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Bisphenol A (BPA) is a chemical with the potential to cause estrogenic and genotoxic effects on humans and

wildlife. In this study, a novel and quick method was employed for selective removal of BPA from aqueous

solutions, which used magnetic graphene oxide-based molecularly imprinted polymers as the adsorbent.

Adsorption experiments were carried out to examine the effect of pH, initial concentration of BPA,

isotherms and sorption kinetics on the adsorption of BPA by magnetic molecularly imprinted polymers

(MMIPs). Results revealed the maximum adsorption capacity of BPA by MMIPs was 106.38 mg g�1 at 298

K and the equilibrium data of MMIPs were described well by a Langmuir isotherm model. Furthermore,

the sorption kinetics followed the pseudo-second-order equation, which indicated that the chemical

process might be the rate limiting step in the adsorption process for BPA. In addition, selective binding

experiments were performed using 2,4-dichlorophenol and phenol as competitive compounds, and the

resulting selectivity coefficients for the experiment were 2.505 and 2.440, respectively. All these results

revealed that the prepared MMIPs had good selectivity and effective adsorption for BPA.
1. Introduction

Bisphenol A (2,2-bis(4-hydroxyphenyl)propane, BPA) is a chem-
ical with the potential to cause estrogenic and genotoxic effects
on humans and wildlife even at extremely low concentrations.1–3

Over the past few decades, BPA has frequently been detected in
drinking containers, consumer plastics, and environmental
water.4 Numerous methods have been used for the removal of
BPA from the environment including adsorption,5–7 ozonation,8

membrane separation technology9 and advanced oxidation
processes.10 However, it is highly resistant to chemical degra-
dation, and biodegradable, conventional wastewater treatment
methods are only partially efficient in removing it.11 Addition-
ally, these techniques cannot selectively remove BPA from
complex matrixes, which limited their further application. For
these reasons, searching for an appropriate adsorbent that has
effective capacity and selective recognition is necessary.

Recently, molecularly imprinted polymers (MIPs), a type of
tailor-made synthetic polymer with high affinity for target
molecules, have gained worldwide attention.12 MIPs are usually
synthesized by polymerizing a crosslinking agent with
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a template–monomer complex. Following removal of the
template, the specic binding sites which are complementary in
size and shape to the template molecule are generated at the
polymer.13–15 Because of their predetermined selectivity, MIPs
have been widely used in adsorption,16 separation,17 sensor
devices,18 catalysis19 and so on.20 However, the MIPs prepared by
traditional methods suffer from some intrinsic limitations, such
as poor site accessibility, time consuming, deeply buried
binding sites in bulk and incomplete template removal.21,22 With
the purpose of overcoming the previously mentioned problems,
the surface imprinting technique which designs the recognition
sites on the surfaces of suitable substrates was employed.23,24

Graphene oxide (GO), with strictly two-dimensional mate-
rials and large specic surface area, has become an attractive
carrier for preparing surface MIP composites.25,26 Li et al. have
developed a GO-based MIP platform for detecting endocrine
disrupting chemicals.26 The resulting composites exhibited
high selectivity and outstanding affinity towards 2,4-dichlor-
ophenol (2,4-DCP). Chen et al.27 have reported an imprinted
electrochemical sensor which is based on graphene for the
determination of 4-nonylphenol. Mao et al.28 have also
successfully established an electrochemical sensor for dopa-
mine using graphene sheets/Congo red MIP composites as
a molecular recognition element. The prepared electrodes could
determine dopamine with a wide linear range from 1.0 � 107 to
8.3 � 104 M. In addition, studies have reported that GO could
RSC Adv., 2016, 6, 106201–106210 | 106201
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Fig. 1 Synthesis route of MMIPs and their application for the removal of BPA with the help of an applied magnetic field.
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act as an adsorbent for BPA decontamination by p–p stacking
interactions and hydrogen bonds.29

However, magnetite (Fe3O4) magnetic nanoparticles (MNPs)
have caused considerable interest in catalysis, sensors and
environmental remediation and this is attributed to their unique
magnetic characteristics, eco-friendliness and biocompatibility
in physiological environments.30–32 Recently, the combination of
magnetic particles and a surface imprinting technique have
attracted more attention. By incorporating magnetic particles,
the resultingmagnetic molecularly imprinted polymers (MMIPs)
can not only selectively recognize the target pollutant from
complex samples, but can also be quickly collected and regen-
erated using an external magnetic eld. The combination of the
magnetic characteristic of MNP and the selectivity of MIP could
widen the scope of their potential application.

In this research, a novel MMIP based on magnetic GO
particles was successfully prepared for selective removal of BPA
from aqueous solutions. The effect of pH, initial concentration
of BPA, isotherms and sorption kinetics on the adsorption of
BPA by the prepared MMIPs were examined in detail. Further-
more, the selectivity of the obtained MMIPs for BPA was eval-
uated in single and binary systems. The preparation route of
MMIPs and their application for removal of BPA with the help of
an external magnetic eld is presented in Fig. 1.

2. Experimental
2.1. Materials and methods

BPA, tetrabromobisphenol A (TBBPA), phenol, 2,4-DCP, graphite
powder, methacrylic acid (MAA), azobisisobutyronitrile (AIBN),
oleic acid, ethylene glycol dimethylacrylate (EGDMA), dimethyl
sulfoxide (DMSO), hydrogen peroxide (30% H2O2),
106202 | RSC Adv., 2016, 6, 106201–106210
poly(vinylpyrrolidone) (PVP), iron(II) chloride tetrahydrate
(FeCl2$4H2O) and ferric chloride hexahydrate (FeCl3$6H2O) were
purchased from Sinopharm Chemical Reagent Co., Ltd.,
(Shanghai, China). 3-(Methacryloyloxy)propyltrimethoxysilane
(MPS) was purchased from Aladdin Industrial Corporation
(Shanghai, China).
2.2. Preparation of MMIPs

GO was prepared from natural graphite powder using the
modied Hummers' method.33 Firstly, 35 mL of sulfuric acid,
0.6 g of graphite and 1.0 g of sodium nitrate were stirred
together in an ice bath. Aer the graphite powder was well
dispersed, 3 g of potassium permanganate was slowly added to
the mixture and the temperature was kept below 10 �C. Subse-
quently, when the mixture was transferred to a 35 �C water bath
and stirred for 30 min, 150 mL of deionized water (H2O) was
slowly added to the mixture with vigorous agitation. Then the
mixture was stirred for about 15 min while the temperature was
increased to 98 �C, followed by the slow addition of 200 mL of
deionized water (60 �C). A portion (10 mL) of H2O2 (30%) was
then added slowly into the previous mixture, which turned the
color of the solution from dark brown to yellow. Finally, the
resultant yellow-brown GO was washed with a 10% aqueous
solution of hydrochloric acid and distilled water until the pH
was 7.0 and then dried at 50 �C for 24 h.

Magnetic graphene oxide particles (MGO) were obtained via
a co-precipitation technique.34 GO (2.0 g) was dispersed into 180
mL of ultrapure water, which contained 4.72 g of FeCl3$6H2O,
with ultrasonic vibration for 30 min. In order to form a stable
suspension, the mixture was stirred continually for 3.0 h.
Subsequently, 1.72 g of FeCl2$4H2O was dissolved in the previous
This journal is © The Royal Society of Chemistry 2016

http://dx.doi.org/10.1039/c6ra21148h


Paper RSC Advances

Pu
bl

is
he

d 
on

 0
8 

N
ov

em
be

r 
20

16
. D

ow
nl

oa
de

d 
by

 D
uk

e 
U

ni
ve

rs
ity

 o
n 

27
/0

4/
20

18
 1

1:
50

:2
4.

 
View Article Online
mixture in a nitrogen (N2) atmosphere and the solution heated to
80 �C. Then 10 mL of ammonium hydroxide solution (25%, w/w)
was added dropwise to the solution with stirring, a black
precipitate appeared immediately and the reaction was carried
out for 30 min. Finally, the black precipitate was collected using
an applied magnetic eld. The materials obtained were dried
under vacuum at 60 �C, and modied with MPS-introduced pol-
ymerizable double bonds. Simply, 0.45 g ofMGOwas dispersed in
75mL of ethanol containing 5.0mL ofMPS, then themixture was
stirred at 40 �C for 12 h under continuous stirring. Finally, the
products obtained were collected and washed with ethanol and
water several times, and then dried under vacuum at 60 �C.

The MMIPs were synthesized according to a previous
method reported in the literature with a few modications, and
the steps are listed next.35 Firstly, 1.0 mmol of template (BPA)
and 4.0 mmol of functional monomer (MAA) were dispersed
into the 10 mL of DMSO. In order to obtain the pre-assembly
solution, the mixture was stirred in an ultrasonic bath for
1.0 h. Subsequently, 1.0 g of MGO particles were blended with
2.0 mL of oleic acid and stirred for 10 min. Then, 20 mmol of
EGDMA was added into the previous mixture and stirred
continually for 30 min to obtain the pre-polymerization solu-
tion. Meanwhile, 0.4 g of PVP used as dispersant was dissolved
in 120mL of a solution of DMSO : H2O (9 : 1, v/v) under stirring.
Then, the pre-polymerization, pre-assembly solutions and 0.3 g
of AIBN were added together into the solution of DMSO : H2O.
Then the mixture was purged with N2 gas for 30 min and kept
under 60 �C for 24 h. Upon completion, the polymers obtained
were collected using a magnet, and then washed with a mixture
of methanol/acetic acid (9 : 1, v/v) with Soxhlet extraction until
no templates were detected in the rinses. Finally, the polymers
obtained were dried at 60 �C for 24 h. As a reference, the
magnetic non-imprinted polymers (MNIPs) were prepared
using the identical synthetic protocol but omitting the BPA.
2.3. Adsorption experiments

Experimental parameters such as pH value (3–10), equilibration
time (0–40 min), initial concentration of BPA (10–100 mg L�1)
were investigated in detail. In a study of the adsorption capacity,
0.01 g of sorbent (MMIPs or MNIPs) was dispersed into 50 mL of
ethanol solution (25%, v/v) with various concentrations of BPA.
The residual amount of BPA in the aqueous phase was
measured using ultraviolet-visible spectrophotometry at
278 nm. The amount of BPA adsorbed on the MMIPs was
calculated using the following eqn (1):

Qt ¼ (C0 � Ct)V/W (1)

where C0 is the initial BPA concentration in solution (mg L�1);
Ct represents the residual concentration in solution at time, t
(mg L�1); V is the solution volume (L), and W is the mass of the
adsorbent (g).
2.4. Binding selectivity

To measure the specicity of MMIPs, 0.01 g of the MMIPs were
added into 100 mL asks, each of which contained 50 mL of
This journal is © The Royal Society of Chemistry 2016
a solution of 500 mg L�1 of BPA, TBBPA, 2,4-DCP, or phenol.
Furthermore, the competitive binding of MMIP for BPA were
conducted by preparing mixtures of BPA and 2,4-DCP, and BPA
and phenol. Sorbent (0.01 g; MMIPs or MNIPs) was added into
a 100 mL ask, each of which contained 50 mL of a solution
containing 500 mg L�1 BPA and interferences. The experiments
were carried out on a shaker at 25 �C for 40 min. The static
distribution coefficient (Kd), selectivity coefficients (k) and
relative selectivity coefficients (k0) were used to assess the
selectivity of MMIPs. The previously mentioned parameters
were calculated according to the following eqn (2)–(4):

Kd ¼ Qe/Ce (2)

k ¼ Kd(BPA)/Kd(SC) (3)

k0 ¼ kMMIP/kMNIP (4)

where Qe and Ce are the adsorption capacity and equilibrium
concentrations of BPA and similar compounds, respectively;
Kd(BPA) and Kd(SC) are the static distribution coefficients of BPA
and competitive compounds, respectively; kMMIP and kMNIP

represent the selectivity coefficients of MMIPs and MNIPs,
respectively.
3. Results and discussion
3.1. Characterization of adsorbents

The morphology of GO (a), MGO (b) and MMIPs (c) were
examined using scanning electron microscopy (SEM), and the
resulting patterns are shown in Fig. 2. In Fig. 2(a), GO displayed
a relatively large surface area, and its morphology resembles
a thin wrinkled curtain or crumpled akes/sheet. As shown in
Fig. 2(b), spherical and stick-like magnetic particles covered the
surface of GO. Fig. 2(c) showed some agglomerates with
a distribution of bead sizes. Generally, the type of reaction
materials such as crosslinking monomer, initiator, and the
reaction conditions such as reaction time, temperature and
even the stirring speed could inuence the morphology of the
MMIPs to some degree.35

The Fourier-transform infrared (FT-IR) spectroscopy of the
GO (curve a), MGO (curve b) and MMIPs (curve c) were
measured and the results are shown in Fig. 3. The observed
stretching vibration peak of 584.43 cm�1 (curve b and c) indi-
cated that Fe3O4 was successfully embedded in the MMIPs.
Furthermore, the MMIPs exhibited adsorption bands at around
1726.29 cm�1, 1263.37 cm�1 and 1155.36 cm�1, which were
ascribed to the C]O stretching vibration, the C–O symmetric
and asymmetric stretching vibration of the ester (EGDMA),
respectively.36 These results conrmed that the co-
polymerization of MAA and EGDMA on the surface MGO in
the presence of AIBN had been initiated. As can be seen from
Fig. 4, which shows the X-ray diffraction (XRD) patterns, by
comparing MMIPs with MGO, there were several relatively
strong reection peaks in the 2q of 20–70�. The similar peak
positions (220), (311), (400), (511) and (440) were at the
diffraction angles of 30.23�, 35.37�, 43.23�, 57�, and 62.89�,37
RSC Adv., 2016, 6, 106201–106210 | 106203
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Fig. 2 SEM images of GO (a), MGO (b) and MMIPs (c).

Fig. 3 FT-IR spectra and of GO (a), MGO (b) and MMIPs (c).

Fig. 4 X-ray diffraction (XRD) patterns of MGO (a) and MMIPs (b).
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respectively. It was suggested that the MIP comprised Fe3O4

particles. The magnetic properties of Fe3O4 (a), MGO (b) and
MMIPs (c) were characterized using vibrating sample magne-
tometry (VSM) and the results are shown in Fig. 5. Obviously,
106204 | RSC Adv., 2016, 6, 106201–106210
theMs values of MMIPs was much lower than Fe3O4, because of
the existence of non-magnetic MIP lms. However, as shown in
Fig. 5 (inset), the resulting MMIPs still possessed enough
magnetic force that could be attracted by an external magnetic
eld.

The chemical composition of GO, MGO, MMIPs and MMIPs-
1 (MMIPs aer adsorbing BPA) was investigated using X-ray
photoelectron spectroscopy (XPS). As can be seen from
Fig. 6(a), the C 1s high resolution scan of GO, MGO, MMIPs and
MMIPs-1 could be tted into three peaks with binding energies
of 284.8, 286.5 and 288.0 eV. The peak at �284.8 eV was
attributed to the C]C bonds in the polymer chain,38 the peak at
�286.5 eV was attributed to C–O bonds39 and the peak at 288 eV
was explained by the presence of carbonyl groups.40 The O 1s
high resolution scan of GO, MGO, MMIPs and MMIPs-1 could
be tted into two peaks [Fig. 6(b)] with binding energies of
532 eV and 533 eV, which were attributed to an ester oxygen (O–
C]O) and ether oxygen (C–O), respectively.40 As can be seen
from the results in Table 1, the decrease in the intensity of O 1s
aer adsorbing BPA may be associated with the entrapment of
caffeine resulting in the swelling of the polymer.40
3.2. Adsorption study

3.2.1. Effect of contact time and kinetic study. The
adsorption of BPA was studied kinetically and the results are
presented in Fig. 7. The rst initial adsorption of BPA by MMIPs
was observed within 5 min, followed by a slow increase of the
adsorbed amount until the adsorption equilibrium was reached.
The adsorption rate was fast and the sorption amount of the
MMIPs for BPA reached 293.28 mg g�1 in 5 min. Aer a quick
adsorption, the kinetic curves for removal became stable at
40 min. The short contact time needed to reach equilibrium as
well as the high adsorption capacity suggests that the MMIP
possesses great potential application for the removal of BPA
from aqueous solution. Compared with MMIPs, MNIPs also
displayed some adsorption capacity for BPA, which may be
attributed to the existence of GO. It is known that the surface of
GO has different oxygen containing functional groups. These
functional groups determine the charge, hydrophobicity, and
electron density of the layers and alter the interaction between
phenolic compounds and GO through p–p stacking interactions
and hydrogen bonds.29,41 Furthermore, some studies have re-
ported that GO could act as an adsorbent for BPA decontami-
nation. It was demonstrated that the p–p stacking interactions
This journal is © The Royal Society of Chemistry 2016
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Fig. 5 VSM curves of Fe3O4 (a), MGO (b) and MMIPs (c). The inset shows the separation process of the solution of MMIP in the presence of an
external magnetic field.
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between six-membered carbon rings in GO and the aromatic
rings in BPA were responsible for the adsorption process.42

Furthermore, the MMIPs displayed a much higher binding
capacity than those ofMNIPs, whichmay be ascribed to the good
formation of the specic sites on the surface of MMIPs.43

To further explore the underlying mechanisms of the
adsorption of BPA using MMIPs and MNIPs, the pseudo-rst-
order equation and pseudo-second-order equation44,45 models
were applied to t the experimental data. Two kinetic models
can be expressed as eqn (5) and (6):

ln(Qe � Qt) ¼ ln Qe � k1t (5)

t/Qt ¼ 1/k2Qe
2 + t/Qe ¼ 1/h + t/Qe (6)

In eqn (5) and (6), Qt (mg g�1) represents the amount of BPA
adsorbed at time t and Qe (mg g�1) at equilibrium, k1 (min�1)
and k2 (g mg�1 min�1) are the rate constants of the pseudo-rst
order and the pseudo-second-order, respectively, and these can
be calculated from the plot of ln(Qe � Qt) versus t and t/Qt versus
t, respectively. The value h represents the initial sorption rate
(mg g�1 min�1). All the rate constants of adsorption and linear
regression values summarized in Table 2.

As can be seen from Table 2, the kinetic data was better tted
to pseudo-second-order equation than to pseudo-rst-order
equation, indicating that the chemical process may be the
rate limiting step in the adsorption process for BPA, involving
the hydrogen bond between the sorbent and the adsorbate.

3.2.2. Effect of initial pH. The initial pH of the solution
plays a signicant role in the adsorption process and it may
affect the extent of the surface change of the adsorbent and the
This journal is © The Royal Society of Chemistry 2016
speciations of the pollutant.46 Therefore, it was necessary to
study the effect of pH on the adsorption. Fig. 8(a) shows the
amount of BPA adsorbed by MMIPs or MNIPs at different pH
values. It was observed that the highest amount that could be
adsorbed was obtained when the pH was 6.0, which may be
attributed to two types of adsorbent–adsorbate interactions.
One main interaction was the binding affinity between targets
and the specic imprinting sites.34 The other was p–p interac-
tion between the benzene rings of BPA and GO.29 However, the
adsorption capacity decreased signicantly when the solution
pH ranged from 6.0 to 10.0. This phenomenon may be associ-
ated with the pKa values of BPA and MAA, which were about
10.23 and 5.8, respectively.47 When the pH is above 6, MAA,
which was used in the synthesis of MMIPs has negative charge,
the electrostatic repulsive interactions between BPA and MMIPs
overcame the binding affinity and played an increasing role
during the sorption process. Consequently, compared with the
changes at acid conditions, the amount of BPA adsorbed
dropped sharply when the value of the pH was above 6.0.
Furthermore, the MMIPs had a higher adsorption capacity than
the MNIPs throughout the entire pH-range investigated,
strongly indicating a good imprinting effect.35

3.2.3. Effect of concentration and isotherm study. To esti-
mate the binding properties of MMIPs for BPA, a saturation
sorption experiment was used tomeasure the binding at various
BPA concentrations. As can be seen from Fig. 9(a), the adsorbed
amount of BPA by MMIPs increased with the increasing equi-
librium concentration and nally reached saturation at a higher
equilibrium concentration. Furthermore, the MMIPs exhibited
a higher adsorption capacity than the MNIPs over the whole of
RSC Adv., 2016, 6, 106201–106210 | 106205
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Fig. 6 XPS spectra of C1s (a) and O1s (b) for GO (1), MGO (2), MMIPs (3) and MMIPs after adsorption of BPA (4).
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the concentration range. This was thought to probably be
because of the molecular imprinting effect, which could selec-
tively recognize the target pollutant via the specic binding
106206 | RSC Adv., 2016, 6, 106201–106210
formed in the MMIPs by the polymerization.48 Because of the p–
p interaction between the benzene rings of BPA and GO, MNIPs
also displayed some adsorption capacity.29
This journal is © The Royal Society of Chemistry 2016
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Table 1 XPS quantification results for GO, MGO, MMIPs and MMIPs
after adsorbing BPA (MMIPs-1)

Sample Peak
Position
BE (eV)

Atomic conc.
(%)

GO C 1s 296.62 60.061
O 1s 541.52 37.719

MGO C 1s 284.412 63.309
O 1s 532.046 30.067

MMIPs C 1s 296.52 67.731
O 1s 541.42 25.809

MMIPs-1 C 1s 284.813 69.073
O 1s 532.164 25.034

Fig. 7 Kinetic data and modeling for the adsorption of BPA onto
MMIPs and MNIPs.

Table 2 Kinetic parameters of the pseudo-first-order and pseudo-
second-order equations for adsorption of BPA on to MMIPs andMNIPs

Kinetics models Constant MMIPs MNIPs

Pseudo-rst-order Qe (mg g�1) 466.88 393.63
k1 (min�1) 0.1503 0.2237
R2 0.9597 0.9882

Pseudo-second-order Qe (mg g�1) 535.89 432.41
K2 (g mg�1 min�1) 0.0004 0.0008
h (mg g min�1) 108.51 155.79
R2 0.9787 0.9961

Fig. 8 Effect of initial pH on the BPA adsorption by MMIPs and MNIPs.
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The saturation binding data were further processed with the
Freundlich and Langmuir equations to obtain the adsorption
isotherms.34,41 The equations can be expressed as follows:

Qe ¼ KLQmCe/(1 + KLCe) (7)

Qe ¼ KFCe
1/n (8)

where Ce is the equilibrium concentration of the adsorbate (mg
L�1); Qe is the equilibrium sorption amount (mg g�1); Qm is the
maximum sorption amount of the sorbate (mg g�1); KL is the
This journal is © The Royal Society of Chemistry 2016
affinity constant, where KF (mg g�1) is an indicative constant for
adsorption capacity of the adsorbent and 1/n, ranging between
0 and 1, measures the adsorption intensity or surface hetero-
geneity. The corresponding parameters of these models for
adsorption of BPA are listed in Table 3.

By tting the experimental data with the Langmuir and
Freundlich isotherm equations [Table 3 and Fig. 9(b)], it can be
observed that the maximum adsorption capacity of BPA by
MMIPs was 106.38 mg g�1 at 298 K and the equilibrium data of
MMIPs were described well by the Langmuir isotherm model.
Furthermore, MMIPs displayed a higher binding capacity for
sorption of BPA than GO sorption.49 The good t obtained for
the Langmuir model probably indicated that the chemical
adsorption was dominant, which usually brings about mono-
layer adsorption on the surface of the MMIPs.

In addition, in order to further estimate the binding site
heterogeneity of MMIPs, Scatchard analysis was conducted and
the equation can be expressed as follows:

Qe/Ce ¼ (Qmax � Qe)/Kdi (9)

where Kdi (mg L�1) is the dissociation constant of the binding
sites; Qmax (mg g�1) is the maximum amount of apparent
binding; Ce (mg L�1) is the equilibrium concentration of BPA;
and Qe is the equilibrium adsorption capacity. The Scatchard
plot is shown in the inset of Fig. 9(a).

As can be seen from the inset of Fig. 9(a), the Scatchard plot
for MMIPs was not a single linear curve, but consisted of two
linear parts with different slopes. The linear equation for the
le part of the curve of MMIPs was Qe/Ce ¼ �0.189Qe + 12.48,
and the Kdi and Qmax were calculated to be 5.29 mg L�1 and
16.98 mg g�1, respectively, for the polymer. The linear equation
for the right part of the curve of MMIPs was Qe/Ce ¼ �0.0509 +
5.7632, and the Kdi and Qmax were calculated to be 19.65 mg L�1

and 38.90 mg g�1, respectively, for the polymer. It may be
concluded that the binding site conguration in the MMIPs is
heterogeneous in respect to the affinity for BPA.50 Because of the
p–p interaction between the benzene rings of BPA and GO,
MMIPs displayed a certain amount of dsorption capacity in the
whole process. The two linear relationships may indicate that
RSC Adv., 2016, 6, 106201–106210 | 106207
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Fig. 9 Equilibrium data (a) and modeling for the adsorption of BPA onto MMIPs and MNIPs (b).

Table 3 Adsorption isotherm constants for MMIPs and MNIPs

Isotherm models Constant MMIPs MNIPs

Langmuir Qm (mg g�1) 106.38 56.18
kL (L mg�1) 0.0026 0.0060
R2 0.9902 0.9901

Freundlich n�1 0.146 0.0066
KF (g mg�1) 6.84 15.13
R2 0.9816 0.987

RSC Advances Paper

Pu
bl

is
he

d 
on

 0
8 

N
ov

em
be

r 
20

16
. D

ow
nl

oa
de

d 
by

 D
uk

e 
U

ni
ve

rs
ity

 o
n 

27
/0

4/
20

18
 1

1:
50

:2
4.

 
View Article Online
two types of specic binding sites exist in MMIPs.51 This is quite
common for this kind of non-intervalence type MIP because
different compounds were formed by the bonding between the
imprinted molecule and the functional monomer.37 Similar
observations have been reported in the literature.34 The binding
of BPA to the MNIPs was also examined using the Scatchard
method, and the Scatchard plot for MNIPs was a single straight
line, which revealed that the binding sites of MNIPs were
homogeneous.
Fig. 10 The adsorption capacity of BPA, TBBPA, 2,4-DCP and phenol
on MMIPs and MNIPs shown separately.
3.3. Binding selectivity

3.3.1. Specic adsorption in a single pollutant system. In
order to examine the specicity of MMIPs, the binding of
MMIPs for BPA was compared to TBBPA, 2,4-DCP and phenol
because they all had a certain degree of similar chemical
structure, and the results are shown in Fig. 10. As illustrated in
Fig. 10, MMIPs possessed the highest adsorption capacity for
BPA out of the four adsorbates, and the adsorption capacity of
MMIPs for the four compounds was much higher than that of
MNIP. Because the specic sites which exist in the imprinted
polymers are complementary in shape, size and spatial distri-
bution to the template molecule, BPA has the advantage of
occupying the binding sites over the other compounds.34

However, because of the similar structural homology (–OH) to
the template (BPA), the same hydrogen bond may form between
the structural analog and functional monomers, thereby
resulting in their adsorption capacity. Furthermore, there were
106208 | RSC Adv., 2016, 6, 106201–106210
no specic imprinted sites formed in the MNIPs, thus the
MNIPs adsorbed the target contaminant by non-specic
adsorption and showed low adsorption capacities.

3.3.2. Competitive adsorption in binary pollutant system.
To further evaluate the selectivity of MMIPs for BPA, the batch
experiments were conducted by preparing a mixture of BPA and
2,4-DCP, and a mixture of BPA and phenol, in which the initial
concentration of each of the pollutants was 500 mg L�1. Table 3
lists the results for relative selectivity coefficient, k0, selectivity
coefficient, k and the distribution coefficients, Kd. As shown in
Table 4, MMIPs showed good selectivity for BPA in the mixture
system. The values of k, suggest that the selectivity between the
target pollutant and the other structural analogs were 1.770,
and 2.403 for 2,4-DCP and phenol, respectively, indicating that
the imprinting process was effective and MMIPs could selec-
tively rebind BPA from complex samples. Furthermore, the
relative selectivity coefficients k0 for 2,4-DCP and phenol were
2.505 and 2.440, respectively, conrming that MMIPs had better
This journal is © The Royal Society of Chemistry 2016
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Table 4 Distribution coefficients (Kd), selectivity coefficients (k) of BPA
in the mixture for MMIPs and MNIPs

Mixture

Kd (L g�1) k

k0MMIPs MNIPs MMIPs MNIPs

BPA/2,4-DCP BPA 1.282 0.207 1.770 0.707 2.505
2,4-DCP 0.724 0.293

BPA/phenol BPA 2.055 1.726 2.403 0.985 2.440
Phenol 0.855 1.752

Fig. 11 Sorption of BPA from different water samples using MMIPs and
MNIPs.
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selectivity and sensitivity for BPA than MNIPs. From these
results, it could be implied that the imprinted sites existing in
MMIPs could distinguish BPA from its structural analogs.34
3.4 Removal of BPA from real water samples

In order to evaluate the feasibility of using MMIPs for removing
BPA from complex matrices, surface water, spiked deionized
water and a wastewater were applied to MMIPs. As can be seen
from Fig. 11, MMIPs had a higher adsorption capacity than
MNIPs. Also, the adsorption capacity of MMIP for BPA in
deionized water was higher than in surface water and waste-
water, suggesting that the capacity of MMIPs in removing BPA
in real environmental water was reduced. This phenomenon
may be attributed to the presence of many different organic/
inorganic contaminants in environmental water bodies, which
can also bind to MMIPs, thus reducing the adsorption capacity
of MMIPs for BPA. The results suggested that there was
a potential application for the MMIPs to be used to selectively
remove BPA from water and wastewater.
4. Conclusions

In this work, a novel MMIP based on MGO particle was used as
an effective and selective adsorbent for the removal of BPA from
aqueous solution. Because of the imprinting effect and p–p
This journal is © The Royal Society of Chemistry 2016
stacking interactions between six-membered carbon rings in
GO and aromatic rings in BPA, the composites prepared
exhibited outstanding adsorption ability and fast mass transfer
for BPA. The removal efficiency of BPA using MMIPs increased
as the solution pH increased from 3.0 to 6.0. However, the
adsorption capacity decreased signicantly from pH 6.0 to 10.0.
The results revealed that the maximum adsorption capacity of
BPA on MMIPs was 106.38 mg g�1 at 298 K and the equilibrium
data of MMIPs were described by a Langmuir isotherm model.
Furthermore, the sorption kinetics followed the pseudo-second-
order equation, which indicated that the chemical process may
be the rate limiting step in the adsorption process for BPA.
Furthermore, selective binding experiments revealed that
MMIPs have a high adsorption capacity and selectivity towards
BPA over other structurally related compounds. MMIPs
provided a reliable and effective way to remove of BPA from
aqueous water. Further studies should therefore focus on
optimizing and testing the process under real conditions.
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