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a  b  s  t  r  a  c  t

The  molecular  imprinted  TiO2/graphene  photocatalyst  (MIP-TiO2/GR)  was  successfully  prepared  with
bisphenol  A  (BPA)  as the template  molecule  (target  pollutant)  and  o-phenylenediamine  (OPDA)  as  func-
tional  monomers  by  the  surface  molecular  imprinting  method.  The  combination  between  BPA and  OPDA
led to the  formation  of  the precursor,  and  the  subsequent  polymerization  of  OPDA  initiated  by ultraviolet
radiation  can  ensure  the  realization  of  MIP-TiO2/GR.  The  samples  were  characterized  by SEM,  EDS,  XRD,
BET,  UV–vis  DRS  and  Zeta  potential.  In  addition,  adsorption  capacities,  adsorption  selectivity  and  visi-
ble  light  photocatalytic  performances  of  MIP-TiO2/GR  and  non-imprinted  TiO2/graphene  (NIP-TiO2/GR)
were  evaluated.  Moreover,  the  effects  of pH  and  initial  BPA  concentration  on  removal  efficiency  of  BPA
were  also  investigated.  The  results  showed  that  MIP-TiO2/GR  exhibited  better  adsorption  capacity  and
adsorption  selectivity  towards  the  template  molecule  compared  to NIP-TiO2/GR  due to the  imprinted
isphenol A cavities  on  the  surface  of  MIP-TiO2/GR.  Moreover,  the  photocatalytic  activity  of  MIP-TiO2/GR  toward
the  target  molecules  was  stronger  than that of NIP-TiO2/GR  as  a result  of  large  adsorption  capacity  to
target  molecules  and  narrow  band  gap  energy  on  MIP-TiO2/GR.  Therefore,  modifying  the  photocatalyst
by  the  surface  molecular  imprinting  is  a promising  method  to  improve  the  molecule  recognition  and
photocatalytic  efficiency  of  photocatalyst  for  target  pollutant.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Nowadays, with the development of the industrialization and
he abuse of plastics, contamination of endocrine disrupter has
een widely caused [1,2], and has become a widespread con-
erned environmental problem in the world along with greenhouse
ffect and ozone depletion in most cases [3,4]. Bisphenol A (4,4-
sopropylidenediphenol, BPA) is one of the endocrine disrupter, and
emoving BPA from circumstance is urgent due to its tendency to
io-accumulate, even at very low concentrations, which will dis-

urb human health through affecting endogenous hormones. It is
ommonly known that semiconductor photocatalytic process has
een regarded as an effective treatment approach for the removal

∗ Corresponding authors at: College of Environmental Science and Engineering,
unan University, Changsha 410082, Hunan, PR China.

E-mail addresses: laicui@hnu.edu.cn (C. Lai), zgming@hnu.edu.cn (G.-M. Zeng).

ttp://dx.doi.org/10.1016/j.apsusc.2016.08.119
169-4332/© 2016 Elsevier B.V. All rights reserved.
of organic pollutants in wastewater [5], because it is not influenced
by their toxicity and the process will not produce new pollutants.
Currently, there is a strong focus on TiO2 in the semiconductor
photocatalyst field [6,7], since it is low environmental impact, high
stable, strong oxidization power, and low-priced [8]. When the kind
of catalytic material TiO2 is irradiated by light reaching or exceeding
its band gap energy, electron-holes are formed and they separately
react to O2 and H2O or OH− producing hydroxyl radicals (•OH)
with high oxidability which get rid of pollutants [9]. However, the
disadvantages such as a large bandgap, harmful recombination of
photogenerated electron-holes, low affinity and poor selection for
contaminant, result in a poor performance of TiO2 in photoactivity
in the visible light [10,11]. Thus, it is expected to enhance the uti-
lization rate of light and selective recognition performance of TiO2

to remove the target pollutants under visible light.

For improving the photocatalytic performance of TiO2, the cur-
rently conventional technologies including doped with metal ion
[10,12] or nonmetallic elements [13,14], coupled with the semicon-

dx.doi.org/10.1016/j.apsusc.2016.08.119
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2016.08.119&domain=pdf
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uctor [15–17] and fixed in the large surface area of the material
uch as mesoporous material [18], zeolite [19,20] or carbon based
aterials and so on [21,22]. Graphene, an sp2-bonded carbon

heet, has attracted much attentions because of its tunable sur-
ace properties including large surface area used for the supporter
f nanosized particles, the high electronic conductivity worked for
acilitating charge transportation and separation, and the hydroxyl
roups located on edges served for the hydrophilia and favorable
eactive sites for guest materials [23–25]. On the one hand, the
ddition of graphene into TiO2 suppresses the recombination of
hotogenerated electron-hole. Moreover, the carbon of nonmetal-

ic element co-doped titania enhances broad light absorption [26].
ence, the photocatalytic performance of composite material with
iO2 will be enhanced.

In recent years, coating TiO2 with an organic layer of molec-
larly imprinted polymers (MIP) is also applied to enhance the
hotocatalytic degradation efficiency through improving the abil-

ty of recognition and the adsorption quantity for the aimed
ollutants [27–29]. MIPs can recognize the template molecule
hrough its highly selective synthetic polymer receptors. Tradition-
lly, MIPs are synthesized by the copolymerization of functional
onomer and cross-linkers assembled around the target molecules

template) in an aprotic and nonpolar solvent [30]. In our work, o-
henylenediamine (OPDA) was chosen as the functional monomer.

ts two NH2 groups are not only hydrophilic to enhance the
ydrophilia but also can interact with functional group ( OH) of the
arget molecules (BPA) to form a precursor, ensuring the imprint-
ng of the templates molecules during polymerization [29]. Besides,
he polymer with a polyaniline-like structure produced with the aid
f UV light illumination of OPDA has the good chemical and pho-
ochemical stability. In addition, the excess OPDA failed to form

 precursor with the template molecules may  function as cross-
inker [31]. Therefore, OPDA is selected to realize the combination
f molecular imprinting and titanium dioxide for selective recog-
ition of template molecules in wastewater.

The intent of the present work was to investigate the spe-
ific recognition and catalytic effect of composite photocatalyst
s a plausible technique for the treatment of BPA in wastewater.
he adsorption capacities and adsorptive selectivity of molecu-
ar imprinted TiO2/graphene (MIP-TiO2/GR) and non-imprinted
iO2/graphene (NIP-TiO2/GR) was tested in dark, respectively. Phe-
ol was used as the probe molecule to test the adsorptive selectivity
f MIP-TiO2/GR, since phenol had similar functional group to BPA.
he photocatalytic activities were evaluated in water under visible-
ight irradiation and the effects of pH and initial BPA concentration
n removal efficiency of BPA were also investigated. The photo-
atalyst of MIP-TiO2/GR was compared with NIP-TiO2/GR from
orphology, structure, adsorption capacity, adsorptive selectivity

nd photocatalytic activity in this work.

. Experimental

.1. Materials

Tetrabutyl orthotitanate (Ti(OBu)4) and o-phenylenediamine
OPDA) were purchased from Sinopharm Chemical Reagent
o.,Ltd. (China). Graphite powder (99 wt%), KMnO4 (98 wt%),
2SO4 (98 wt%), H2O2 (30 wt%) and ethanol were purchased from
inopharm Chemical Reagent Co.,Ltd. (China). BPA (purity > 99%)
ere supplied from Tianjin Guangfu Fine Chemical Research Insti-

ute. All the chemicals were of analytical reagent grade and used as

eceived without further purification. The water used is ultrapure
ater (18.2 M� Cm,  Milli-Q Millipore) in experimental process.
PLC-grade acetonitrile was purchased from Tedia Company Inc.

USA).
nce 390 (2016) 368–376 369

2.2. Preparation of surface molecular imprinted TiO2/graphene
photocatalyst

2.2.1. Preparation of TiO2/grapheme photocatalyst
Firstly, TiO2/graphene (TiO2/GR) photocatalyst was  synthesized

according to a facile solvothermal synthesis method. The pro-
cess followed the reference of Yang et al. [23]. Briefly, 40 mg
of the graphene oxide (GO) synthesized by modified Hummers’
method was  dispersed in 140 mL  of glacial acetic acid in an
erlenmeyer flask [32]. The flask was  sealed and sonicated for
3 h, and then tetrabutyl titanate (TBT, 4 mL) was dropwise added
into the above GO suspension under magnetic stirring. The mix-
ture was  stirred for 10 min  and then transferred into a 200 mL
teflon-lined stainless steel autoclave heated at 180

◦
C for 24 h. The

obtained precipitate was collected by centrifugation, washed sev-
eral times with absolute ethanol, and dried at 60

◦
C in vacuum

overnight. The mass ratio of graphene and TiO2 in TiO2/graphene
is 1:23.

2.2.2. Preparation of MIP-coated TiO2/graphene photocatalyst
MIP-coated TiO2/graphene photocatalyst was modified to that

described in previous work [28,29]. Typically, 0.107 g BPA and
0.24 g OPDA were dissolved in 20 mL  of ethanol. Then 20 mL  ultra-
pure water was added to the above solution and stirred for 20 min
under magnetic stirring. The pH value of the solution was  adjusted
to 2.0 and 0.4 g of TiO2/GR photocatalyst was  further added. Then
the mixture was  sonicated for 3 min, followed by initiating with UV
irradiation (165 W Hg lamp) for 1 h. After a polymerization reaction
for 24 h, the templates were removed by Na2CO3 solution (0.2 g/L)
for 5 times. Subsequently, the product was washed with distilled
water to remove residual Na2CO3 solution and dried at 60

◦
C in vac-

uum overnight. The product was  signed as MIP-TiO2/GR. When no
template (BPA) was used in the preparation, the obtained product
was referred to as NIP- TiO2/GR.

2.3. Characterization

The morphologies of the resulting samples were character-
ized by an environmental scanning electron microscope (SEM) (FEI
QuANTA 200, Czekh). Energy dispersive spectrometry (EDS, Czekh)
analysis was used to confirm the existence of OPDA in MIP-TiO2/GR
and NIP-TiO2/GR composites. The X-ray diffraction (XRD) patterns
were carried out with D5000 diffractometer operating with Cu-K�
source to investigate the crystal structure of the samples. UV-3310
scan UV–vis diffuse-reflectance spectra of as-synthesized sam-
ples were recorded in the range of 200–800 nm,  using BaSO4 as
a reflectance reference. The Brunauer–Emmett–Teller (BET) sur-
face area of MIP-TiO2/GR and NIP-TiO2/GR were measured with an
automatic instrument (ASAP2020 M + C, Micromeritics, USA). Zeta
potential of MIP-TiO2/GR or NIP-TiO2/GR was  measured using a
Zeta potential analyzer (Malvern Nano ZS90).

2.4. Adsorption performance in the dark

2.4.1. Adsorption kinetics in dark
150 mg TiO2/GR, MIP-TiO2/GR or NIP-TiO2/GR was placed in

a 200 mL  conical flask and mixed with 150 mL  of 8 mg/L BPA
solution. The samples were oscillated in the absence of light at
25 ◦C. Samples were then taken out at regular time intervals, cen-
trifuged at 12,000 rpm for 8 min  and filtered using a membrane

filter (0.22 �m).  The concentration of free BPA in the solution was
measured by high performance liquid chromatography (HPLC) at
226 nm.  The concentration of BPA was calculated by a calibration
curve.
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.4.2. Adsorption isotherm in the dark
20 mg  TiO2/GR, MIP-TiO2/GR or NIP-TiO2/GR was  mixed with

0 mL  BPA solution with initial concentrations ranging from 2 to
0 mg/L. After stirred for 2 h in dark, the solution was  filtered and
he remained supernatant concentration of BPA was measure by
PLC. The adsorption capacity (Q) was calculated as follows:

 = (C0 − Ce)V/W (1)

here C0 (mg/L) and Ce (mg/L) are the initial and adsorption equal-
zed BPA solution concentrations, respectively. V (mL) is the sample
olume, and W (g) is the mass of the catalysts.

.5. Competitive batch rebinding tests in dark

In the competitive batch rebinding tests, the selectivity of
IP-TiO2/GR and NIP-TiO2/GR was measured in dark. 20 mg  of
IP-TiO2/GR or NIP-TiO2/GR were added into 50 mL  flasks, each

f which contained 20 mL  solution with initial concentrations of
 mg/L of phenol and BPA in single and binary solutions. The
dsorption mixture was oscillated in dark for 2 h and analyzed con-
entrations by HPLC at 226 nm for phenol and BPA. The recognition
electivity was measured by the static distribution coefficient (KD)
nd selectivity coefficient (ɑ). KD and ɑ were defined as follows [33]:

D = Cp/Cs (2)

here Cp is the amount of ligand adsorbed and Cs is the concentra-
ion of free ligand.

 = KD1/KD2 (3)

here KD1 and KD2 are the static distribution coefficients of tem-
late and competitive molecules.

.6. Measurements of photocatalytic activity

The photocatalytic activities of MIP-TiO2/GR and NIP-TiO2/GR
ere evaluated by monitoring the photodegradation of BPA solu-

ion. A 300 W xenon lamp (CEL-HXE300, Beijing China Education
u-light Co., Ltd.) was used as a visible light resource with a
00 nm cutoff filter. For a typical experimental process, 150 mg
IP-TiO2/GR and NIP-TiO2/GR photocatalysts (1.0 g/L) was added

nto 150 mL  of BPA solution and stirred in dark for 40 min  to achieve
he adsorption equilibrium and the equilibrium concentration of
PA was determined as the initial concentration C0. Under con-
inuous stirring, then irradiation started and samples were taken
ut at regular time intervals (20 min). The suspension solution was
entrifuged at 12000 rpm for 8 min  and filtered through a 0.22 �m
lter. The BPA supernatant concentrations (C) at various time was
easured by HPLC. The effect of initial pH and initial BPA concentra-

ion on the photocatalytic activity of MIP-TiO2/GR was  also studied.
he solution pH was adjusted to successive initial values between
.0 and 10.0 using HNO3 or NaOH solution. The initial BPA con-
entration was adjusted to 4 mg/L, 8 mg/L, 16 mg/L, 24 mg/L and
2 mg/L, respectively.

.7. Apparatus and methods

The detection of BPA was performed by HPLC (Agilent Technolo-
ies 1200 series) equipped with a C18 column and UV detector
DAD). The mobile phase was acetonitrile/water (45/55, v/v) at a
ow rate of 1 mL/min and the column temperature was  35

◦
C and
he injection volume was 20 �L. The detection wavelengths were
elected at 226 nm.  The standard curve for BPA is linearly best fit-
ed (R2 = 0.9998) with the concentration of BPA varied from 1 to
0 mg/L.
nce 390 (2016) 368–376

3. Results and discussion

3.1. Principle of preparation of MIP-TiO2/GR photocatalyst

MIP-TiO2/GR photocatalyst was synthesized by molecular
imprinting technique and was  shown in Fig. 1. Firstly, TiO2/GR was
produced via solvothermal synthesis method. During this process,
the graphene oxide was reduced to graphene under high tempera-
ture and high pressure [23]. Then, the two  amino groups ( NH2) in
o-phenylenediamine (OPDA) were able to interact with hydroxyl
group (-OH) of the template molecule, leading to the formation of
the precursor. The precursor between the functional monomer of
OPDA and the template molecule of BPA was  formed attributing
to the hydrogen-bonding or electrostatic interactions, which was
necessary for MIP  coating [29]. Meanwhile, the monomer OPDA
can also be adsorbed on the surface of the TiO2 particles so that the
polymer can be coated the surface of TiO2/GR via polymerization
initiated by ultraviolet radiation. During polymerization, the OPDA
monomers produced a polymer (poly-o-phenylenediamine) with
a polyaniline-like structure, which is favorable to the separation
of photo-generated electron hole pairs to enhance the photocat-
alytic efficiency. Moreover, the excess OPDA molecules may serve
as cross-linker, increasing the stable selectivity of the MIP  layer.
Finally, the template molecules in molecularly imprinted photo-
catalyst were washed with Na2CO3 solution and water.

3.2. Structural characterization

The morphology of the as-prepared photocatalysts of TiO2/GR,
NIP-TiO2/GR and MIP-TiO2/GR was investigated by the SEM in
Fig. 2(a–c), respectively. The size of the TiO2/GR particles ranged
from 250 to 350 nm,  and the particles tended to agglomerate. The
morphology of the NIP-TiO2/GR and MIP-TiO2/GR particles is sim-
ilar to each other. Some of the big flocculent particles can be seen
from Fig. 2(a) and they decrease at Fig. 2(b and c). The big flocculent
particles may  be the precipitations of titanium compounds which
are not chemical reaction completely. The decrease of particles may
be the result of many times of washing following a subsequent
experiment process of NIP-TiO2/GR and MIP-TiO2/GR. Meanwhile,
combined with the BET analysis that the specific surface areas
of NIP-TiO2/GR and MIP-TiO2/GR are 122 m2/g and 124 m2/g, the
results are consistent with SEM images. The deposited coatings
on the surface of TiO2/GR particles may  be too thin, so that the
specific surface area of MIP-TiO2/GR is a little larger than that of
NIP-TiO2/GR. The contribution of the imprinted cavities is very
small in increasing the specific surface area [33].

EDS analysis is employed to prove that OPDA exists in NIP-
TiO2/GR and MIP-TiO2/GR photocatalysts. In our cases, Fig. 2(d
and e) showed that the weight percent of nitrogen was 10.59 and
11.51 in NIP-TiO2/GR and MIP-TiO2/GR respectively, showing the
existence of poly-o-phenylenediamine. Meanwhile, the prepara-
tion process of NIP-TiO2/GR and MIP-TiO2/GR was  similar excepting
the NIP-TiO2/GR without the template molecule, so that results of
element analysis of NIP-TiO2/GR and MIP-TiO2/GR are not quite
different. The EDS analysis results conformed to the SEM images.

It has been reported that anatase TiO2 exhibits high photocat-
alytic activity in the photodegradation of most pollutants [34]. The
X-ray diffraction (XRD) patterns of TiO2/GR, NIP-TiO2/GR and MIP-
TiO2/GR are shown in Fig. 3. The results of XRD data show that the
major phase of the photocatalyst is anatase phase and match well
with the standard anatase pattern (PDF#21-1272) [23]. In addition,
the rutile phase was not significant observed. The characteristic

peaks at 2� of 25.3◦, 37.8◦, 48.0◦, 53.9◦, 55.1◦, and 62.7◦ represent
the indices of (101), (004), (200), (105), (211), and (204) reflection of
anatase TiO2, respectively. The diffraction peak for GR is visible at 2�
of 26.6◦ [7] and the diffraction peak for poly-o-phenylenediamine
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Fig. 1. Schematic illustration of the preparation processes of molecular imprinted TiO2/graphene (MIP-TiO2/GR).

Fig. 2. SEM images of TiO2/GR (a), NIP-TiO2/GR (b) and MIP-TiO2/GR (c) and EDS image of NIP-TiO2/GR (d) and MIP-TiO2/GR (e).
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Fig. 3. XRD patterns of TiO2/GR (a), NIP-TiO2/GR (b) and MIP-TiO2/GR (c).
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Fig. 6(b) exhibits the adsorption isotherms of TiO2/GR, MIP-
ig. 4. UV–vis diffuse reflectance spectra of TiO2 (a), TiO2/GR (b), NIP-TiO2/GR (c)
nd MIP-TiO2/GR (d).

s invisible because it exists on the surface of TiO2 [35], failed to
hange the crystalline structure of TiO2.

UV–vis diffuse reflectance spectra of TiO2, TiO2/GO, NIP-TiO2/GR
nd MIP-TiO2/GR particles are shown in Fig. 4. Compared with pure
iO2, TiO2/GR exhibits stronger light absorption in visible region
s a result of the graphene introduction. Compared with TiO2/GR,
he absorption boundary of NIP-TiO2/GR and MIP-TiO2/GR obvi-
usly shifts to higher wavelength and the absorption intensity is
urther enhanced in visible region. Furthermore, the absorption
dge MIP-TiO2/GR is higher than that of NIP-TiO2/GR. The red
hift of NIP-TiO2/GR and MIP-TiO2/GR photocatalyst indicates that
he organic polymer with a polyaniline-like structure produced
ia the polymerization of OPDA under UV irradiation can effec-
ively enhance the absorbency of light. In addition, the red shift
f absorption edge means the decrease of the band gap of the
hotocatalyst. The lower band gap energy can be excited to pro-
uce more electron-hole pairs under visible light, which result in
tronger photocatalytic activities, and the higher light-absorption
ntensity usually means better photocatalytic performance [11,33].
o, MIP-TiO2/GR possesses higher photocatalytic activity than NIP-

iO2/GR.

Zeta potential of MIP-TiO2/GR and NIP-TiO2/GR is shown in
ig. 5. A physical parameter of zeta potential can be used to quan-
Fig. 5. Zeta potential of MIP-TiO2/GR and NIP-TiO2/GR samples suspended in 20 mL
BPA  solution as a function of pH.

tify the electrical potential of the solid particle surface. The surface
charge density changes with the increase of pH value and the
pHzpc of MIP-TiO2/GR and NIP-TiO2/GR is 7.55 and 3.55, respec-
tively. The pHzpc of MIP-TiO2/GR shifts to higher values than that
of NIP-TiO2/GR and the results suggest that more positive sites are
available on the surface of MIP-TiO2/GR in the pH range studied.
Similarly, the pHzpc of MIP-TiO2/SiO2 was  be found to be higher
than that of NIP-TiO2/SiO2 [34]. When the pH value is lower than
pHzpc, the surface charge was positive. Meanwhile, when the pH
value is higher than pHzpc, the surface charge was negative. The
positive charge has higher affinity for anions and the negative
charge has higher affinity for cations. Besides, the zeta potentials of
MIP-TiO2/GR and NIP-TiO2/GR are significantly different at pH 6.0.
Hence, the surface charge may  be one of the reasons for the dif-
ferent adsorption capacities of MIP-TiO2/GR and NIP-TiO2/GR for
BPA.

3.3. The adsorption properties of TiO2/GR, MIP-TiO2/GR and
NIP-TiO2/GR in the dark

3.3.1. Adsorption kinetics of the TiO2/GR, MIP-TiO2/GR and
NIP-TiO2/GR

Adsorption kinetics, one of the most important characters
of adsorption efficiency, can influence subsequent photocatalytic
reaction. The adsorption kinetics is investigated with 8 mg/L BPA
solution, a pH of 6.0 and the photocatalyst concentration of 1 g/L.
Fig. 6(a) shows the dynamic curves for the adsorption of BPA
on TiO2/GR, NIP-TiO2/GR and MIP-TiO2/GR. It can be seen that
the adsorption amounts of BPA on TiO2/GR, NIP-TiO2/GR and
MIP-TiO2/GR increase rapidly within 5 min, and then adsorption
equilibrium is gradually established within 10 min. The adsorp-
tion amount has no obvious change from 10 to 40 min. In addition,
the adsorption amount of TiO2/GR is close to the NIP-TiO2/GR
and the adsorption amount of MIP-TiO2/GR is higher than that
of NIP-TiO2/GR and TiO2/GR. The enhanced adsorption capacity of
MIP-TiO2/GR may  be taking advantage of the increasing adsorption
sites and good affinity of imprinted cavities [34].

3.3.2. Adsorption isotherm of the TiO2/GR, MIP-TiO2/GR and
NIP-TiO2/GR
TiO2/GR and NIP-TiO2/GR over BPA in dark. The adsorption
isotherms is investigated with a pH of 6.0. From Fig. 6(b), we
can see that the adsorption capacity (Qe) increases rapidly with
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Fig. 6. Kinetics of adsorption (a) and adsorption isotherm (b) 

he increase of the concentration of BPA in the range of the
oncentration of 2 mg/L–25 mg/L, while it increases slightly and
nally reaches saturated adsorption in the range of the concen-
ration of 25 mg/L–90 mg/L. Meanwhile, the saturated adsorption
apacity of NIP-TiO2/GR is higher than that of TiO2/GR because
f the polymer coated the surface of TiO2/GR. Furthermore, the
dsorption capacity of MIP-TiO2/GR is consistently higher than
hat of TiO2/GR and NIP-TiO2/GR attributing to the imprinted cav-
ties on the surface of MIP-TiO2/GR in this process. Hence, the

IP-TiO2/GR is expected to show higher photocatalytic degrada-
ion ability to the template molecules of BPA in comparison with
IP-TiO2/GR [33]. The inference will be proved in the following
xperiment.

.4. Adsorption selectivity test

In order to test the adsorption selectivity of MIP-TiO2/GR and
IP-TiO2/GR towards BPA in single and binary solution system,
henol is chosen as a competitor of BPA because of its common
unctional groups of hydroxyl groups with BPA. The results in sin-
le (a) and dual (b) solutions are shown in Fig. 7. From Fig. 7(a),
t can be observed that the adsorption capacity of MIP-TiO2/GR
or phenol and BPA is larger than that of NIP-TiO2/GR. Mean-
hile, the adsorption capacity of MIP-TiO2/GR is greater for BPA

han that for phenol. The results indicate that MIP-TiO2/GR and
IP-TiO2/GR have adsorption capacity for phenol and BPA, and MIP-
iO2/GR exhibits larger selectivity between phenol and BPA than
IP-TiO2/GR due to the imprinted cavities on the surface of MIP-

iO2/GR. In dual system (b) solutions, the selectivity of MIP-TiO2/GR
etween phenol and BPA is also higher than that of NIP-TiO2/GR. In
rder to intuitively understand the selectivity of MIP-TiO2/GR and
IP-TiO2/GR, the Cp, Cs, KD and ɑ are given in Table 1. The adsorption

Fig. 7. Adsorption capacity of MIP-TiO2/GR and NIP-TiO2/GR i
phenol A (BPA) over TiO2/GR, MIP-TiO2/GR and NIP-TiO2/GR.

capacities of MIP-TiO2/GR for BPA and phenol are higher than those
of NIP-TiO2/GR by the static distribution coefficient of KD. More-
over, compared with phenol, MIP-TiO2/GR is easier to combine
with BPA according to the distribution coefficient ɑ. Two results
above indicate that the selectivity of MIP-TiO2/GR between BPA
and phenol is still obvious and imprinted cavities play an important
role.

3.5. Degradation ability of MIP-TiO2/GR

3.5.1. Degradation kinetics of BPA on MIP-TiO2/GR and
NIP-TiO2/GR under visible light irradiation

The photocatalytic abilities of MIP-TiO2/GR and NIP-TiO2/GR
photocatalysts are estimated on the basis of the kinetic data for
the degradation of BPA under visible light irradiation with a pH of
6.0, BPA concentration of 8.0 mg/L and a catalyst concentration of
1.0 g/L. The result is shown in Fig. 8. The curve is fitted the first
kinetic and the second kinetic line to investigate the kinetic behav-
ior of photo-degradation BPA over MIP-TiO2/GR and NIP-TiO2/GR.
The outside line is the first kinetic curve and the inset line is the
second kinetic curve. The first kinetic equation is described using
the following equation:

ln
(

C0/C
)

= kt (4)

where C is the concentration of BPA (mg/L) at time t (min), C0 is the
concentration of BPA (mg/L) at t = 0 (min), and k is the reaction rate
constant (min−1). The rate constant k can be determined from the

slope of linear plot. The second kinetic equation is described using
the following equation:

1/C = kt + b (5)

n single adsorbate (a) and dual adsorbate (b) solutions.
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Table 1
Distribution and selectivity coefficient of bisphenol A (BPA) in the dual system for MIP-TiO2/GR and NIP-TiO2/GR.

adsorbate Cp Cs KD �

MIP  NIP MIP  NIP MIP  NIP MIP  NIP

phenol 0.0985 0.0722 7.9015 7.9278 0.0125 0.0091 12.3920 8.0549
BPA  1.0732 0.5462 6.9286 7.4538 0.1549 0.0733

a Cp is the amount of ligand adsorbed and Cs is the free ligand concentration.
b KD1 and KD2 are the static distribution coefficients of template and competitive molecu

Fig. 8. The first kinetic (outside) and the second kinetic (inset) of photocatalytic
degradation bisphenol A (BPA) over MIP-TiO2/GR and NIP-TiO2/GR.

Table 2
Kinetics parameters for photocatalytic degradation bisphenol A (BPA).

Photocatalyst First kinetic equation Second kinetic equation

k1 R2 k2 R2

MIP-TiO2/GR 0.00404 0.99047 0.00080 0.96485
NIP-TiO2/GR 0.00295 0.99234 0.00052 0.93908

a

c
b

M
i
a
a
a
t
t
t
t
M
o
M
l
t
t
a

3

a
s
a
o
f

k1 is the rate constant of first kinetic photocatalytic degradation and k2 is the rate
onstant of second kinetic photocatalytic degradation.
R2 is the correlation coefficient.

Kinetics parameters for photocatalytic degradation BPA over
IP-TiO2/GR and NIP-TiO2/GR are listed in Table 2. From the results,

t can be found that the rate constant k of MIP-TiO2/GR composites
re both higher than that of NIP-TiO2/GR in the first kinetic equation
nd the second kinetic equation. It shows that the photocatalytic
ctivity of MIP-TiO2/GR is superior to NIP-TiO2/GR. Meanwhile,
he first kinetic linear regression coefficients (R2) are higher than
he second kinetic linear regression coefficients. It indicates that
he first kinetic equation is better match the process of degrada-
ion. All these show that the imprinted cavities on the surface of

IP-TiO2/GR may  be the significant effect on the enhancement
f photocatalytic activity. The high photocatalytic efficiency of
IP-TiO2/GR is attributed to the narrow band gap energy, high

ight-absorption intensity in visible light regions and large adsorp-
ion capacity of MIP-TiO2/GR for BPA [11,34]. Hence, it is proved
hat MIP-TiO2/GR has promising perspective under visible light
ctivity.

.5.2. Effects of pH on degradation of BPA on MIP-TiO2/GR
Because the most semiconductor oxides own amphoteric char-

cter, solution pH is one important factors causing the change of

urface charge MIP-TiO2/GR and the formation of hydroxyl radicals
nd influencing the degradation efficiency. The removal efficiency
f BPA on MIP-TiO2/GR is observed at the different pH values range
rom 3.0 to 10.0 and the results are shown in Fig. 9(a). The removal
les.

efficiency of BPA decreases obviously from 52.7% to 45.2% with
increasing pH from 3.0 to 4.0, while increases remarkably from
45.2% to 55.3% with increasing pH from 4.0 to 5.0. When the pH
is 5.0, the degradation rate of BPA reaches maximum. Then the
removal efficiency of BPA changes little with increasing pH from
5.0 to 6.0, while decreases greatly with increasing pH from 6.0 to
8.0. Finally, the removal efficiency of BPA reaches minimum (44%)
at pH to 10.

It is noticed that the removal efficiency of MIP-TiO2/GR for BPA
varies in the pH range studied and the variation is not so substan-
tial by the research. The adsorption mode of BPA on MIP-TiO2/GR
surface and the formation of hydroxyl radicals should be consid-
ered as two  main factors to explain the observed trend. The surface
of MIP-TiO2/GR is positively charged when the pH is low (<pHpzc),
and negatively charged when the pH is high (>pHpzc). Meanwhile,
it is found that the BPA molecule has two  negative oxygen atoms
at the hydroxyl groups and four negative carbon atoms at the phe-
nolic group [36]. In addition, the pKa1 and pKa2 values of BPA are
9.6 and 10.2, and BPA tends to exist in its anionic form with fur-
ther rise of solution pH [37]. Therefore, BPA can be attracted to
the positively charged surface of MIP-TiO2/GR at pH ≤ pHpzc, while
repelled at pH > pHpzc. We  can see that the adsorption amount of
MIP-TiO2/GR for BPA in dark gradually reduce with the increase
of pH value (Fig. 9(a)) and the result is consistent with the zeta
potential and the above postulation. The adsorption of BPA over
CN-TiO2 has been found to exhibit similar trend in dark under
different pH values by Wang and Lim [38]. Nevertheless, the con-
centration of hydroxyl radicals increases with the increase of pH
[38], and increasing hydroxyl radicals can promote the degradation
efficiency of BPA. Moreover, it’s worth noting that the increase is
limited since carbonate ions are generated as the byproduct during
the oxidation process in the basic solution. The reaction of carbon-
ate ions and hydroxyl radical can inhibit the formation and lower
the oxidation potential of hydroxyl radicals [39–41]. Apparently,
the variation trend of adsorption amount of BPA and the concen-
tration of hydroxyl radicals are conflicting in the pH range studied.
Hence, the removal efficiency for BPA varies and the variation is
not so substantial. Meanwhile, the optimum pH on degradation of
BPA exists and the optimum condition is the pH value from 5.0 to
6.0.

3.5.3. Effects of initial BPA concentration on degradation of BPA
on MIP-TiO2/GR

The removal efficiency of BPA on MIP-TiO2/GR was investigated
by changing the initial BPA concentration with a pH of 6.00, a cat-
alyst concentration of 1.0 g/L and the degradation time of 180 min
under visible light irradiation. The initial BPA concentration was
adjusted to 4 mg/L, 8 mg/L, 16 mg/L, 24 mg/L and 32 mg/L, respec-
tively. The result is shown in Fig. 9(b). We  observe that the removal
efficiency of BPA decreases with the increase of initial concen-
trations of BPA. The removal efficiency of BPA of MIP-TiO2/GR

decreases from 67.6% to 29.9% and the removal efficiency of BPA
of NIP-TiO2/GR decreases from 49.1% to 17.0% at the initial concen-
trations of BPA changing from 4 mg/L to 32 mg/L. When BPA initial
concentration is 4 mg/L, the removal rate of BPA reaches maximum.
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ig. 9. Effect of initial pH (a) on removal efficiency of BPA and adsorption amount 

f  BPA by MIP-TiO2/GR.

The reason of this phenomenon may  be that the active sites on
he catalyst are blocked by the BPA molecule adsorbed on the cat-
lyst surface with the increase of initial concentration of BPA [36].
hereby, the amount of reactive hydroxyl free radicals as the main
orce of degradation of BPA decrease and the removal efficiency of
PA decreases. Additionally, the molar ratio of photocatalyst/BPA

s lower for the higher BPA concentrated solution as a result of
emaining the photocatalyst concentration unchanged at the dif-
erent concentrations of BPA [42]. The more reactive hydroxyl free
adicals produced by photocatalyst are favorable for the degrada-
ion of BPA.

.6. Photocatalytic mechanism of MIP-TiO2/GR photocatalyst

The photodegradation mechanism of BPA on MIP-TiO2/GR pho-
ocatalyst can be described as follows. Firstly, the target molecules
f BPA are adsorbed onto the MIP-TiO2/GR surface. Then, the
lectron-hole pairs will be produced following the irradiation
f MIP-TiO2/GR photocatalyst with the visible light. The photo-
enerated electrons (ecb

−) have strong reduction ability, and the
hotogenerated holes (hvb

+) have strong oxidizing property. There-
ore, the electron acceptors such as O2 adsorbed on the surface of
hotocatalyst or dissolved in water can be reduced to superoxide
adical anion (•O2

−) by photogenerated electrons. Meanwhile, OH−

r H2O can be oxidized to hydroxyl radicals (•OH) by the photogen-
rated holes [43,44]. The resulting •OH react with BPA to carbon
ioxide and water in the end.

IP-TiO2/GR + hv → MIP-TiO2/GR(ecb
− + hvb

+) (6)

cb
− + O2 → •O2

− (7)

vb
+ + H2O → H+ + •OH (8)

vb
+ + OH− → •OH (9)

OH + BPA → degradation products (10)

. Conclusion

Firstly, TiO2/GR photocatalyst was synthesized according to
 facile solvothermal synthesis method. After that, the surface
olecular imprinting technique was used to modify the TiO2/GR

hotocatalyst with BPA as the template molecule and OPDA as
unctional monomers so that MIP-TiO2/GR photocatalyst was pro-
uced. MIP-TiO2/GR photocatalyst exhibited fast dynamics, high
dsorbing capacity and satisfactory selectivity by the affinity to

he template molecules from the molecular imprinted cavities

atched the structure of template molecules. Meanwhile, MIP-
iO2/GR showed higher photocatalytic activity than NIP-TiO2/GR
ttributing to the higher adsorption capacity, specific recognition

[

[

phenol A in dark and effects of initial BPA concentration (b) on removal efficiency

ability for BPA and narrow band gap energy. So, MIP-TiO2/GR pho-
tocatalyst exhibited a highly efficient photocatalytic degradation of
bisphenol A under visible light irradiation in wastewater treatment.
This work demonstrated that the surface molecular imprinting
method was an effective approach to enhance the catalytic effi-
ciency of the photocatalyst for target pollutant.
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