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We report on the development of emerging magnetic functional heterojunction reactors with three-dimensional (3D)
specific recognition. Upon synthesis by engineering the surface imprinting technique and the visible light-induced
polymerization method, the developed magnetic functional heterojunction reactors not only possess emblematic
conductive polymer POPD, but also equipped with the imprinted cavities in corresponding 3D specific recognition outer
layer. POPD forms a heterojunction with TiO2 and remarkably enhanced the photocatalytic activity from our experimental
data consolidation. Owing to the presence of imprinted cavities, the magnetic functional heterojunction reactors exhibited
excellent 3D specific recognition ability for selective degradation of danofloxacin mesylate in the binary antibiotic solution.
Importantly, upon in-depth understanding of the proposed mechanisms, the systematic and complementary modes
pertaining to the electron transfer, 3D specific recognition, and the selective photodegradation, as well as the
photodegradation pathways mechanism are methodically discussed and exemplified. The present work provides a new path
and demonstrates that the 3D specific recognition ability can be utilized to selectively degrade the specific organic pollutant
in widely practical environmental protection applications.

1. Introduction
Reactor works as a reaction media where the reaction can take
place1-5. To date, reactor is widely used in a wide range field of
catalysis5-9. Some recent studies have demonstrated that the
stability of semiconductors enwrapped within the coating layers
was remarkably enhanced10-12. As one of the most promising
semiconductors, TiO2 has attractive properties (e.g., nontoxicity, good electronic properties, bargain price and good
stability)13-17. However, some inborn shortcomings of common
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TiO2 reactor severely hinder its development, such as no
selectivity and poor photocatalytic activity.
On the one hand, specific contaminants cannot be selectively
removed by common TiO2 reactor in the presence of other
contaminants; in this regard, the employment of surface
imprinting technique would make for the selectivity. Surface
imprinting technique is a convenient means for effective
specific recognition of target molecules14,18-26. Nevertheless, the
conventional induced polymerization method had the
shortcomings of high cost, high energy consumption, long
reaction period, such as thermal induced polymerization27,28,
UV light-induced polymerization23,29 and Microwave induced
polymerization14,30. Based on the literatures survey and
experimental results, we believe that the visible light-induced
polymerization method can suppress these drawbacks of
conventional induced polymerization method, as of now, no
work has been reported in this regard.
On the other hand, the photocatalytic active site of TiO2 is
covered by the outer layer of the common TiO2 reactor,
resulting in weak photocatalytic performance. Currently, the
photocatalytic performance of TiO2 can be enhanced through
some conventional strategies31, such as dye sensitization32,
doping with ions33, deposition of noble metals34, coupling with
other semiconductors35, etc. Taking into account the special
structure of reactor, we find that heterojunction structure36-39
is suitable for the system of reactor and can solve the poor
photocatalytic activity. Therefore, o-phenylenediamine (OPD) is
chosen as a functional monomer in this work, which provides
the specific recognition site for the formation of imprinted
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cavity. More importantly, OPD can be self-polymerized to form
ploy-o-phenylenediamine (POPD)40. POPD as an emblematic
conductive polymer41,42 can be used as the outer layer of
reactor, which can form the heterojunction structure with TiO2,
improving the electron transfer and enhancing the
photocatalytic activity. As far as we know, there is no literature
report on this heterojunction reactor.
Moreover, for the goal of treating organic pollutants by
useless resources and improving the reproducibility, fly ash
cenospheres (FAC)43,44 are used as the support, meanwhile,
Fe3O445,46 is loaded on FAC. While due to the fact that TiO2 direct
coats on Fe3O4 will produce the photocorrosion effect, SiO2 is
used as the inert isolation layer to separate TiO2 and Fe3O447. It
is worth noting that in this work, SiO2 wrapped Fe3O4 and
coated on FAC, which is achieved through one step, compared
with other literature (use chitosan as the isolation layer)48, SiO2
as the inert isolation layer possesses the advantages of low
environmental damage, low input cost and high yield etc.
In the present work, by means of the surface imprinting
technique for visible light-induced polymerization method, the
magnetic functional heterojunction reactor was synthesized
based on TiO2/SiO2@Fe3O4/FAC. In order to determine its
composition, structure and performance, characterizations and
influence factors were studied in succession. Then, the
photocatalytic activity, reproducibility and selectivity were also
investigated. What's more, the electron transfer mode, threedimensional (3D) specific recognition and selective
photodegradation process, photodegradation pathways were
fully explained through in-depth understanding of the
mechanism.

2. Experimental
2.1 Preparation
Toluene, methanol, anhydrous ethanol, ethylene glycol, ammonia
solution and hydrochloric acid were bought at Sinopharm Chemical
Reagent Co., Ltd. 3-aminopropyltriethoxysilane, N,Ndimethylformamide, tetraethyl orthosilicate, tetrabutyl titanate,
polyethylene glycol 4000 (PEG 4000), trimethylolpropane
trimethacrylate, methacrylic acid (MAA), succinic anhydride, ophenylenediamine (OPD) and acrylamide (AM) were all purchased
from Sigma-Aldrich Co., Ltd. Benzoquinone (BQ), sodium acetate
(NaAc), triethanolamine (TEOA), ferric chloride hydrate (FeCl3·6H2O)
and tert-butyl alcohol (t-BuOH) were bought at Aladdin Chemistry
Co., Ltd. The purity level of the above reagents is of AR. Tetracycline
and danofloxacin mesylate were bought at National Institutes for
Food and Drug Control. The visible light initiator (irgacure 784) was
purchased from BASF (China) Co., Ltd. N2 gas resources were bought
at INHONG GAS. Fly ash cenospheres (FAC) were supplied from China
Power Yaomeng Power Co., Ltd. Deionized water (DI water) was
employed in subsequent experiments.
Nanocrystals are one of the key cornerstones in nanoscale
applications, whose design and function can be manipulated by
tuning the fundamental chemical and physical properties of the
integrated nano-objects49-58. The preparation process of modified
FAC followed our previous work31. Based on the method of preparing

Fe3O4 nanoparticles by Zhou et al59, SiO2@FeView
was
3O4/FAC
Article Online
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synthesized as follows: 8 mL of tetraethyl orthosilicate
was dispersed
into 36 mL of anhydrous ethanol with stirring for quarter-hour at 40
oC, then the mixed solution (10 mL of ammonia solution, 3 mL of DI
water and 36 mL of anhydrous ethanol) was slowly added into above
mixture. After the mixed solution turned milky white, continued
stirring for 10 min. Subsequently, 0.5 g of Fe3O4 was dispersed into
above mixture and kept on stirring for half-hour. Subsequently, 1.0 g
of modified FAC was introduced and kept for another 6 h. The
residual solid was rinsed with anhydrous ethanol and DI water, and
then vacuum dried at 30 oC. In the following step,
TiO2/SiO2@Fe3O4/FAC was formed by a plain sol-gel method as
follows: Briefly, tetrabutyl titanate (10 mL) and anhydrous ethanol
(36 mL) were stirred together for quarter-hour at 40 oC as solution A.
0.2 mL of hydrochloric acid and 3 mL of DI water were transferred to
36 mL of anhydrous ethanol as solution specimen B. Afterwards, the
solution specimen B was introduced into the solution specimen A
drop by drop. When the sol began to come into being,
SiO2@Fe3O4/FAC (1.0 g) was dispersed into above sol, kept
mechanical agitation until the gel appeared. Then,
TiO2/SiO2@Fe3O4/FAC was obtained after the gel was dried at 30 oC
for a period of time.
The magnetic functional heterojunction reactor was prepared, the
preparation process was as follows: Firstly, TiO2/SiO2@Fe3O4/FAC
(0.5 g) and PEG 4000 (2.5 g) were both dispersed into methanol (15
mL) by ultrasonication for half-hour at 30 oC, which was marked as
Sol. A. Secondly, a certain amount of OPD and danofloxacin mesylate
(0.05 g) were introduced in 15 mL of toluene under magnetic stirring,
afterwards, 0.7 mL of trimethylolpropane trimethacrylate, 0.005 g of
irgacure 784, Sol. A and the above solution were all introduced into
photochemical reaction flask irradiated by a 500 W tungsten lamp for
a period of time with stirring at 30 oC under continuous N2 bubbling.
Then, the molecular template (danofloxacin mesylate) was removed
as follows: DI water (200mL) was added into photochemical reaction
flask irradiated by a 250 W xenon lamp with stirring at 30 oC under
continuous air bubbling for 2 h. Lastly, the residual solid was rinsed
with anhydrous ethanol and DI water, and dried at 30 oC. The whole
process of the synthesis method was displayed in Scheme. 1. As also
can be seen in Scheme. 1, the magnetic heterojunction without
elution was prepared without the removal process of the molecular
template. Meanwhile, in the absence of the addition and removal
process of the molecular template, the magnetic heterojunction
composite without the 3D specific recognition ability (magnetic nonfunctional heterojunction composite) was obtained.
For the sake of purpose to prove that the outer layer of the
common TiO2 reactor will cover the photocatalytic active site of
TiO2, leading to poor photocatalytic activity. As a comparison,
the traditional magnetic functional reactor (magnetic AMfunctional reactor and magnetic MAA-functional reactor) were
synthesized in accordance with the synthetic process of
magnetic functional heterojunction reactor, but OPD was
replaced with traditional functional monomer (acrylamide (AM)
and methacrylic acid (MAA)).
In addition, in order to fully study the photocatalytic
mechanism, TiO2 and POPD were synthesized. The preparation
process of TiO2 was the same with TiO2/SiO2@Fe3O4/FAC except
without the adding of SiO2@Fe3O4/FAC. POPD was prepared as
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follows: 6 mmol of OPD and 0.005 g of irgacure 784 were added
in 15 mL of toluene under magnetic stirring, the above solution
was placed under a 500 W tungsten lamp for 20 min with the
magnetic stirring at 30 oC under continuous N2 bubbling. Lastly,
the residual solid was rinsed by utilizing anhydrous ethanol and
DI water. Afterwards, the residual solid was dried at 50 oC, POPD
was obtained. Moreover, in order to fully illustrate the
superiority of magnetic functional heterojunction reactor, other
contrast samples were also prepared, which were presented in
the Electronic Supplementary Information.
2.2 Characterization
The structural characteristics (i.e., X-ray diffraction (XRD)
patterns, X-ray photoelectron spectroscopy (XPS) and Fouriertransformed infrared (FT-IR) spectra) of developed specimens
were analyzed by a X-ray diffractometer (D8 ADVANCE)
produced by Bruker AXS Co., Germany, a ESCALAB 250 XPS
produced by Thermo Fisher Scientific Co., USA and a Nicolet
Nexus 470 FT-IR produced by Thermo Nicolet Co., USA,
respectively. Atomic force microscope (AFM, MFP-3D, USA) was
used to observe the surface change of samples. The morphology
inspection was conducted on a JEM-2010 transmission electron
microscope (TEM, Japan) and a JSM-7001F scanning electron
microscopy (SEM, Japan) decorated with the energy dispersive
spectroscopy analysis (EDS) attached part. N2 adsorptiondesorption isotherms for the samples were determined by using
the Brunauer-Emmett-Teller (BET) method, NOVA 4000e high
speed automated surface area and pore size analyzer produced
by Quantachrome Co., USA. UV-vis diffused reflectance spectra
(UV-vis DRS) studies were performed for the products using
2450 spectrometer adorned with the integrated sphere
accessory for diffused reflectance spectra, and this instrument
produced by Shimazu Co., Japan. The magnetic properties of the
samples were investigated by a vibrating sample magnetometer
(VSM) (7300, Lakeshore). Surface composition and chemical
environment of the products was measured by X-ray
photoelectron spectroscopy (XPS). The total organic carbon
content (TOC) was obtained by multi N/C 2100 TOC total organic
carbon analyzer from Germany. Photoluminescence (PL)
spectra were acquired at ambient temperature with a Varian
Cary Eclipse spectrofluorometer. The breakdown process of
danofloxacin mesylate solution was detected by Thermo LXQ
mass spectrometry (MS). The Mott–Schottky experiment was
conducted by an electrochemical workstation (CHI600E/700E)
produced by Shanghai CH Instrument Co., Ltd.
2.3 Photocatalytic experiments
Typically, 0.1 g of sample was introduced to 100mL of
danofloxacin mesylate aqueous solution (20 mg/L) in a
photochemical reaction flask, which was placed under a 250 W
xenon lamp with stirring at 30 oC. The whole experiment was
carried out under continuous N2 bubbling (2 mL min-1). After
achieving the requested adsorption time-span in the dark
circumstance, the current solution concentration was
considered as the initial concentration of photocatalytic
degradation. Subsequently, a certain amount of solution was

collected every 10 min, after irradiation for 1View
h, Article
andOnline
the
10.1039/C9TA01863H
resulting solution was determined with aDOI:
UV-via
spectrometer.
Meanwhile, three parallel experiments were carried out to
ensure the accuracy of the experimental data. The
photodegradation rate could be deduced by equation (1).
C
Photodegradation rate = 1 ―
× 100% (1)
C0

（ ）

(C. the concentration of photodegradation; C0. the initial
concentration)
The selective photocatalytic text differed from the
photocatalytic activity experiment was that same quality
sample was added to 100 mL binary antibiotic solution
(containing 20 mg/L of danofloxacin mesylate and tetracycline)
during the reaction, then the solution was detected by high
performance liquid chromatography (HPLC) (λmax~276 nm.
Acetic acid-methanol (60/40, v/v) was employed as the mobile
phase with a velocity of 1 mL/min and room temperature
condition). The pollutant selectivity coefficient (kselectivity) and
the material selectivity coefficient (k’selectivity) could be deduced
by the following formula:
The pollutant selectivity coefficient (kselectivity) of imprinted
sample:
kselectivity(imprinted)
photodegradation rate (danofloxacin mesylate)
=
(2)
photodegradation rate (tetracycline)
The pollutant selectivity coefficient (kselectivity) of other samples:
kselectivity(others)
photodegradation rate (danofloxacin mesylate)
=
(3)
photodegradation rate (tetracycline)
The material selectivity coefficient (k’selectivity):
kselectivity(imprinted)
k′selectivity =
(4)
kselectivity(others)
For the sake of purpose to explore the photocatalytic
mechanism of degradation of danofloxacin mesylate with
magnetic functional heterojunction reactor, the control
experiments were made in conformity to above photocatalytic
activity experiment, but 1 mmol of some quenchers (such as BQ,
TEOA and t-BuOH) were dissolved into the danofloxacin
mesylate solution before photocatalytic reaction. Three parallel
experiments at the same time made the experimental data
more reliable.
In addition, the reproducibility of magnetic functional
heterojunction reactor was further investigated as follows: The
solid sample after photocatalytic reaction was separated by
magnet and the residual danofloxacin mesylate and byproducts were removed by ultrasound with absolute ethanol
for 1 h. The resulting products were rinsed with anhydrous
ethanol and DI water for subsequent photodegradation
experiments. Repeat the procedure five times to prove the
recyclability of magnetic functional heterojunction reactor.
Three parallel experiments at the same time made the
experimental data more reliable.
2.4 Electrochemical measurements
In this paper, The Mott–Schottky experiments of TiO2 and POPD
were conducted. The potential between −1.5 V to 0.5 V and has
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a 0.05 V potential step. The constant frequency was 962 Hz. The
aqueous solution of 0.5 mol/L Na2SO4 having a pH of 7.02 was
employed as an electrolyte. The as-prepared photoanode,
Ag/AgCl electrode and Pt plate were designed as the working,
reference and counter electrode, respectively.

3. Results and discussion
Published on 10 May 2019. Downloaded by University of Alabama at Tuscaloosa on 5/25/2019 3:32:31 PM.

3.1 Characterization
The as-prepared samples were first investigated by XRD
patterns. The pattern of FAC agreed well with our previous
reports43, these diffraction peaks observed in Fig. 1a were
assigned to SiO2 and Al2O3 etc60. Moreover, due to the relative
thick coating layer (SiO2 and TiO2 etc.), these diffraction peaks
belonging to FAC were not found in Fig. 1b-d. Meanwhile, the
diffraction peak of SiO2 layer was also not observed in Fig. 1b-d,
indicating that the SiO2 layer was amorphous14. According to the
JCPDS standard cards (65-3107 for Fe3O4 and 21-1272 for TiO2),
SiO2@Fe3O4/FAC,
TiO2/SiO2@Fe3O4/FAC
and
magnetic
functional heterojunction reactor all possessed well-crystallized
cubic spinel Fe3O4, meanwhile, TiO2/SiO2@Fe3O4/FAC and
magnetic functional heterojunction reactor both possessed
well-crystallized anatase TiO2. Furthermore, the pattern of
magnetic functional heterojunction reactor was almost the
same with that of TiO2/SiO2@Fe3O4/FAC, indicating that the
crystalline structure of Fe3O4 and TiO2 remained unchanged by
covering the 3D specific recognition outer layer.
XPS was conducted to further confirm the composition of the
samples61-63. As can be seen in Fig. 2, Fig. S1, Fig. S2 and Fig. S3,
the element of Al was observed in FAC, but not observed in
SiO2@Fe3O4/FAC,
TiO2/SiO2@Fe3O4/FAC
and
magnetic
functional heterojunction reactor, indicating that SiO2@Fe3O4
was too thick to detect the element of Al. Because of the coating
of SiO2@Fe3O4 and TiO2, compared with FAC, the element of Fe
was observed in SiO2@Fe3O4/FAC, TiO2/SiO2@Fe3O4/FAC and
magnetic functional heterojunction reactor, correspondingly,
compared with SiO2@Fe3O4/FAC, the element of Ti was
observed in TiO2/SiO2@Fe3O4/FAC and magnetic functional
heterojunction reactor. Furthermore, compared with
TiO2/SiO2@Fe3O4/FAC, the additional elements of C and N were
observed in magnetic functional heterojunction reactor. The
three component peaks of C 1s were attributed to C=C (282.05
eV), C-O (284.45 eV) and C=O (287.05 eV), indicating that
trimethylolpropane trimethacrylate was existed in magnetic
functional heterojunction reactor64. Meanwhile, the three
component peaks of N 1s were attributed to C=N-C (398.17 eV),
NH2 or C-NH-C (399.37 eV) and C=N-O (401.37 eV), indicating
that POPD was existed in magnetic functional heterojunction
reactor65. Importantly, the presence of C=N-O may be due to
the bonding of POPD and trimethylolpropane trimethacrylate
(or PEG 4000 modified TiO2/SiO2@Fe3O4/FAC).
FT-IR spectra (Fig. 3) were employed to further prove the
forming of the above samples. The absorption bands around
3432 cm-1 was deemed to the stretching of Si-OH and the
absorption peak of 1099 cm-1 were assigned to asymmetric
stretching of Si-O groups in FAC43. In Fig. 3b-d, the absorption

band around 2962 cm-1 was assigned to the C-H
Viewstretching
Article Online
DOI:absorption
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vibration of both -CH3 and -CH2 groups, the
peak of
C=O was recognized at 1620 cm-1, and the absorption peaks at
1471 cm-1 and 1384 cm-1 were assigned to the covalent bond
between Fe3O4 and carboxyl modified FAC23, above results
demonstrated that the surface of FAC was modified successfully
and Fe3O4 was already coated on FAC. Moreover, compared
with TiO2/SiO2@Fe3O4/FAC, due to the formation of the 3D
specific recognition outer layer, some additional absorption
peaks were observed in the spectrum of magnetic functional
heterojunction reactor. The absorption peak at 1723 cm-1 was
considered as the stretching vibration of 1,2,4 trisubstituted
benzene belonging to ploy-o-phenylenediamine (POPD)23 or the
stretching vibration of C=O belonging to trimethylolpropane
trimethacrylate, the characteristic peak at 939 cm-1 was
considered as the bending vibration of C-H, and the
characteristic peak at 1017 cm-1 was considered as the
stretching vibration of C-O arising from trimethylolpropane
trimethacrylate23. Besides, the skeleton vibration peaks of the
benzene ring were recognized between 1600 cm-1 to1450 cm-1,
the absorption peaks at 1323 cm-1 and 1295 cm-1 were assigned
to the stretching vibration mode of C-N-C and the absorption
peak at 1145 cm-1 were considered as the stretching vibration
mode of C-C65. Above results indicated that the 3D specific
recognition outer layer was successfully formed in the magnetic
functional heterojunction reactor and POPD was also formed in
the 3D specific recognition outer layer.
N2 adsorption-desorption experiments to prove the existence
of the imprinted cavities in the 3D specific recognition outer
layer. As show in Table S1, the BET specific surface areas of
magnetic non-functional heterojunction composite, magnetic
heterojunction without elution, TiO2/SiO2@Fe3O4/FAC,
SiO2@Fe3O4/FAC and FAC were only 4.57 m2 g-1, 5.92 m2 g-1,
5.87 m2 g-1, 24.61 m2 g-1 and 8.75 m2 g-1, respectively, among
them, a little larger BET specific surface area of SiO2@Fe3O4/FAC
was due to some exposure of Fe3O4 on the surface (Fig. 5b).
While after the coating of the 3D specific recognition outer
layer, the isotherm of magnetic functional heterojunction
reactor showed the typical IV behavior and the shapes of the
evident hysteresis loops close to H1 type (Fig. 4), illustrating that
the magnetic functional heterojunction reactor has
mesoporous structure66,67. Its BET specific surface area reached
184.15 m2 g-1. And in the light of the Barrett-Joyner-Halenda
(BJH) method, the average pore size of the sample was
measured at only 2.71 nm. According to the literature10,68, the
as-prepared magnetic functional heterojunction reactor
belonged to the core–satellite type reactor. Hence, the above
experiments adequately confirmed that the 3D specific
recognition outer layer contained the formed imprinted
cavities.
SEM technique is not only effective but also momentous for
morphology measurement in both scientific and industrial
materials and devices engineering inspection fields69-76. It is
obvious that all the samples had excellent spherical structure in
Fig. 5. FAC were screened from 75 and 125 μm, the surface
magnified image and red circular mark in FAC image showed
that FAC possessed a flat surface and a hollow structure,
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respectively. Inset in SiO2@Fe3O4/FAC image displayed that the
average diameter of the as-prepared Fe3O4 was approximately
200 nm. After coating Fe3O4 by SiO2 on FAC, the surface of
SiO2@Fe3O4/FAC was obviously different from that of FAC, a
small fraction of Fe3O4 was exposed to the outside surface,
while due to the coverage of SiO2, most of the Fe3O4 was
invisible, hence most of the outer surface was relative plat. In
Fig. 5c, SiO2@Fe3O4/FAC was almost covered with TiO2, thereby,
TiO2/SiO2@Fe3O4/FAC displayed the relative plat outside
surface, meanwhile, it can be seen that at the section of the
hollow part, Fe3O4 nanoparticles were sandwiched between
TiO2 and FAC. Combined with the EDS images (Fig. S4), above
results again proved that SiO2 and TiO2 was well covered on the
surface of FAC, and Fe3O4 was effectively introduced into the
SiO2 layer. Moreover, contrast these images, the surface of
magnetic functional heterojunction reactor was very different
from other samples, which was due to the coating of the 3D
specific recognition outer layer. The pore structure can be
clearly seen in the surface magnified image of magnetic
functional heterojunction reactor, directly indicating that the
3D specific recognition outer layer contained the formed
imprinted cavities. Importantly, as illustrated from the exposed
surface of magnetic functional heterojunction reactor in Fig. S5,
it was clear that Fe3O4 existed inside the magnetic functional
heterojunction reactor, because SiO2@Fe3O4 possessed a
certain thickness and small spherical Fe3O4 can be easily
observed. The surface change of magnetic heterojunction
without elution and magnetic functional heterojunction reactor
were also investigated by AFM. As show in Fig. S6, the surface
of magnetic functional heterojunction reactor was much
rougher than that of magnetic heterojunction without elution,
which indirectly proved the existence of imprinted cavities. In
addition, the elements of C, N, O, Al, Fe, Si and Ti represented
in the element mapping images of the magnetic functional
heterojunction reactor (Fig. S7), which were in line with the XRD
and XPS results. Therefore, all aforementioned results including
XRD, XPS, FT-IR, SEM, EDS, exposed surface SEM, AFM, element
mapping and N2 adsorption-desorption experiments
complementarily consolidated the multi-shell structure of the
as-prepared magnetic functional heterojunction reactor.
As show in Fig. 6a, after introducing Fe3O4, SiO2 and TiO2 on
the surface of FAC, TiO2/SiO2@Fe3O4/FAC exhibited good
absorption in different light range, meanwhile, POPD possessed
a strong visible light activity, thereby, compared with
TiO2/SiO2@Fe3O4/FAC, magnetic functional heterojunction
reactor had better light response ability. Moreover, the band
edge of TiO2 and POPD can be reckoned conforming to the
equation (5). The specific data were displayed in Fig. S8 and Fig.
S9.
2

(Ahν )n = k(hν - Eg) (5)
where A, h, ν, k and Eg are absorption coefficient, planck
constant, light frequency, proportionality constant and band
gap, respectively. n = 1 and n = 4 decided the characteristics of
the direct and indirect transition absorption77. Moreover,
determining the value of n and Eg from literatures78,79. First, plot
the curve of (Ahν)2/n vs hν, and the intersection point of the

extension line of the tangent of the curve and theView
hνArticle
axisOnline
was
Eg, when n = 1 or n = 4, Eg of TiO2 was DOI:
3.1510.1039/C9TA01863H
eV and 2.55 eV,
respectively, for POPD, Eg was 2. 03 eV (n = 1) or 1.77 eV (n = 4).
Afterwards, plot ln(Ahν) vs ln(hν-Eg), using the suitable Eg value
of 2.93 eV for TiO2 (1.93 eV for POPD) equaled to absorption
spectra, and then determine the value of n with the slope of the
straightest line was close to the band edge. In Fig. S8b and Fig.
S9b, the slope was 1.06 for TiO2 and 1.03 for POPD, thereby the
n value of TiO2 and POPD could be taken as 1. Over all, the direct
band gaps of TiO2 was 3.15 eV and that of POPD was 2.03 eV.
(Fig. 6b).
The magnetic separation performance of magnetic functional
heterojunction reactor was studied at 25 oC. From the Fig. 7
shows that the magnetic saturation (Ms) value of magnetic
functional heterojunction reactor was 8.8 emu g-1, which
exhibited distinct magnetic property. Furthermore, from the
image (inset in Fig. 7), It is apparently seen that the magnetic
functional heterojunction reactor could be readily segregated
by magnetic action, clarifying that the as-prepared magnetic
functional heterojunction reactor indeed owned good magnetic
separation property.
3.2 Photocatalytic activity, reproducibility and selectivity
The magnetic functional heterojunction reactor with 6 mmol
OPD and the visible light photoinitiation time of 20 min
possessed the best photocatalytic activity (81.6 %) in Fig. S10
and Fig. S11, illustrating that the appropriate molar mass of OPD
and the appropriate visible light-induced polymerization time
contributed to the magnetic functional heterojunction reactor.
Therefore, 6 mol OPD and 20 min photoinitiation time were
selected for subsequent experiments.
The photocatalytic activity of various samples was studied
and presented in Fig. 8 and Fig. S12. Compared with
TiO2/SiO2@Fe3O4/FAC (65.08 %), TiO2/SiO2 (61.46 %) and TiO2
(62.7 %), magnetic functional heterojunction reactor possessed
the 3D specific recognition outer layer, this 3D specific
recognition outer layer not only contained the imprinted
cavities which had the strong combining ability to danofloxacin
mesylate, but also contained POPD. Thereby, magnetic
functional heterojunction reactor had higher photocatalytic
activity (81.6 %). On the other hand, because there were no
imprinted cavities in the magnetic non-functional
heterojunction composite, the photocatalytic activity of
magnetic non-functional heterojunction composite (72.99 %)
was lower than that of magnetic functional heterojunction
reactor.
For the sake of purpose to prove that the outer layer of the
common TiO2 reactor will cover the photoreaction position of
TiO2 and further highlight the role of POPD, two traditional
magnetic functional reactors (magnetic AM-functional reactor
and magnetic MAA-functional reactor) were chosen to contrast
with magnetic functional heterojunction reactor. The difference
between magnetic functional heterojunction reactor and the
traditional magnetic functional reactor was the functional
monomer (OPD, AM or MAA), compared with AM and MAA,
OPD can be self-polymerized to form POPD, POPD was an
organic semiconductor which possessed a strong visible light
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activity, and the combination of POPD and TiO2 could form a
heterojunction structure which enormously enhanced the
photocatalytic activity. Therefore, the photocatalytic activity of
magnetic functional heterojunction reactor was much higher
than that of magnetic AM-functional reactor (44.04 %) and
magnetic MAA-functional reactor (23.04 %). In addition, the
photodegradation rate of the photocatalytic system without
photocatalyst was only 8.37 %.
Furthermore, for comparison, the nanoscale reactors
(magnetic functional heterojunction reactor without FAC and
functional heterojunction reactor without SiO2@Fe3O4/FAC)
were also synthesized. Generally speaking, the BET specific
surface area of nanoscale sample is much larger than that of
microscale sample. However, in Table S1, it can be clearly seen
that the BET specific surface area of magnetic functional
heterojunction reactor (184.15 m2 g-1) was a little smaller than
that of magnetic functional heterojunction reactor without FAC
(199.09 m2 g-1) and functional heterojunction reactor without
SiO2@Fe3O4/FAC (208.37 m2 g-1), which was due to the serious
agglomeration phenomenon of nanoscale samples (Fig. S13).
And because the imprinted cavities were existed in all above
three samples, their average pore size was almost the same. In
addition, as show in Fig. S12, the photocatalytic activity of
magnetic functional heterojunction reactor (81.6 %) was not
much different from that of magnetic functional heterojunction
reactor without FAC (78.05 %) and functional heterojunction
reactor without SiO2@Fe3O4/FAC (80.09 %), which was also due
to the agglomeration of nanoscale samples.
In order to explore the function of Fe3O4 in the magnetic
functional heterojunction reactor, the photocatalytic activities
of functional heterojunction reactor without Fe3O4 and
magnetic functional heterojunction reactor without SiO2 were
both investigated, the results were presented in Fig. S14. It can
be easily found that the photocatalytic activity of magnetic
functional heterojunction reactor (81.6 %) was higher than that
of magnetic functional heterojunction reactor without SiO2
(65.4 %), which confirmed that TiO2 direct coated on Fe3O4
would produce the photocorrosion effect, and SiO2 can be used
as the inert isolation layer to separate TiO2 and Fe3O447.
Compared with magnetic functional heterojunction reactor,
functional heterojunction reactor without Fe3O4 had a slightly
higher photocatalytic activity (84.07 %), because in magnetic
functional heterojunction reactor, some Fe3O4 were exposed on
the surface of SiO2@Fe3O4/FAC (Fig. 5b) and contacted with
TiO2, this result further illustrated that the photocorrosion
effect between TiO2 and Fe3O4 decreased the photocatalytic
activity. Fig. S15 showed the photocatalytic activity of magnetic
functional heterojunction reactor under a 250 W xenon lamp
with different wavelengths, it can be seen that when the
wavelength was less than 400 nm, the photocatalytic activity
was better, and the photocatalytic activity under other
wavelengths was poor. In addition, as can be seen in Fig. S16,
when the photocatalytic reaction lasted for 5 h, danofloxacin
mesylate could be fully degraded by the magnetic functional
heterojunction reactor. The photocatalytic activities of other
TiO2 photocatalysts were also compared in this paper, it can be
seen from Table S2 that under the same conditions of sample

dosage and reaction time etc., the photocatalytic
of
Viewactivity
Article Online
DOI: 10.1039/C9TA01863H
magnetic functional heterojunction reactor
was higher than
that of other TiO2 photocatalysts. Therefore, the as-prepared
magnetic functional heterojunction reactor possessed good
photocatalytic activity.
From Fig. 9a, the photocatalytic efficiency of the magnetic
functional heterojunction reactor decreased slightly in five
cycles, which indicated that the magnetic functional
heterojunction reactor had good photocatalytic stability and
recyclability. Moreover, in Fig. 9b, compared with the
absorption peaks, the products after five cycles was exactly the
same as the fresh products (Fig. 3d) and the products after 1
cycle. This manifested that the 3D specific recognition outer
layer had not changed after the reaction.
As a result of the coexistence of many antibiotics, the use of
binary antibiotic solutions was deemed to imitate this situation.
The selective photocatalytic activity of various products was
appraised by comparing the photodegradation rate for the
above mixed solution (danofloxacin mesylate and tetracycline)
over different samples. As displayed in Fig. 10 and Fig. S17, the
photodegradation rate for degradation of danofloxacin
mesylate with TiO2/SiO2@Fe3O4/FAC, TiO2/SiO2 and TiO2 was
only 30.17 %, 28.19 % and 28.97 %, respectively, but that with
magnetic functional heterojunction reactor distinctly increased
to 48.96 %, similarly, the photodegradation rate of magnetic
non-functional heterojunction composite (43.84 %) was higher
than that of TiO2/SiO2@Fe3O4/FAC, but still lower than that of
magnetic functional heterojunction reactor. In contrast, from
the standpoint for photodegradation of tetracycline, the
photodegradation rate with magnetic non-functional
heterojunction composite reached up to 85.09 %, but that with
magnetic functional heterojunction reactor exhibited
abnormally reduction and was only 49.9 %, the similar result
also took place on TiO2/SiO2@Fe3O4/FAC (61.06 %), TiO2/SiO2
(56.93 %) and TiO2 (58.84 %). Moreover, due to the existence of
imprinted cavities in magnetic functional heterojunction
reactor, magnetic functional heterojunction reactor without
FAC and functional heterojunction reactor without
SiO2@Fe3O4/FAC, the photodegradation rate was almost the
same. In addition, it is apparently seen in Table 1 and Table S3
that, the pollutant selectivity coefficient (kselectivity) of magnetic
functional heterojunction reactor, magnetic non-functional
heterojunction composite, TiO2/SiO2@Fe3O4/FAC, TiO2/SiO2,
TiO2, magnetic functional heterojunction reactor without FAC
and functional heterojunction reactor without SiO2@Fe3O4/FAC
was 0.98, 0.52, 0.49, 0.5, 0.49, 0.97 and 0.98, respectively, the
material selectivity coefficient (k’selectivity) of magnetic functional
heterojunction reactor relative to magnetic non-functional
heterojunction composite, TiO2/SiO2@Fe3O4/FAC, TiO2/SiO2,
TiO2, magnetic functional heterojunction reactor without FAC
and functional heterojunction reactor without SiO2@Fe3O4/FAC
was 1.88, 2.00, 1.96, 2.00, 1.01 and 1.00, respectively.
The reasons for above results were that, one hand,
danofloxacin mesylate as a template molecule was selectively
recognized by the imprinted cavities in the 3D specific
recognition outer layer of magnetic functional heterojunction
reactor, and the photodegradation reaction could take place in
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imprinted cavities as well as on surface where exposed POPD.
With regard to tetracycline, the different molecule structure
with danofloxacin mesylate resulted in being not recognized by
the imprinted cavities, this photodegradation reaction only
occurred on some outside surface where exposed POPD. The
existence of imprinted cavities in the 3D specific recognition
outer layer of magnetic functional heterojunction reactor
significantly inhibited the degradation of tetracycline.
Meanwhile, POPD possessed a strong visible light activity and
formed in the 3D specific recognition outer layer of magnetic
functional heterojunction reactor, especially the combination of
POPD and TiO2 formed a heterojunction structure which greatly
enhanced the photocatalytic activity. Therefore, the above
results showed that the magnetic functional heterojunction
reactor possessed good photocatalytic efficiency and the strong
performance to 3D specific recognition and selective
photodegradation of danofloxacin mesylate.
3.3 Selective photocatalytic mechanism of magnetic functional
heterojunction reactor
As everyone knows, the energy level structure plays a significant
role in the photocatalytic process. Consequently, valence-band
XPS spectra and Mott–Schottky plots were investigated to
estimate the band positions of TiO2 and POPD, which were
showed in Fig. 11A-C. It could be clearly found in Fig. 11A and
Fig. 11B that the flat band potential of TiO2 was -1.09 V vs.
Ag/AgCl. In the light of the Nernst equation80, the flat band
potential of TiO2 could be determined to -0.48 V vs. NHE. The
calculation process of the flat band potential of POPD was the
same as the above process, which could be determined to be 0.38 V vs. NHE.
Moreover, as displayed in Fig. 11A and Fig. 11B, both the
slopes of linear C-2 potential curves were positive, indicating
that TiO2 and POPD were both pertain to n-type material. Due
to the fact that the flat band potential was approximately
equivalent to the Fermi level for n-type material81, the Fermi
level of TiO2 was -0.48 eV vs. NHE and that of POPD was -0.38
eV vs. NHE. Furthermore, the valence-band XPS spectra
revealed that the energy gaps between the valence band (or the
HOMO energy level) and the Fermi level were 2.96 eV for TiO2
and 1.44 eV for POPD, respectively81-83. Therefore, the valence
band (VB) position of TiO2 could be calculated as 2.48 eV.
Combined with the band gaps of TiO2 (3.15 eV) which were
obtained from Fig. 6, the conduction band (CB) position of TiO2
could be calculated to be -0.67 eV. The calculation process of
the LUMO energy level position of POPD was the same as the
above process, which could be calculated to be -0.97 eV.
The electron transfer mechanism in photocatalytic process
was further verified, TEOA, t- BQ and BuOH were employed as
the quenchers for h+, ·O2 −, and ·OH, respectively, and the results
were exhibited in Fig. 11D. It is clear that the extra of TEOA had
a remarkable impact on the photocatalytic activity of magnetic
functional heterojunction reactor because the degradation of
danofloxacin mesylate reduced to 18.24 % compared with that
without quencher (81.6 %). In contrast, BQ and t-BuOH had a
small influence on the photocatalytic activity of magnetic
functional heterojunction reactor owing to the higher

photodegradation rate (63.46 % and 66.48 %). Therefore,
h+
View Article Online
DOI:
10.1039/C9TA01863H
was the important oxidative species and had the best
degradation effect, whereas ·O2− and ·OH only played a less
important role. Consequently, it could be concluded that the
electron transfer mechanism of the as-prepared reactor
belonged to the heterojunction structure rather than the Zscheme structure. Because based on the HOMO energy level
position of POPD (1.06 eV) and the VB position of TiO2 (2.48 eV),
the h+ produced by the VB of TiO2 could interact with H2O/OH−
to generate ·OH, while the h+ produced by the HOMO of POPD
could interact with H2O/OH− to generate ·OH. If the system
pertained to the Z-scheme structure, the e- produced by the CB
of TiO2 would combine with the h+ produced by the HOMO of
POPD, and the h+ produced by the VB of TiO2 would interact
with H2O/OH− to generate ·OH, hence ·OH would be also the
main oxidative species. Obviously, the result in Fig. 11D had
proved that ·OH only played a small role in the reaction,
accordingly, the electron transfer mechanism of this asprepared reactor was not the Z-scheme structure. If the eproduced by the LUMO of POPD delivered to the CB of TiO2, and
the h+ produced by the VB of TiO2 transferred to the HOMO of
POPD, the h+ cannot interact with H2O/OH− to generate ·OH in
the HOMO of POPD, ·OH would be only generated form ·O2−,
interestingly, this hypothesis was consistent with the result in
Fig. 11D. Therefore, the electron transfer mechanism of this asprepared reactor belonged to the heterojunction structure.
Based on the above results, the band positions of TiO2 and
POPD, the photocatalytic reaction mechanism and selective
photocatalytic
mechanism
of
magnetic
functional
heterojunction reactor proposed and presented in Fig. 12 and
Fig. 13. One hand, when the magnetic functional heterojunction
reactor was under the simulated sunlight, the e- in the HOMO
of POPD and the VB of TiO2 were excited into the corresponding
LUMO and the CB, meanwhile, the h+ were produced in the
HOMO of POPD and the VB of TiO2. Afterwards, the e- in the
LUMO of POPD delivered to the CB of TiO2, accordingly, h+ in the
VB of TiO2 delivered to the HOMO of POPD. Thereby the
transfer of e- and h+ was effectively improved, which
inordinately heightened the photocatalytic activity of magnetic
functional heterojunction reactor. On the other hand,
danofloxacin mesylate can be specifically recognized, but
tetracycline cannot. Consequently, based on the above transfer
of e- and h+, the minority of e- in the LUMO of POPD were
trapped by dissolved oxygen to produce ·O2-, and further
produced ·OH. h+ directly oxidized the specific adsorbed
danofloxacin mesylate, which played a crucial part in the
photodegradation of the specific adsorbed danofloxacin
mesylate. Meanwhile, ·O2- and ·OH originated from O2 played
only a peripheral part in the photocatalytic process.
Consequently, the 3D specific recognition and selective
photodegradation of danofloxacin mesylate in the binary
antibiotic solution was realized through the imprinted cavity
and the heterojunction structure.
3.4 Photodegradation pathways in the binary antibiotic
solution with the magnetic functional heterojunction reactor
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Finally, for the sake of purpose to understand the
photodegradation process in depth, the possible intermediate
products of photodegradation of the as-prepared solution with
magnetic functional heterojunction reactor were also analyzed.
The intermediates were identified by HPLC-MS in Fig. S18, and
the mass measurement (m/z) was presented in Table 2. It was
ordinary that the measured mass (m/z) of danofloxacin
mesylate was 358 and the m/z of tetracycline was 445. From the
changes in Table 2, it could be easily found that due to the
existence of imprinted cavities, danofloxacin mesylate was
specifically recognized then degraded to other products.
Nevertheless, besides imprinted cavities, tetracycline and
danofloxacin mesylate were also removed on some outside
surface where exposed POPD, but this rarely happened.
As displayed in Fig. 14, on one hand, after attacked by
hydroxyl radical, A (m/z = 358) turned to B (m/z = 406), C (m/z

= 318) was simultaneously formed by gettingView
rid
of Online
the
Article
DOI:by
10.1039/C9TA01863H
cyclopropyl in A. As the reaction proceeded,
getting rid of the
group of －COOH, B and C were fragmented into D (m/z = 362)
and F (m/z = 274), respectively. Meanwhile, C became E (m/z =
320) because of the addition reaction, and E was continued to
split into G (m/z = 302) by getting rid of －F group. On the other
hand, tetracycline was split into H (m/z = 359) by losing －
CONH2 and － N(CH3)2 group. Meantime, due to the addition
reaction, tetracycline became I (m/z = 451), and further became
J (m/z = 459). Afterwards, J was split into K (m/z = 416) by
getting rid of the group of －CONH2. However, due to the short
degradation time (1 h), danofloxacin mesylate and tetracycline
were not degraded completely. but if the degradation time is
prolonged, all the intermediates may be decomposed to CO2,
H2O, CO32-, NH4+ and so on.

Table 1. The pollutant selectivity coefficient (kselectivity) and the material selectivity coefficient (k’selectivity) of degradation of the binary antibiotic solution with different samples under
a 250 W xenon lamp of 1 h.

Samples

Magnetic functional heterojunction
reactor
Magnetic non-functional
heterojunction composite
TiO2/SiO2@Fe3O4/FAC

Antibiotics

Photodegradation
rate (%)

Danofloxacin
mesylate

48.96

Tetracycline

49.90

Danofloxacin
mesylate

43.84

Tetracycline

85.09

Danofloxacin
mesylate

30.17

Tetracycline

61.06

kselectivity
(imprinted)

kselectivity
(others)

k’selectivity

0.98

—

—

—

0.52

1.88

—

0.49

2.00

Table 2. m/z of photodegradation of the binary antibiotic solution (↑. the m/z increased, ↓. the m/z decreased).

m/z (Produced by danofloxacin

m/z (Produced by tetracycline)

mesylate)
The binary antibiotic solution

358

445

Degradation of the binary antibiotic

274↑, 302↑, 318↑, 320↑,

359↑, 416↑, 445↓, 451↑

solution in 30 min
Degradation of the binary antibiotic
solution in 1 h

358↓, 362↑, 406↑
274↓, 318↓, 358↓, 362↓,

359↓, 416↓, 445↓

406↓

4. Conclusions
In summary, based on the matrix material of
TiO2/SiO2@Fe3O4/FAC, the magnetic functional heterojunction
reactor was obtained by means of the surface imprinting
technique and the visible light-induced polymerization method,
which belonged to the core–satellite type reactor and
possessed good spherical structure, light response properties,

magnetic separation ability, photocatalytic stability and
reproducibility. Furthermore, the optimum molar mass of OPD
was 6 mmol and the optimum visible light-induced
polymerization time was 20 min. SiO2 can be used as the inert
isolation layer to inhibit the photocorrosion effect between TiO2
and Fe3O4. What’s more, POPD was existed in the 3D specific
recognition outer layer, and the heterojunction was formed
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between TiO2 and POPD, the as-prepared magnetic functional
heterojunction reactor had the highest photocatalytic activity
(81.6 %) for degrading danofloxacin mesylate under the
simulated sunlight irradiation compare with other materials
(such as TiO2 (62.7 %) and TiO2/SiO2 (61.46 %),
TiO2/SiO2@Fe3O4/FAC (65.08 %), magnetic non-functional
heterojunction composite (72.99 %), magnetic AM-functional
reactor (44.04 %) and magnetic MAA-functional reactor (23.04
%)). On the other hand, imprinted cavities were also formed in
the 3D specific recognition outer layer, and the magnetic
functional heterojunction reactor was proved to exhibit the
superior 3D specific recognition ability for selectively degrading
danofloxacin mesylate in the binary antibiotic solution, and the
pollutant selectivity coefficient (kselectivity) of magnetic functional
heterojunction
reactor,
magnetic
non-functional
heterojunction composite, TiO2/SiO2@Fe3O4/FAC, TiO2/SiO2
and TiO2 was 0.98, 0.52, 0.49, 0.5 and 0.49, respectively, the
material selectivity coefficient (k’selectivity) of magnetic functional
heterojunction reactor relative to magnetic non-functional
heterojunction composite, TiO2/SiO2@Fe3O4/FAC, TiO2/SiO2
and TiO2 was 1.88, 2.00, 1.96 and 2.00, respectively. Moreover,
the realization of the photocatalytic reaction originated from
the crucial contribution of h+ and the peripheral role of ·O2- and
·OH. This paper not only presented a novel reactor design idea,
but also demonstrated that the 3D specific recognition ability
can be used to selectively degrade the specific organic pollutant
in the light of the practical requirements.
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Scheme 1. Schematic illustration of specific synthesis processes.

Fig. 1. XRD patterns of FAC (a), SiO2@Fe3O4/FAC (b), TiO2/SiO2@Fe3O4/FAC (c) and magnetic
functional heterojunction reactor (d).
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Fig. 2. XPS spectra of magnetic functional heterojunction reactor (Fe 2p, Si 2p, O 1s, Ti 2p, C 1s
and N 1s).

Fig. 3. FT-IR spectra of FAC (a), SiO2@Fe3O4/FAC (b), TiO2/SiO2@Fe3O4/FAC (c) and magnetic
functional heterojunction reactor (d).
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Fig. 4. N2 adsorption-desorption isotherm and the corresponding pore size distribution curve (inset)
of magnetic functional heterojunction reactor.

Fig. 5. SEM images of FAC (a), SiO2@Fe3O4/FAC (b), TiO2/SiO2@Fe3O4/FAC (c), magnetic
functional heterojunction reactor (d) and Fe3O4 nanoparticles (inset in b).
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Fig. 6. UV-vis DRS spectra (a) and plots of (Ahν)2/n versus hν (b) of different samples.

Fig. 7. The magnetization pattern at room temperature of magnetic functional heterojunction reactor,
and the photograph of magnetic functional heterojunction reactor separated from solution with a
magnet (inset).

Fig. 8. Photodegradation rates for danofloxacin mesylate under a 250 W xenon lamp of different
photocatalysts (a. TiO2/SiO2@Fe3O4/FAC, b. magnetic non-functional heterojunction composite, c.
magnetic functional heterojunction reactor, d. magnetic AM-functional reactor, e. magnetic
MAA-functional reactor and f. without photocatalyst).
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Fig. 9. Photodegradation rates for danofloxacin mesylate with magnetic functional heterojunction
reactor in 1 h under a 250 W xenon lamp for 5 cycles (A) and the FT-IR spectra of the samples after
different cycles (B).

Fig. 10. HPLC spectra (A) and the corresponding photodegradation rates (B) for the binary
antibiotic solution under a 250 W xenon lamp at 1 h (a. with TiO2/SiO2@Fe3O4/FAC, b. with
magnetic non-functional heterojunction composite, c. with magnetic functional heterojunction
reactor and d. the initial binary antibiotic solution).
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Fig. 11. Mott-Schottky plots for TiO2 electrode (A) and POPD electrode (B), valence-band XPS
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spectra of TiO2 and POPD (C), photodegradation rates for danofloxacin mesylate with
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sunlight irradiation (D).

Fig. 12. Band positions of TiO2 and POPD, and the photocatalytic reaction mechanism of magnetic
functional heterojunction reactor.

Fig. 13. Proposed selective photocatalytic mechanism of magnetic functional heterojunction
reactor.
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Fig. 14. The possible intermediate product analysis of photodegradation of the binary antibiotic
solution with magnetic functional heterojunction reactor.
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selectivity and photocatalytic activity based on 3D specific recognition layer and
TiO2-POPD heterojunction.
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