2.5. Thermodynamic studies

Aiming to appraise the contribution of temperature in 
this experiment, the thermodynamic parameters, for instance, 
Gibbs free energy (ΔG), standard enthalpy change (ΔH), and 
standard entropy change (ΔS) are calculated at different tem-
perature using the following equations:

∆G RT Lc= ( )− ln 	 (7)

∆ ∆ ∆G H T S= − 	 (8)
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ln L S
R

H
RTc( ) = ∆ ∆

− 	 (9)

where R (8.3145 J/(mol·K)) is the universal gas constant, 
Lc (L/g) is the Langmuir constant, and T (K) is the absolute 
temperature (in Kelvin). The values of ΔH and ΔS can be 
calculated from the slopes and the intercept of the linear 
straight by plotting ln(Lc) against 1/T, and the values of ΔG 
can be calculated in accordance to Eq. (9). Table 1 shows the 
values of ΔH, ΔS and ΔG at different initial dye concentra-
tions and temperatures. 

The negative value of ΔG indicates that the adsorption 
of methylene blue dye onto RGO is a spontaneous and fea-
sible process. And the absolute value of ΔG between 0 and 
20 proves this adsorption process is a physisorption; in par-
ticular, it increases as the temperature grows, and suggests 
the adsorption is more favorable at higher temperature. The 
positive standard enthalpy change (ΔH) suggests that the 
adsorption is an endothermic reaction, and the positive stan-
dard entropy change (ΔS) reveals the increased randomness 
at the solid–solution interface during the adsorption prog-
ress [38]. As temperature increases, the enhanced mobility 
of dye molecules causes themselves to escape from the solid 
phase to the liquid phase, and the amount of methylene blue 
adsorbed by RGO consequently increases [36,39].

4. Conclusions

Since environment laws and legislations are growing 
stricter, nowadays, acceptable sewage that contains dye of 
lower concentration will need the advanced treatment before 
long. Therefore, the initial target here is to engineer a suitable 
removal agent. In this study, the sustainable glucose not only 
efficiently RGO (the ID/IG and C/O ratio increased to 1.3226 
and 8.8, respectively), but also gave RGO an average removal 
capacity of ~47.5 mg/g, unselectively against methylene blue, 
bromocresol green, and methyl orange. Furthermore, RGO 
is verified to have good recyclability that an R% of over 91% 
is displayed even after five reuse cycles. In addition, the 
adsorption of RGO can be best described by the Langmuir 
isotherm (R2 of 0.9826) and the pseudo-second-order kinetic 
model (R2 of 0.9933). While the thermodynamic study proved 
it by concerning a spontaneous and endothermic course in 
the case of physisorption. Overall, the green glucose-RGO is 
expected to improve the water security in the near future.
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