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� The maximum adsorption capacity of
E2 onto GO was 149.4 mg/g at 298 K
and pH 7.0.

� The adsorption process was
characterized by kinetics, isotherm
and thermodynamic analysis.

� The E2 adsorption onto GO worked
well in the presence of NaCl.

� GO still remained excellent
adsorption capacity after numerous
desorption/adsorption cycles.

� The adsorption mechanism was
believed to be p–p interactions and
hydrogen bonds between GO and E2.
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This study demonstrates the use of few-layered graphene oxide nanosheets (GO) as efficient adsorbents for
the removal of 17b-Estradiol (E2) fromaqueous solutions via strong adsorptive interactions. The adsorption
performance of GO was investigated by batch adsorption experiments. Further, adsorption experiments
were carried out in the presence of other environmental pollutants to understand external influence on
the adsorption of E2 by GO. The result indicated that the maximum adsorption capacity (qm) of GO for E2
obtained from the Langmuir isothermwas 149.4 mg/g at 298 K and it was the highest values of E2 adsorp-
tion compared to that of other adsorbents reported before. Thermodynamic study indicated that the
adsorption was a spontaneous process. In addition, the result showed that E2 adsorption on GOwas slight
affected by the solution pH. The presence of NaCl in the solution facilitated the E2 adsorption and the opti-
mum adsorption capacity was obtained when the NaCl concentration was 0.001 M. Moreover, the effect of
background electrolyte divalent cations (Mg2+ and Ca2+) was not similar with themonovalent cations (Na+

and K+). While the influence of background electrolyte anions (Cl�, NO�
3 , SO

2�
4 , and PO3�

4 ) were not signifi-
cantly different. The presence of humic acid reduced E2 adsorption onGOat pH7.0. GO still exhibited excel-
lent adsorption capacity following numerous desorption/adsorption cycles. Besides, both p–p interactions
and hydrogen bonds might be responsible for the adsorption of E2 onto GO.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Endocrine disrupting chemicals (EDCs) were prevalent detected
in the aquatic environment [1] as well as in drinking water [2],
which make EDCs drawn great concern in recent years.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2015.08.139&domain=pdf
http://dx.doi.org/10.1016/j.cej.2015.08.139
mailto:liuyunguo_hnu@163.com
http://dx.doi.org/10.1016/j.cej.2015.08.139
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej


94 L.-h. Jiang et al. / Chemical Engineering Journal 284 (2016) 93–102
17b-Estradiol (E2), the major and most potent form of natural
estrogens, has been identified as the unique environmental con-
cern among EDCs because they are capable of triggering negative
responses in aquatic organisms at low concentrations [3]. The
adverse effect of E2 on aquatic organisms, including fish egg pro-
duction inhibition and sex reversal of males, ultimately could
result in the collapse of local fish populations [4]. Therefore, it is
urgent to put forward some rational and feasible suggestions for
E2 pollution control.

In recently, a variety of methods have been explored to decon-
taminate E2 such as adsorption [5], catalytic degradation [3],
photo-catalytic degradation [6], biodegradation [7], and advanced
oxidation [8]. Among these various methods, adsorption is a
superior and widely used method because of its accessibility,
high efficiency and environmentally benign. In fact, a number
of sorbent materials have been applied for eliminating E2. Zhang
et al. reported that E2 could be adsorptive removed from water
via various adsorbents such as granular activated carbon (GAC),
chitin, chitosan, ion exchange resin and carbonaceous adsorbent
prepared from industrial waste [9]. Yoon et al. investigated
adsorption of E2 by several powdered activated carbons (PAC)
[10]. Besides, sorbents including single-walled carbon nanotubes
[11], multi-walled carbon nanotubes [12], polyamide thin-film
composite nanofiltration (NF) membranes [13], and molecularly
imprinted polymer [14] were successfully used to adsorption E2
from aqueous systems. However, these sorbents suffer the prob-
lem of either low sorption capacities or high-cost. Thus, there is a
strongly desire to search for a high-performance, low-cost and
reusable adsorbent.

Graphene oxide nanosheets (GO), composed of a single atomic
layer of sp2-hybridized carbon arranged in a honeycomb structure,
have unusual properties such as excellent mechanical, optical, and
electrochemical properties [15–17]. Therefore, they can be the
next-generation nanomaterials to be applied in many fields such
as supercapacitors, solar cells and sensors [18–20]. Much of the
research in the last few years has proved that GO could be a
promising material to adsorb pollutants from water, due to its
extremely hydrophilicity, ultrahigh theoretical surface area and
abundant surface oxygen-containing groups [21]. In previous study
GO was used as an adsorbent for divalent metal ions (copper, zinc,
cadmium and lead) removal and the result showed that the
adsorption capacity of GO for Cu(II), Zn(II), Cd(II), and Pb(II) could
stupendously reach up to 294, 345, 530, and 1119 mg/g, respec-
tively [22]. Pavagadhi et al. demonstrated that GO could act as a
good adsorbent in adsorbing microcystin-LR (MC-LR) and
microcystin-RR (MC-RR) from aqueous solution [23]. As Yan et al.
reported, GO could be employed as an efficient adsorbent for the
removal of three aromatic organic compounds (aniline, nitroben-
zene, and chlorobenzene) [24]. Moreover, GO have been successful
used in adsorption various dyes such as methylene blue [25], Basic
Red 12 [26], and triphenylmethane dyes [27] from aqueous.
However, its potential application for removal of E2 from aqueous
solutions remains unknown.

In the present study, the ability of GO to remove E2 from aque-
ous solutions was examined for the first time using a series of sys-
tematic adsorption and kinetic experiments. The influence of the
contact time, E2 concentration, temperature, pH, ionic strength,
and humic acid on removal of E2 from aqueous solutions by GO
were studied systematically. In addition, the effect of common
electrolyte anions (Cl�, NO�

3 , SO2 -
4 , and PO3 -

4 ) and electrolyte
cations (Na+, K+, Mg2+ and Ca2+) in aqueous solutions on the
adsorption of E2 onto GO was investigated. Five cycles of desorp-
tion/regeneration were explored to assess the reusability and cost
effectiveness of GO. In addition, the mechanism of GO toward E2
was estimated.
2. Experimental section

2.1. Preparation of few-layered graphene oxide nanosheets

Graphite powder (particle size 6 30 lm) was supplied by
Tianjin Kermel Chemical Regent Ltd, China. The water used in
experiment is high-purity water (18.25 MX/cm) generated by
Millipore Milli-Q water purification system. All chemicals including
K2S2O8, P2O5, H2SO4, NaNO3, KMnO4, H2O2, and HCl were analytical
reagent grade and were purchased from Shanghai Chemical Corp.

Few-layered graphene oxide nanosheets were synthesized
from natural graphite powder by modified Hummers method
[28]. Briefly, graphite powder (6.0 g), K2S2O8 (5.0 g) and P2O5

(5.0 g) were added into the concentrated H2SO4 (24.0 mL) and
stirred at 80 �C for 4.5 h. Then, Milli-Q water (1.0 L) was added
and left overnight. The mixture was washed thoroughly and
dried under vacuum at 60 �C. The residue was collected and dis-
persed in the cold (0 �C) concentrated H2SO4 (240 mL), then
NaNO3 (5.0 g) and KMnO4 (30.0 g) were added gradually and
the mixture was continually stirred below 20 �C for 4 h. Then,
the reaction was carried out at 35 �C for 2 h. Next, Milli-Q water
(500 mL) was added slowly and the mixture was stirred for
another 6 h at 90 �C. After that, Milli-Q water (1 L) and 30 wt.%
H2O2 (40 mL) were added to the mixture, and stirred for 2 h at
room temperature. After centrifugal, the GO particles were
washed repeatedly with HCl (5%) and Milli-Q water to remove
the residual metal ions and sulfate ions. Finally, the graphene
oxide nanosheets were dried under vacuum at 65 �C.

2.2. Characterization of few-layered graphene oxide nanosheets

The structures and surface morphologies of the samples were
characterized by scanning electron microscopy (SEM) (JSM-
7001F, Japan) and transmission electron microscopy (TEM) (JEM-
3010, Japan) [29]. Atomic force microscopy (AFM) images were
carried out using a digital instrumental nanoscope III in tapping
mode (Veeco Instruments, USA) [30]. The X-ray diffraction (XRD)
on a Bruker AXS D8 Advance diffractometer was used Cu Ka source
(k = 1.541 Å) [31]. Raman spectra were obtained from a LabRAM
HR UV Raman spectrometer (JDbin Yvon) [29]. The Brunauer–Em
mett–Teller (BET) specific surface area of the samples was charac-
terized by automatic surface analyzer (Quantachrome, USA) [32].
For the zeta potentials analysis, the samples were prepared by
ultrasonification of 3 mg GO with 30 mL Milli-Q water and the
solution pH was adjusted to different values (3–12) by adding neg-
ligible volumes 0.1 M NaOH or HCl. Zeta potential measurements
were made with a zeta potential meter (Zetasizer Nano-ZS90, Mal-
vern) [31]. The surface functional groups were observed by X-ray
photoelectron spectroscopy (XPS) (Thermo Fisher, USA) and Four-
ier transform infrared spectrum (FTIR) (Nicolet 5700 Spectrometer)
[31].

2.3. Adsorption experiments

E2 (C18H24O2, molecular weight 228.29, 98% in purity) was pur-
chased from Sigma–Aldrich Corp. The stock solution (1000 mg/L) of
E2 was prepared by dissolving specific amounts of E2 powder into
methanol. The solutions of different E2 concentrations used in
batch experiments were obtained through diluting the stock solu-
tion. However, the volume of methanol in the spiked stock solution
was maintained at less than 0.1% to avoid the cosolvent effect. For
all the sorption experiments, 3 mg of GO was added in 30 mL of E2
solution. The pH was adjusted to desired values via adding negligi-
ble volumes of NaOH or HCl. All batch sorption experiments were
performed in a water bath shaker with a shaking speed of 160 rpm.
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After being mixed for 8 h, the mixture was separated by
centrifugation at 8000 rpm for 10 min and then the supernatants
were filtered through 0.45 lm membrane filters [29,32].

The E2 concentration was measured by An F-4500 fluorescence
spectrophotometer (Hitachi, Japan). The excitation source was
used 450W xenon lamp. Both the excitation and emission matrix
spectra were collected 5 nm over an excitation range of 200–
400 nm and an emission range of 300–500 nm. The fluorescence
intensity of E2 was determined at Ex/Em = 280 nm/310 nm. The
calibration curve was determined using E2 dissolved in truly dis-
solved solution at concentrations of 0.05–4.0 mg/L. To eliminate
water Raman scatter peaks, the spectra were obtained by subtract-
ing the Milli-Q water blank spectra, recorded under the same con-
ditions [12]. The adsorbed E2 amount was calculated using the
difference between the initial and equilibrium concentrations.
The adsorption capacity is calculated based on the following
equation:
qe ¼
ðC0 � CeÞV

m
ð1Þ
where C0 and Ce are the initial and equilibrium concentrations of E2
(mg/L), m is the mass of adsorbent (g) and V is the volume of the
solutions (L).

To determine the minimum time required for adsorption equi-
librium, the adsorption kinetic studies were conducted. 3 mg of GO
was added to 30 mL of 2 mg/L E2 solution at pH 7.0 and 298 K. The
remaining concentrations of E2 were analyzed at a predetermined
time interval ranging from 0.25 to 12 h.

To get information about the maximum adsorption capacities
and the thermodynamic properties, adsorption isotherms of E2
on GOwere carried out at pH 7.0 under three different temperature
(298, 318, and 338 K). The initial E2 concentrations ranged of 1–
16 mg/L.

The effect of initial solution pH on E2 adsorption was studied at
initial E2 concentration of 3 mg/L and 298 K. The initial pH range
from 3.0 to 12.0 and was adjusted with dilute negligible volumes
0.1 M NaOH or HCl solution.

The effect of ionic strength on the adsorption of E2 was stud-
ied by adding NaCl to 3 mg/L E2 solutions containing 3 mg GO
with concentrations ranging from 0.005 to 0.1 M at 298 K and
pH 7.0.

To investigate the adsorption capacity of GO for E2 in the pres-
ence of various background electrolyte ions, 0.01 M NaCl, KCl,
CaCl2, MgCl2, NaNO3, Na2SO4 and Na3PO4 were added into 3 mg/L
E2 solutions containing 3 mg GO at 298 K and pH 7.0, respectively.

The effect of humic acid on the adsorption of E2 was studied
through adding humic acid to 3 mg/L E2 solutions containing
3 mg GO with concentrations ranging from 0.1 to 1 mg/L at 298 K
and pH 7.0.
2.4. Desorption experiments

Desorption/adsorption experiment was conducted as follows:
the GO which has been used to remove E2 (3 mg/L) was rinsed
with 50 mL 4 wt.% NaOH solution at room temperature. Then, the
GO particles transferred into a glass vial containing 50 mL pure
acetone and the vial was sealed by aluminum foil, agitated at
298 K and 200 rpm for 24 h [33]. After desorption, the suspension
liquid was taken to centrifugation and then diluted in 50 mL deion-
ized water. Above steps were repeated for three times and the final
sample was dried at 353 K for reuse. In each cycle of adsorption
test, 3 mg recycled GO was added to 30 mL 3 mg/L E2 and was sha-
ken at 298 K for 8 h with pH 7.0.
2.5. Model of data analysis

Two types of kinetic models, the pseudo-first order and pseudo-
second order, were used to examined the mechanism of adsorption
and potential rate controlling steps [34].

The pseudo-first-order model is given as:

lnðqe � qtÞ ¼ ln qe � k1t ð2Þ
where qe and qt are the adsorbed amount of E2 at equilibrium and at
different time (mg/g), respectively. k1 is the rate constant of the
pseudo-first-order model of adsorption (1/min).

The pseudo-second-order model can be presented as:

t
qt

¼ 1
k2q2

e
þ t
qe

ð3Þ

where qe and qt are defined the same as the parameters in the
pseudo-first-order model, while k2 (g/mg min) is the second-order
adsorption rate constant.

The Langmuir and Freundlich models were used to fit the
adsorption isotherms data [28]. The Langmuir equation is given as:

qe ¼
KLqmCe

1þ KLCe
ð4Þ

where qe (mg/g) is the equilibrium-sorbed concentration and qm
(mg/g) stand for the maximum adsorption capacity of the adsor-
bent. Ce (mg/L) is the equilibrium solution phase concentration,
while KL (L/g) is the Langmuir constant.

The following expression describes the Freundlich equation:

qe ¼ K fC
N
e ð5Þ

where qe and Ce are defined the same as the parameters in the Lang-
muir equation, Kf [(mg/g)/(mg/L)N] is the Freundlich affinity coeffi-
cient, and N is the exponential coefficient.

Adsorption thermodynamics can reveal the information on the
inherent energy change of adsorbent after adsorption and also
the mechanism involved in the adsorption process [27]. The ther-
modynamic parameters including standard free-energy change
(DG�), standard enthalpy change (DH�), and standard entropy
change (DS�) are calculated at three different temperatures by
following equations:

DG� ¼ �RT lnK� ð6Þ

lnK� ¼ DS�

R
� DH�

RT
ð7Þ

where R (8.314 J/mol K) is universal gas constant and T (K) is the
solution temperature. K� is the adsorption equilibrium constant,
calculated by plotting lnKd (Kd = qe/Ce) versus Ce and extrapolating
Ce to zero.

3. Results and discussion

3.1. Characterization of GO

The graphene oxide nanosheets morphological study was car-
ried out by the SEM and TEM images which are presented in
Fig. 1. As can be seen from the SEM image, there are many ripples
on the surface of GO due to the scrolling of the nanosheets. The
TEM image revealed that GO was basically transparent and many
wrinkles primarily located on the edge and formed scrolls. As seen
from the AFM image (Fig. 2), the thickness of GO is about 1.21 nm
and it is suggested that few-layered graphene oxide nanosheets
were formed [35,36]. The nitrogen adsorption–desorption iso-
therms is shown in Fig. 3(a). The BET analysis indicated that the
specific surface areas (SA) and pore diameter of GO were 92 m2/g



Fig. 1. (a) SEM image of GO; (b) TEM image of GO.

Fig. 2. AFM image of GO.
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and 2.69 nm, respectively. The value of the pore diameter sug-
gested that GO was a mesoporous material. Compared with the
SA of graphite (4.5 m2/g) [37], the SA of GO was relatively higher,
reflecting an excellent exfoliation degree. However, the obtained
value even was much lower than the theoretical value of reduced
graphene oxide (rGO) (2620 m2/g) [29], which may be attributed
to the incomplete exfoliation and the agglomerations of graphene
oxide layers during the process of sample preparation.

XRD patterns of graphite, GO, and rGO are shown in Fig. 3(b).
The XRD pattern of graphite exhibited a sharp and intensive
diffraction peak at 26.5� (2h) corresponding to the interlayer spac-
ing of about 0.34 nm. However, the peak completely disappeared
upon oxidation of graphite to GO and a typical sharp peak at
2h = 10.0� with a corresponding interlayer spacing of 0.89 nm
appeared at the XRD pattern of GO. Meanwhile, the relatively
broad diffraction peak move to 2h = 24.0� with 0.37 nm d-spacing
after reduction of GO to rGO. The variation of layer distance might
be ascribed to the oxygen-containing functional group on the
surface of GO introduced or removed, which suggested that the
surface of GO may be grafted a lot of oxygen-containing groups.

Raman spectra is a powerful tool to investigate the structural
change of carbon materials [38]. As shown in the Raman spectra
(Fig. 3c), there were two prominent peaks corresponding to the D
band and the G band. The D band corresponds to the stretching
vibration of sp3 carbon atoms inducing defects and disorders, while
the G band is caused by the stretching vibration of sp2 carbon
atoms, which correspond to the first-order scattering of the E2g
mode. The ID/IG value of graphite was 0.35. After the graphite
was oxidized to form GO, the value increased to 0.90. Additionally,
the intensity of the D band of GO increased and exhibited a broader
shape compared with that of graphite. It is suggested that the oxi-
dation process changed the structure of graphite and the GO had a
higher disorder degree than that of graphite, which meant that GO
had more defects than graphite. Such a change of structure would
offer more active sites for adsorption.

The element characterization and surface functional groups of
GO was analyzed by XPS. According to the XPS spectrum of GO
(Fig. 3d), deconvolution of the C 1s peak of GO resolved to a peak
at 284.73 eV, which was attributed to the presence of CAC and
C@C. The peaks at 286.82, 287.63, and 288.81 eV correlated to
the carbon in CAO, the carbonyl carbon in C@O, and the carboxyl
carbon in OAC@O, respectively. The XPS analysis indicated that
the surface of GO not only existed sp2 hybridized zone but also
had a multitude of polar functional groups. These results implied
that the material was quite hydrophilic.

3.2. E2 adsorption kinetics

Adsorption is a physicochemical process that involves mass
transfer of a solute from liquid phase to the adsorbent surface
[34]. In order to better understand the adsorption rate of adsorbent
and the required time of the whole adsorption process, adsorption
kinetics have been investigated. Fig. 4 presents the effect of contact
time on the adsorption of E2 by graphene oxide nanosheets. It can
be seen that the uptake of E2 rapidly increased in the first 1 h and
then slowly increased until the adsorption equilibrium was
reached within 12 h. According to the above study result, 8 h was
chose for a sure contact time of the adsorption equilibrium in fur-
ther adsorption studies.

To further investigate the adsorption mechanism, the results
were analyzed by two conventional kinetic models, namely
pseudo-first-order and pseudo-second-order model. The kinetic
parameters and correlation coefficients (R2) obtained from two
models are listed in Table 1. The R2 value of the pseudo-second-
order model was much higher than that of the pseudo-first-order
model. In addition, the little discrepancy between the experimental



Fig. 3. (a) N2 adsorption–desorption isotherms of GO; (b) the XRD patterns of graphite, GO, and rGO; (c) Raman spectra of graphite and GO; (d) C1s XPS spectrum for the GO.

Fig. 4. Effect of contact time on the adsorption of E2 by GO: m/V = 0.1 mg/mL,
CE2 = 2 mg/L, T = 298 K, pH = 7.0.

Table 1
Kinetic parameters for adsorption of E2 on GO.

qe,exp Pseudo-first-order Pseudo-second-order

qe,1 (mg/g) k1 (1/h) R2 qe,2 (mg/g) k2 (g/mg h) R2

20.69 19.34 1.67 0.869 20.89 0.11 0.976
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and the calculated adsorption capacity indicated that the pseudo-
second-order kinetic model fitted E2 adsorption of GO better than
the pseudo-first-order model. The adsorption process was better
represented by the pseudo-second order model, which indicated
that the chemisorption may be the rate-limiting mechanism of
E2 adsorption. Thus, it was inferred that E2 was mainly adsorbed
onto the surface of GO by chemical interaction, such as p–p
interaction and hydrogen bonding.

3.3. E2 adsorption isotherm

The adsorption isothermmodels are very useful to describe how
the adsorbed molecules distribute on the adsorbents when the
adsorption process reaches an equilibrium state [12]. Fig. 5 shows
uptake of E2 by GO at three different temperatures. As can be seen,
the adsorption capacity of GO increased sharply at the low initial
concentration. This could be attributed to massive active sites
which were readily accessible. However, the increasing trend
became slow with further increase of initial concentration, which
indicated that there are less available active sites at the end of
the adsorptive process.

In order to study the mechanism of the adsorption equilibrium,
Langmuir and Freundlich isotherm models were used to explore
the adsorption process. Langmuir model can be used to describe
homogeneous adsorption systems in which adsorption takes place
on a homogeneous surface by a monolayer and equivalent sorption



Fig. 5. Adsorption isotherms of E2 by GO at three different temperatures:
m/V = 0.1 mg/mL, t = 8 h, pH = 7.0. The solid lines are the Langmuir model simula-
tion; the dotted lines are the Freundlich model simulation.
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energies [5]. While the Freundlich equation is put forward as an
empirical equation which is used to describe heterogeneous sys-
tems and is not restricted to the formation of the monolayer
[39]. The relative results simulated from the Langmuir and Fre-
undlich models at three different temperatures are shown in
Table 2. According to a comparison of the values of correlation
coefficient (R2), root mean square error (RMSE) and chi-square test
(v2), the adsorption isotherm of E2 could be better described by
Langmuir than Freundlich model. Thus, it was a monolayer adsorp-
tion that take place in the adsorption process. It also can be seen
that the adsorption capacity (qe) calculated from the Langmuir
equation decreased with the increasing temperature from 298 K
to 338 K.

In addition, there are several adsorbents that have been con-
ducted to adsorption E2. Zaib et al. prepared single-walled carbon
nanotubes and tested for E2 adsorption [11]. The adsorption capac-
ities determined from the Langmuir isotherm were around 26 mg/g.
Sun et al. investigated the adsorption of E2 on multiwalled carbon
nanotubes (MWCNTs) and found that the maximum adsorption
capacity close to 25 mg/g [12]. However, it can be seen from
this study that GO exhibited a higher adsorption capacity
(149.4 mg/g) than the adsorbents reported above [11,12]. Com-
pared with carbon nanotubes, GO possesses an open-layered struc-
ture that has a completely accessible adsorption surface for organic
molecules. Considering the oxygen content of GO (50.9%) [29],
SWCNTs (0.9%) [40] and MWCNTs (about 23%) [41], GO remained
more oxygen-containing functional groups on the surface which
Table 2
Langmuir and Freundlich isotherm parameters for adsorption of E2 on GO.

T (K) 298 318 338

Langmuir qm (mg/g) 149.40 135.86 128.62
KL (L/mg) 0.484 0.407 0.287
R2 0.946 0.968 0.948
RMSE 5.072 3.404 3.876
v2 25.721 11.589 15.023

Freundlich Kf (L/mg) 53.42 45.03 35.35
N 0.43 0.43 0.46
R2 0.888 0.927 0.895
RMSE 7.321 5.163 5.486
v2 53.604 26.657 30.09
decrease the surface hydrophobicity. It may increase the dispersion
of GO in water and also improve its adsorption capacity. Therefore,
GO was an outstanding adsorbent in E2 pollution removal.

3.4. E2 adsorption thermodynamic

The thermodynamic parameters were calculated from the data
in Fig. 4 by Eqs. (6) and (7) and the results are shown in Table 3.
The values of DG� were found to be negative at all temperatures
and became more negative with decreasing temperature, which
indicated that the adsorption was a spontaneous process and the
lower temperature was beneficial to the adsorption of E2 onto
GO. The negative DH� value implied that the adsorption reaction
was exothermic, and it is the reason why the adsorption capacity
of E2 decrease with increasing in temperature. The negative DS�
value revealed the decreased randomness at adsorbate–adsorbent
interface during the adsorption progress.

3.5. Effect of solution pH

The solution pH value is one of the most important parameter in
determining the adsorption characteristics of adsorbents, since it
can change the surface charge of the adsorbent and the speciation
distribution of adsorbate in solution. Fig. 6 shows the effect of ini-
tial pH on E2 adsorption by GO with pH ranging 3.0–12.0. It was
found that the uptake of E2 by GO decreased slowly as pH value
increased from 3.0 to 7.0. Above pH 7.0, there was a different trend
that the capacity of adsorption decreased rapidly and even
decreased to approximately 17 mg/g at pH 12.0. These phenomena
may be resultant from the change of the surface charge of gra-
phene oxide and the speciation of E2 at different pH values. As
can also be seen from the Fig. 6, the zeta potentials of GO kept neg-
ative and decreased all along at the whole pH range. It illustrated
that the charge of GO was negative and the negative charge would
be enhanced with increasing pH. As reported, the pKa of E2 is 10.4
[42]. Therefore, E2 would start deprotonating around pH 10.0. Sun
et al. reported that E2 was is prone to dissociation in weakly alka-
line solutions [12]. After deprotonation, E2 molecules also became
negative. Thus, the repulsive electrostatic interaction established
between the negative surface charge of GO and the E2 anion might
lead to the low adsorptive capacity of GO in the range of alkaline.

3.6. Effect of ionic strength

It is well known that industrial sewage contains not only
organic-pollutants but also some of salts, which may affect the
removal of pollutants [32]. Thus, the effect of solution ionic
strength on the sorption of E2 by GO was investigated by a series
of experimental studies constructed by varying concentrations of
NaCl solutions from 0 to 0.1 M. As depicted in Fig. 7, it can be found
that the uptake of E2 by GO was improved in the presence of NaCl.
Two potential impacts might exist in this process: (1) increasing
ionic strength enhanced the activity coefficient of hydrophobic
organic compounds and result in decreasing in their solubility (i.
e. salting out effect), which is favorable for E2 adsorption [43];
and (2) the ions may infiltrate into the diffuse double layer over
GO surfaces and eliminate the repelling interaction between the
Table 3
Thermodynamic parameters of E2 adsorption on GO.

T (K) lnK0 DG0 (kJ/mol) DS0 (J/K mol) DH0 (kJ/mol)

298 1.39 �3.43 �0.72 �3.65
318 1.29 �3.42
338 1.21 �3.40



Fig. 6. Effect of the solution pH: m/V = 0.1 mg/mL, CE2 = 3 mg/L, T = 298 K, t = 8 h.
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adsorbents, resulting in promoting the formation of a more com-
pact aggregation structure (i.e. squeezing-out), which is unfavor-
able for E2 sorption [44]. When the adsorption capacity
increased rapidly at the NaCl concentration below 0.001 M, it is
suggested that the salting-out effect was consistently greater than
the squeezing-out effect. However, when the NaCl concentration
was >0.001 M, the adsorption capacity decreased slightly, which
indicated that the salting-out effect was decreasing continuously.
Fig. 8. (a) Effect of background electrolyte cations; (b) Effect of background
electrolyte anions: m/V = 0.1 mg/mL, CE2 = 3 mg/L, T = 298 K, t = 8 h, pH = 7.0.
3.7. Effect of background electrolyte

The effect of background electrolyte cations such as NaCl, KCl,
MgCl2 and CaCl2 on the E2 adsorption by GO were examined, and
the results are shown in Fig. 8(a). It can be found that the adsorp-
tion capacity of E2 adsorbed to GO in the presence of divalent
cations (Mg2+ and Ca2+) lower than monovalent cations (Na+ and
K+). This phenomenon can be explained by the above squeezing-
out effect which is more when divalent cations are present due
to their high polarizing power. Fig. 8(b) showed the effect of back-
ground electrolyte anions on the E2 adsorption onto GO in NaCl,
NaNO3, Na2SO4 and Na3PO4 solutions, respectively. It was observed
Fig. 7. Effect of the ionic strength: m/V = 0.1 mg/mL, CE2 = 3 mg/L, T = 298 K, t = 8 h,
pH = 7.0.
that the adsorption capacity of E2 adsorbed to GO in presence of
these investigated anions were not significantly different
(P > 0.05), as compared to chloride ions. These phenomena may
be mainly attributed to the electrostatic repulsion between the
negatively charged GO surface and the anions, which result in min-
imal adsorption of anions to GO surfaces.
3.8. Effect of humic acid

Humic substances such as humic and fulvic acids are wide-
spread in soil and water and they are derived from the decomposi-
tion of natural organic compounds [45]. The change of qe in the
presence of humic acid (HA) was showed in Fig. 9. The adsorption
capacity decreased with the increase in humic acid concentration.
It is known that humic acid tend to contain a lot of functional
groups including phenolic hydroxyls and carboxylates [46]. The
dissociation of these groups in aqueous solution leads to the for-
mation of negative charges bound which can interact with various
organic pollutants. Thus, the decrease of E2 adsorption might be
explained by the formation of soluble E2-HA complexes in aqueous
media [30]. In addition, the strong interaction of HA with GO



Fig. 9. Effect of the humic acid: m/V = 0.1 mg/mL, CE2 = 3 mg/L, T = 298 K, t = 8 h,
pH = 7.0.
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through p–p interactions can occupy parts of surface sorption sites
of GO and thereby results in the decrease of E2 adsorption capacity
of graphene oxide nanosheets [30].
3.9. Desorption and regeneration analysis

To assess the reusability and cost effectiveness of any adsor-
bent, it is rather important to examine its performance through
simulated desorption/regeneration cycles [47]. From Fig. 10, it
was observed that in the first cycle the adsorption ability of E2
onto the as prepared GO was 20.12 mg/g at 298 K and pH 7.0. After
five adsorption/desorption cycles, however, the adsorption ability
of E2 onto the recycled GO still remains at 19.27 mg/g, which just
reduced by 5.86% compared with that of the first cycle. This shows
that GO could be an economical, efficient and potential adsorbent
for E2 removal due to the excellent regeneration performance of
numerous cycles. However, the reduction adsorbed amount of E2
by GO may be attributed to loss of surface functional groups which
Fig. 10. Fifth consecutive desorption/adsorption cycles of GO for removal:
m/V = 0.1 mg/mL, CE2 = 3 mg/L, T = 298 K, t = 8 h, pH = 7.0.
could in turn be used to treatment with strong alkali acting as
desorption medium [23].
3.10. Adsorption mechanism

Surfaces of GO shows the p-electron acceptor or donor proper-
ties due to containing both the p-electron-depleted regions (i.e. the
presence of defects or functional groups) and p-electron-rich
regions (i.e. the delocalization of p electrons) [29]. E2, with the sev-
eral fused aromatic rings, is p electron-rich. The substitution with a
strong electron-donating AOH group further enhances the p elec-
tron density of the aromatic rings [48]. Thus, These p electrons can
easily interact with the p electrons of benzene rings on GO due to
the larger and smoother surface and p–p interaction is likely in
effect for the adsorption of E2 onto GO. Besides, there were abun-
dant surface oxygen-containing groups in GO such as hydroxyl
groups which can undergo hydrogen bonds with hydroxyl groups
of E2.

To probe the molecular interaction of E2 with GO, the FTIR spec-
tra of GO after E2 adsorption is shown in Fig. 11. As can be seen
from the FTIR spectra, the intense peak at 3407 cm�1 was associ-
ated with the skeletal vibration of OAH groups. The peak at
1726 cm�1 corresponded to C@O bonds in carboxylic acid and car-
bonyl moieties. The peak at 1624 cm�1 can be attributed to the
stretching vibration of aromatic C@C bonds. The peak at around
1402 cm�1 was assigned to the appearance of carboxyl (O@CAO)
bonds. The peak at 1225 cm�1 belonged to epoxy (CAOAC) bonds.
The peak at around 1051 cm�1 referred to alkoxy (CAO) bonds.
Compared to GO, it can be found that quite a few new peaks were
introduced into the FTIR spectrum of GO after E2 adsorption. These
intensely peaks at 500–1200 cm�1 were in accordance with the
peaks from the FTIR spectrum of E2, which indicated that a multi-
tude of E2 molecules had been adsorbed on the surface of GO. In
addition, the peaks corresponding to the skeletal vibration of
C@C bonds also shifted from 1624 to 1635 cm�1 after adsorption
of E2. So it is confirmed that there was p–p interaction between
E2 and GO [29]. Moreover, the peaks of the alkoxy CAO bending
vibration shifted from 1051 to 1042 cm�1, and the peaks of the car-
boxyl OAH bending vibration of GO shifted from 3407 to
1378 cm�1 and formed strong and wide associating OAH after
adsorption with E2. The clear changes reflected by FTIR suggested
that interactions between the E2 molecules and oxygen-containing
functional groups of GO occurred and there was hydrogen bonds
Fig. 11. FTIR spectra of GO, E2, and GO after E2 adsorption.



Fig. 12. Schematic illustration of adsorption mechanisms by GO.
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between the E2 and GO. Therefore, it is demonstrated the presence
of the p–p interaction and hydrogen bonds between E2 and GO,
and the adsorption mechanism could be illustrated by Fig. 12.
4. Conclusions

Graphene oxide nanosheets showed excellent adsorption
capacity for E2. The maximum adsorption capacity (qm) of GO for
E2 calculated from the Langmuir isotherm was 149.4 mg/g at
298 K, which was the highest values of E2 adsorption compared
to that of other adsorbents reported before. The kinetics and iso-
therm parameters can be well described by the pseudo-second-
order kinetic model and the Langmuir isotherm, respectively. The
adsorption process was exothermic and spontaneous. The large
adsorption affinity of GO for E2 might be mainly due to p–p inter-
actions and hydrogen bonds. The adsorption capacity was slight
affected by the solution pH. The presence of NaCl in the solution
was favorable for the E2 adsorption and the optimum results were
observed in the 0.001 M concentration of NaCl. Besides, the
adsorption capacity in the presence of background electrolyte diva-
lent cations (Mg2+ and Ca2+) lower than monovalent cations (Na+

and K+). As compared to chloride ions, however, the adsorption
capacity in presence of other background electrolyte anions
(NO�

3 , SO
2�
4 , and PO3�

4 ) were not significantly different. The adsorp-
tion capacity slight decreased with the increase in humic acid con-
centration. In addition, the adsorbent could be regenerated and
reused by sodium hydroxide and acetone. Thus, GO could be a
cost-effective, efficient and potential adsorbent for E2 removal.
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