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The successful combination of enzymes and photocatalysts in one pot is an elegant approach for the
reactions with high efficiency. This combination usually requires both enzymes and photocatalysts with
reasonable activity under the same condition. Herein, a photo-enzyme integrated catalyst by immobiliz-
ing laccase on clustered porous TiO, heterophase junction (HPJs) microsphere (denoted as mTiO,-CVs) is
synthesized for the first time. The TiO, microsphere with ordered regular radial structure and control-
lable heterophase junction (anatase/rutile) composition is prepared by a pressure-driven hydrothermal
assembly method. The ratio of rutile and anatase phase of mTiO,-CVs can be controlled by adjusting the
amount of hydrochloric acid in the preparing process. The characterization results of mTiO,-CVs prove
that the mTiO,-CVs has regular morphology, uniform mesoporous structure, larger specific surface area
and narrower band gap, and can realize the effective utilization of visible light. After immobilizing laccase
on mTiO,-CVs by adsorption method, the integrated catalyst (mTiO,-CVs2.5@lac) can be obtained. Com-
pared with free laccase, mTiO,-CVs2.5, and commercial P25, mTiO,-CVs2.5@lac shows higher catalytic
efficiency in the emerging contaminants degradation under visible light. Therefore, the photo-enzyme in-
tegrated catalyst presented in this study provides a promising platform for emerging organic pollutants
degradation by combining the enzymes with photocatalysts

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

With the rapid development of modern industry, emerging or-
ganic contaminants (such as phenol, bisphenol A and triclosan,
etc.) (EOCs) become an enormous threat to the balance of the
ecosystem [1-3]. These EOCs can be migrated over a long distance
via miscellaneous environmental media (atmosphere, water, organ-
ism, etc.) and exist in nature for a long time. Due to long-term
residue, biological accumulation, semi-volatility and high-toxicity,
they are seriously harmful to the environment and human health
[4]. Thus, water pollution has been listed as a priority pollutant by
many countries. Therefore, it is essential to develop efficient and
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environmentally friendly technologies for the solution of EOCs re-
mained in the environment.

Until now, a number of strategies such as photocatalytic degra-
dation [5, 6], chemical oxidation [7], electrochemical oxidation [6,
8], and bio-degradation [9] have been reported to solute EOCs.
Among these methods, semiconductor photocatalysis, an advanced
oxidation process (AOP), is considered as an efficient green degra-
dation technology [10]. Semiconductor photocatalyst can utilize the
solar radiation as energy source to mineralize a variety of haz-
ardous substances through generation of reactive oxygen species
such as superoxide radical, which has a high oxidation or standard
reduction potential [5, 11, 12]. Titanium dioxide (TiO;) is one of
the most promising photocatalysts for wastewater treatment be-
cause of its chemical durability, nontoxicity, environmental com-
patibility and functional diversity [13]. Nevertheless, the band gap
width (~3.2 eV) of TiO, results in its insufficient solar energy con-
sumption (only 4%) in degradation process [14]. Beyond that, the
fast recombination of photogenerated electron-hole pairs further
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weaken the photogenerated redox reaction performances of TiO,
[15]. For the sake of narrowing the band gap and suppressing the
recombination of charge carriers, several strategies including cation
or anion modification [16, 17], surface heterostructure construc-
tion [18] and defect introduction [19-21] have been developed.
Although these methods can improve the photochemical perfor-
mance of catalysts, the preparation process is usually complicated
and other impurities are introduced. TiO, heterophase junction
(HPJs) formed between different TiO, phases (anatase/brookite, ru-
tile/brookite or anatase/rutile) without introducing new impurities,
have been extensively investigated to promote the photocatalytic
performance [13, 22-24]. Compared to single-phase TiO,, TiO, HPJs
can effectively narrow the band gap and then can utilize visible
light. Meanwhile, the HPJs can promote charge separation and sup-
press photogenerated electron-hole pairs recombination. Neverthe-
less, it remains a big challenge to prepare TiO, with controllable
HPJs through a simple process.

Bio-degradation is another efficient approach for organic con-
taminants degradation because of its high efficiency, safety and
eco-friendliness, etc [25]. Laccase (EC 1.10.3.2), a multi-copper ox-
idase with relatively high redox potential, can degrade a variety
of phenols to the comparative reactive quinones or form insol-
uble polymers by using molecular oxygen as oxidant [26]. How-
ever, there are some bottlenecks in the industrial application of
free laccase such as high cost, difficulty in reuse and low stabili-
ties [27]. Enzyme immobilization is considered as an ideal choice
that could achieve reuse and improve the stabilities of free laccase.
Up to now, various carriers are developed to immobilize laccase,
such as porous glass [28], chitosan [29], silica nanoparticles [30],
and nanoporous gold [31], etc. As a common inorganic material,
TiO, has the characteristics of an ideal support for laccase immo-
bilization, such as inexpensiveness, good biocompatibility and me-
chanical resistance [27]. On the basis of above properties, the con-
struction of a novel TiO, material with large specific surface area
and favorable structure matching well with enzyme molecules is
of great significance for enzyme immobilization, as well as for the
separation and reuse of the immobilized enzyme.

Although biocatalysis and photocatalysis are green, efficient and
energy-saving methods for the degradation, their wide applica-
tions are blocked by the high cost and incomplete degradation.
The combination of two or more catalytic approaches has been
deemed an effective strategy to overcome these limits [32-34]. In
previous reports, laccase was either directly fixed onto the origi-
nal TiO, or directly mixed with TiO, powder for the degradation
of pentachlorophenol or 2,4-DCP, but these attempts could only be
performed under ultraviolet radiation and the enzyme would be
rapidly deactivated under this condition [35]. To our knowledge,
there is no report concerning the laccase immobilized on TiO, HPJs
with excellent photocatalytic properties under visible light and its
application in the synergistic complex pollutant degradation.

Thus, in this study, a photo-enzyme integrated catalyst by im-
mobilizing laccase on clustered heterophase junction porous TiO,
microsphere (denoted as mTiO,-CVs) is synthesized for the first
time. The obtained photo-enzyme integrated catalyst is used to
realize the synergistic degradation of emerging organic contami-
nants under visible light. Specifically, the TiO, microsphere with
ordered regular radial structure and controllable heterophase junc-
tion (anatase/rutile) composition is prepared by the pressure-
driven hydrothermal assembly method. The controllable ratio of
anatase phase and rutile phase is realized by adjusting the amount
of HCl to boost the use of visible light and boost the photocat-
alytic capacity. Then, the TiO, microsphere is used for the efficient
immobilization of laccase and finally applied to the synergistic 2,4-
DCP degradation under visible light (=420 nm). Moreover, a possi-
ble mechanism of 2,4-DCP degradation by the photo-enzyme inte-
grated catalyst is proposed. Commercial P25 is used as a reference

for photocatalytic properties and degradation effects. Moreover,
emerging organic contaminants like 4-chlorophenol, bisphenol A,
phenol and triclosan are selected for degradation tests to demon-
strate the extensive degradation ability of the designed mTiO,-
CVs2.5 and mTi0,-CVs2.5@lac.

2. Material and methods
2.1. Materials

Tetrabutyl titanate (TBOT) was purchased from Kermel. Pluronic
F127 (PEO;96PPO7oPEO195, Mw=12,600 g/mol) and laccase were
purchased from Sigma-Aldrich. Glacial acetic acid (HOAc, 99.5%),
concentrated HCl (36 wt%), 2,4-DCP, BPA and SA were pur-
chased from Tianjin Kemiou Chemical Reagent. Tetrahydrofuran
(THF, 99%) and 2,2-azinobis-3-ethylbenzothiazoline-6-sulfonic acid
(ABTS) were purchased from Aladdin. Commercial P25 was pur-
chased from Macklin.

2.2. Preparation of heterophase mTiO,-CVs

The heterophase mTiO,-CVs precursors were prepared by a typ-
ical solvent evaporation method [36]. Typically, 1.61 g of F127 and
2.0 mL of HOAc were added in 30 mL of THF solution. The pH of
the reacting system was subsequently adjusted by changing HCI of
amount ranged from 1.5 mL to 3.0 mL (the concentration of HCl is
4.3%, 5.7%, 71%, and 8.5%, respectively) and stirred for 10 min. 3.0
mL of TBOT and 0.2 mL H,0 were added dropwise subsequently
for 10 min. The solution was kept in an oven at 45°C for 24 h.

The mTiO,-CVs samples were prepared via a simple hydrother-
mal method. In a typical procedure, 1.5 g of the pale yellow gel
were placed in a 50 mL Teflon-lined autoclave, and heated in an
oven at 70°C for 24 h. The precipitates were washed three times
by absolute ethyl alcohol and water, respectively, and then dried
in an oven. Finally, the mTiO,-CVs were obtained after being cal-
cined successively under N, at 350°C for 3 h and in air at 400°C
for 3 h in a tubular furnace.

2.3. Characterization

The morphology of mTiO,-CVs was observed via scanning elec-
tron microscopy (SEM, FEI NanoSEM450 microscope under 5 KV
accelerating voltages). The structures of mTiO,-CVs were observed
with a transmission electron microscope (TEM and HRTEM, JEOL-
2100F under 4300V accelerating voltages). The elements of mTiO,-
CVs and mTiO,-CVs@lac were investigated with energy dispersive
X-ray spectrometry (EDS, FEI NanoSEM450 microscope under 5
KV accelerating voltages). X-ray powder diffractometer (XRD) on
Bruker AXS D8 and Raman (Renishaw inVia Reflex Leica DM2700M
microscope under 532 nm excitation wavelength) were used to de-
tect the crystal structure of the mTiO,-CVs. X-ray photoelectron
spectroscopy (XPS, Thermo Scientific K-Alpha) was acquired to ex-
amine the element composition, chemical states and valance state
of the mTiO,-CVs samples. Confocal laser scanning microscopy
(CLSM) was used to detect the distribution of laccase with a Le-
ica TCS SP5 confocal microscope. The Fourier transform infrared
(FT-IR) of the mTiO,-CVs were performed with a Bruker, VEC-
TOR22 spectrometer. Ultraviolet visible diffuse reflectance spectra
(UV-DRS) were measured on a U-3010 spectrophotometer (Hitachi,
Japan) UV-Vis spectrophotometer, using BaSO,4 as reference. The
mTiO,-CVs samples were also analyzed using electron paramag-
netic resonance (EPR) spectroscopy (Brooke a300) and photolumi-
nescence (PL) spectra (Fluorolog3-21 from Jobin Yvon. 243 nm was
used as excitation wavelength, which shows good excitation at this
excitation wavelength [37].). The BET surface area and BJH pore
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size distribution were determined by Micromeritics ASAP 2020 sys-
tem at 77 K.

2.4. Immobilized laccase on mTiO,-CVs2.5 for preparing
photo-enzyme integrated catalyst

2.4.1. Process of laccase immobilization

The immobilization of laccase on mTiO,-CVs2.5 was operated as
follows: 20 mg mTiO,-CVs2.5 were added to 10 mL sodium citrate
buffer (0.1 mol/L, pH=4.5) containing 2 mg of laccase. The mixture
was placed in an incubator with 150 rpm at 25°C for shaking 15
min to reach adsorption equilibrium. The laccase immobilized on
mTi0,-CVs2.5 (mTiO,-CVs2.5@lac) was separated by centrifugation
(15000 rpm, 2 min). The mTiO,-CVs2.5@lac was dried at -42°C in
vacuum freeze, and the dry composite was placed at 4°C for the
follow experiments.

2.4.2. Optimum condition of immobilized laccase

The effect of immobilization pH, temperature, time and ini-
tial laccase concentration on the properties of mTiO,-CVs2.5@lac
had been investigated. Typically, laccase solution (0.15 mg/mL-0.25
mg/mL) was mixed with mTiO,-CVs2.5 (20 mg) in buffers with dif-
ferent pH (2.5-6.5) for certain time (5-50 min) at different tem-
perature (15-45°C) with mild agitation. After that, the immobilized
laccase was washed 3 times to remove the unabsorbed enzyme.
The obtained immobilized laccase was kept at 4°C until further
use.

2.4.3. Assay of the laccase activity

Generally, 0.1 mL free laccase (or 0.1 mL immobilized laccase)
was added into 1.9 mL ABTS (1 mmol/L) and reacted at 25°C for
4 min. The activity of laccase was indicated by the increase of ab-
sorbance at the wavelength of 420 nm. One unit of activity (U) of
laccase was defined as the amount of enzyme required to convert
1 pmol of ABTS to ABTS* per minute in the test system.

2.5. Degradation of pollutant by the photo-enzyme integrated catalyst

2.5.1. Photo-enzyme integrated catalyst for contaminant degradation

The 2,4-DCP degradation catalyzed by photo-enzymatic cataly-
sis (mTiO,-CVs2.5@lac under light irradiation) and photocatalysis
(mTi05-CVs2.5 under light irradiation) was carried out in a sodium
citrate buffer at room temperature. A Xe lamp (300 W, Perfect-
light Co., Ltd.) was used as the illumination source. Typically, 12
mg of the mTiO,-CVs (or mTiO,-CVs@lac) was dispersed in 20 mL
2,4-DCP (10 mg/L) solution with stirring. The solution was stirred
for 0.5 h in the dark to reach adsorption equilibrium and turn on
light. At given time intervals, 1.0 mL of samples was collected, cen-
trifuged, and then analyzed at 285 nm by an UV-vis spectropho-
tometer. Similarly, enzymatic catalysis (mTiO,-CVs2.5@lac under
dark condition) was carried out under the same condition. The 2,4-
DCP degradation rate was calculated as follows: degradation rate
(%) = (1-C/Cy) x 100%, where C and Cy are the concentrations of
2,4-DCP after and before reaction.

2.5.2. Evaluation of the reactive oxidizing species

Benzoquinone (BQ), tertiary butanol (TBA) and ethylene di-
amine tetracetic acid (EDTA) were used to eliminate «0O,~, «OH and
h+* respectively for the scavenger collection experiments. 12 mg of
the mTiO,-CVs2.5 photocatalysts were added into 20 mL 2,4-DCP
solution and stirred for 0.5 h in the dark. After that, the scavengers
(1 mM) were added into the mixture and illuminated under Xe-
lamp for 3.5 h with continuous stirring. Then, the suspension was
collected, centrifuged, and analyzed at 285 nm by an UV-vis spec-
trophotometer.

2.5.3. Effect of different conditions on degradation

For investigating the effect of reaction conditions on the 2,4-
DCP degradation catalyzed by mTiO,-CVs2.5@lac (under light irra-
diation) and mTiO,-CVs2.5 (under light irradiation), the effect of
different pH values (2.5-8.5), catalysts concentration (0.2 mg/mL-
1.5 mg/mL), reaction time (30-330 min) and initial 2,4-DCP con-
centration (10 mg/L-100 mg/L) was studied. The degradation rate
of 2,4-DCP catalyzed by mTiO,-CVs2.5 or mTiO,-CVs2.5@lac was
calculated at different reaction conditions. In addition, enzymatic
catalysis (mTiO,-CVs2.5@lac under dark condition) was carried out
by the same method.

2.5.4. Reusability of the catalysts

Reusability of mTi0,-CVs2.5 and mTiO,-CVs2.5@lac were as-
sessed under the optimized conditions. 12 mg of the mTiO,-CVs2.5
or mTiO,-CVs2.5@lac was added into 20 mL 2,4-DCP solution (10
mg/L) and stirred for 0.5 h in the dark. Then, the reactions were
carried out under Xe-lamp irradiation, and then the mTiO,-CVs2.5
and mTi0,-CVs2.5@lac were separated at given time interval and
washed with sodium citrate buffer. After that, the catalyst was
added into a new reaction mixture for next reaction cycle.

2.5.5. The universal applicability of the photo-enzyme integrated
catalyst

The 4-chlorophenol, bisphenol A, phenol and triclosan degra-
dation catalyzed by P25, mTiO,-CVs2.5@lac and mTiO,-CVs2.5 un-
der light irradiation were investigated in a sodium citrate buffer at
room temperature. For comparison, laccase and mTiO,-CVs2.5@lac
catalyze the reactions under dark condition were also carried out.
A Xe lamp (300 W, Perfectlight Co., Ltd.) was used as the illumi-
nation source. Typically, 12 mg of the catalysts were dispersed in
20 mL solution (10 mg/L) with stirring. The solution was stirred
for 0.5 h in the dark to reach adsorption equilibrium and turn on
light. At given time intervals, 1.0 mL of samples was collected, cen-
trifuged, and then analyzed.

Reusability of mTiO,-CVs2.5 and mTiO,-CVs2.5@lac for degrad-
ing 4-chlorophenol, bisphenol A, phenol and triclosan were as-
sessed. 12 mg of the mTiO,-CVs2.5 or mTiO,-CVs2.5@lac was
added into 20 mL solution (10 mg/L) and stirred for 0.5 h in the
dark. Then, the reactions were carried out under Xe-lamp irradia-
tion. At given time intervals, mTiO,-CVs2.5 and mTiO,-CVs2.5@lac
were separated and washed with sodium citrate buffer. After that,
the catalysts were added into a new reaction mixture for next re-
action cycle.

3. Results and discussion
3.1. Characterization of mTiO,-CVs

The mTiO,-CVs microspheres are prepared by a solvent-induced
self-assembly evaporation method, and the fabrication procedures
are schematically depicted in Fig. S1. The morphology and mi-
crostructure of the obtained mTiO,-CVs samples are characterized
by SEM, TEM and HRTEM. The SEM images (Fig. 1a-b) show that
the mTiO,-CVs are monodisperse cracked microspheres with ob-
viously radial structure and the relative mean diameter is about
2.5 um. TEM image (Fig. 1c) further reveals the cracked uniform
spherical structures of the mTiO,-CVs2.5 and 2.5 um of the di-
ameter, which is consistent with the result of SEM. The HRTEM
image (Fig. 1d) recording from the surface of mTiO,-CVs2.5 mi-
crosphere shows distinct lattice fringes with interplanar spaces of
0.233, 0.237 and 0.324 nm, which are well in accordance with the
dii2 and dgg4 plane of anatase and dqip plane of rutile, respec-
tively. There are abundant pores distributed on the surface of mi-
crospheres and in the radial structure. The corresponding EDS im-
age of mTiO,-CVs (Fig. 1e) reflects the existence of Ti and O, which
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Fig. 1. SEM images of the mTiO,-CVs (a, b); TEM (c) and HRTEM (d) images of mTiO,-CVs2.5 microsphere; the EDS image of mTiO,-CVs2.5 (e).

proves the high purity of samples. Moreover, different amounts of
HCI added during the preparation do not significantly change the
sample morphology of mTiO,-CVsX (X represents the amount of
HCI added during the synthesis process) as shown in Fig. S2. The
element mapping of mTiO,-CVs (Fig. S3) indicates that Ti and O
are evenly distributed in the microspheres. These results prove the
fine crystallinity and mixed phase structure of mTiO,-CVs micro-
spheres.

The formation process of TiO, HPJs is systematically investi-
gated by XRD and Raman spectra. As revealed in Fig. 2a, when
the added HCl amount is 1.5 mL, the XRD peaks of mTiO,-CVs1.5
around 25.3°, 37.8°, 48.1°, 53.9° and 55.1° that are indexed to the
101, 004, 200, 105, 211 crystal facets of anatase phase (JCPDS
No.21-1272) appear. As the amount of HCl increased, the peaks
around 27.5°, 36.1°, 41.2°, 54.3° and 56.7° that indicate the char-
acteristic intensity of rutile phase (JCPDS No.21-1276) appear and

grow gradually. At the same time, the strength of anatase phase
characteristic peaks correspondingly decrease. When the amount
of HCl is 2.0 or 2.5 mL, the characteristic peaks of rutile phase and
anatase phase exist simultaneously and the ratio of A/R is 70.6:29.4
or 34.0:66.0, respectively. The A/R ratio of mTiO,-CVs1.5 is very
close to that of commercial P25 (86.4:13.6). When the HCl amount
is 3.0 mL (mTiO,-CVs3.0), only the representative peaks of rutile
phase are discerned, while the peaks of anatase phase almost dis-
appear. The above results indicate that the TiO, HPJs with differ-
ent anatase/rutile phase ratios can be obtained by adjusting the
amounts of HCl added in the synthetic process. The anatase/rutile
ratios of mTiO,-CVs are summarized in Table S1. Fig. 2b shows
Raman spectra (532 nm) of mTiO,-CVs and the commercial P25.
There are six distinct well-defined peaks can be observed. The
peaks at around 144, 395 and 516 cm~! are representative the
anatase phase vibrational modes [38]. Other peaks at 235, 445 and
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Fig. 3. (a) UV-vis diagram of different crystal phase ratios of mTiO,-CVs; (b) the Kubelka-Munk function curve of mTiO,-CVs; (c) XPS valence band spectrum of mTiO,-CVs

and P25.

608 cm~! are ascribed to the representative the rutile phase vi-
brational modes [37]. The simultaneous existence of two charac-
teristic peaks in mTiO,-CVs further demonstrates the successful
preparation of heterophase junction, which is consistent with the
results of HRTEM. These results confirm that HCl is beneficial for
the growth of rutile and formation of HPJs.

The visible-light absorbance properties of all samples are mea-
sured with UV-vis DRS (Fig. 3). It is clear that the absorption
range of mTiO,-CVs1.5 is close to that of P25. Compared to P25,
the absorption range of mTiO,-CVs2.0, mTiO,-CVs2.5 and mTiO,-

CVs3.0 occur obvious red shift. The absorption edges of mTiO,-
CVs1.5, mTiO,-CVs2.0, mTiO,-CVs2.5, mTiO,-CVs3.0 and P25 ap-
pear around 413, 436, 457, 448 and 417 nm, respectively. The band
gap energies of P25, mTiO,-CVs1.5, mTiO,-CVs2.0, mTiO,-CVs2.5
and mTi0,-CVs3.0 are estimated to be 2.89, 2.98, 2.86, 2.73 and
2.80 eV by Kubelka-Munk transformation, respectively (Fig. 3b).
Among, the band gap value of P25 is the same as that reported
in the previous study [37]. The valence band for P25 and mTiO,-
CVs2.5 are calculated to be at 2.85 and 2.80 eV respectively by us-
ing VBXPS curves (Fig. 3c). The heterophase junction prepared by



Y. Zhang, . Gao and X. Xin et al./Applied Materials Today 21 (2020) 100810
(a) Ti Oys (b)
“2p mTi0,-CVs3.0 Ti2p3)
- = \458.52¢V Tizpy,
s mTi0,-CVs2.5 ;. 458.49¢V 1 464.30 eV
< = | mTi0,-CVs3.0
3 g =
g mTi0,-CVs2.0 | & |mTi0,-CVs2.5 !
& ) .
= =
mTiOy-Cvsts | | MT02CVs20 1
mTi05-CVsl.5 :
0 200 400 600 800 1000 1200 450 455 460 46 470
B.E.(eV) B.E.(eV)
(c)
Tit".0
o 52997 ev/" v mTi0,-CVs3.0
<
-’
&
% 529.75 eV mTi0,-CVs2.5
E 530.01 eV 4
A= Ol e mTi0,-CVs2.0
=003 EV/‘ mTiO,-CVs1.5
525 530 535 540
B.E.(eV)

Fig. 4. XPS spectra of mTiO,-CVs: (a) survey spectra, (b) high-resolution spectra of Ti 2p, (c) high-resolution spectra of O 1s.

adjusting the amount of HCI not only broadens the light edge of
mTiO,-CVs from ultraviolet region to the visible region, but also
narrows the band and valence gap. The larger absorption range of
mTi0,-CVs conduce to the utilization of visible light. Moreover, the
lower band gap energy can accelerate the formation of photogen-
erate electron-hole pairs and improve photocatalytic efficiency.
The element composition and chemical state of mTiO,-CVs are
investigated by XPS. The full XPS survey (Fig. 4a) indicates that all
the samples exhibit obvious similar binding energy (BE) peaks and
are primarily composed of Ti, O and C elements. In the high resolu-
tion Ti 2p spectrum of mTiO,-CVs (Fig. 4b), the two peaks at bind-
ing energies of 458.5 and 464.3 eV can attribute to Ti 2p3, and Ti
2pyp, of Ti*+ chemical states in the TiO, lattice, respectively. Com-
pared to mTiO,-CVs1.5, the curves of other three samples slightly
shift to lower binding energy, which is ascribed to the introduction
of oxygen vacancies (Vg) [39]. O 1s spectrum of mTiO,-CVs can be
divided into a main peak at 529.8 eV and a absorption shoulder
at 531.0 eV (Fig. 4c), which are attributed to the lattice oxygen in
TiO, (Ti**-0) and the surface V, respectively [40, 41]. The Ti%*-
O peak has shifted by 0.02 eV, 0.28 eV and 0.06 eV from mTiO,-
CVs1.5 to mTiO,-CVs2.0, mTiO,-CVs2.5 and mTiO,-CVs3.0 respec-
tively, which is induced by the surplus electrons from the oxygen
defects in the mTiO,-CVs crystal lattice [40]. Meanwhile, in the
light of the peak area ratios, the concentrations of surface Vg in
mTiO,-CVs1.5, mTiO,-CVs2.0, mTiO,-CVs2.5 and mTiO,-CVs3.0 are
estimated to be 18.5%, 24.5%, 26.0% and 22.8%, respectively [39]. In
a high amount of HCI, oxygen atom from lattice site can be ab-

stracted by hydrogen atom to form H,O molecule and then escape
from the surface of mTiO,-CVs to eventually form Vg on the sur-
face. The O, molecule can be adsorbed by Vg and split into oxygen
atoms, which can diffuse into the crystal of mTiO,-CVs and even-
tually form a lot of superoxide radicals for redox reactions [41].
In contrast, excess HCl in the preparation process can break the
phase connection, resulting in the decrease of Vg concentration
[39]. Therefore, the Vg can be controllably introduced by chang-
ing the HCI amount and then the photo-catalytic performance can
be improved.

In order to further reveal the charge separation property of the
mTiO,-CVs, various behaviors of native defects such as oxygen va-
cancies are confirmed by EPR spectroscopy (Fig. 5). The spectra of
mTi0,-CVs exhibits a strong signal at g=2.007 ranging from 1.93
to 1.99, which could be mainly induced by the presence of Vg
[42]. Beyond that, the EPR intensity of Vo enhances with the in-
crease of HCl amount until 2.5 mL and then decreases when the
amount of HCl is 3.0 mL. These results indicate that the addition
of appropriate strong acids can cause an oxygen-deficient environ-
ment leading to the extra formation of Vg. Vg can actually enact
electron capture traps that simultaneously boost the charge sep-
aration and inhibit the recombination rate of charge carriers [43].
However, excess HCl may destroy the phase junction in mTiO,-CVs,
and simultaneously generate some unwanted recombination cen-
ters, resulting in a significant decrease of electron-hole pairs sepa-
ration efficiency [39, 44]. The transition of electrons from valence
band maximum (VBM) to Vg level and from Vg to CBM can cause
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Fig. 6. The fluorescence spectroscopy of mTiO,-CVs and P25.

visible light absorption. Hence, the appropriate formation of sur-
face Vg introduced by regulating the amount of HCl can promote
the charge separation and improve the photocatalytic activity.

The photoluminescence (PL) spectra is employed to study the
charge separation property of photogenerated electron-holes in the
as-prepared mTiO,-CVs. Fig. 6 shows the PL emission spectra of
mTiO,-CVs and P25 at 243 nm excitation wavelength. The emis-
sion peak centered at 494 nm is attributed to the recombination
of the photoelectron hole pairs [22]. Meanwhile, with the increase
of the added HCl amount during the reaction, the ratio of rutile in
the crystal phase proportion increases gradually and the intensity
of mTi0,-CVs shows an obvious trend of decreasing first and then
increasing. As a result, the mTiO,-CVs2.5 exhibits the lowest lumi-
nous intensity, indicating that the HPJs introduced by appropriate
amount of HCl has excellent charge separation property and can
efficiently suppress the charge recombination.

The BET surface area and the BJH pore size distributions of
the mTiO,-CVs are also analyzed by N, adsorption-desorption
isotherms. As can be seen from Fig. 7a, with the amount of HCI
increases from 1.5 mL to 3.0 mL, all the isotherms of mTiO,-CVs
and P25 show characteristic type IV isotherms with a H3-type hys-
teresis loop. These results suggest that the mTiO,-CVs have loose
slit-like pores and ordered mesoporous network structure result-
ing from the aggregation of TiO, nanoparticles [45]. Furthermore,
the pore size distribution is estimated by the BJH model (Fig. 7b).
The specific surface area and pore volume values of mTiO,-CVs
and commercial P25 are summarized in Table S1. The pore sizes
of mTiO,-CVs and P25 are centered at around 7.11 nm and 3.9

nm, respectively. Compared with commercial P25, mTiO,-CVs ex-
hibit larger pore volume and specific surface area. Especially, the
mTi0,-CVs2.5 has the largest surface area (93.34 cm?2/g). The favor-
able specific surface area and internal pore structure are beneficial
to the multiple reflection and refraction of light, thus boosting the
utilization efficiency of light and raising the photocatalytic ability.
On the other side, the unique internal structure of mTiO,-CVs pro-
vides abundant active sites for reactions and enzyme immobiliza-
tion.

3.2. Growth mechanism of mTiO,-CVs heterophase junction

During the preparation of mTiO,-CVs, the added amount of HCl
can affect the hydrolysis and condensation of TBOT, leading to the
growth of different crystalline phases of anatase and rutile. As
shown in Fig. S4, in the condensation process, the coordination of
Ti*t ions with the OH~ and Cl~ ions plays a crucial role in the
formation of crystal phase and HPJs, thus [Ti(OH),Cly]?~ (n+m=6)
octahedra are formatted by inducing partially hydrolyzed, where
n and m represent the acidity and the concentration of Cl-, re-
spectively. The nucleation and growth processes of anatase and
rutile proceed via the dehydration and cross-linking between
[Ti(OH),Clm ]2~ octahedra [46]. At low amount of HCI, high OH-
concentration and low Cl~ concentration increase the hydrolysis
of TBOT, which is conducive to the formation of anatase phase.
On the contrary, large amounts of HCl greatly reduce the OH~ in
the solution and high concentration of Cl~ inhibits the hydroly-
sis and condensation of TBOT, which is conducive to the nucle-
ation and growth of rutile [47]. In addition, rutile phase preferen-
tially forms Vg because the Ti-O bond is longer in octahedral struc-
tural units than in anatase [48]. Different ratios of anatase and ru-
tile between HPJs generate varied interfacial contact areas, which
will cause diverse surface bands bending at the space charge re-
gion in the built-in electric field. The ratio optimization of HPJs is
also an optimization process of the built-in electric field for space
charge separation in the anatase/rutile phase junction region [49].
By this simple method, the TiO, heterophase junction with differ-
ent anatase/rutile phase ratios can be introduced. In addition, the
difference phase ratios further affect the photocatalytic activities of
mTiO,-CVs.

3.2.1. Degradation of 2,4-DCP by mTiO,-CVs

The photocatalytic activity of mTiO,-CVs is assessed via the
2,4-DCP degradation with different time under visible light in or-
der to compare the degradation effects of different catalysts (>420
nm). Commercial P25 is used as a comparative catalyst, and blank
experiment is conducted simultaneously. As shown in Fig. 8, ac-
cording to the results of the blank test, the self-photolysis of 2,4-
DCP can be neglected. The degradation rate of 2,4-DCP catalyzed
by mTiO,-CVs1.5, mTiO,-CVs2.0, mTiO,-CVs2.5, mTiO,-CVs3.0 and
P25 is 37.7%, 53.9%, 59.1%, 50.1% and 46.8% respectively after 3.5
h reaction under visible light. Most of mTiO,-CVs except mTiO,-
CVs1.5 show better degradation rate than that of P25, among
which mTi0,-CVs2.5 (A/R is 34.0:66.0) is the best. This result is
consistent with the literature reports [50, 51]. By regulating the
amount of HCI to adjust the anatase/rutile ratio of HPJs in mTiO,-
CVs, the light utilization of this photocatalyst extends from ul-
traviolet to visible light. What's more, the mTiO,-CVs achieve or
even exceed commercial P25 in photocatalytic 2,4-DCP degrada-
tion. These results imply that the introduced HPJs plays a vi-
tal role in photocatalyst preparation and the 2,4-DCP degradation.
Nonetheless, a higher rutile percentage in HPJs such as mTiO,-
CVs3.0 can result in a decrease of 2,4-DCP degradation. This de-
crease may be caused by extra high concentration of HCI, leading
to the destruction of the phase interface as well as weakening the
separation and photoelectron hole pairs transfer efficiency. The EPR
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results also confirm these results. In the mTiO,-CVs2.5, the suc-
cessful construction of the HPJs and the appropriate A/R phase ra-
tio not only reduce the band gap and realize the utilization of vis-
ible light, but also promote the excitation of photogenic electron-
hole pairs, and improve the separation and transport of charge. In
addition, the relative high specific surface area and unique aper-
ture structure realize multiple reflection of light and provide more
reactive sites. Thus, mTiO,-CVs2.5 is selected as photo-catalyst in
the subsequent experiments.

3.2.2. Evaluation of the reactive oxidizing species

Usually, it is ascertained that the removal of pollutants by pho-
tocatalysis is related to several reactive oxygen species (ROS) in-
cluding photo-generated holes (h*), superoxide radical («0,~) and
hydroxyl radical (¢OH) [11]. In order to verify the main ROS of
2,4-DCP degradation, the radicals trapping experiments are im-
plemented with the addition different scavenger agents. Benzo-
quinone (BQ), ethylene diamine tetracetic acid (EDTA) and tertiary
butanol (TBA) are adopted to quench «O,~, h* and eOH, respec-
tively. Typically, mTiO,-CVs2.5 is added into the 2,4-DCP mixture
and stirred for 0.5 h in the dark. After that, the scavengers (1 mM)
are added into the liquor and irradiated under visible light for 3.5
h with continuous stirring. From Fig. 9, the 2,4-DCP degradation is
strongly inhibited in the existence of BQ, but it is slightly affected
by TBA and EDTA. This means that 2,4-DCP was oxidized and de-
composed mainly via the «0,~ as the active intermediate.

100
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Fig. 9. Scavenger trapping experiments of mTiO,-CVs2.5.

3.3. Preparation of photo-enzyme integrated catalyst

Based on the above results, the obtained mTiO,-CVs can not
only realize the efficient utilization of visible light, but also boost
the degradation rate of 2,4-DCP compared with the commercial
P25. Nevertheless, the degradation rate is still not satisfactory. In
the following research, the mTiO,-CVs2.5 are used for the immo-
bilization of laccase, a widely used enzyme in degradation of CPs,
in order to construct a photo-enzyme integrated catalyst (denoted
as mTi0,-CVs2.5@lac) and realize the combination of the advan-
tages of the two kinds catalysts.

Because the mTiO,-CVs microspheres have large specific surface
area and the pore volume matches well the laccase molecule size
(about 6.5 x 5.5 x 4.5 nm) [52], and then the laccase is immo-
bilized on mTiO,-CVs2.5 by adsorption method. It is worth men-
tioning that the unique cracked mesoporous structure of mTiO,-
CVs can not only realize multiple reflection of light to improve ab-
sorption, but also make the solution quickly permeate to promote
laccase immobilization. The enzyme activity of mTiO,-CVs2.5@lac
is usually affected by immobilized conditions such as initial en-
zyme concentration, adsorption time, temperature and pH during
the immobilized process. The conditions have been optimized and
the results are given in Fig. S5. On the basis of these results, the
optimum conditions for laccase immobilization on mTiO,-CVs2.5
are as follows: the laccase concentration is 0.25 mg/mlL, the ad-
sorption time is 15 min, the initial pH is 4.5 and the tempera-
ture is 25°C. Several characterizations of mTiO,-CVs2.5@lac (such
as EDS mapping, XPS, FT-IR and CLSM as shown in Fig. S6-9) con-
firm the successful immobilization and the uniform distribution of
laccase on mTiO,-CVs2.5 microspheres. In addition, the XRD pat-
terns of mTiO,-CVs2.5 and mTiO,-CVs2.5@lac indicate that the im-
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mobilization process of laccase does not significantly change the
crystal structure of mTiO,-CVs2.5 (Fig. S10).

3.4. Degradation of 2,4-DCP by photo-enzyme integrated catalyst

After optimization of the laccase immobilization process, the
obtained integrated catalyst mTiO,-CVs2.5@lac is used in photo-
enzymatic synergistic degrading 2,4-DCP under visible light. The
influence of reaction conditions on degradation rate of 2,4-DCP are
investigated. The 2,4-DCP degradation catalyzed by free laccase and
mTiO,-CVs2.5 are used as control experiments.

As a typical biocatalyst, the conformation of laccase molecules
can be affected by pH. The wide range of pH in wastewater also
has influence on catalytic efficiency. Thus, the 2,4-DCP degradation
by mTi0O,-CVs2.5@lac, mTiO,-CVs2.5 and free laccase are studied
under different pH conditions from 2.5 to 8.5 (Fig. 10a). The high-
est degradation rates of mTiO,-CVs2.5@lac, mTiO,-CVs2.5 and lac-
case are 89.5%, 59.1% and 68.5%, respectively. The degradation rate
by mTiO,-CVs2.5@lac and mTiO,-CVs2.5 reach the highest value
both at pH 5.5, while the highest degradation rate for free lac-
case is reached at pH 4.5. It is worth mentioning that the mTiO,-
CVs2.5@lac shows higher degradation rate of 2,4-DCP under all se-
lected pH conditions compared to mTiO,-CVs2.5 and free laccase.
These results indicate that the laccase immobilized on mTiO,-

CVs2.5 not only improves the stability of laccase, but also achieves
good synergistic effects in the 2,4-DCP degradation.

The 2,4-DCP degradation rate by various amounts of differ-
ent catalysts within 3.5 h is presented in Fig. 10b. With the in-
crease of catalyst amount, the corresponding 2,4-DCP degradation
rate increases and gradually reaches equilibrium or even declines.
The degradation rate that catalyzed by mTiO,-CVs2.5@lac is higher
than that of mTiO,-CVs2.5 and free laccase at the same dosage.
Usually, with the increase of catalyst amount, there are more ac-
tive sites in the reaction system and higher probability of colli-
sion between substrate molecules and the catalyst, which is ben-
eficial for the 2,4-DCP degradation. After reacting some time, the
number of active sites greatly exceeds the reaction demand and
the efficiency is no longer improved. In addition, excessive mTiO,-
CVs2.5@lac or mTiO,-CVs2.5 leads to the turbidity of the reaction
system, which may shield the incident sunlight and cause decrease
in photocatalytic efficiency. The inevitable agglomeration of mTiO,-
CVs2.5@lac, mTi0,-CVs2.5 or laccase in excess is another reason
that the degradation rate is no longer increased or even decreased.

From Fig. 10c, the 2,4-DCP degradation rate by mTiO,-
CVs2.5@lac, mTiO,-CVs2.5 and free laccase with different degrada-
tion time are investigated. At the beginning of the reaction, due
to the high content of 2,4-DCP and abundant active sites supplied
by catalyst in the reaction system, the degradation rate increases
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Fig. 11. Degradation of 2,4-DCP (10 mg/L; pH=5.5) with different catalysts under
visible light.

rapidly. When the reaction time is 3.5 h, the 2,4-DCP degradation
rate by mTi0,-CVs2.5@lac, mTiO,-CVs2.5 and free laccase reaches
89.5%, 59.1% and 68.5%, respectively. With the progress of reaction,
the 2,4-DCP degradation rate increases more and more slowly, and
the maximum degradation rate of 2,4-DCP by mTiO,-CVs2.5@lac,
mTi0,-CVs2.5 and free laccase reaches 96.8%, 64.5% and 72.3%, re-
spectively. These results further indicate that the degradation rate
by the integrated catalyst mTiO,-CVs2.5@lac is remarkably higher
and faster than the process catalyzed by mTiO,-CVs2.5 or free lac-
case used separately.

Fig. 10d indicates the 2,4-DCP degradation with various initial
concentration ranging from 10 to 100 mg/L catalyzed by mTiO,-
CVs2.5@lac, mTiO,-CVs2.5 and free laccase. As the initial concen-
tration increases, the substrate inhibition is gradually increased.
Compared to mTiO,-CVs2.5 and free laccase, mTiO,-CVs2.5@lac re-
acts rapidly and almost completely degrades 2,4-DCP at low con-
centration, and maintains an efficient degradation effect at high
concentration. These results can be ascribed to the integration of
photocatalysis and enzyme catalysis in mTiO,-CVs2.5@lac, which
endows that mTiO,-CVs2.5@lac possess better catalytic property
than mTiO,-CVs2.5 and free laccase.

The 2,4-DCP degradation catalyzed by various catalytic meth-
ods including photo-enzymatic catalysis (mTiO,-CVs2.5@lac under
light irradiation), photocatalysis (mTiO,-CVs2.5 under light irradi-
ation) and enzymatic catalysis (mTiO,-CVs2.5@lac under dark con-
dition) are further studied and compared. Commercial P25 and free
laccase are used in control experiments. As shown in Fig. 11, the
photo-enzymatic catalysis by mTiO,-CVs2.5@lac under visible light
irradiation shows the best degradation rate of 89.5% within 3.5 h,
which is much higher than that of the commercial P25 (46.8%),
mTi0,-CVs2.5 (59.1%), free laccase (68.5%) and mTiO,-CVs2.5@lac
(30.6%, under dark condition). The improved degradation perfor-
mance of mTiO,-CVs2.5@lac are mainly ascribed to the following
reasons: (1) The effective utilization of visible light and unique
cluster porous structure of mTiO,-CVs2.5 can effectively avoid the
damage of ultraviolet radiation to laccase in the photocatalytic pro-
cess, which has been recognized as the main obstacle to the syn-
ergistic reaction between enzyme and TiO, in previous studies. (2)
The construction of the integrated catalyst realizes the effective co-
ordination of photocatalysis and enzyme catalysis, the degradation
process occurs simultaneously and promotes each other. (3) The
immobilization of laccase molecules in the pores of mTiO,-CVs2.5
makes the photocatalytic active site and the enzymatic active site
appear in the same space, and this proximity effect can accelerate
the transport of charge carriers and also the intermediate prod-
ucts in the two catalytic reactions, thus improving the degradation
rate. (4) The porous structure of mTiO,-CVs2.5 can well protect the
advanced structure of laccase molecules from being destroyed by
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Fig. 13. Degradation rate of mTiO,-CVs2.5@lac towards CP, BPA, PH and TCS.

UV irradiation. In addition, the distribution of enzyme molecules
in porous structures can effectively prevent the leakage of enzyme
molecules in the catalytic process.

3.5. The reusability of mTiO,-CVs2.5@lac and mTiO,-CVs2.5

Fig. 12 shows the 2,4-DCP degradation rate catalyzed by mTiO,-
CVs2.5 and mTiO,-CVs2.5@lac (3.5 h each) under visible light il-
lumination. The 2,4-DCP degradation rates catalyzed by mTiO,-
CVs2.5@lac and mTi0,-CVs2.5 retain 71.2% and 40.6% after 10 cy-
cles of reactions, respectively. Furthermore, the crystal phases, el-
ement compositions and valence states are used to analyze the
properties of the recovered mTiO,-CVs2.5@lac and mTiO,-CVs2.5
after the reactions. These results show that the performance and
characteristics of the mTiO,-CVs2.5@lac and mTiO,-CVs2.5 remain
relatively unchanged during the long-term reaction and irradiation,
and thus possess outstanding stability for the degradation of 2,4-
DCP.

3.6. Preliminary discussions on the mechanism

Based on the above-mentioned experimental results, mTiO,-
CVs@lac possess favorable catalytic activity in 2,4-DCP degrada-
tion. The possible mechanism of synergistic degradation is shown
in Scheme 1. It is well known that there are numerous main ROS
when heterophase mTiO,-CVs2.5@lac are excited by visible light,
such as h*, «OH and «0, . The active species trapping experiments
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confirm that the «0,~ is the main ROS in the photocatalytic reac-
tion. The superoxide radical generated by mTiO,-CVs under light
radiation can reduce and decompose the chlorinated phenol poly-
mer in the polymerization. 2,4-DCP is gradually dechlorinated to
form p-chlorophenol superoxide radical and 2-hydroxyphenol and
further generate cyclohexanol and cyclohexanone due to the at-
tack of ortho or para-chloride by the «0,~ generated from mTiO,-
CVs, and finally decompose into low alcohols, acids and ketones. As
reported in the literature, the toxicity of intermediate substances
such as p-chlorophenol superoxide radical and 2-hydroxyphenol is
less than that of 2, 4-DCP [5]. Meanwhile, laccase can catalyze the
oxidation of phenolics compounds by generating phenoxy radicals,
and eventually convert the substrate to higher oligomers and poly-
mers of low solubility, which easily removed by sedimentation or
filtration [53]. During the 2,4-DCP degradation process catalyzed
by laccase, Cu ions at the active site of T1 absorb electrons from
2,4-DCP and oxidize the substrate to form phenoxy radicals, lead-
ing to the non-enzymatic secondary polymerization [54-56]. Lac-
case can catalyze the intermediate compounds from photocatal-
ysis to form separable polymer [55]. Thus, the overall degrada-
tion reaction of 2,4-DCP is accelerated through the combination of
the two catalytic processes, showing better degradation rate than
any single catalyst. In addition, the obtained mTiO,-CVs have a
heterophase crystal structure and unique cluster porous structure,
which can effectively utilize visible light and protect the enzyme
molecules so that the overall reaction can be carried out simulta-
neously.

3.7. Universal applicability

Meanwhile, in order to demonstrate that the designed mTiO,-
CVs2.5@lac have extensive degradation ability, 4-chlorophenol (CP),
bisphenol A (BPA), phenol (PH) and triclosan (TCS) are chose as
model EOCs for degradation test. Fig. 13 shows the degradation re-
sults of the four pollutants. The mTiO,-CVs2.5@lac displays a favor-
able degradation property towards CP, BPA, PH and TCS. The degra-
dation rate of CP, BPA, PH and TCS catalyzed by mTiO,-CVs2.5@lac
is 89.0%, 95.5%, 85.9% and 93.0%, respectively, after 3.5 h of reac-
tion. The results prove that the mTiO,-CVs2.5@lac can be used for
the degradation of various EOCs in water.

The reusability experiments of mTiO,-CVs2.5@lac and mTiO,-
CVs2.5 for degrading CP, BPA, PH and TCS were also conducted.
It can be seen from Fig. 14 that the catalytic activities of mTiO,-
CVs2.5@lac and mTiO,-CVs2.5 do not decrease significantly after
10 cycles of reactions. These results further prove that mTiO,-
CVs2.5@lac and mTiO,-CVs2.5 not only has universal applicability
but also has outstanding reusability.

4. Conclusions

In conclusion, a novel controllable heterophase porous TiO, mi-
crosphere with ordered regular radial structure is prepared. The
obtained mTiO,-CVs2.5 is used to construct photo-enzyme inte-
grated catalyst by immobilizing laccase in the pores of mTiO,-
CVs2.5 for the first time. Compared with the commercial P25 and
ordinary TiO,, the mTiO,-CVs has a narrower band gap, and can
realize the effective utilization of visible light and exhibit better
photocatalytic activity. Moreover, the mTiO,-CVs have regular mor-
phology, large specific surface area, good biocompatibility which
can match and protect laccase molecules well. The integrated cat-
alyst (mTiO,-CVs2.5@lac) is applied in the effective degradation
of 2,4-DCP, CP, BPA, PH and TCS under visible light and shows a
higher catalytic efficiency than the single catalytic method. By us-
ing the novel integrated catalyst under visible light, not only the
coordination and promotion of the two catalytic methods are re-
alized, but also the loss of enzyme activity caused by ultraviolet

light can be reduced. These results indicate that the two green and
energy-saving catalytic technologies can be effectively combined
through this method. This photo-enzyme integrated catalyst can be
widely used to the emerging organic contaminants in water. This
research also provides a simple, effective and constructive path for
the integration of different catalytic methods.
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