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stable core–shell imprinted
Ag-(poly-o-phenylenediamine)/CoFe2O4

photocatalyst endowed with the specific
recognition capability for selective
photodegradation of ciprofloxacin†

Ziyang Lu,ab Zehui Yu,a Jinbo Dong,c Minshan Song,d Yang Liu,e Xinlin Liu,f Di Fan,c

Zhongfei Ma,a Yongsheng Yan *b and Pengwei Huo*b

A stable core–shell imprinted Ag-(poly-o-phenylenediamine)/CoFe2O4 (imprinted Ag-POPD/CoFe2O4)

was synthesized via the surface imprinting technique. Ag-POPD was introduced into an imprinted layer,

which significantly enhanced the photocatalytic activity. Meanwhile, due to the existence of imprinted

cavities in the imprinted layer, the imprinted Ag-POPD/CoFe2O4 exhibited the superior specific

recognition capability for selective photodegradation of ciprofloxacin (CIP). This work puts forward

a novel design idea for synthesizing imprinted photocatalysts.
Introduction

In recent years, the development of industrialization has also
been accompanied by increasingly serious environmental
problems, especially water pollution.1–5 Currently, due to the
large usage of ciprooxacin (CIP, one of the most common
antibiotics), the harm caused by CIP residues to the ecological
environment and human health is causing widespread
concern.6–9 Therefore, nding a simple, quick and effective
method to remove CIP residues from the water environment is
of great importance.10–13 In this context, photocatalysis, as
a green technology which uses light energy and degrades
pollutants to non-toxic harmless substances, has aroused great
interest among many researchers.14–18

Recently, TiO2, CdS, ZnO and other materials have been
extensively studied and widely used as photocatalysts.19–23 They
each have their respective advantages; however, their common
shortcomings are also evident, such as poor selectivity, namely,
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these common photocatalysts cannot selectively remove specic
pollutants in the presence of other pollutants.24–27 This inherent
defect greatly limits their functional application. In order to
overcome the above defect, the surface imprinting technique is
widely used to improve the selectivity. Surface imprinting is an
effective approach for synthesizing materials with the specic
recognition capability towards the target molecule.28–34

Nevertheless, when these common photocatalysts are coated
with an imprinted layer, although the selectivity will increase,
the photocatalytic activity will greatly decrease due to the
coating of the imprinted layer. Therefore, to improve selectivity
without reducing photocatalytic activity is a major challenge.
Based on the above considerations, we have found that poly-o-
phenylenediamine (POPD, a typical conductive polymer)35–37

can not only be used in the same way as the functional mono-
mer for synthesizing the imprinted layer, but also possesses
good photocatalytic activity. More importantly, the introduction
of POPD into the imprinted layer can effectively avoid the
decrease of photocatalytic activity resulting from the coating of
an imprinted layer on common photocatalysts. Moreover, in
order to further enhance the photocatalytic activity, silver
(Ag)38–42 can be loaded onto the POPD, in order to aid the
transfer of photo-generated electrons from POPD. In brief, the
introduction of Ag-POPD into the imprinted layer not only
improves the selectivity, but also improves the photocatalytic
activity.

On the other hand, the poor recycling capacity of the above
imprinted material severely restricts its development and
application.43–45 CoFe2O4, as a widely used magnetic material,
can be easily collected using a magnet without additional
centrifugation or ltration and maintains a very good
This journal is © The Royal Society of Chemistry 2017
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recyclability.46–51 CoFe2O4 can be used not only as a carrier to
improve the specic surface area of composite materials, but
also can reduce the costs to improve the economic viability of
composite materials.

Therefore, in this work, a stable core–shell imprinted Ag-
(poly-o-phenylenediamine)/CoFe2O4 photocatalyst (imprinted
Ag-POPD/CoFe2O4) was synthesized, based on CoFe2O4 as the
carrier, via the surface imprinting technique. A series of char-
acterizations were performed and inuential factors were
investigated to conrm the composition, structure, morphology
and performance. The material properties in terms of adsorp-
tion, photocatalysis, selectivity, mechanism and reproducibility
were also experimentally investigated.
Experimental section
Materials

Ferric chloride hydrate (FeCl3$6H2O, A.R.), cobalt chloride
hexahydrate (CoCl2$6H2O, A.R.), ammonium acetate (A.R.), o-
phenylenediamine (OPD, A.R.), trimethylpropane trimethacry-
late (TRIM, A.R.) tert-butyl alcohol (t-BuOH, A.R.), triethanol-
amine (TEOA, A.R.) and benzoquinone (BQ, A.R.) were supplied
by Aladdin Chemistry Co., Ltd. 2,20-Azobis(2,4-
dimethylvaleronitrile) (97%) was supplied by J&K Scientic
Ltd. Ciprooxacin (CIP, 99%) and tetracycline (TC, 99%) were
purchased from National Institutes for Food and Drug Control.
Trichloromethane (A.R.), sodium borohydride (NaBH4, A.R.),
ethylene glycol (A.R.), ammonium persulfate (A.R.), methanol
(A.R.), anhydrous ethanol (A.R.), silver nitrate (AgNO3, A.R.) and
dimethyl sulfoxide (DMSO, A.R.) were all purchased from
Sinopharm Chemical Reagent Co., Ltd. Nitrogen (N2) was
supplied by INHONG GAS. Deionized water was used
throughout this work.
Synthesis

Synthesis of CoFe2O4. CoFe2O4 was synthesized as follows:
4 mmol of FeCl3$6H2O and 2 mmol of CoCl2$6H2O were dis-
solved in 70 mL of ethylene glycol. Aer a clear solution was
formed, 30 mL of ammonium acetate was added into the above
mixed solution with mechanical agitation for 30 min at 30 �C.
Aerwards, the mixed solution was transferred into a Teon-
lined stainless steel autoclave and sealed to heat at 210 �C.
Aer reacting for 48 h, the autoclave was cooled to room
temperature. Subsequently, the solid product was washed with
deionized water and anhydrous ethanol several times. Finally,
aer drying under vacuum at 50 �C, CoFe2O4 was obtained.

Synthesis of Ag-POPD. Briey, 0.02 mol of OPD was dissolved
in 30 mL of trichloromethane, which was marked as Sol. A.
Meanwhile, 0.01 mol of ammonium persulfate was dissolved in
30 mL of deionized water. Then, the ammonium persulfate
solution was slowly added into Sol. A. Aer the mixed solution
was le to stand for 24 h, the product was washed with meth-
anol and anhydrous ethanol several times. Finally, aer drying
under vacuum at 50 �C, poly-o-phenylenediamine (POPD) was
obtained. In the following step, Ag-POPD was synthesized as
follows: 1.45 g of POPD was added into 320 mL of 0.025 mol L�1
This journal is © The Royal Society of Chemistry 2017
AgNO3 solution with mechanical agitation for 60 min at 30 �C.
Aerwards, 380 mL of 0.025 mol L�1 NaBH4 solution was added
into the above mixed solution drop by drop. Aer reacting for
90 min under mechanical agitation, the product was washed
with deionized water several times and then dried under
vacuum at 50 �C. In consequence, Ag-POPD was obtained.

Synthesis of imprinted Ag-POPD/CoFe2O4. Imprinted Ag-
POPD/CoFe2O4 was synthesized via the surface imprinting
technique, by the following specic process: 0.5 g of CoFe2O4

and a certain amount of Ag-POPD were added into 50 mL of
DMSO. Aer reacting for 60 min under magnetic stirring at
30 �C, 0.05 g of ciprooxacin (CIP) was added into this solution,
and the reaction was continued for another 60 min under
magnetic stirring at 30 �C. Subsequently, 0.5 mL of TRIM and
0.005 g of 2,20-azobis(2,4-dimethylvaleronitrile) were both
added into the above mixed solution. Then, the polymerization
reaction was carried out in a microwave synthesizer (XH-300UL,
Beijing XiangHu Science and Technology Development Co., Ltd)
at 600 W and 40 �C under a N2 atmosphere. Aer reacting for
a period of time, the product was washed with deionized water
and anhydrous ethanol several times. Aerwards, the molecular
template (CIP) was removed by adding 200 mL deionized water
into the above solution under simulated sunlight irradiation
(250 W xenon lamp) for 3 h with magnetic agitation at 30 �C
under an air atmosphere. Finally, the solid product was washed
with deionized water and anhydrous ethanol several times.
Aer drying under vacuum at 50 �C, imprinted Ag-POPD/
CoFe2O4 was obtained. The general scheme of the synthesis
approach is shown in Scheme 1.

Synthesis of non-imprinted Ag-POPD/CoFe2O4. The
synthesis process of non-imprinted Ag-POPD/CoFe2O4 was
consistent with that of imprinted Ag-POPD/CoFe2O4, but
without the addition and removal process of CIP.
Characterization

Fourier-transformed infrared (FT-IR) spectra of the samples
were recorded on a Nicolet Nexus 470 FT-IR (Thermo Nicolet
Co., USA) with 2.0 cm�1 resolution in the range 400–4000 cm�1,
using KBr pellets. X-ray photoelectron spectroscopy (XPS) was
measured with a PHI5300 spectrometer using an Al Ka (12.5 kV)
X-ray source. XRD patterns were obtained with a D8 ADVANCE
X-ray diffractometer (Bruker AXS Co., Germany). The
morphology was observed by a JEM-2010 transmission electron
microscope (TEM, Japan) and a JSM-7001F scanning electron
microscope (SEM, Japan) equipped with energy dispersive
spectroscopy analysis (EDS). UV-vis diffuse reectance spectra
(UV-vis DRS) were obtained for the dry-pressed disk samples
using a 2450 spectrometer (Shimadzu Co., Japan) equipped with
the integrated sphere accessory for diffuse reectance spectra,
using BaSO4 as the reectance sample. The specic surface
area, pore volume and average pore diameter of the samples
were measured by using a NOVA 4000e high speed automated
surface area and pore size analyzer (Quantachrome Co., USA).
Magnetic measurement was carried out using a vibrating
sample magnetometer (VSM) (7300, Lakeshore) under
a magnetic eld up to 10 kOe. The photoluminescence (PL)
RSC Adv., 2017, 7, 48894–48903 | 48895
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Scheme 1 General scheme of the synthesis approach.
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spectra of different samples were investigated by utilizing
a uorescence spectrophotometer (Cary Eclipse Spectropho-
tometer, VARIAN, USA) equipped with a xenon lamp as the
excitation source at room temperature with an excitation
wavelength of 253 nm.
Experiments of adsorption, photocatalysis, selectivity,
mechanism and reproducibility

The adsorption experiment was carried out with magnetic stir-
ring (600 rpm) at 25 �C in the dark. Briey, 0.1 g of sample was
added into 100 mL of 10 mg L�1 CIP solution. Subsequently, the
sample analysis was carried out at intervals of 10 min. Aer
60 min in the dark, the solid sample was isolated using
a magnet, and the concentration was measured with a UV-vis
spectrophotometer 2450 (Shimadzu Co., Japan). The adsorp-
tion capacity (Q) was calculated by using the formula:

Q ¼ ðC0 � CÞ � V

m
(1)

where C0 was the initial concentration of CIP, C was the
concentration of CIP aer adsorption, V was the volume of the
CIP solution, and m was the mass of the sample.

The photocatalytic experiment was carried out at 25 �C with
magnetic stirring (600 rpm) under an air atmosphere (the
aeration rate was 2 mL min�1) and simulated sunlight irradia-
tion provided by a 250 W xenon lamp (the illuminance reached
1.8 � 105 lux). Briey, 0.1 g of sample was added into 100 mL of
10 mg L�1 CIP solution. Aer reaching the desired adsorption
time in the dark, the initial concentration was determined.
Subsequently, the sample analysis was carried out at intervals of
15 min. Aer exposure to simulated sunlight irradiation for
60 min, the concentration was measured with the UV-vis spec-
trophotometer 2450. The photodegradation degree was calcu-
lated by using the formula:

Photodegradation degree ¼ 1� C

C0

� 100% (2)

where C0 was the initial concentration of CIP aer adsorption
and C was the concentration of CIP aer photodegradation
reaction.

The selectivity experiment was carried out in accordance
with the photocatalytic experiment, but during the reaction
process, 0.1 g of sample was added into 100 mL of 20 mg L�1

tetracycline (TC) solution, and the concentration was likewise
48896 | RSC Adv., 2017, 7, 48894–48903
measured with the UV-vis spectrophotometer 2450. The selec-
tivity coefficient (kselectivity) was calculated by using the following
formulas:

For the imprinted sample:

kimprinted ¼ photodegradation degree ðCIPÞ
photodegradation degree ðTCÞ (3)

For other samples:

kothers ¼ photodegradation degree ðCIPÞ
photodegradation degree ðTCÞ (4)

For the selectivity coefficient:

kselectivity ¼ kimprinted

kothers
(5)

In order to investigate the dominant reactive oxygen species
and mechanism of degradation of CIP with the imprinted Ag-
POPD/CoFe2O4, the corresponding experiments were also
carried out in accordance with the above photocatalytic exper-
iment, but with the following difference: at the beginning of the
photocatalytic reaction, various quenchers (1 mmol) were
added into the CIP solution, including tert-butyl alcohol (t-
BuOH), triethanolamine (TEOA) and benzoquinone (BQ).

The reproducibility of the imprinted Ag-POPD/CoFe2O4 was
investigated as follows: aer the rst photocatalytic reaction,
the sample was isolated by a magnet and sonicated with anhy-
drous ethanol for 1 h to remove the residual CIP and by-
products. Aer the product was washed with deionized water
and dried, it was used to perform another photocatalytic reac-
tion. The above procedure was repeated ve times to conrm
the reproducibility of the imprinted Ag-POPD/CoFe2O4.
Results and discussion
Characterization

The rst task was to record the XRD patterns of different
samples, which are shown in Fig. S2.† As can be clearly seen in
Fig. S2a,† the XRD pattern matched the face-centered cubic
structure of Ag (JCPDS standard card 65-2871): the diffraction
peaks observed at 2q ¼ 38.1�, 44.3�, 64.4� and 77.4� corre-
sponded to the indexes (111), (200), (220) and (311) for Ag,52,53

which indicated that Ag had been successfully loaded on POPD.
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra09835a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
O

ct
ob

er
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

2/
8/

20
25

 1
1:

46
:2

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Meanwhile, in Fig. S2b,† the diffraction peaks appearing at 2q
values of 30.1�, 35.4�, 37.1�, 43.1�, 53.4�, 56.9�, 62.5�, 70.9�,
73.9� and 74.9� correspond to the indexes (220), (311), (222),
(400), (422), (511), (440), (620), (533) and (622) of the cubic
CoFe2O4 with a spinel structure, and closely match the JCPDS
standard card 22-1086 data le.46,48,54 In addition, the XRD
patterns of imprinted Ag-POPD/CoFe2O4 and non-imprinted Ag-
POPD/CoFe2O4 not only possessed all the characteristic
diffraction peaks of CoFe2O4, but also a strong and unambig-
uous diffraction peak of Ag, while no other diffraction peaks
were observed in these two patterns. The results indicated that
the crystalline structures of CoFe2O4 and Ag were not changed
during coating of the outer layer.

In order to further conrm the elemental composition of
imprinted Ag-POPD/CoFe2O4, XPS spectra were recorded, as
shown in Fig. 1. It could be clearly seen that the C 1s pattern
showed a dominant peak at 283.75 eV, accompanied by two
minor peaks at 285.31 eV and 286.53 eV, which were assigned to
C]C, C–O and –COO groups, respectively.36 The four compo-
nent peaks of N 1s were attributed to pyridinic N (398.71 eV),
nitrile N or imine N (399.41 eV), pyrrolic N (400.41 eV) and
graphitic N (401.31 eV).35,36 The peaks at 530.2 eV, 531.2 eV,
532.2 eV and 534.2 eV were assigned to adsorbed oxygen,
]C]O/–C–O–C–, –O–C]O and –N–O–, respectively.35,36 All the
above peaks conrmed that POPD was successfully synthesized.
Furthermore, Ag 3d5/2 (368.69 eV) and Ag 3d3/2 (374.79 eV) were
observed in the sample, indicating that the as-prepared sample
possessed Ag.54 Moreover, the peaks at 779.64 eV (with a satellite
peak at 784.83 eV) and at 798.61 eV (with a satellite peak at
804.23 eV) correspond to Co 2p3/2 and Co 2p1/2, respectively, and
Fig. 1 XPS spectra of imprinted Ag-POPD/CoFe2O4.

This journal is © The Royal Society of Chemistry 2017
are the characteristic peaks of Co2+.54 At the same time, Fe 2p3/2
(711.29 eV) and Fe 2p1/2 (723.49 eV) were observed in the
sample.54 The presence of Co 2p3/2, Co 2p1/2, Fe 2p3/2 and Fe
2p1/2 indicated that CoFe2O4 was present in the as-prepared
sample. Therefore, all the above results conrmed that the
imprinted Ag-POPD/CoFe2O4 was successfully synthesized.

Fig. 2 presents the FT-IR spectra of CoFe2O4 and imprinted
Ag-POPD/CoFe2O4, which were recorded to further verify the
formation of imprinted Ag-POPD/CoFe2O4. Compared with
CoFe2O4, due to the formation of the imprinted layer and the
introduction of POPD, some additional absorption peaks
(1668 cm�1, 1523 cm�1, 1481 cm�1, 1384 cm�1, 1295 cm�1,
1189 cm�1, 949 cm�1 and 893 cm�1) were observed in imprinted
Ag-POPD/CoFe2O4. The absorption peak at 1668 cm�1 was
attributed to the stretching vibration of C]O,16 the absorption
peak of C]C was observed at 1523 cm�1,55 the absorption peak
at 1481 cm�1 was assigned to the skeleton vibration peaks of the
benzene ring,16 the absorption peaks of C–N–C were observed at
1384 cm�1 and 1295 cm�1,55 the absorption peak of C–C was
observed at 1189 cm�1,55 and the absorption peaks of C–H were
observed at 949 cm�1 and 893 cm�1. All the above absorption
peaks indicated that POPD and the imprinted layer were
successfully formed in imprinted Ag-POPD/CoFe2O4, and the
imprinted Ag-POPD/CoFe2O4 had been successfully
synthesized.

TEM images, SEM images and EDS spectra of CoFe2O4 and
imprinted Ag-POPD/CoFe2O4 are shown in Fig. 3 and S3.†
Fig. 3a and c display that CoFe2O4 possessed a good spherical
structure with an average diameter of approximately 500 nm.
The presence of the elements O, Fe and Co, as indicated in
Fig. S3a,† conrmed again that CoFe2O4 had been successfully
synthesized. Compared with Fig. 3a, a surface coating layer can
be clearly observed in Fig. 3b, which indicates that the surface
imprinted layer had been successfully coated on the surface of
CoFe2O4. It can be clearly seen from Fig. 3b and d that aer
coating the surface imprinted layer, the imprinted Ag-POPD/
CoFe2O4 still possessed good spherical and core–shell structure,
Fig. 2 FT-IR spectra of different samples ((a) CoFe2O4 and (b)
imprinted Ag-POPD/CoFe2O4).

RSC Adv., 2017, 7, 48894–48903 | 48897
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Fig. 3 TEM images and SEM images of CoFe2O4 (a and c) and
imprinted Ag-POPD/CoFe2O4 (b and d).
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and the average diameter was approximately 530 nm. Further-
more, compared with Fig. S3a,† the additional elements C and
Ag are observed in Fig. S3b,† which veries again that Ag-POPD
and the imprinted layer were both present in the imprinted Ag-
POPD/CoFe2O4.

In order to further conrm that the imprinted cavities were
indeed present in the imprinted layer, N2 adsorption–desorp-
tion experiments were carried out. As shown in Fig. 4, it could
be clearly seen that the N2 adsorption–desorption isotherm of
imprinted Ag-POPD/CoFe2O4 displayed the type IV behavior
with distinct hysteresis loops consistent with the H1 type,
demonstrating that the imprinted Ag-POPD/CoFe2O4 possessed
a mesoporous structure.56,57 The BET specic surface area
reached 199.09 m2 g�1 and the average pore diameter obtained
from the Barrett–Joyner–Halenda (BJH) method was 2.61 nm.
Furthermore, as shown in Fig. S4,† compared with imprinted
Ag-POPD/CoFe2O4, the non-imprinted Ag-POPD/CoFe2O4
Fig. 4 N2 adsorption–desorption isotherm and corresponding pore
size distribution curve (inset) of the imprinted Ag-POPD/CoFe2O4.

48898 | RSC Adv., 2017, 7, 48894–48903
possessed a very small BET specic surface area (9.47 m2 g�1)
and a large average pore diameter (28.93 nm), due to the fact
that no imprinted cavities were present in the non-imprinted
Ag-POPD/CoFe2O4. Therefore, the N2 adsorption–desorption
experiments conclusively proved that imprinted cavities were
formed in the imprinted layer of imprinted Ag-POPD/CoFe2O4.

Fig. 5 and S5† show the UV-vis DRS spectra and the
magnetization patterns at room temperature of CoFe2O4 and
imprinted Ag-POPD/CoFe2O4. As shown in Fig. 5, aer coating
the imprinted layer and introducing Ag-POPD, imprinted Ag-
POPD/CoFe2O4 exhibited good absorption across a wide range
of light wavelengths, which indicated that the imprinted Ag-
POPD/CoFe2O4 had a favorable response to light. Moreover,
Fig. S5† shows that the magnetic saturation (Ms) value of
CoFe2O4 was 69.08 emu g�1, which represents distinct magne-
tism. Moreover, even aer coating the imprinted layer, the
magnetic saturation (Ms) value of imprinted Ag-POPD/CoFe2O4

was 65.82 emu g�1, which showed that the distinct magnetism
was not signicantly reduced. From the photograph (inset in
Fig. 5), it could be clearly observed that the imprinted Ag-POPD/
CoFe2O4 could be easily separated by a magnet, indicating that
the imprinted Ag-POPD/CoFe2O4 indeed possessed good
magnetic separation performance.
Adsorption, photocatalytic activity, selectivity and
reproducibility

As shown in Fig. 6, the adsorption performance of different
samples was investigated. For the rst 30 min of adsorption, the
adsorption capacity of CoFe2O4, Ag-POPD, imprinted Ag-POPD/
CoFe2O4 and non-imprinted Ag-POPD/CoFe2O4 increased
signicantly. Aer 30 min of adsorption, the reaction process,
which followed the order of adsorption–desorption–adsorption,
reached the equilibrium adsorption state for photocatalysis. At
this time, the value of the adsorption capacity of CoFe2O4, Ag-
POPD, imprinted Ag-POPD/CoFe2O4 and non-imprinted Ag-
Fig. 5 UV-vis DRS spectra of CoFe2O4 (a) and imprinted Ag-POPD/
CoFe2O4 (b) (inset is the photograph of the imprinted Ag-POPD/
CoFe2O4 separated from solution under a magnet).

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Adsorption capacities of different samples ((a) CoFe2O4, (b) Ag-
POPD, (c) imprinted Ag-POPD/CoFe2O4 and (d) non-imprinted Ag-
POPD/CoFe2O4).
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POPD/CoFe2O4 uctuated around 0.85 mg g�1, 1.21 mg g�1,
1.98 mg g�1 and 1.38 mg g�1, respectively. The above results
indicated that compared with CoFe2O4, Ag-POPD and non-
imprinted Ag-POPD/CoFe2O4, imprinted Ag-POPD/CoFe2O4

exhibited the highest adsorption performance, because of the
existence of a large number of imprinted cavities in the
imprinted layer of imprinted Ag-POPD/CoFe2O4, which had
a strong specic recognition capability for selective adsorption
of CIP. Therefore, in the following experiments, 30 min was
chosen as the desired adsorption time.

In order to achieve a better photocatalytic activity, the
inuences of different additive doses of Ag-POPD and different
microwave polymerization times on the photocatalytic activity
of the imprinted Ag-POPD/CoFe2O4 were investigated, as shown
in Fig. 7. In Fig. 7A, when the additive dose of Ag-POPD was
0.1 g, the imprinted Ag-POPD/CoFe2O4 possessed the highest
photocatalytic activity (94.38%). When the additive dose of Ag-
POPD was lower than 0.1 g, the content of Ag-POPD was
below the optimum value, resulting in lower photocatalytic
activity. Meanwhile, when the additive dose of Ag-POPD was
Fig. 7 Influence of different additive doses of Ag-POPD (A) and influen
activity of the imprinted Ag-POPD/CoFe2O4.

This journal is © The Royal Society of Chemistry 2017
higher than 0.1 g, the excessive Ag-POPD led to a lower density
of imprinted cavities in the imprinted layer. Thus, the distri-
bution of imprinted cavities on the surface became less dense,
which in turn led to a decrease in photocatalytic activity. Hence
0.1 g was the optimum additive dose of Ag-POPD. Furthermore,
as shown in Fig. 7B, the optimum microwave polymerization
time was 60 min: under these conditions, the photodegradation
degree reached 94.38%. When the microwave polymerization
time was lower than 60 min, the polymerization was not
complete, namely, the imprinted layer had not been fully
formed, resulting in low photocatalytic activity. Meanwhile,
when the microwave polymerization time was higher than
60 min, the degree of microwave polymerization was too high:
on one hand, the imprinted layer became thicker, and the
distribution of imprinted cavities on the surface became less
dense, while on the other hand, the bonding became more
stable, which was detrimental to the removal and re-binding of
CIP. The above two factors both led to low photocatalytic
activity. Therefore, in the following experiments, 0.1 g was
chosen as the additive dose of Ag-POPD, and 60 min was chosen
as the microwave polymerization time.

The selectivity of different samples was investigated by
comparing the photodegradation degree for degradation of CIP
and TC, as displayed in Fig. 8. It could be clearly seen that the
photocatalytic activity of CoFe2O4 was very low, possibly
implying that degradation mainly relied on the adsorption and
self-degradation of CIP and TC. Furthermore, for photo-
degradation of CIP, imprinted Ag-POPD/CoFe2O4 possessed
a large number of imprinted cavities in the imprinted layer and
these imprinted cavities had strong affinity to CIP, enabling
them to specically recognize and selectively photodegrade CIP.
Hence, imprinted Ag-POPD/CoFe2O4 achieved the highest
photodegradation degree (94.38%) in 90 min under simulated
sunlight irradiation, which was approximately 5.47 times that of
CoFe2O4, 1.34 times that of Ag-POPD and 1.29 times that of non-
imprinted Ag-POPD/CoFe2O4. On the other hand, because of the
relatively large structural difference between CIP and TC, the
imprinted cavities could not efficiently specically recognize
TC. Therefore, for photodegradation of TC, compared with Ag-
POPD and non-imprinted Ag-POPD/CoFe2O4, imprinted Ag-
ce of different microwave polymerization times (B) on photocatalytic

RSC Adv., 2017, 7, 48894–48903 | 48899
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Fig. 8 Selectivity for degradation of different pollutants with different
samples under simulated sunlight irradiation for 90 min ((a) CoFe2O4,
(b) Ag-POPD, (c) imprinted Ag-POPD/CoFe2O4 and (d) non-imprinted
Ag-POPD/CoFe2O4).

Fig. 9 Photodegradation degrees for degradation of CIP with the
imprinted Ag-POPD/CoFe2O4 in the presence of different quenchers
under simulated sunlight irradiation for 90 min.
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POPD/CoFe2O4 achieved a relatively poor photodegradation
degree (62.75%) in 90 min under simulated sunlight
irradiation.

In addition, Table 1 presents the detailed photodegradation
degrees and coefficients of selectivity of the different photo-
catalysts. The coefficient of selectivity (kselectivity) of imprinted
Ag-POPD/CoFe2O4 relative to CoFe2O4, Ag-POPD and non-
imprinted Ag-POPD/CoFe2O4 was 1.88, 1.79 and 1.83, respec-
tively. These values of kselectivity indicated that imprinted Ag-
POPD/CoFe2O4 was highly selective for the structure of CIP as
a result of the imprinted cavities, which could selectively pho-
todegrade CIP in the presence of TC. Therefore, all the above
results demonstrated that imprinted Ag-POPD/CoFe2O4 not
only had high photocatalytic efficiency, but also possessed the
specic recognition capability for selective photodegradation of
CIP.

The reproducibility of imprinted Ag-POPD/CoFe2O4 was
investigated by performing 5 cycles of use, as shown in Fig. S6.†
It could be clearly seen that the imprinted Ag-POPD/CoFe2O4

could be used for at least 5 cycles with little loss of
Table 1 Photodegradation degrees and coefficients of selectivity with d

Photocatalysts Antibiotic solution Photo

CoFe2O4 CIP 17.25
TC 21.68

Ag-POPD CIP 70.41
TC 83.61

Imprinted Ag-POPD/CoFe2O4 CIP 94.38
TC 62.75

Non-imprinted Ag-POPD/CoFe2O4 CIP 73
TC 88.61

48900 | RSC Adv., 2017, 7, 48894–48903
photocatalytic activity, demonstrating that the imprinted Ag-
POPD/CoFe2O4 had good photocatalytic stability and repro-
ducibility. Furthermore, Fig. S6B† shows that the XRD pattern
of the sample aer 5 cycles was nearly the same as that of the
initial sample, demonstrating that the crystalline structure of
imprinted Ag-POPD/CoFe2O4 was not changed during the pho-
tocatalytic reaction. In addition, the photoluminescence (PL)
spectra58,59 were further investigated to conrm the reproduc-
ibility, as shown in Fig. S7.† It could be easily observed that the
spectrum of imprinted Ag-POPD/CoFe2O4 was almost
unchanged aer 5 cycles, demonstrating that the as-prepared
imprinted Ag-POPD/CoFe2O4 had good photocatalytic stability
and reproducibility.
Dominant reactive oxygen species and mechanism

In order to investigate the photocatalytic mechanism of degra-
dation of CIP with the imprinted Ag-POPD/CoFe2O4, photo-
catalytic experiments were performed in which TEOA, t-BuOH
or BQ were used as quenchers for h+, cOH, and cO2

�, respec-
tively. The results are shown in Fig. 9. When t-BuOH and BQ
were added into the CIP solution, the photodegradation degree
was reduced to 79.29% and 64.88%, respectively, compared
with that without quencher (94.38%), which indicated that t-
BuOH and BQ had little effect on the photocatalytic activity of
ifferent photocatalysts under simulated sunlight irradiation for 90 min

degradation degrees (%) kimprinted kothers kselectivity

— 0.8 1.88

— 0.84 1.79

1.5 — —

— 0.82 1.83

This journal is © The Royal Society of Chemistry 2017
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Fig. 10 Proposed selective photocatalytic mechanism of the imprinted Ag-POPD/CoFe2O4.
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imprinted Ag-POPD/CoFe2O4. In contrast, when TEOA was
added into the CIP solution, the photodegradation degree was
heavily reduced to only 29.9%, indicating that TEOA exerted
a signicant effect on the photocatalytic activity of imprinted
Ag-POPD/CoFe2O4. Therefore, in this photocatalytic reaction, h+

was the main oxidative species, cO2
� was the secondary oxida-

tive species, while cOH only played a small role. Based on the
above results, we note that if h+ had reacted with H2O or OH� to
form cOH in large amounts, cOH would have played a greater
role. Hence, we draw the interesting conclusion that cOH was
not formed in large amounts by the reaction of h+ and H2O/
OH�.

Combining all the above results, the selective photocatalytic
mechanism of imprinted Ag-POPD/CoFe2O4 was proposed, as
displayed in Fig. 10. Briey, when imprinted Ag-POPD/CoFe2O4

was exposed to simulated sunlight, electrons (e�) and holes (h+)
were generated in the LUMO energy level and the HOMO energy
level of POPD. Aerwards, the majority of e� in the LUMO
energy level of POPD transferred to Ag, while the remaining
minority of e� in the LUMO energy level of POPD were captured
by dissolved O2 to generate superoxide radicals (cO2

�), which
further generated hydroxyl radicals (cOH). The cO2

� and cOH
that originated from O2 played only a minor role in the photo-
catalytic reaction. Meanwhile, the h+ could directly oxidize CIP
to generate CO2, H2O and other molecules. In addition, CIP
could be specically recognized by the imprinted cavities in the
imprinted layer, but TC could not. Therefore, the specic
recognition and selective photodegradation of CIP was realized
through the imprinted cavities.
Conclusions

In brief, based on CoFe2O4 as the carrier, an imprinted Ag-
POPD/CoFe2O4 was synthesized via the surface imprinting
technique, and possessed a spherical core–shell structure,
strong response to light, good magnetic separation
This journal is © The Royal Society of Chemistry 2017
performance and good reproducibility. Moreover, when the
additive dose of Ag-POPD was 0.1 g and the microwave poly-
merization time was 60 min, the imprinted Ag-POPD/CoFe2O4

achieved the highest photodegradation degree (94.38%) for
degradation of CIP in 90 min under simulated sunlight irradi-
ation. Furthermore, Ag-POPD was introduced into the imprin-
ted layer, which signicantly enhanced the photocatalytic
activity; meanwhile, due to the existence of imprinted cavities in
the imprinted layer, the imprinted Ag-POPD/CoFe2O4 exhibited
a superior specic recognition capability for selective photo-
degradation of CIP. In addition, in this photocatalytic reaction,
h+ was the main oxidative species, cO2

� was the secondary
oxidative species, while cOH only played a small role.
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