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Abstract. Highly selective molecularly imprinted nanocomposites MIPgryg-PPy/TiO, were successfully prepared by sur-
face molecular imprinting technique with rhodamine B (RhB) as template molecule. The prepared MIPgyg-PPy/TiO;
coated with a thin imprinted layer could respond to visible light. The static and dynamic binding experiments revealed that
MIPgrps-PPy/TiO; possessed strong affinity, high adsorption capacity and fast adsorption rate for RhB. The selectivity
experiments indicated that MIPgpg-PPy/TiO, had excellent recognition selectivity for RhB. Selective photocatalytic degra-
dation experiments indicated that the apparent rate constant (k) for the photodegradation of RhB over MIPgg-PPy/TiO, is
0.0158 min™!, being 3.6 times of that over non-imprinted nanocomposites NIP-PPy/TiO; (0.0044 min~"). Compared with
the NIP-PPy/TiO,, MIPgrys-PPy/TiO; showed higher photocatalytic selectivity toward RhB under visible light, which was
attributed the introduction of the imprinted cavities on the surface of MIPgpg-PPy/TiO,. Moreover, MIPgp,g-PPy/TiO,
exhibited high reusability and stability. The results indicate that molecularly imprinted nanocomposites MIPgpg-PPy/TiO,

have a promising perspective in industrial wastewater treatment.
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1. Introduction

Titanium dioxide (TiO;) photocatalyst as a semi-
conductor material has been well studied for photo-
catalytic degradation of pollutants due to its inex-
pensive, non-toxic, good stability, excellent photo-
electric properties and reusable performances [1-3].
However, it has a wide band gap (3.0-3.2 eV), and
usually cannot be effectively activated by the solar
light for degradation of pollution [4]. Much work
have been tried to improve the photocatalytic effi-
ciency of TiO; under visible light irradiation by
transforming its optical response from the UV to the
visible range, such as by metal doping [5, 6], non-
metal doping [7, 8], surface dye sensitization [9] and
forming composites with other semiconductors [10,
11]. Recently, conductive polymers have emerged
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as stable photosensitizers to modify TiO, nanoparti-
cles owning to their remarkable physical attributes
and electrical properties [12]. Among various con-
ductive polymers, polypyrrole (PPy) is one of the
most promising conductive polymers due to its high
absorption coefficients in the visible part of the
spectrum, superior conductivity, electrochemical
reversibility, high thermal stability and non-toxicity
nature [13—17]. Some publications have been
reported that PPy/TiO, nanocomposites showed
higher adsorption capacity and better photocatalytic
activity under visible light irradiation than that of
neat TiO, nanoparticles [18-21].

Although the photocatalytic degradation activity of
the modified photocatalyst is improved, the selec-
tive degradation of targeted pollutants is very poor
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as the reactivity of the hydroxyl radical is difficult to
control. When applied to environmental treatment,
photocatalysis may not be efficient if it aims to
remove all pollutants by itself [22]. Therefore, it is
important to find a way to selectively remove the
targeted pollutants. In recent years several approaches
have been proposed to enhance the selectivity of
photocatalyst such as pH adjustment to control of
surface electric charge [23], specific molecules
modified surface of TiO; [24], double-region-struc-
tured photocatalysts [25], and using the molecular
imprinting technique (MIT) for selective removal
the organic pollutant [26]. Among these methods,
MIT combined with photocatalytic technology
exhibit higher efficient to enhance the selectivity of
photocatalyst for degradation of targeted organic
pollutants.

MIT is a promising way for synthesizing three-
dimensional cross-linked polymers to achieve spe-
cific molecular recognition properties [27]. The
molecularly imprinted polymers (MIPs), for its
chemical/mechanical stability, high selectivity, low
cost, and preparation simplicity, has been applied in
many fields such as specific separation [28], solid-
phase extraction [29], reactive catalysis [30], and
sensors [31]. Compared with conventional MIPs,
the surface imprinting polymers (SMIPs) which con-
trol the imprinted cavities to be situated at the sur-
face or in the proximity of materials process more
accessible sites, faster mass transfer, and higher
adsorption capacity for template molecules. Based
on the surface molecular imprinting technique
(SMIT), Shen et al. [26] prepared a series of MIP-
coated TiO, photocatalysts, the photodegradation
experiments confirmed that the photocatalysts have
good selectivity toward the two nitrophenols in both
single and binary systems. Luo et al. [32] prepared
inorganic-framework molecularly imprinted TiO,/
WOs3, The photocatalytic activity of molecularly
imprinted TiO,/WO; toward the target molecules is
more than two times that of non-imprinted TiO,/
WOs, a result of selective adsorption of target mol-
ecules on molecularly imprinted TiO,/WO3. Huo et
al. [33] prepared the imprinted photocatalyst of poly-
o-phenylenediamine (POPD) modified the TiO,/fly-
ash cenospheres, compared with the non imprinted
photocatalysts, it could effectively select degrada-
tion of the targeted POPD in environment. The above
approach, however, has some drawbacks such as a
layer of organic polymer may hinder light absorp-
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tion and could be degraded during photocatalysis.
Therefore, it is crucial to obtain steady imprinted
polymer and control the thickness of the imprinted
layer.

In our study, a highly selective molecularly imprinted
nanocomposite MIPgryg-PPy/TiO, was successfully
prepared by adopting the SMIT with TiO; as the sup-
port material, rhodamine B (RhB) as template mol-
ecule, respectively. The as-prepared MIPgpp-
PPy/TiO, coated with a thin layer of MIP not only
exhibits high adsorption capacity and selectivity for
RhB, but also can improve molecular recognitive
photocatalytic activity under visible light irradia-
tion. The adsorption characteristics of MIPg,g-PPy/
TiO, were explored using static and dynamic bind-
ing experiments, the adsorption selectivity of MIPgp-
PPy/TiO, was also investigated. In addition, the
selective photocatalytic degradation activity of
MIPgy-PPy/TiO, towards RhB was discussed in
detail.

2. Experimental

2.1. Reagents

All chemical reagents were used as received with-
out further purification. TiO, nanoparticles (P25)
were obtained from Degussa (Germany). Iron (III)
chloride hexahydrate (FeCl;-6H20) was obtained
from Shanghai Meryer Chemical Reagent Co.
(China), Ltd. Polypyrrole (PPy) was purchased from
Lark Technology Co., Ltd. (UK), Rhodamine B
(RhB) was obtained from Shanghai Sinopharm
Chemical Co., Ltd. (China) Rhodamine 6G (Rh6G)
was purchased from Shanghai Maikun Chemical
Co., Ltd. (China), Methylene Blue (MB) was pro-
vided by Beijing Chemical Reagent Co. (China)
Hydrochloric acid and ammonia aqueous were pur-
chased from Shanghai Zhongshi Chemistry Co.,
Ltd. (China).

2.2. Characterization

X-ray diffraction (XRD) measurements were per-
formed on a Philips X' pert MPD Pro X-ray diffrac-
tometer using Cu Ka radiation (A = 1.5406 A). Trans-
mission electron microscope was recorded with a
JEOL-IEM-200CX microscope. A UV-2450 Ultra-
violet-visible Spectrophotometer (Shimadzu, Japan)
was used to obtain the reflectance spectra of the
photocatalysts over a range of 200-800 nm, using
BaSO, as a reflectance reference. The specific sur-
face area of MIPgry-PPy/TiO, and NIP-PPy/TiO,
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were determined by Brunauer-Emmett-Teller (BET)
method.

The photocurrent experiments were measured in
Na,SO4 aqueous (0.2 mol-L!) solution under the
irradiation of 500 W Xenon lamp. A standard three-
electrode configuration was used in the experiments.
The indium-tin oxide (ITO) glass (1 cmx1 cm)
coated with as-prepared samples (0.1 mg) was used
as working electrodes, a Pt wire was used as the
counter electrode, and a saturated Ag/AgCl electrode
was used as the reference electrode. A CHI660B
electrochemical workstation (Chen Hua Instru-
ments, China) was photocurrent test systems.

2.3. Preparation of MIPgyg-PPy/TiO,
nanocomposites
The TiO, nanoparticles (2.0 g) were dispersed in
hydrochloric acid (100 mL, pH = 2) in four-necked
round bottomed flask and sonicated for 30 min. RhB
(0.03 g, 0.06 mmol) and pyrrole (17.3 pL, 0.25 umol)
were dissolved in mixed solvent of methanol and
water (1:1, v/v), and the mixture was stirred in dark
for 30 min. Then the solution was injected into the
previous four-necked round bottomed flask at 0°C
with constant stirring. After that, hydrochloric acid
(2 mL, pH = 2) containing FeCl;-6H,0O (0.45 g,
0.0017 mmol) was added dropwise to the above
cooled mixture. The mixture was permitted to react
at 0°C for 4 h with continuous stirring. The product
particles were washed repeatedly with ammonia
aqueous solution (pH = 8) to remove the targeted
RhB and then washed with distilled water to remove
remaining ammonia. Finally, molecularly imprinted
polypyrrole titanium dioxide nanocomposites
(MIPgryp-PPy/TiO;) were obtained by centrifugation
and drying.
As a contrast, the non-imprinted nanocomposites
(NIP-PPy/TiO,) were prepared in the absence of the
template and treated by using the same method.

2.4. Binding experiments in dark

2.4.1. Batch mode binding experiments

The adsorption kinetics behaviour of MIPg,g-PPy/
TiO, for RhB was firstly measured at room temper-
ature. MIPgp-PPy/TiO; (10 mg) was added into RhB
aqueous solutions (80 umol/L) and then the mixture
was agitated in a shaken bed. After an interval of
time, the mixture was centrifuged, and the super-
natant solution was collected, and diluted with water

to a certain times. Finally, the concentration of RhB
was determined by UV-vis spectrophotometer at the
maximum absorption wavelength of RhB. The
adsorption amount (Q) was calculated by Equa-
tion (1):

(G - Q)
w

0= (1)
where O [pumol/g] is the adsorption amount of
MIPgpg-PPy/TiO, for RhB, W [g] is the weight of
the MIPgyg-PPy/TiO, nanocomposites, }' [L] is the
volume of solution, Cy [umol/L] is the initial con-
centration of RhB and C; [umol/L] is the concentra-
tion of RhB at the time of ¢.
For the determination of the static binding behavior
of MIPgp-PPy/TiO, for RhB, numbers of RhB aque-
ous solutions with different concentrations were
taken into centrifuge tubes. Then 10 mg of MIPgyp-
PPy/TiO, or NIP-PPy/TiO, was added into the above
solutions, respectively. These mixtures were agi-
tated on a shaken bed at room temperature and cen-
trifuged after reaching binding equilibrium. The
supernatant solution was collected and diluted with
water to a certain times. Finally, the equilibrium con-
centrations of RhB in the supernatants were deter-
mined by UV-vis spectrophotometer. The adsorp-
tion amount (Qe, pmol/g) was calculated by Equa-
tion (2):

(Co B Ce)V
0. = W (2)
where W [g] is the weight of MIPgrys-PPy/TiO; or
NIP-PPy/TiO,, V' [L] is the volume of the solution,
Co [umol/L] and C, [umol/L] are the initial concen-
tration and the equilibrium concentration of RhB,
respectively.
The binding parameters of MIPrpg-PPy/TiO; are
mainly estimated by Scatchard analysis with the data
of static adsorption experiment. Scatchard equation
is described by Equation (3):
O _ (Quu = Q) 5
C K,

[

where Ky [pmol/L] is the equilibrium dissociation
constant, Onax [Umol/g] is the apparent maximum
adsorption amount, Q. [umol/g] is the equilibrium
adsorption amount of MIPgy-PPy/TiO, for RhB,
and C. [pmol/L] is the equilibrium concentration of
RhB.
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2.4.2. Selectivity experiments

In order to examine the recognition selectivity of
MIPgp-PPy/TiO, towards RhB, Rh6G and MB are
selected as competitive substances. The size and
structure of Rh6G are quite analogous to RhB. The
chemical structure of MB and RhB has certain dif-
ference. The structures of RhB, Rh6G and MB were
shown in Figure 1.

The equilibrium adsorption amount of MIPr,g-PPy/
TiO; and NIP-PPy/TiO, for RhB and the competi-
tion species were calculated as above. The distribu-
tion coefficients (Kp, L/g) for RhB, Rh6G and MB
were calculated according to Equation (4):

Ky == “4)

where Q. [umol/g] is the equilibrium adsorption
amount, and C, [pmol/L] is the equilibrium concen-
tration.

The selectivity coefficients (o) of MIPgpp-PPy/TiO,
and NIP-PPy/TiO, for RhB relative to the competi-
tion species were obtained from Equation (5):

_ Ky,

a =
Kp;

)

where i and j represent the template and competi-
tion species, respectively.
A relative selectivity coefficient (o) can be defined
as Equation (6):

e

o = (6)

Qnip

where anp and anpp are selectivity coefficients of
MIPgpg-PPy/TiO, and NIP-PPy/TiO, for RhB rela-
tive to the competition species, respectively.

(C,H,),N OV N(C,H,),Cl H,CHN & NH(CH,)CI
- = o = = - CHB
COOH COOCHJ
RhB RhEG
joee!
(H,C),N S N(CH,),Cl

MB
Figure 1. The structures of RhB, Rh6G and MB

2.5. Photocatalytic activity measurement
Photocatalytic activities of MIPgug-PPy/TiO, and
NIP-PPy/TiO, nanocomposites were evaluated by

photocatalytic degradation of RhB, Rh6G and MB
aqueous solution under visible light irradiation,
respectively. Experiments were carried out in a Pyrex
photocatalytic reactor under 300 W Xe lamp with a
400 nm cutoff filter which was used as the visible light
source. MIPgyp-PPy/TiO; (0.1 g) or NIP-PPy/TiO,
(0.1 g) nanocomposites were dispersed into RhB solu-
tion (100 mL, 10 mg-L "), respectively, then stirred
in dark for 50 min to reach the adsorption-desorp-
tion equilibrium and the concentration of the RhB
was determined as the initial concentration Cy. Dur-
ing irradiation, about 4.0 mL of the suspension con-
tinually was taken from the reaction cell every
20 min. The nanocomposites and the RhB solution
were separated with acentrifuge. The RhB concen-
tration was also analyzed through a UV-vis spec-
trophotometer. The degradation of Rh6G and MB
aqueous solution were tested by using the same
method.

3. Results and discussion

3.1. Preparing processes of MIPgryp-PPy/TiO,
The possible preparation protocol of MIPgyg-PPy/
TiO; nanocomposites is shown in Figure 2. It is of
obvious importance that the functional monomers
strongly interact with the template and form stable
host-guest complexes prior to polymerization. From
the structure of RhB shown in Figure 2, the epoxy
group and a carboxyl group of RhB can interact with
the secondary amines group of pyrrole via the hydro-
gen bonds to form a stable host-guest complex. The
existence of such a complex leads to the formation
of well-defined specific binding sites in imprinted
layer of TiO,. Subsequently, in situ polymerization
occurs with the oxidizer of FeCls;-6H,0, and PPy
layer gradually grows on the surface of TiO, gran-
ules and extends to the interparticle space. Ulti-
mately, the molecularly imprinted PPy/TiO, parti-
cles were washed by ammonia aqueous solution to
remove RhB and leave imprinted cavities.

3.2. Charaterization of MIPgy3-PPy/TiO,
XRD patterns of the TiO, and MIPgy-PPy/TiO;
photocatalysts are shown in Figure 3. In comparison
with TiO,, MIPgys-PPy/TiO; has no new diffrac-
tion peaks in the XRD pattern due to the amorphous
imprinted layer. The average crystallite size of each
sample is estimated by using the Scherrer formula,
which is defined as Equation (7):
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Figure 2. The preparation protocol of MIPgyg-PPy/TiO,
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where K is the Scherrer constant (K = 0.89), 4 is the
wavelength of the X-ray radiation (4 = 0.154056 nm),
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Figure 3. XRD patterns of: (a) TiO, and (b) MIPgy-PPy/
TiO,
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p is the line width at half-maximum height of the
most intense peak and 0 is the diffraction angle.
The mean size of TiO, and MIPgpg-PPy/TiO, pho-
tocatalysts can be estimated to be 19.70 and 21.05 nm,
respectively. The result indicates that size of MI1Pgpp-
PPy/TiO; is a little bit larger than that of TiO,. It
can be attributed to the thin imprinted layer which
coating on the surface of TiO,.

The TEM images of TiO, and MIPgyg-PPy/TiO; are
given in Figure 4a and 4b, respectively. It can be con-
firmed that the morphology of MIPgry-PPy/TiO,
does not differ much from that of TiO,. The mean size
of MIPgyg-PPy/TiO; and TiO, are similar by com-
paring Figure 4a and 4b, which indicating that the
imprinted layer is very thin. Figure 4a and 4b also
reveals that TiO, are aggregated, and the MIPgyp-
PPy/TiO, alleviates the aggregation. The aggrega-
tion of TiO; could be attributed to high surface
energy of the nanoparticles, and the repulsion force
produced by the imprinted layer of the TiO, can

Figure 4. TEM images of: (a) TiO, and (b) (c) MIPgp-PPy/TiO,
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inhibit the aggregation of the MIPgryp-PPy/TiO,
nanocomposites. Figure 4c¢ is the HR-TEM image
of MIPgyp-PPy/TiOs,. It shows the surface of MIPgyp-
PPy/TiO, nanocomposites is relatively rough, sug-
gesting the formation of imprinting layer with a
thickness of about 2 nm. The results are in good
agreement with the XRD patterns.

The BET specific surface areas of MIPgyp-PPy/TiO,
and NIP-PPy/TiO, were measured as 60.1 and
55.3 m?/g, respectively. The BET specific surface
area of MIPgyp-PPy/TiO, and NIP-PPy/TiO; is larger
than that of TiO, (49.6 m?/g). It indicated that the
dispersion of MIPgrpg-PPy/TiO; is better than that
of TiO,. The BET specific surface area of MIPgpp-
PPy/TiO; is a little greater than that of NIP-PPy/
TiO,, it may be due to the initial molar ratio of PPy
to TiO, which is 1:100. The amount of PPy is small,
therefore, the imprinted cavities on the surface of
MIPgpp-PPy/TiO; play a tenuous role in improving
the specific surface area.

3.3. Optical absorption properties

The optical properties of TiO,, MIPgg-PPy/TiO; and
NIP-PPy/TiO, were measured by UV-vis diffuse
reflectance spectroscopy (DRS). Figure 5 shows the
DRS of the TiO,, MIPgpp-PPy/TiO, and NIP-PPy/
TiO,. It can be seen that the absorption of MIPgpp-
PPy/TiO, and NIP-PPy/TiO, are much enhanced in
the whole range of visible region compared with
TiO,. It is well known that the TiO, itself can not
been excited by visible light. The possible explana-
tion for this is that some synergic effect between PPy
and TiO, which may induce efficiency of charge sep-
aration and PPy plays a role as photosensitizer in the
nanocomposites. A classical Tauc method is employed

1.2

&) MP._PPymio
A - |
Ec)): N|Pfi5%'yrr¥oz :

0.9

0.6

Absorbance [a.u.]

0.0

: : : ; ;
200 400 600 800
Wavelength [nm]

Figure 5. UV-vis diffuse reflectance spectra of TiO,, MIPgpp-
PPy/TiO, and NIP-PPy/TiO,

to estimate the band gap enegy (E,;) of a semiconduc-
tor according to the Equation (8):

aEphoton = K(Ephoton - Eg)n/z (8)

where K is absorption constants for indirect transi-
tions, a is the absorption coefficient, Eppoton 1S the
discrete photo-energy and E, is the band gap energy.
Among them, n depends on the characteristics of
the transition in a semiconductor (direct transition
n =1 and indirect transition n = 4). For TiO,, the
value of nis 1.

The E, of MIPgy,g-PPy/TiO; and NIP-PPy/TiO, are
calculated to be 2.91, and 2.95 eV, respectively.
They are less than that of TiO, (about 3.15 eV). The
above results reveal that the absorption edges of
MIPgrpg-PPy/TiO, lie in the visible region, so the
nanocomposites can be excited to produce more
electron-hole pairs under visible light irradiation,
which could result in higher photocatalytic.

3.4. Photoelectrochemical properties

The transient photocurrent responses of TiO, and
MIPgpg-PPy/TiO, were recorded for several on-off
cycles of visible light irradiation. As shown in Fig-
ure 6, the current responses on both the TiO, and
MIPgpp-PPy/TiO; in the dark are very low. When the
irradiation was on, the electrons and holes were gen-
erated, therefore the current responses were drasti-
cally increased and the photocurrent came back to
the original value as soon as the irradiation of light
on the photoanode was stopped. In comparison with
TiO,, MIPrpg-PPy/TiO, exhibited more intensive
photocurrent responses, which indicated that MIPgy,p-
PPy/TiO; can effectively reduce more the recombi-

1.0
< 084
EA
-
2 06
8 - (b)
= et
o
S 044
o 024 ‘ | [ | :

v T Y T Y T Y T Y
0 40 80 120 160 200

Time [s]

Figure 6. Transient photocurrent responses of: (a) TiO, and
(b) MIPg,5-PPy/TiO;
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nation of photogenerated electrons and holes, and
produce longer living photogenerated carriers than
that of TiO,. Therefore, MIPr,p-PPy/TiO; is expected
to exhibit an improved photocatalytic activity for
RhB degradation under visible light irradiation.

3.5. Adsorption properties of the
nanocomposites
3.5.1. Adsorption Kinetics
The adsorption kinetics curve of MIPgr,g-PPy/TiO,
towards template RhB is provided in Figure 7. As
seen in this figure, a fast initial adsorption of RhB by
the MIPgyp-PPy/TiO, was observed within the first
20 min, followed by a slow increase of the adsorp-
tion amount till the adsorption equilibrium. The equi-
librium time is less than 50 min. It is reasonable to
assume that the surface of MIPgyg-PPy/TiO; has
much imprinted cavities, the template RhB was easy
to enter into the cavities and bind with the recogni-
tion sites. When the recognition sites were filled up,
the rate of adsorption dropped significantly and
adsorption process achieved equilibrium gradually.
In order to investigate the underlying mechanism of
the adsorption process, the kinetic data obtained
were analyzed using pseudo-first-order rate equa-
tion (Equation (9)) and pseudo-second-order rate
equation (Equation (10)):

| o  kt
Og(Qe Qt) - long 2303 (9)
r_ 1, (10)
421 kéﬁzz §2e

where Q. [umol/g] and O [umol/g] are the adsorp-
tion amount at equilibrium and time ¢ [min], respec-

8

Q [umol/g]
{ !

T T T T T T T
0 20 40 60 80
t [min]

U T
100 120

Figure 7. Adsorption kinetics curve of MIPgryg-PPy/TiO,
for RhB

Table 1. Adsorption kinetic constants for the pseudo-first-
order rate equation and pseudo-second-order rate

equation
Pseudo-first- Pseudo-
Constants order Constants second-order
equation equation
Q. [nmol/g] 2.876 O [nmol/g] 7.537
Qexp [hmol/g] | 7.095 Qexp Jumol/g] 7.095
ky [min~!] 0.0456 ke [g/(umol-min)] 0.0228
R? 0.8107 R? 0.9947

tively, k; (min™') and k> (g/(umol-min)) are pseudo-
first-order and pseudo-second-order rate constants
of adsorption, respectively.

The adsorption kinetic constants for the pseudo-
first-order rate equation and pseudo-second-order
rate equation are listed in Table 1. As shown in
Table 1, the correlation coefficient for the pseudo-
second-order rate equation (R = 0.9947) was higher
than that of pseudo-first-order rate equation (R> =
0.8107). Moreover, the calculated equilibrium adsorp-
tion amount of MIPgp-PPy/TiO, is 7.537 umol/g,
which is consistent with the experimental data
(7.095 umol/g). Therefore, the adsorption behavior of
MIPgp-PPy/TiO, for RhB belonged to the pseudo-
second-order rate equation and the adsorption
process was a chemical process.

3.5.2. Adsorption isotherms

The adsorption isotherms of MIPgy-PPy/TiO, and
NIP-PPy/TiO, for RhB are illustrated in Figure 8a.
As shown in this figure, the adsorption amount of the
MIPgps-PPy/TiO, and NIP-PPy/TiO; increased grad-
ually with the increase of concentration of RhB in
the initial solution, and ultimately inclined to reach
a stable value, the adsorption reached saturation. In
addition, it also could be found that MIPgy-PPy/
TiO; had much higher adsorption amount than that
of NIP-PPy/TiO; at either low or high concentration.
The above facts indicated that the non-selective phys-
ical adsorption occurred between NIP-PPy/TiO,
and RhB. In contrast, the MIPg5-PPy/TiO; had gen-
erated specific recognition sites in imprinting cavi-
ties and exhibited higher adsorption capacity for
RhB. Due to the adsorption capacity has much influ-
ence on the degradation behavior of organic pollu-
tants, it is hoped that the MIPgyg-PPy/TiO, show
higher photocatalytic selectivity towards RhB than
that of NIP-PPy/TiO,.

In general, Scatchard analysis was used to evaluate
the binding affinity and the theoretical binding site
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MIP,,,,-PPy/TIO,
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Figure 8. (a) Adsorption isotherms of MIPg,s-PPy/TiO; and NIP-PPy/TiO, for RhB (b) Scatchard plot of the adsorption of

MIPgy-PPy/TiO, for RhB

Table 2. The results of the Scatchard analysis

. . . . . I<d Qmax 2
Binding site Linear equation [wmol/L] [umol/g] R
Higher affinity site 0./Cy=-0.04820. + 0.3517 20.75 7.41 0.9490
Lower affinity site 0/Cy=-0.01210. + 0.1703 82.64 14.07 0.9492

number for template of the molecularly imprinted
material. Figure 8b shows the Scatchard plot of the
adsorption of MIPgp-PPy/TiO, for RhB. As seen in
this figure, there were two distinct linear sections in
the plot. It suggests that there exist two types of bind-
ing sites in the imprinted layer in respect to the
adsorption for RhB: one was of high selectivity or
affinity with a high binding energy, and the other
was of low affinity with a low binding energy. From
the slopes and intercepts of the two straight lines,
the K4 and QOmax values can be calculated, and the
results are listed in Table 2.

3.5.3. Adsorption selectivity

Figure 9 shows the adsorption amount of MIPgp-
PPy/TiO; and NIP-PPy/TiO, for RhB, Rh6G and
MB, respectively. The distribution coefficient (Kp),
selectivity coefficient of the sorbent («) and the rel-
ative selectivity coefficient (a') values were sum-
marized in Table 3. From Figure 9, the adsorption
amount of MIPgy-PPy/TiO, for RhB is higher than
that for Rh6G and MB. Compared with MB, the
adsorption amount of MIPgyg-PPy/TiO; for Rh6G is
higher, whereas the adsorption amount of NIP-PPy/

Q, [umolig]

NIP-PPy/TIO,

MIP,, ,-PPy/TIO,

MB

Figure 9. Adsorption amount of MIPgg-PPy/TiO, and NIP-
PPy/TiO, for RhB, Rh6G and MB

TiO, for the three substrates was almost the same.
This indicated that the imprinted cavities have been
created in MIPryg-PPy/TiO, owing to the addition of
template RhB during polymerization, and the bind-
ing abilities of MIPgryg-PPy/TiO, for RhB is far
stronger than that for Rh6G and MB. From the data
shown in Table 3, the selectivity coefficients of
MIPgyp-PPy/TiO; for RhB relative to Rh6G and MB
are higher, 1.75 and 2.29, respectively. The selectiv-

Table 3 Distribution coefficient and selectivity coefficient data of MIPgyg-PPy/TiO, and NIP-PPy/TiO,

Kp [L/g] Kp [L/g]
Photocatalyst ' '
otocatalys RhB Rh6G ¢ ¢ RhB MB ¢ ¢
MIPgyg-PPy/TiO5 0.096 0.055 175 182 0.096 0.042 229 2.44
NIP-PPy/TiO, 0.050 0.052 0.96 0.050 0.053 0.94
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ity coefficients of NIP-PPy/TiO, for RhB relative to
Rh6G and MB are lower, 0.96 and 0.94, respec-
tively. This implies that the MIPgpp-PPy/TiO, had
higher adsorption selectivity for RhB over Rh6G and
MB. The relative selectivity coefficients of MIPgpp-
PPy/TiO, for RhB relative to Rh6G and MB are
1.82 and 2.44, respectively, which are greater than 1
and showed the MIPgp,g-PPy/TiO; had higher adsorp-
tion selectivity than that of the NIP-PPy/TiO,.

3.6. Photocatalytic activity

The photocatalytic activity of the MIPr,3-PPy/TiO;
and NIP-PPy/TiO, nanocomposites was measured
by the degradation of RhB, Rh6G and MB aqueous
solutions under visible light irradiation, respec-
tively. As shown in Figure 10a, the MIPg,g-PPy/TiO,
photocatalysts exhibits the highest photocatalytic
activity toward RhB. The degradation efficiency
reaches 85% after 120 min irradiation being 2.1
times of that over NIP-PPy/TiO, (40%), meanwhile,
the degradation efficiency of Rh6G and MB over
MIPgpg-PPy/TiO, are 63% and 59%, respectively.
Figure 10b shows the time-dependent absorption
spectra of RhB solution in the presence of MIPgyp-
PPy/TiO, microspheres. The maximum absorption of
RhB suspension shifts from 553 to 522 nm. Mean-
while, it can be seen obviously that the color of the
RhB solution changes gradually from fuchsia to
colorless after irradiation for 120 min.

Figure 11 gives the kinetic data for the photodegra-
dation of RhB, Rh6G and MB over different photo-
catalysts in the single systems, which clearly show
that all the degradation processes follow a pseudo-
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Figure 11. Kinetic datas for the degradation of RhB (1),
Rh6G (2), MB (3) over MIPgp-PPy/TiO; and
MB (4), Rh6G (5), RhB (6) over NIP-PPy/TiO,

first-order kinetics, which was defined as Equa-
tion (11):

1 (:(1’> =kt
n C =

where Cy [mg/L] and C [mg/L] are the concentra-
tion of RhB, Rh6G or MB at 1 = 0 [min] and instant
t [min], respectively, and k [min~'] is the apparent
rate constant.

The values of the apparent rate constant (k) of the
pseudo-first-order reaction are listed in Figure 11.
As seen in this figure, the & value for the photodegra-
dation of the targeted RhB over MIPgpp-PPy/TiO; is
0.0158 min~!, being 3.6 times of that over NIP-PPy/
TiO; (0.0044 min~'), meanwhile, the & values for the
photodegradation of Rh6G and MB over MIPgyg-
PPy/TiO; are 0.0082 and 0.0072 min~!, being only

(11)

Irradiation time

0 min
20 min
40 min
60 min
80 min

100 min
120 min

Absorbance [a.u.]

300 400 500 600 700 800
b) Wavelength [nm]

Figure 10. (a) The photodegradation of RhB (1), Rh6G (2), MB (3) over MIPg,p-PPy/TiO, and MB (4), Rh6G (5), RhB 6)
over NIP-PPy/TiO, (b) temporal UV-vis absorption spectral changes during the photocatalytic degradation of

MIPgpp-PPy/TiO, toward RhB
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Figure 12. Results of cycling runs of RhB degradation over
MIPRhB-PPy/Ti02

52% and 46% of RhB over MIPgyg-PPy/TiO,,
respectively. Moreover, the differences of the & values
for the photodegradation of RhB, Rh6G and MB
over NIP-PPy/TiO, are small. The possible explana-
tion for this is that the MIPgpg-PPy/TiO, and NIP-
PPy/TiO, with almost the same element are remark-
ably different in their space-structure, the non-
selective physical adsorption occurred between
NIP-PPy/TiO; and RhB. In contrast, the MIPgyz-PPy/
TiO, adsorbed much more RhB than that of NIP-
PPy/TiO; since MIPgyp-PPy/TiO, had generated spe-
cific recognition sites in imprinting cavities. Com-
pared with NIP-PPy/TiO,, MIPg,s-PPy/TiO, exhib-
ited higher photocatalytic selectivity toward RhB.

Figure 12 shows the results of cycling runs of RhB
degradation over MIPgrpg-PPy/TiO, The reusability
and stability of MIPg,g-PPy/TiO, was evaluated by
the cycling runs for RhB photodegradation using
the same imprinted photocatalyst. The degradation
results were shown in Figure 12. It was found that
the degradation ratios of RhB were almost kept sta-
ble around 80%. The photocatalytic activity does not
obviously decline in RhB degradation after five recy-
cling runs. Therefore, it can be inferred that the
MIPgpg-PPy/TiO; has high reusability and stability.

3.7. Photocatalytic mechanism

The mechanism of the photocatalytic degradation
of RhB over the MIPgy-PPy/TiO, nanocomposites
was proposed. At first, the RhB molecules can be
adsorbed onto the imprinted layer of MIPgryp-PPy/
TiO; to form a moderately stable complex. When
the MIPgyp-PPy/TiO; nanocomposites are illumi-
nated under visible light, the electrons of PPy can be
excited from the highest occupied molecular orbital

Visible light

RhB
— Degradation product

OH-+h*

Figure 13. Scheme of the photocatalytic degradation of
RhB over the MIPgp,g-PPy/TiO,

(HOMO) to the lowest unoccupied molecular orbital
(LUMO). Since the conduction band (CB) of TiO,
lies below the LUMO level of PPy, the excited elec-
trons can be injected to CB of TiO,, while holes will
be left in HOMO of PPy. The electrons in valence
band (VB) of TiO; can not only migrate to CB of
TiO,, but also to the HOMO of PPy to recombine
with the holes, and simultaneously, holes were gen-
erated in the VB of TiO,. Thus, more and more photo-
generated electrons and holes form in TiO, nano-
particles. The photo-generated electrons migrate
easily to the catalysts surface to react with oxygen
to generate superoxide radicals (-O3), and the posi-
tive charged holes (h") can react with OH™ or H,O
to yield hydroxyl radicals (-OH). The resulting rad-
icals are powerful enough to decompose oxidize
RhB to the degradation products. The whole process
can be clearly described as shown by Equation (12)
and Figure 13 ([16, 34]).
) Adsorption
MIPgpg-PPy/TiO; + RAB ———
MIPgyp-PPy/TiO,-RhB  (12)

4. Conclusions

A highly selective molecularly imprinted nanocom-
posites MIPryp-PPy/TiO; was successfully prepared
by surface molecular imprinting technique with RhB
as template molecule. MIPgyp-PPy/TiO, exhibited
obvious absorption under visible light. The transient
photocurrent responses suggested that MIPgryg-PPy/
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TiO, could efficiently generate and separate of the
electron-hole pairs. MIPg,g-PPy/TiO, nanocom-
posites possessed strong affinity, high adsorption
capacity, fast adsorption rate and excellent selectiv-
ity for RhB. In comparison with NIP-PPy/TiO,,
MIPRrpg-PPy/TiO, exhibited higher photocatalytic
selectivity toward RhB under visible light. There-
fore, the prepared nanocomposites MIPgyg-PPy/TiO,
has a promising perspective in industrial waste-
water treatment.
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