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ABSTRACT

For norfloxacin removal in aquatic environment, TiO2 particles (P25) were modified via
surface molecular imprinting technique to improve the adsorption property and sustainable
use by photocatalytic regeneration. Orthogonal experiment was adopted to quantify the sig-
nificance of preparation factors and determine the optimum preparation conditions. The
adsorption of norfloxacin on the molecular imprinted particles (MIPs), the non-imprinted
particles (NIPs), and P25 fitted the second-order adsorption model and Langmuir model
well. The MIPs showed a higher adsorption capacity toward norfloxacin than the NIPs and
P25. The adsorption rate constant, maximum adsorption capacity, and Langmuir constant of
the MIPs toward norfloxacin were 0.49 g mg−1 min−1, 2.99 mg g−1, and 2.4 L mg−1, respec-
tively. Removal efficiencies for norfloxacin, ciprofloxacin, carbamazepine, and phenol by the
MIPs were 76.99, 78.81, 7.87, and 2.68%, respectively, which indicated that the MIPs had
higher affinity toward norfloxacin and fluoroquinolones with similar structures. Moreover,
the MIPs exhibited the photocatalytic property and could be regenerated by UV irradiation
with stable removal efficiency for norfloxacin in five adsorption–regeneration cycles.

Keywords: Surface molecular imprinting technique; Adsorption; Photocatalytic regeneration;
Norfloxacin

1. Introduction

Fluoroquinolones, which have been widely used in
human and veterinary medicine because of their high
antibacterial activity against both gram-negative and
gram-positive bacteria through inhibition of DNA gyr-
ase, are one of the most important synthetic antibiotics
worldwide [1]. Previous works [2,3] have found that,
only less than a quarter of fluoroquinolones can be
metabolized in the body and most of them are

excreted largely unchanged and eventually discharged
into the environment. It has been proved that the trace
fluoroquinolones in wastewater and surface water can
lead to the resistance of the bacteria to antibiotic and
thus, pose a potential threat to the environment and
human health [4]. However, the traditional water
treatment technology cannot sufficiently or efficiently
remove all fluoroquinolones [5–7]. Hence, developing
more effective and practical methods to remove such
trace organic contaminants from water is of great
interest.
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Norfloxacin is one of the mostly common used flu-
oroquinolones in the urinary tract infections treatment
[8]. It has been detected frequently in wastewater and
surface water at levels ranging from ng L−1 up to
mg L−1 [9]. Because of its antibacterial property, nor-
floxacin can hardly be removed by biodegradation
process [10]. Hitherto many novel methods have been
developed for the removal of norfloxacin. Haque and
Muneer [2] and Li et al. [11] have studied the perfor-
mance of norfloxacin degradation by photocatalysis.
Rivas et al. [12] have employed the method in com-
bination of ozone and ultraviolet radiation to degrade
norfloxacin in aqueous solutions. Liu et al. [6] have
prepared the lotus stalk-based activated carbon and
iron-doped activated alumina to remove norfloxacin
by adsorption. Yang et al. [13] studied the adsorption
behavior and mechanisms of norfloxacin onto porous
resins and carbon nanotube. However, most of these
methods have no selectivity toward norfloxacin and
thus may not effectively remove norfloxacin with low
concentration under the coexistence of other organic
matters with high concentration. Therefore, the
molecular imprinting technique, which can improve
the selectivity of adsorbents, was adopted in our work
to prepare the adsorbents for norfloxacin.

Previous works have proved that molecular
imprinting is a useful technique to construct specific
sites for the target compounds and the molecular
imprinted polymers display the enhanced selective
adsorption ability [14]. Researchers have tried to pre-
pare molecular imprinted materials for the extraction
of target substances [15,16] and selective removal of
trace pollutants such as carbamazepine [17], perfluo-
rooctane sulfonate [18], arsenic [19], and estrogenic
compounds [20,21] from aqueous solutions. The
results have showed that the molecular imprinted
adsorbents have favorable adsorption performance
and selective recognition ability. For the preparation
of inorganic molecular imprinted modified TiO2, liq-
uid-phase deposition method [22,23] and one-step sol–
gel method [24] have been developed. The inorganic
molecular imprinted modified TiO2 showed higher
stability than the materials prepared using organic
materials as functional monomers and crosslinker.
Based on the previous works about the inorganic
molecular imprinted modified TiO2 material, some
interesting aspects need to be further investigated.
Firstly, the previous studies mainly focused on their
photocatalytic performance. The adsorption perfor-
mance, adsorption mechanism, and selective recogni-
tion ability were of interest for further research.
Secondly, during the elution of template molecules
and the regeneration process of the adsorbents, the
eluent and eluate might also become the pollutants, so

that the preparation method should be improved.
Thirdly, the factors that influence the preparation of
the molecular imprinted adsorbents were investigated
individually and the interaction between these factors
did not take into consideration in the previous works.

The objectives of our study were to prepare
molecular imprinted materials with both selective
adsorption and photocatalytic regeneration ability for
sustainable removal of norfloxacin in aquatic environ-
ment. In our work, the TiO2 nanoparticles (P25) were
used as the support and crystallization revulsant,
which contribute to the growing of the imprinting lay-
ers on the nanoparticles [25]. The MIPs were prepared
by liquid-phase deposition method, and the prepara-
tion conditions were optimized by orthogonal experi-
ment analysis. The MIPs prepared under the
optimized condition were characterized. The adsorp-
tion kinetics, isotherms, and thermodynamic were
studied and the results were compared between the
MIPs, the non-imprinted particles (NIPs), and P25 in
order to investigate their adsorption performance and
mechanism in detail. The removal efficiencies of the
adsorbents toward norfloxacin, ciprofloxacin, carba-
mazepine, and phenol were tested to verify the selec-
tivity of the MIPs toward certain molecules. UV
irradiation, which was a moderate regeneration
method, was adopted to regenerate the MIPs and the
regeneration performance was also evaluated through
five adsorption–regeneration cycles.

2. Materials and methods

2.1. Chemicals and materials

Norfloxacin and ciprofloxacin with a purity of
≥98% were purchased from Aladdin Industrial Inc.
(China), while carbamazepine and phenol with a pur-
ity of ≥99% were supplied by Sigma-Aldrich (USA).
Acetonitrile and phosphoric acid, which were of
HPLC grade, were also purchased from Sigma-Aldrich
(USA). Ammonium hexafluorotitanate and boric acid
were of analytical grade and were obtained from Sino-
pharm Chemical Regent Co., Ltd. (China). TiO2 parti-
cles (P25) were provided by Degussa (Germany).
Ultrapure water was used for the preparation of all
aqueous solutions. The 300 W UV lamp was pur-
chased from Nanjing Xujiang electromechanical plant
(China).

2.2. Preparation and characterization of the MIPs

The MIPs were prepared by an improved liquid-
phase deposition method. Firstly, norfloxacin was
dissolved in ultrapure water to form a solution at a
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concentration of 200 mg L−1. Ammonium hexafluoroti-
tanate and boric acid were then sequentially added
under stirring at the concentration of 0.02 and
0.04 mol L−1, respectively. After they had been all dis-
solved, P25 was added at a concentration of 2 g L−1.
The prepared solution was kept in a water bath at
30˚C with stirring for 2 h and deposited at the same
temperature for 2 h. The solid particles were separated
from the suspension by centrifuge. The obtained
materials were dried to constant weight and then cal-
cined at 350˚C in muffle furnace for 3 h. The NIPs
were prepared by the same procedures without nor-
floxacin in the deposition solution. The preparation
condition had been optimized by orthogonal experi-
ments. The adsorption performance of the MIPs pre-
pared under different conditions was tested with the
initial aqueous norfloxacin concentration of 1 mg L−1

and the results were analyzed. The optimal prepara-
tion condition was then obtained.

The morphological characterization of the samples
was carried out using a transmission electron micro-
scope (JEM-1230, JEOL Ltd, Japan) and scanning elec-
tron microscope (XL30-ESEMFEI, Philips, the
Netherlands). X-ray diffraction analysis was carried out
by X’Pert PRO X-ray diffractometer (PANalytical B.V.,
the Netherlands) to determine the crystalline structure
of the samples. The surface areas and the pore parame-
ters of the samples were also measured and analyzed
by TriStar II 3020 surface area and porosity analyzer
(Micromeritics Instrument Corporation, USA).

2.3. Adsorption performance

Batch adsorption experiments were carried out at
25˚C and 250 rpm on the orbital shaker (KS 4000 i
control, IKA, Germany) using flasks containing nor-
floxacin solution with an initial concentration of
1 mg L−1 and a certain amount of the MIPs with stop-
per. For adsorption kinetics experiment, the specimens
were sampled at defined time intervals from 10 to
100 min. The adsorption isotherms were investigated
over various initial concentrations ranging from 0.1 to
10 mg L−1. Adsorption thermodynamics experiments
were conducted at 15, 20, 25, 30, and 35˚C. Adsorption
performance of the MIPs, NIPs, and P25 toward cipro-
floxacin, carbamazepine, and phenol was also evalu-
ated under the initial concentration of 1 mg L−1,
respectively, in order to indicate the selectivity of the
adsorbents. The removal efficiency was defined as:

E ¼ c1 � c2
c1

(1)

where c1 and c2 (mg/L) were the initial and equilib-
rium adsorbates’ concentrations, respectively.

2.4. Regeneration experiments

The regeneration of the MIPs was investigated
through five adsorption–regeneration cycles. The satu-
rated MIPs were irradiated under 300 W UV lamp
with stirring for 2 h to degrade the adsorbed nor-
floxacin, and then the adsorption sites of the MIPs
were recovered. The regenerated MIPs were reused in
the next cycle of adsorption experiments. Each adsorp-
tion process last 4 h, which had been proved to reach
the adsorption equilibrium within this period in pre-
liminary experiment.

2.5. Analytical methods

After the adsorption experiments, the solutions
were filtrated by the filter with 0.22 μm membranes.
The concentrations of the norfloxacin, ciprofloxacin,
carbamazepine, and phenol were determined using an
Agilent 1200 series HPLC (Agilent Technologies, USA)
with FLD and UV detector. The XDB-C18 column
(4.6 × 150 mm) from Agilent Technologies was applied
with a flow rate of 1.0 mL min−1 at 25˚C. The mobile
phase was acetonitrile/0.1% phosphoric acid solution
(30/70, v/v). The excitation and emission wavelength
used in the FLD detector for determination of nor-
floxacin and ciprofloxacin was 280 and 450 nm, respec-
tively. For the determination of phenol, the value was
set to 275 and 313 nm, respectively. UV detector was set
at 284 nm to detect carbamazepine. The injection
volume was programmed at 10 μL.

3. Results and discussion

3.1. Optimization of MIPs preparation

The liquid-phase deposition method was used to
prepare the MIPs adsorbents in our work. The
preparation procedure was shown in Fig. 1. The
mechanism for the preparation of the MIPs could be
expressed as Eqs. (2)–(4).

½TiF6�2� þ nH2O � ½TiF6�nðOHÞn�2� þ nHF (2)

H3BO3 þ 4HF � HBF4 þ 3H2O (3)

½TiðOHÞ6�2� � TiO2 þ 2H2Oþ 2OH� (4)
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The previous works have proved that this method
could achieve the molecular imprinting on the surface
of the supports namely the TiO2 nanoparticles [25].
However, the previous studies on the optimization of
the MIPs preparation rarely considered the interaction
of different factors. The significances of these factors
could not be quantified simultaneously [18,19,26]. In
this study, the effects of the concentrations of nor-
floxacin, ammonium hexafluorotitanate/boric acid,
imprinting temperature, and imprinting time were
comprehensively and simultaneously investigated
based on the orthogonal experiments. As shown in
Eqs. (2)–(4), when the fluorine in TiF6�nðOHÞn

� �2�
was

totally consumed, the theoretical reaction mole ratio of
ammonium hexafluorotitanate to boric acid should be
2/3. To improve the utilization of ammonium hex-
afluorotitanate, the mole ratio of ammonium hexafluo-
rotitanate to boric acid was set to 1/2. An L9

orthogonal array, which contained the four factors
and three levels for each factor, was formed. The data
were analyzed by SPSS 18.0 and the results were
shown in Table 1. The mean values of removal effi-
ciency under each factor would be calculated and the
factor level that corresponded to the highest value for
each factors was chosen as the optimal level.

The results indicated that the optimum concentra-
tions of the norfloxacin and the ammonium hexafluo-
rotitanate were 200 mg L−1 and 0.02 mol L−1,
respectively. The optimum imprinting temperature
and time were 30˚C and 2 h, respectively. The MIPs
and NIPs used in the following experiments were pre-
pared under this condition. The concentrations of
ammonium hexafluorotitanate/boric acid seemed to
be the most significant factor that affected the MIPs
adsorption properties for norfloxacin in our experi-
ments (p = 0.001). The imprinting time was the second
important factor (0.01 < p < 0.05). The imprinting tem-
perature and the concentrations of norfloxacin turned
out to have only limited influence for the MIPs
preparation (p > 0.05).

3.2. Characterization of prepared samples

The morphology and particle size distributions of
MIPs (before and after calcination) and P25 were
shown in Fig. 2. The MIPs before and after calcination
displayed the average sizes of approximately 37 and
43 nm, respectively, which were larger than the P25
with an average size of approximately 26 nm. The
specific surface area of the MIPs, the NIPs, and P25

Fig. 1. Schematic procedure of the MIPs preparation.
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was found to be 63.2, 27.5, and 36.6 m2 g−1, respec-
tively. Furthermore, the total pore volume of the MIPs
was 0.1 cm3 g−1, which was 1.81 and 1.43 times more

than those of the NIPs and P25, respectively. The
greater specific surface area and pore volume of the
MIPs could enhance their adsorption performance.

Table 1
Effects of the preparation conditions on the MIPs adsorption performance (indicated by removal efficiency)

Factors Factors level
Removal efficiency mean
value

95% Confidence
interval

p
Optimal
level

Lower
limit

Higher
limit

Norfloxacin 100 mg L−1 0.56 0.65 0.48 0.67 200
200 mg L−1 0.58 0.66 0.49
300 mg L−1 0.53 0.61 0.45

Ammonium hexafluorotitanate/
boric acid

0.005/
0.01 mol L−1

0.43 0.51 0.34 0.001 0.02/0.04

0.01/
0.02 mol L−1

0.57 0.65 0.49

0.02/
0.04 mol L−1

0.67 0.75 0.59

Reaction temperature 30˚C 0.60 0.68 0.51 0.419 30
40˚C 0.55 0.63 0.47
50˚C 0.52 0.61 0.44

Deposition time 0.5 h 0.56 0.64 0.48 0.011 2
1 h 0.46 0.54 0.38
2 h 0.65 0.73 0.57

Fig. 2. The TEM micrographs of (a) the MIPs before calcination, (b) the MIPs after calcination, (c) P25 and the particle size
distributions of, (d) the MIPs before calcination, (e) the MIPs after calcination, and (f) P25.
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Fig. 3 shows the XRD patterns obtained for the
MIPs, the NIPs, and P25. All of the three adsorbents
were contained anatase form, which implied by the
peaks at the diffraction angle of about 25˚C. The exis-
tence anatase form indicated a good photocatalytic
property of the adsorbents [27]. The XRD patterns
proved that the crystal form was not changed during
the preparation process. The MIPs and the NIPs
should have the similar photocatalytic performance
compared with P25. Hence, the MIPs would have
favorable photocatalytic property as well as good
adsorption ability.

3.3. Adsorption behavior of MIPs

3.3.1. The optimal absorbent dosage

Different dosages of the MIPs were employed to
determine the optimal adsorbent dosage in order to
remove norfloxacin from the aqueous solution effi-
ciently and economically. According to the result, the
adsorbent dosage had a great influence on the adsorp-
tion capacity of the MIPs. The removal efficiency of
norfloxacin improved significantly with the increase in
the dosage under 1 g L−1 and then the improvement
remarkably slowed down with the further increase in
the MIPs dosage. Comprehensively, considering the
efficiency and economy, 1 g L−1 was chosen as the
optimal adsorbent dosage.

3.3.2. Adsorption kinetics

The kinetics for adsorption of norfloxacin onto the
MIPs, the NIPs, and P25 were examined. The results
correlated with the first- and second-order adsorption

models were shown in Fig. 4 and the parameters were
summarized in Table 2. The kinetic data of the MIPs
correlated pseudo-second-order model better with the
higher correlation coefficients (R2 > 0.99) and showed
better agreements between qexp and qcal (Δp < 5%). The
adsorption process for the NIPs and P25 was both fit-
ted pseudo-second-order model and pseudo-first-order
model well.

For all the adsorbents, norfloxacin adsorption
reached equilibrium within 60 min, and no apprecia-
ble changes were noticed after that. The initial adsorp-
tion rate of the MIPs (0.491 g mg−1 min−1) was greater
than that of the NIPs (0.259 g mg−1 min−1) and P25
(0.256 g mg−1 min−1). In the previous work, the nor-
floxacin was adsorbed by lotus stalk-based activated
carbon, iron-doped activated alumina, hyper-
crosslinked resin, and aminated polystyrene resin
[6,13]. The adsorption rate constant was 2.2 × 10−3,
4.2 × 10−5, 7.4 × 10−3+, and 3.7 × 10−2 g mg−1 min−1,
respectively, which were much lower than that of the
MIPs. The higher adsorption rate of the MIPs could
attributed to that the adsorption of norfloxacin onto
the MIPs occurred mainly on the surface adsorption
sites, while the adsorption sites of the other adsor-
bents mentioned above existed mainly in the internal
pores and the adsorbed norfloxacin had the internal
diffusion processes. Moreover, compared with the
NIPs and P25, the MIPs had a higher initial adsorp-
tion rate and adsorption capacity for norfloxacin, indi-
cating that the imprinting process could enhance the
affinity for the norfloxacin molecule. Considering that
the adsorption rate and the capacity were proportional
to the number of active sites on the adsorbent [28], it

Fig. 3. XRD spectra of (a) the MIPs, (b) the NIPs, and (c)
P25.

Fig. 4. Adsorption kinetics of the MIPs, the NIPs, and P25
for norfloxacin (c1 = 1.0 mg L−1, adsorbent dosage =
1.0 g L−1, pH 6.5, T = 25˚C).
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could be inferred that the specific recognition sites on
the surface of the MIPs were successfully created.

3.3.3. Adsorption isotherm

Adsorption isotherm experiments were performed
to evaluate the adsorption capacity of the adsorbents.
The data were fitted by Langmuir model and Fre-
undlich model and related results were shown in
Fig. 5 and Table 3.

It could be observed that the adsorption isotherms
of the MIPs, the NIPs, and P25 correlated with
Langmuir model better than Freundlich model
(R2 > 0.99). Considering that the Langmuir model was
derived based on the hypothesis of monolayer adsorp-
tion on specific homogenous sites [29], it could be
inferred that the adsorption of norfloxacin on all the

three adsorbents occurred on their surface by
monomolecular layer adsorption. The adsorption
amount would increase with the increase in nor-
floxacin concentration and it would reach the maxi-
mum when the available sites were saturated with
norfloxacin molecules. Moreover, the maximum
adsorption capacity (qm) of the MIPs was 1.45 and 1.52
times higher than those of the NIPs and P25, respec-
tively. In comparison with some adsorbents studied in
the previous works [30,31], the MIPs had a greater
adsorption capacity as well as the Langmuir constant
(KL) for the norfloxacin, which indicated the increase
in active adsorption sites and stronger adsorption
affinity on the MIPs. As the MIPs, NIPs, and P25 were
all constituted by the titanium–oxygen structures, the
enhanced adsorption affinity should be mainly caused
by the predetermined imprinted sites, which were
called footprint cavity in the previous work [32].
Meanwhile, the increase in the specific surface area of
the adsorbents after imprinting was greater than the
increase in adsorption capacity and Langmuir constant
for norfloxacin. It could be due to the inaccessibility of
some imprinted sites ensconced inside the particles for
norfloxacin. Besides, previous works have found that
in non-covalent molecular imprinting, hydrophobic
impact, H-bond, etc. could also have influence on the
adsorption performance [13,33]. It could be inferred
that the greater specific surface area and stronger
intermolecular forces between the norfloxacin and
MIPs enhanced the adsorption performance.

3.3.4. Thermodynamic parameters

The effects of temperature on the adsorption were
studied and the thermodynamic parameters of adsorp-
tion such as standard free energy change (ΔG0), stan-
dard enthalpy change (ΔH0), and standard entropy

Table 2
Kinetic parameters of the pseudo-first- and second-order models for adsorption of norfloxacin on the MIPs, the NIPs,
and P25

Adsorbent

Pseudo-first-order modela Pseudo-second-order modelb

k1 (min−1) R2 Δp (%)c k2 (g mg−1 min−1) R2 Δp (%)

MIPs 0.0632 0.946 15.43 0.4913 0.998 3.19
NIPs 0.0535 0.986 7.74 0.2590 0.990 10.14
P25 0.0534 0.987 8.98 0.2555 0.988 8.74

alnðqe � qÞ ¼ ln qe � k1t.
bt
q ¼ 1

k2 �q2e þ
1
qe
t.

cDp ð%Þ ¼ 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP ðqexp � qcalÞ
qexp

� �2

N � 1

vuuut
. where Δp (%) was the normalized standard deviation; qexp and qcal (mg g−1) were the experimental and

model calculated norfloxacin sorption amounts; N was the number of measurements made.

Fig. 5. Adsorption isotherms of the MIPs, the NIPs, and
P25 for norfloxacin (adsorbent dosage = 1.0 g L−1, pH 6.5,
T = 25˚C, t = 4.0 h).
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change (ΔS0) were calculated. The results were shown
in Fig. 6. The standard free energy changes were all
negative values, while the ΔH0 and ΔS0 values were
all positive for all three adsorbents. The positive val-
ues of ΔH0 indicated that the adsorption was an
endothermic process. Previous works had found that
higher temperature could have the negative [34], posi-
tive [13], and no significant [33] influences on adsorp-
tion process. The effect of temperature on the
adsorption process depended on the positive or nega-
tive factors that dominated the adsorption process. For

the MIPs, the NIPs, and P25, the increase in tempera-
ture could enhance the adsorption performance. The
adsorption amounts of norfloxacin on MIPs at equilib-
rium increased about 15% when the reaction tempera-
ture was increased from 15 to 35˚C. Possible
explanation could be that the molecular motion would
be more vigorous at higher temperature, and it could
help more norfloxacin molecules overcome potential
barriers at the aperture of the pores and reach the
adsorption sites. This mechanism had also been
described as gating effect in the previous work for the
temperature effects on adsorption of krypton and
xenon [35]. In addition, the pore diffusion process and
the package density of adsorbate molecules in the
micropores of adsorbents would be enhanced when
the temperature increased. Yang et al. [13] have
pointed out that the effect of micropore filling would
be enhanced at higher temperature while H-bond
formation and hydrophobic effect would be adverse.
Hence, it could be inferred that for the non-covalent
MIPs, micropore-filling effect had the greater contribu-
tion to adsorption than the intermolecular forces
effect. Moreover, the negative values of ΔG0 and posi-
tive value of ΔS0 proved that the adsorption process
was feasible and spontaneous at the range of 15–35˚C.

3.4. The selectivity of the adsorption by MIPs

The adsorption performance of the MIPs for cipro-
floxacin, carbamazepine, and phenol was also tested to

Table 3
The Langmuir and Freundlich isotherm model parameters for adsorption of norfloxacin on the MIPs, the NIPs, and P25

Adsorbent

Langmuir modela Freundlich modelb

qm
(mg/g)

KL

(L/mg) R2
KF

(mg/g(L/mg)1/n) 1/n R2

MIPs 2.99 2.402 0.999 1.46 0.550 0.943
NIPs 2.06 0.930 0.996 0.70 0.611 0.914
P25 1.96 0.961 0.997 0.68 0.597 0.942

aceq
q ¼ ce � 1

qm
þ 1

k�qm.
blog qe ¼ logKF þ 1

n log ceq. where qe (mg g−1) was the amount of norfloxacin adsorbed at equilibrium, qm (mg g−1) was the maximum

norfloxacin adsorption capacity.

Table 4
Recognition of different competitive molecules on the adsorbents

Kd
a Norfloxacin Ciprofloxacin Carbamazepine Phenol

MIPs 3.35 3.72 0.09 0.03
NIPs 1.17 1.16 0.08 0.02
P25 1.15 1.03 0.12 0.03

aKd ¼ cp
ce
. where Kd (L g−1) was the distribution coefficient, cp (mg g−1) was the adsorption amount of norfloxacin on the adsorbents,

ce (mg L−1) was the amount of norfloxacin in aqueous solution at adsorption equilibrium.

Fig. 6. Vant Hoff’s plot for norfloxacin adsorption by the
MIPs, the NIPs, and P25 (c1 = 1.0 mg L−1, adsorbent
dosage = 1.0 g L−1, pH 6.5, t = 4.0 h).
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investigate the adsorption selectivity of the MIPs. The
results were shown in Fig. 7 and Table 4. As shown in
Table 4, the MIPs had higher distribution coefficients
for norfloxacin and ciprofloxacin compared with the
NIPs and P25. The distribution coefficients for carba-
mazepine and phenol were low in all situations. In a
word, the imprinting process could enhance the adsorp-
tion capacity for norfloxacin and ciprofloxacin but had
no significant influence for carbamazepine and phenol.
As norfloxacin and ciprofloxacin both owned hydroxyl,
carboxyl, piperazine, fluorine, and similar molecular
weight, it could be inferred that the molecular struc-
tures, functional groups, and molecular weight would
be the main factors which influenced the adsorption
selectivity. The previous work [36,37] using molecular
imprinted polymers for the analysis of norfloxacin
showed that the imprinted polymers had the favorable
adsorption ability for both norfloxacin and ciprofloxa-
cin. Analogous inference was made in the previous
work using Cl-TiO2 imprinted photocatalyst for the
degradation of tetracycline [38]. The substances with
the similar structures of the template molecule could
also be effectively bound and removed on the molecular
imprinted material. It could be concluded that the
active adsorption sites created by molecular imprinting
process provided extra and specific adsorption capacity
for norfloxacin and its homologs with similar struc-
tures, functional groups, and molecular weight.

3.5. Regeneration characters

Considering that the MIPs should have good
photocatalytic ability as evidenced by XRD analysis.
Photodegradation was a moderate regeneration

method which could effectively degrade the nor-
floxacin adsorbed on the MIPs. Hence, UV irradiation
was chosen as the regeneration method for the MIPs.
The adsorption experiments were performed to deter-
mine whether the MIPs could maintain the adsorption
performance within several reuse cycles. As shown in
Fig. 8, the results proved that the removal efficiency of
norfloxacin by the MIPs hardly decreased within five
reuse cycles. The demonstrated reusability of the MIPs
over several cycles showed an advantage in practical
use. Moreover, the molecular imprinted adsorbents
were mainly regenerated using deionized water, acid,
lye, and organic solvent in previous works [17,18,26].
Compared with these regeneration methods, UV
irradiation regeneration caused less waste and was
more environmental friendly. In addition, the nor-
floxacin could be degraded during the regeneration
process. The study about the degradation character of
norfloxacin on the MIPs was in progress.

4. Conclusions

The novel MIPs were prepared by a surface
molecular imprinting technique with P25 nanoparti-
cles as the support and norfloxacin as the template.
The adsorption of norfloxacin on the MIPs, the NIPs,
and P25 was endothermic process and it followed the
second-order adsorption model and Langmuir model.
The MIPs prepared under optimized condition indi-
cated higher adsorption rate and capacity toward nor-
floxacin compared with the NIPs and P25 owing to
the imprinted sites and higher surface area. Molecular
structures and properties played important roles in
selectivity of the adsorption by MIPs. Moreover, the

Fig. 7. Removal efficiency of norfloxacin, ciprofloxacin,
carbamazepine, and phenol on the MIPs, the NIPs, and
P25 (c1 = 1.0 mg L−1, adsorbent dosage = 1.0 g L−1, pH 6.5,
T = 25˚C, t = 4.0 h).

Fig. 8. Removal efficiency of norfloxacin during reuse
cycles (c1 = 1.0 mg L−1, adsorbent dosage = 1.0 g L−1, pH
6.5, T = 25˚C, t = 4.0 h).
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MIPs could be regenerated under UV irradiation at
least five times without reducing the removal effi-
ciency significantly, which was more economical, effi-
cient, and environmental-friendly than the traditional
regeneration methods. The results confirmed that
MIPs had been successfully prepared and they would
have a potential application in the removal of trace
norfloxacin from the aquatic environment.
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