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� Magnetic b-cyclodextrin/poly (L-glutamic acid) grafted onto GO is synthesized.
� CGMG can achieve rapid separation via using a magnet.
� CGMG shows decreased adsorption capacity at higher pH conditions.
� Sorption kinetic, isothermal and thermodynamic characteristics of E2 are explored.
� Regeneration of the magnetic adsorbent is conducted.
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a b s t r a c t

A novel adsorbent, namely, b-cyclodextrin/poly (L-glutamic acid) supported magnetic graphene oxide
(CGMG), was synthesized through a facile chemical route and its application as excellent adsorbent for
17b-estradiol (E2) removal from aqueous solution was also demonstrated. The characteristics of CGMG
were investigated via using Fourier transform infrared spectrometer, X-ray photoelectron spectroscopy,
Raman spectra, X-ray diffraction, vibrating sample magnetometer and Brunauer-Emmett-Teller surface
area, respectively. Results indicated that CGMG was successfully prepared and the saturated magnetiza-
tion could reach up to 0.09043 emu/mg. Meanwhile, investigation of adsorption behavior illustrated that
the adsorption process could be better fitted by the pseudo-second-order and Langmuir models. Analysis
of intraparticle diffusion model demonstrated that intraparticle diffusion was not the only rate-limiting
step; however, both film diffusion and intraparticle diffusion were involved in the diffusion process.
Thermodynamic study indicated that adsorption of E2 onto CGMG was spontaneous and endothermic.
The E2 uptake by CGMG decreased in high pH values. However, it was insensitive to ionic strength vari-
ation (0.0–0.1 M). Moreover, the regeneration experiments illustrated that CGMG could be recovered, and
it showed good recycling ability with ca. 88.7% of the initial sorption capacity after being used for sixth
cycles.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Recently, endocrine-disrupting chemicals (EDCs) pollution
in the aquatic system has seriously aroused public concern.
17b-estradiol (E2) as one of the listed EDCs is widely detected in
the aquatic environment as well as in drinking water [1,2]. It has
been reported that the disrupting effect of E2 is 1000–10,000 times
greater than that of nonylphenol [3]. However, it is difficult to
effectively eliminate E2 from wastewater via conventional
wastewater treatment processes such as activated sludge treat-
ment and biofiltration [4]. Thence, it is desirable to seek signifi-
cantly effective processes for the removal of E2 from aqueous
solution. And up to now, several studies have explored the adsorp-
tive removal of E2 via carbon-based materials such as granular
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activated carbon, chitin, chitosan, carbonaceous adsorbent pre-
pared from industrial waste, and carbon nanotubes [4–8]. How-
ever, these adsorbents exhibited limited E2 adsorption capacity
and/or suffered from poor extraction efficiencies. Moreover, almost
all of them were found to be arduous in terms of recycle and reuse.

Poly-L-glutamic acid (PLGA), synthetized by using poly amino
acid, possesses numerous functional groups and can be further
chemically modified by inorganic and/or organic reagents [9].
PLGA has been successfully employed to fabricate scaffolds for
drug delivery and tissue engineering applications and it is also
used as biodegradable magnetic resonance imaging contrast
reagent because of biocompatible polymeride [10–12]. Further-
more, PLGA has also been used as an effective adsorbent for the
adsorption of several types of contaminants. For instance, Reyerson
and Bhattacharyya utilized PLGA as adsorbent to remove ammonia
gas and heavy metals from water, respectively [13,14]. Wang et al.
investigated the adsorption of Cu(II) ions on Fe3O4/PLGA magnetic
microspheres [15]. b-Cyclodextrin (b-CD), as a family of cyclic oli-
gomers, is made up of glucopyranose units connected via a-1, 4
glycosidic bonds, and has a hydrophobic interior cavity and a
hydrophilic exterior surface [16]. This characteristic enables it to
selectively interact with a large variety of compounds, resulting
in the formation of noncovalent inclusion complexes in their inte-
rior cavity [17]. Badruddoza et al. demonstrated the use of carbox
ymethyl-b-cyclodextrin modified Fe3O4 nanoparticles as excellent
nanoadsorbents for copper ions removal [18]. Consequently, the
hybrid of b-CD/PLGA may be favorable for the effective removal
of pollutants from water system due to the presence of abundant
hydroxyl and amino functional groups. However, b-CD/PLGA
hybrid exhibits a good water-dispersibility properties because of
its hydrophilic surface, which make them rather difficult to realize
solid-liquid separation via conditional separation methods (such as
centrifugation and filtration) after adsorption [19,20].

Recently, many researchers have devoted extensive efforts to
graft magnetic materials onto some adsorbents to improve their
separation performances. For instance, Hu et al. [21] synthesized
magnetic chitosan via loading Fe3O4 nanoparticles for adsorption
of hexavalent chromium ions from aqueous solution. Fu et al.
[22] reported the development of a novel hydrophilic-
hydrophobic magnetic interpenetrating polymer networks (IPNs)
for efficient removal of salicylic acid from aqueous solution. Kara
et al. [23] reported that magnetic vinylphenyl boronic acid
microparticles could act as an efficient adsorbent for Cr(VI) adsorp-
tion. However, grafting magnetic materials directly on adsorbents
can reduce their adsorption capacity, since the magnetic nanopar-
ticles are capable of occupying some adsorption sites on the sur-
faces of adsorbents [24]. Therefore, it is significant to explore
novel method to coat magnetic materials, which can guarantee
both good separation and adsorption performance.

Graphene oxide (GO) is a two-dimensional (2D) nanomaterial
with a large planar size and an atomic thickness. Moreover, GO
possesses large specific surface area (SAA) and abundant oxy-
genated functional groups, which provide an excellent platform
to load magnetic nanoparticles and act as ideal adsorption sites
for various organic matters and metal ions [25–27]. A multitude
of researches have been successfully performed to graft magnetic
nanoparticles on GO to adsorb pollutants [28–31]. Furthermore,
the abundant carboxyl group of GO can chemically react with the
amine group of PLGA, and then form chemical bond between GO
and PLGA [32]. However, to the best of our knowledge, the use of
b-CD/PLGA functionalized magnetic graphene oxide (MGO) materi-
als for adsorption of pollutants has rarely been reported. Based on
the above considerations, therefore, b-CD/PLGA was coated with
MGO and its adsorption behavior was explored in this article.
The preparation process is schematically exhibited in Scheme 1.
In this work, b-CD/PLGA modified MGO (CGMG) was prepared
successfully and characterized by Fourier transform infrared (FT-
IR) spectroscopy, X-ray photoelectron spectroscopy (XPS), Raman
spectroscopy, X-ray diffraction (XRD), magnetization hysteresis
curve, and Brunauer-Emmett-Teller (BET) area. The adsorption
behavior of E2 onto CGMG (i.e. the adsorption kinetics, isotherms,
and thermodynamics) and the factors (i.e., pH and ionic strength)
potentially affecting the adsorption were investigated. Moreover,
the regeneration of CGMG was also explored to assess its
reusability.

2. Experimental section

2.1. Materials

E2 (98% purity, molecular structure presented in Fig. S1) was
obtained from Sigma-Aldrich Corporation. b-CD, PLGA, p-
toluenesulfonyl chloride (PTSC), acetonitrile, ethylenediamine
(EDA), N-hydroxysuccinimide (NHS), dimethyl sulfoxide (DMSO),
dicyclohexylcarbodiimide (DCC), 4-dimethylaminopyridine, phos-
phate buffer solution (PBS), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC), methanol and acetone were of
analytical reagent grade and purchased from Aladdin Industrial
Corporation (Shanghai, China). Graphite powder (particle
size 6 30 lm), ferric chloride (FeCl3), and ferrous chloride (FeCl2)
were supplied by Tianjin Hengxin Chemical Preparation Co., Ltd.
(Tianjin, China). All the solutions were prepared by Milli-Q water
under ambient conditions.

2.2. Preparation of adsorbents

2.2.1. Preparation of NH2-b-CD
(p-Tolylsulfonyl)-b-cyclodextrin (TsO-b-CD) was synthesized

by following the literature method [33]. Briefly, b-CD (10.0 g)
was suspended in Milli-Q water (150 mL), and sodium hydroxide
(NaOH, 4.0 g) in Milli-Q water (7 mL) was instilled dropwise over
6 min. The suspension became homogeneous and slightly yellow
before the addition process was complete. PTSC (2.6 g) in acetoni-
trile (10 mL) was then added slowly over 8 min, which resulted in
immediate formation of white precipitate. After 3 h of stirring at
room temperature, the precipitate was removed through filtration,
and the filtrate was adjusted to neutral pH with HCl. Then, it was
kept overnight at 4 �C in a refrigerator. After that, the resulting
white precipitate was collected through filtration and rinsed 3
times with acetone. Finally, TsO-b-CD was obtained by drying at
60 �C for 48 h under vacuum. Further, TsO-b-CD (5 g) was dissolved
in excess amount of EDA (30 mL) at 75 �C for 4 h to realize nucle-
ophilic reaction. The mixture was cooled down to room tempera-
ture, which led to the formation of the NH2-b-CD by
reprecipitation of the solution via addition of excessive amount
of acetone (30 mL). The precipitate was repeatedly dissolved in a
mixture of Milli-Q water (90 mL) and methanol (30 mL), and
poured into acetone (30 mL). Finally, the product NH2-b-CD was
dried at 50 �C for 3 d in a vacuum oven.

2.2.2. Preparation of b-CD/PLGA
PLGA (0.6 g) and NHS (242 mg) were dissolved in anhydrous

DMSO (5 mL), and then DCC (432 mg) and a catalytic amount of
4-dimethylaminopyridine were introduced into the reaction solu-
tion. Subsequently, the reaction mixture was vigorously stirred at
room temperature for 3 d. Further, the solution of NH2-b-CD
(2.3 g) in DMSO was instilled dropwise into the reaction system
followed by constant stirring for 5 d. Then the solution was diluted
with Milli-Q water (20 mL), and the dicyclohexylurea was filtered
off. Besides, the filtrate was further purified by dialysis (with a



Scheme 1. Schematic representation of synthesis processes of the CGMG composite.

L. Jiang et al. / Chemical Engineering Journal 308 (2017) 597–605 599
molecular weight cutoff of 7000 Da) against deionized water at
room temperature for 3 d to remove the residual NH2-b-CD.
Finally, the dry product was obtained by vacuum drying the above
mentioned solution [20].

2.2.3. Preparation of MGO
GO nanosheets were synthesized from natural powder graphite

via the modified Hummers method [26,34]. The details about the
synthesis of GO nanosheets were provided in the Supplementary
material. Further, MGO was prepared using coprecipitation
method [35]. Briefly, GO solution (400 mL, 5 mg/mL) was added
to mixed solution (200 mL) of FeCl3 (0.1 mol/L) and FeCl2
(0.05 mol/L), and was vigorously stirred by addition of ammonia
solution (pH was adjusted to 10) under 85 �C for 45 min. Then
chemical precipitation was achieved, and the precipitate was
rinsed with Milli-Q water until the solution was almost neutral,
which resulted in the formation of MGO suspension.

2.2.4. Preparation of b-CD/PLGA/MGO
MGO (0.1 g) was dispersed in PBS (5.0 mL, pH 6), and then con-

tinuously stirred and ultrasonicated for 30 min. Afterward, b-CD/
PLGA (0.1 g) and EDC (0.03 g) were introduced into the MGO dis-
persion and the mixed system was sonicated at 4 �C for 1 h. The
mixture was stirred continuously for 48 h at room temperature.
Finally, the obtained b-CD/PGA/MGOwas rinsed several times with
Milli-Q water and dried for 48 h under vacuum [32].

2.3. Characterization methods

FT-IR spectra were recorded on a spectrophotometer (Nicolet
5700 Spectrometer) with the range from 500 to 4000 cm�1 using
the KBr pellet technique. XPS was performed using an ESCALAB
250Xi X-ray photoelectron spectrometer (Thermo Fisher, USA)
with the scanning range of 0–1000 eV. Raman spectra were
obtained by using a Raman spectrometer (Labram-010, FAR) with
the scanning range of 300–2000 cm�1 at 532 nm excitation wave-
length. XRD measurement was carried out using an X-ray diffrac-
tometer (Rigaku D/max-2500, Japan) with CuKa radiation
(k = 0.154 nm) at a voltage of 40 kV and a current of 30 mA. The
average crystallite size was estimated using the Debye-Scherrer
equation (detailed information provided in Supplementary mate-
rial). The magnetic property was determined with magnetization
curve via a vibrating sample magnetometer (Lake Shore 7410,
USA). The BET surface area and the pore size distribution were
obtained by using N2 adsorption and desorption (Quantachrome,
USA) at 77 K over a relative pressure ranging from 0.0955 to
0.993. The surface morphologies of the adsorbents were measured
by scanning electron microscopy (SEM) (JSM-7001F, Japan).
2.4. Adsorption experiments

All batch sorption experiments were performed in a water bath
shaker at a shaking speed of 160 rpm. The E2 stock solution was
prepared through dissolving E2 in methanol and the desired E2
working solutions were diluted from E2 stock solutions with
Milli-Q water. Moreover, in order to avoid the cosolvent effect,
the volume of methanol in the working solutions was maintained
at less than 0.1%. For all the adsorption experiments, CGMG
(5 mg) was added in E2 solution (100 mL). After being shaken for
12 h in a water bath shaker with a shaking speed of 160 rpm, the
mixture was separated by using a permanent magnet. Effect of ini-
tial solution pH on E2 adsorption was investigated at initial E2 con-
centration of 2 mg/L and 298 K. The pH was adjusted to desired
values through adding negligible volumes of NaOH or HCl solution.
Effect of ionic strength on the adsorption of E2 was examined by
adding NaCl to 2 mg/L E2 solutions containing with concentrations
ranging from 0.001 to 0.1 M at 298 K and pH 7.0.

The concentrations of E2 were measured through an F-4500 flu-
orescence spectrophotometer (Hitachi, Japan) as described in the
Supplementary material. The amount of E2 adsorbed per unit mass
of the adsorbent was evaluated based on the mass balance equa-
tion as follows:

qe ¼
ðCo � CeÞV

m
ð1Þ

where qe (mg/g) is the adsorbed amount of E2 at equilibrium; Co
and Ce (mg/L) stand for the initial and equilibrium concentrations
of E2 in the solution, respectively; V (L) is the volume of the E2 solu-
tion, and m (g) is the mass of the adsorbent used.
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2.5. Recycling

To regenerate CGMG, the residues after adsorption were
washed three times with NaOH solution (50 mL, 4 wt.%) at 25 �C.
Further, the residues were transferred into pure acetone (50 mL),
then the vial was sealed by aluminum foil and agitated at 298 K
and 160 rpm for 24 h [36]. After drying, the CGMG adsorption
capacity was determined via aforementioned processes, and the
relative adsorption capacity was calculated by using qe,n/qe,o,
where qe,n and qe,o were the adsorption capacity of CGMG in the
n cycle and without regeneration, respectively.
3. Results and discussion

3.1. Characterization of materials

The FT-IR spectra of MGO, b-CD/PLGA, and CGMG are shown in
Fig. 1a. For MGO, the peaks at 3402, 1725, 1387, 1220, and
1087 cm�1 are assigned to the stretching vibrations of O–H, C@O,
O@C–O, C–O–C, and C–O bonds, respectively. The peak at
1624 cm�1 resulted from the skeletal vibration of the C@C bond.
The strong peak at 560 cm�1 corresponded to the stretching vibra-
tion of Fe–O in Fe3O4. Thus, it indicated that MGO was prepared
successfully. For b-CD/PLGA, the peak at 1052 cm�1 was attributed
to the vibration of antisymmetric glycosidic ma (C–O–C) of b-CD.
The characteristic absorbance peak at 1446 cm�1 was assigned to
–NHCO– stretching vibration. Compared to the vibration of –
NHCO– in PLGA (Fig. S2), the vibration of -NHCO- was expressed
differently with respect to size and position, which indicated pos-
sible connection of b-CD and PLGA through –NHCO– bond, and
successful synthesis of b-CD/PLGA. For CGMG, the presence of Fe-
O in Fe3O4 (at 560 cm�1), the antisymmetric glycosidic ma (C-O-C)
vibrations (at 1028 cm�1), and the –NHCO– stretching vibration
(at 1552 cm�1) were also observed, indicating successful synthesis
of CGMG.

The surface functional groups and chemical composition of
CGMG were analyzed by XPS. For XPS spectra of CGMG (Fig. 1b),
it revealed that besides peaks of C1s and O1s, two notable peaks
attributed to N1s and Fe2p are also observed, which originate from
b-CD/PLGA and Fe3O4 nanoparticles of MGO. Furthermore, the ele-
mental analysis exhibited a significant increase in O/C atomic ratio
of CGMG (0.53) compared to that of MGO (0.31), which demon-
strated that b-CD/PLGA might have high relative O/C atomic ratio.
From the N1s XPS spectrum of CGMG in Fig. S3, a mainly peaks
were observed at 389.9 eV which might be attributed the C-NH-C
groups originated from b-CD/PLGA. Therefore, it could conclude
that both b-CD/PLGA and MGO were successfully grafted onto
CGMG.

In the Fig. 1c of Raman spectra, two prominent peaks at ca. 1345
and 1607 cm�1 were assigned to the D band and the G band,
respectively. The D band relating to the stretching vibration of
sp3 carbon atoms results in defects and disorders. However, the
G band is related to the stretching vibration of sp2 carbon atoms
in a graphitic 2D hexagonal lattice. As well known, the intensity
ratio of D band (ID) and G band (IG) could be used to investigate
the extent of disorder [37]. The ID/IG of CGMG (1.05) was slightly
larger than that of GO (0.88), which demonstrated the introduction
of b-CD/PLGA into the sp2 carbon network of MGO. As shown in
XRD pattern (Fig. 1d), seven intense diffraction peaks for CGMG
(2h = 30.23, 35.53, 37.66, 43.42, 53.85, 57.17 and 62.84) corre-
sponded to the facets [(2 2 0), (311), (2 2 2), (400), (422), (511)
and (440)] of the cubic spinel crystal planes of Fe3O4 (JCPDS card
No. 19-0629) [38], respectively. It also indicated that the Fe3O4

nanoparticles were successfully grafted on CGMG. Besides, the
average crystallite size of Fe3O4 was determined by Debye-
Scherrer analysis of the X-ray diffraction data. According to the
Debye-Scherrer equation, the average crystallite size, which was
calculated based on the XRD pattern (311), was approximately
26 nm. This indicated that Fe3O4 was nanocrystalline [39].

To further examine the magnetic properties of CGMG, magneti-
zation hysteresis curve was obtained by using vibrating sample
magnetometry (VSM) at room temperature. For Fig. 1e, it showed
that the saturation magnetization (Ms) of the CGMG composite
was 0.09043 emu/mg, which indicated that CGMG composite
exhibited high magnetism and was enough to realize solid–liquid
separation via a permanent magnet. The retentivity (Mr) was
0.00614 emu/mg, which indicated rather little residual magnetiza-
tion when the additive magnetic field was removed and CGMG
composite showed a superparamagnetic behavior. Furthermore,
the separation performance of CGMG could be demonstrated by
the insets shown in Fig. 1e which illustrated that CGMG could be
collected from the host liquid through a permanent magnet. Thus,
it suggested that CGMG had excellent magnetic properties and
might be recycled conveniently.

To examine the SSA of CGMG, the nitrogen adsorption–desorp-
tion isotherms were obtained as shown in Fig. 1f. The CGMG com-
posite exhibited higher SSA of 298.9 m2/g, when compared to that
of b-CD/PLGA (105.5 m2/g). The increase in SSA for CGMG con-
firmed that grafting MGO could promote the special surface area
of b-CD/PLGA, thus providing more sites for adsorption. The typical
SEM images of the GO and CGMG are exhibited in Fig. S4. From
Fig. S4a, GO presented the sheet-like structure with the large thick-
ness, smooth surface, and wrinkled edge. After the modification to
form the CGMG composite (Fig. S4b), the CGMG had a much
rougher surface which indicated that many small magnetic parti-
cles and b-CD/PLGA had been assembled on the surface of GO lay-
ers with a high density.

3.2. Adsorption kinetics

Kinetic investigation illustrates crucial information about the
mechanism of E2 adsorption onto CGMG, which is beneficial to
research the adsorption rate of adsorbent and control the residual
time of entire adsorption reaction. In this work, Fig. 2a exhibits the
time dependence of E2 adsorption on CGMG at different initial con-
centrations. Clearly, a rapid adsorption of E2 occurred during the
first 100 min, followed by a slower adsorption until the adsorption
equilibrium was obtained in approximately 480 min. The rapid
adsorption rate might be attributed to the absence of internal dif-
fusion resistance and the availability of large number of vacant
sites for adsorption at the initial stage [40,41].

In order to further detect the detailed information about the
adsorption process of CGMG, two kinetic models were used to ana-
lyze the experimental data, including pseudo-first-order and
pseudo-second-order model. Detailed information about these
models was provided in the Supplementary material. The nonlin-
ear fits of pseudo-first-order and pseudo-second-order sorption
kinetics are illustrated in Fig. 2a, respectively. The kinetic parame-
ters simulated from these models are provided in Table 1. Clearly,
the value of determination coefficients (R2) in pseudo-second-
order model was much higher than that in the pseudo-first-order
model. The values of root mean square error (RMSE) and chi-
square test (v2) in pseudo-second-order model were lower than
those in pseudo-first-order model. Moreover, a more little discrep-
ancy was observed between the experimental and the calculated
adsorption capacity in pseudo-second-order model, compared to
that in pseudo-first-order model. Thence, it could concluded that
the pseudo-second-order kinetic model fitted the adsorption pro-
cess better than the pseudo-first-order model, suggesting that
the adsorption rate depended on chemisorption (i.e., p-p interac-
tion or hydrogen bonding) [34].



Fig. 1. (a) FTIR spectra of MGO, b-CD/PLGA, and CGMG; (b) XPS survey of MGO and CGMG; (c) Raman spectra of GO and CGMG; (d) XRD pattern of CGMG; (e) VSM
magnetization curve of CGMG (Insets exhibit the CGMG dispersed in ultrapure water and separated via the external magnetic field); (f) N2 adsorption-desorption isotherms of
CGMG.
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Since the above kinetic models were not able to identify the
mass transfer steps in E2 uptake, intraparticle diffusion model
was further examined. Detailed information about this model
was provided in the Supplementary material. As illustrated in
Fig. 2b, the plots of qt versus t0.5 for the E2 adsorption were
multi-linear containing three distinct regions, which suggested
multiple steps taking place during the adsorption process. The first
section with a sharp curve might be attributed to the transport of
E2 from the bulk solution to the external surface of CGMG via film
diffusion. The second section exhibited a gradual adsorption stage
which was controlled by intraparticle diffusion (from the external
surface into the pores of CGMG). The third section was the final
equilibrium step where the intraparticle diffusion started to reach
saturation [42]. Thus, it could be concluded that both the film



Fig. 2. (a) Effect of the contact time on E2 adsorption onto CGMG at different initial concentrations (0.8 and 2 mg/L) and (b) Intraparticle diffusion model for the E2 adsorption
onto CGMG (m/V = 0.05 g/L, pH = 7.0, T = 25 �C).

Table 1
Kinetic model constants for the E2 uptake by CGMG.

Co (mg/L) Pseudo-first-order Pseudo-second-order

k1 (1/min) qe,1 (mg/g) RMSE v2 R2 k2 (g/mg min) qe,2 (mg/g) RMSE v2 R2

0.8 8.75 � 10�2 13.87 0.54 0.29 0.81 1.30 � 10�2 14.26 0.27 0.051 0.97
2 1.70 � 10�2 31.84 3.25 10.57 0.85 7.05 � 10�4 34.50 1.83 3.34 0.95

The experimental adsorption capacities at 0.8 and 2 mg/L are 14.35 and 33.80 mg/g, respectively.
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diffusion and intraparticle diffusion were involved in the diffusion
process, and the intraparticle diffusion was not the sole rate-
controlling step in all the stages.
Fig. 3. Langmuir and Freundlich non-linear plots of adsorption isotherms for E2
onto the CGMG at 298, 313, and 323 K. The solid lines are Langmuir model
simulation, and the dashed lines are Freundlich model simulation (m/V = 0.05 g/L,
pH = 7.0, t = 12 h).
3.3. Adsorption isotherms and thermodynamics

In order to better investigate the adsorption mechanisms, the
experimental data were further analyzed via two isotherm models,
namely, Langmuir and Freundlich models which were described in
the Supplementary material. Langmuir model can be used to illus-
trate homogeneous adsorption, wherein all the adsorption sites
have equal adsorbate affinity; however, Freundlich model consid-
ers heterogeneous adsorption because of the diversity of the
adsorption sites [43]. Fig. 3 shows the adsorption isotherms for
the adsorption of E2 onto CGMG at different temperatures, and
the relative simulated parameters are listed in Table 2. As can be
seen in Table 2, the adsorption experimental data were better fit-
ted by Langmuir model according to the values of R2, RMSE, and
v2. The better simulation of experimental data by Langmuir model
demonstrated the monolayer coverage of E2 onto the homoge-
neous surface of CGMG. Based on the Langmuir model fitting data,
the maximum adsorption capacities of CGMG at 298, 313 and
323 K were 85.80, 71.75, and 56.71 mg/g, respectively. The com-
parisons of maximum adsorption capacities of the CGMG compos-
ite obtained in this work with various adsorbents previously
studied for the adsorption of E2 were investigated. It illustrated
that the E2 adsorption capacity of CGMG at 298 K (85.80 mg/g)
was higher than other adsorbents, including single-walled carbon
nanotubes (27.5 mg/g) [7], Multi-walled carbon nanotubes
(63.15 mg/g) [44] and activated carbon (67.6 mg/g) [4]. The excel-
lent adsorption performance of CGMG could be mainly ascribed to
the following factors: (1) there were mass of oxygen-containing
functional groups on CGMG (FT-IR and XPS analysis), which might
increase the dispersion of CGMG in water and be favorable for gen-
erating hydrogen bonding between the hydroxyl of E2 and the
oxygen-containing groups on CGMG [34]; (2) the aromatic matrix
of GO in CGMG possessing the p-electron acceptor or donor prop-
erties could bind hydrophobic portions in E2 through p-p interac-
tions or hydrophobic effect [45].

Besides, the thermodynamic parameters, such as standard free
energy change (DG�), standard enthalpy change (DH�) and stan-
dard entropy change (DS�), were calculated from the experimental
data via relative equations as described in the Supplementary



Table 2
Adsorption isotherm parameters for the E2 uptake by CGMG at 298 K, 313 K and 323 K.

T (K) Langmuir model Freundlich model

qmax(mg/g) KL (L/mg) RMSE v2 R2 n KF ((mg/g)/(mg/L)n) RMSE v2 R2

298 85.80 1.75 2.25 5.05 0.962 0.71 66.79 2.44 5.93 0.956
313 71.75 1.67 1.22 1.48 0.987 0.67 51.34 1.55 2.41 0.979
323 56.71 1.37 1.09 1.18 0.985 0.63 34.11 1.50 2.25 0.971
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material. As illustrated in Table S1, the values of DG�were found to
be negative at different temperatures, indicating that the adsorp-
tion reaction was a spontaneous process [46]. The positive value
of DH� proved that the adsorption was exothermic, which was in
good agreement with the result shown in Fig. 3 that the adsorption
of E2 decreased with the increase in temperature. Besides, the neg-
ative DS� value revealed the decreased randomness at solid-liquid
interface during the adsorption process [47].
3.4. Effect of initial solution pH value

Lewis acid-base interactions (i.e., hydrogen bonding) are fre-
quently sensitive to pH because of the competition between H+

and OH- ions in aqueous solution [48]. Fig. 4a exhibits that the
E2 uptake by CGMG is slightly influenced by pH in the range of
4.2–8.1. Nevertheless, the influence became significant when the
pH increased to around 10.1, where the adsorption capacity of E2
reduced to 23.56 mg/g. These phenomena could be associated to
the characteristic ionization of E2 molecule in aqueous solution.
E2 molecule, as a weak Lewis acid, was strongly dependent upon
solution pH during the ionization process. The microspecies distri-
bution of E2 molecule in aqueous solution is illustrated in Fig. 4b.
At pH ca. 8.0, E2 molecule started to deprotonate. At pH > 9.2, the
deprotonation became evident. The OH- ion, as strong Lewis base,
was capable of easily attracting the proton on the phenolic hydro-
xyl moiety of E2 molecule and thus led to the deprotonation.
Deprotonation would enhance the solubility of E2 in aqueous solu-
tion [49,50] and break the hydrogen bonds between E2 and CGMG
functional groups via replacement with the protons on E2 mole-
cules. Thus, the ability of E2 molecule to form hydrogen bond with
CGMG reduced after deprotonation in aqueous solution. Moreover,
CGMG was also negatively charged at high pH levels, resulting in
producing repulsive electrostatic interaction between negatively
charged E2 anions [34]. The CGMG adsorption process was sensi-
Fig. 4. (a) Effect of pH on adsorption E2 by CGMG and (b) distribution of E2 microspe
T = 25 �C).
tive to pH, which might limit its applications. Nevertheless, it
revealed that exhausted CGMG adsorbent could be conveniently
regenerated under specific pH conditions.
3.5. Effect of ionic strength

To investigate the influence of ionic strength on the removal of
E2 by CGMG, the adsorption capacity was investigated in the pres-
ence of sodium chloride. Fig. 5 shows that increasing ionic strength
has negligible influence on adsorption of E2 by CGMG. As a general
rule, the effect of ionic strength on adsorption resulted in two
potential impacts: (1) increasing ionic strength promoted the
activity coefficient of hydrophobic organic compounds and
reduced their solubility (i.e. salting out effect), which was benefi-
cial to E2 adsorption [51]; (2) the penetration into diffuse double
layer surrounding the CGMG surfaces of ions might lead to the
elimination of repulsive interaction between the adsorbents and
facilitate generation of a more compact aggregation structure (i.e.
squeezing-out), which was unfavorable for E2 uptake [34]. There-
fore, results might be attributed to the fact that the contribution
of salting-out effect to the E2 uptake was equal to that of the
squeezing-out effect, or both the salting-out effect and
squeezing-out effect were too weak to affect the E2 uptake by
CGMG.
3.6. Cycles

An ideal adsorbent should have high adsorption ability as well
as excellent desorption performance, which reduces the operating
cost for the adsorbent application. Thus, the adsorption capacity of
the desorbed CGMG was examined by using NaOH and acetone as
eluents and re-immersing the regenerated CGMG in E2 solution
with known concentration. The adsorption performance of the
regenerated CGMG is exhibited in Fig. 6, indicating that the adsorp-
cies in aqueous solution as a function of pH (m/V = 0.05 g/L, Co = 2 mg/L, t = 12 h,



Fig. 5. Effect of ionic strength onadsorptionE2byCGMG(m/V = 0.05 g/L,Co = 2 mg/L,
t = 12 h, pH = 7.0, T = 25 �C).

Fig. 6. Adsorption ability of E2 by CGMG during six adsorption/desorption cycles
(m/V = 0.05 g/L, Co = 2 mg/L, T = 25 �C).
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tion ability of the regenerated CGMG gradually reduces with sub-
sequent uses. The adsorption ability of CGMG reduced only by
approximately 11.3% after the 6th cycle, compared to that without
regenerated CGMG. This reduction might be ascribed to the loss of
binding sites after each desorption procedure. These results
demonstrated that the recovery efficiency of CGMG was relatively
high with slightly affected by the sixth consecutive regeneration
cycles and CGMG could be qualified for practical application.
4. Conclusions

In summary, a novel adsorbent, namely, b-cyclodextrin/poly(L-
glutamic acid) supported magnetic graphene oxide (CGMG) was
fabricated, characterized, and utilized for the removal of 17b-
estradiol (E2) from aqueous solution. The magnetization property
of CGMG suggested that the adsorbent could be easily separated
and collected from reaction solution via an external magnet. The
process of adsorption obeyed pseudo-second-order kinetics, and
both film diffusion and intraparticle diffusion were involved in
the adsorption process. Besides, the equilibrium data were well
simulated by the Langmuir model, and the calculated E2 adsorp-
tion capacity of CGMG was 85.80 mg/g at 298 K from this model.
The E2 adsorption was an exothermic and spontaneous process.
Moreover, E2 uptake by CGMG was strongly dependent on pH,
and high pH was unfavorable for E2 adsorption. Nevertheless, ionic
strength had negligible influence on E2 adsorption. Furthermore,
CGMG regeneration experiments indicated its good durability
and easy regeneration. Therefore, CGMG is a useful adsorbent for
the rapid elimination of E2 from aqueous solution with subsequent
uses and could be realized for immediate separation from aqueous
solution via external magnetic field.
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