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a b s t r a c t

Biohazards are widely present in wastewater, and contaminated water can arouse various waterborne
diseases. Therefore, effectively removing biohazards from water is a worldwide need. In this study, a
novel visible-light-driven (VLD) graphitic carbon nitride (g-C3N4)/TiO2 hybrid photocatalyst with high
photocatalytic bacterial inactivation activity was successfully synthesized using a facile hydrothermal-
calcination approach. The optimum synthesized hybrid photocatalyst is composed of micron-sized
TiO2 spheres (average diameter: ca. 2 mm) and wrapped with lamellar g-C3N4 (thickness: ca. 2 nm),
with narrowing bandgap (ca. 2.48 eV), leading to a significant improvement of visible light (VL) ab-
sorption and effective separation of photo-generated electronehole pairs. This greatly enhances VL
photocatalytic inactivation activity towards bacteria in water. Using this hybrid photocatalyst,
107 cfu mL�1 of Escherichia coli K-12 could be completely inactivated within 180 min under VL irradiation.
SEM images indicate that bacterial cells were greatly damaged, leading to a severe leakage of intracellular
components during photocatalytic inactivation processes. The study concludes that bacterial cell
destruction and water disinfection can be achieved using this newly fabricated VLD hybrid photocatalyst.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

With increasing populations and uncertain global climate
changes, fresh water shortages require increased water recycling
and reuse (Rodriguez et al., 2009; Rietveld et al., 2011; Chowdhury
and Al-Zahrani, 2013; Haaken et al., 2014). Biohazards such as
bacteria, viruses, and fungi are widely presented in wastewater,
however, can cause a variety of diseases to humans and animals
(Dorevitch et al., 2012; Dobrowsky et al., 2014; Soller et al., 2014).
Unfortunately, conventional water disinfection methods, including
chlorination, ozone, and ultraviolet (UV), have some disadvantages.
For example, a number of biohazards are naturally resistant to
traditional UV and chlorination treatments (Eischeid et al., 2011;
Anastasi et al., 2013); the toxic and corrosive characteristics of
ozone hinder its practical application (AWWA,1995); the formation
of disinfection byproducts, with potential carcinogenicity, is addi-
tional drawbacks of chlorination (Parker et al., 2014; Sharma et al.,
2014). As such, effectively removing biohazards from water is a
challenge that has received sustained attention (Wang et al., 2011a;
Kubacka et al., 2014; Sun et al., 2014; Xiong et al., 2015), and ver-
satile new technologies are highly desirable to simultaneously
inactivate biohazards and eliminate disinfection debris.

Semiconductor titanium dioxide (TiO2) photocatalysis has been
recognized as a promising technology to purify wastewater con-
taining a wide array of organic contaminants. It also can inactivate
pathogenic microorganisms effectively, due to its superior photo-
catalytic oxidation ability, nontoxic and stable characteristics
(Ruales-Lonfat et al., 2014; Santaella et al., 2014; An et al., 2015; Li
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et al., 2015). However, due to its wide band gap (the band gap
generally refers to the energy difference between the top of the
valence band (VB) and the bottom of the conduction band (CB) in
semiconductors), TiO2 photocatalysis is applied exclusively using
UV light at l < 380 nm. As such, much effort has been invested in
synthesizing novel photocatalysts with a visible light response.

More recently, polymer-like semiconductors, such as graphitic
carbon nitride (g-C3N4) and its hybrids, have been successfully
synthesized using a facile thermal polycondensation method
(Wang et al., 2009; Su et al., 2010; Zhang et al., 2010; Ge et al., 2012).
The delocalized conjugated p structures in g-C3N4 have been found
to lead to rapid photo-induced charge separation and a relatively
slow charge recombination (Wang et al., 2011b). Furthermore, its
relatively narrow band gap originating from the tri-s-triazine units
connected with planar amino groups leads to efficient light har-
vesting within the visible light region and electric conductivity
(Zhang et al., 2010). Given the advantages discussed above, it may
be feasible to synthesize a heterojunction photocatalyst with
broadened light response range, and to enhance photocatalytic
activity under visible light irradiation, by combining p structures of
g-C3N4 with highly active TiO2. To date, most reports on g-C3N4

focus mainly either on energy application (Ong et al., 2015; Zuluaga
et al., 2015), or organic pollutant elimination (Zhang et al., 2014;
Munoz-Batista et al., 2015). Limited studies have explored the
photocatalytic activity to inactivate bacteria using g-C3N4 (Huang
et al., 2014), atomic single layer g-C3N4 (Zhao et al., 2014) and
graphene and g-C3N4 nanosheets cowrapped elemental a-sulfur
(Wang et al., 2013). However, no study has demonstrated the
inactivation of bacteria in water using a g-C3N4/TiO2 hybrid
photocatalyst.

In this study, a visible-light-driven (VLD) hybrid photocatalyst
comprised of g-C3N4 and TiO2 was successfully synthesized using a
facile hydrothermal-calcination approach. Escherichia coli K-12
(E. coli K-12, a Gram-negative bacterium) was chosen as the model
biohazard in water to evaluate the photocatalytic inactivation ac-
tivity. The morphological change of E. coli K-12, as well as bacterial
destruction during the photocatalytic processes, was investigated
to assess this potential of the hybrid catalyst to enhance photo-
catalytic bacterial inactivation.

2. Experimental section

2.1. Synthesis

The g-C3N4/TiO2 hybrid photocatalysts with visible light
response were synthesized using a facile hydrothermal-calcination
approach. In a typical process, 1.0 g NH4F and 1.0 g melamine were
dispersed into 40 mL deionized water, and exposed to ultrasonic
waves for 30 min. The mixtures were then transferred into 100 mL
Teflon-line autoclaves with clean Ti foils (99.6% purity,
50� 25� 0.16mm) (Nie et al., 2013), and treated hydrothermally at
150 �C for 72 h in an oven. After the hydrothermal reaction, the
resultant precipitates were collected using a centrifuge, washed
thoroughly with distilled water, dried at 80 �C, and finally heated.
The heating occurred at 550 �C in alumina crucibles sealed with
aluminum foil in a muffle furnace for 4 h with a heating rate of
20 �C min�1. For comparison, the pure TiO2 was prepared without
adding melamine at 1.0 g NH4F at a hydrothermal temperature of
150 �C for 72 h; the pure g-C3N4 was synthesized by directly
heating melamine using an identical heating procedure.

2.2. Characterization

The crystal phase composition and crystallinity characteristics
of the samples were determined using a X-ray diffraction
diffractometer (XRD, Rigaku D/MAX-2200 VPC). The surface mor-
phologies of the synthesized photocatalysts were observed using a
Field Emission Scanning Electron Microscope (FESEM, JEOL JSM-
6330F) and transmission electron microscope (TEM, JEM-2010).
X-ray photoelectron spectroscopy (XPS) was carried out using a
Thermo ESCALAB250 spectrometer using a monochromated Al Ka
(1486.6 eV) source operated at 110 W. Nitrogen adsorption and
desorption isotherms as well as pore diameter distribution were
recorded using a nitrogen adsorption apparatus (Micromeritics
ASAP 2020 system). The Fourier transform infrared spectroscopy
(FT-IR) spectra were investigated with a Bruker EQUINOX 55
spectrometer. UVevis absorption spectra were recorded on a Shi-
madzu UV-2501PC.

2.3. Photocatalytic bactericidal activity evaluation

E. coli K-12 was chosen as the model bacteria to evaluate the
visible light photocatalytic inactivation efficiency of the prepared
photocatalysts. The photocatalytic inactivation experiments were
carried out in an open Pyrex reactor (110 mL) with a double-walled
cooling-water jacket to keep the solution temperature constant
(25 ± 1 �C) throughout the experiments. The bacterial cells were
firstly cultured in nutrient broth growth medium at 37

�
C for 16 h

with shaking, and then harvested by centrifugation at 4000 rpm for
15 min. The bacterial pellets were then washed with sterilized sa-
line (0.9% NaCl) solution three times in a centrifuge and re-
suspended in a sterilized saline solution to obtain suitable con-
centration of E. coli (107 colony-forming units per mL (cfu mL�1)).
Before each experiment, the reactor was washed several times with
a sterilized saline solution to remove the residual debris generated
by bacterial decomposition. Then, 30 mg of the prepared photo-
catalyst was added into 50 mL solution containing 107 cfu mL�1

bacterial suspension. The reaction solution was kept at approxi-
mately 25 �C and stirred with a magnetic stirrer throughout the
experiment. Before switching on a 300WXe lamp (l> 420 nmwith
an UV filter, light intensity: 30 mW cm�2; the spectrum of the
Xenon lamp with the UV filter is shown in Fig. S1), dark adsorption
was allowed for 30 min to establish an adsorptionedesorption
equilibrium. Then, at different time intervals, inactivation solution
samples were collected and uniformly spread 0.1 mL of solution on
nutrient agar plates (3 plate repeats per sample) after serial di-
lutions using the sterilized saline solution. The plates were incu-
bated at 37 �C for 24 h to determine the viable cell count. The
bacterial inactivation data reported in this paper are the average
values obtained from experiments replicated in triplicate.

2.4. Preparation procedure for bacterial SEM study

Before and after inactivation, SEM was used to observe the
destruction process of E. coli K-12 cells. The SEM sample prepara-
tion procedure was similar to the description in our previous work
(Li et al., 2013; Sun et al., 2014); details can be found in the
supporting information.

3. Results and discussion

3.1. Structural and optical characterizations of g-C3N4/TiO2 hybrid
photocatalyst

The structural and optical characterizations of the photo-
catalysts prepared in different conditions (different hydrothermal
temperature, the amount of NH4F and hydrothermal time) are
provided in supporting information in Figs. S2eS8. An optimized g-
C3N4/TiO2 hybrid photocatalyst was obtained using 1.0 g NH4F, 1.0 g
melamine and a piece of Ti foil; these underwent hydrothermal



G. Li et al. / Water Research 86 (2015) 17e24 19
reaction at a temperature of 150 �C for 72 h, with post-calcination
treatment. As Fig. 1a shows, the characteristic diffraction peaks of
the XRD pattern for the hybrid photocatalyst were as follows:
2q ¼ 25.3�, 37.8�, 48.0�, 54.0�, 55.3�, 62.4� and 68.7� are attributed
to {101}, {004}, {200}, {105}, {211}, {204}, and {112} planes of
anatase TiO2. The peak of 27.4� can be indexed to the (002) peak of
g-C3N4 with an interlayer distance of 0.336 nm (Wang et al., 2009;
Yan et al., 2010a), revealing that the hybrid photocatalyst consisted
of both anatase TiO2 and g-C3N4.

Fig. 1b shows the SEM images of the hybrid photocatalyst. Non-
transparent lamellar g-C3N4, micron-sized TiO2 spheres with a
diameter of ca. 2 mm are observed. A few g-C3N4 hollow
Fig. 1. (a) XRD pattern and (b) SEM image of hybrid photocatalyst; (c) The photograph of a
and (e) XPS spectra of g-C3N4/TiO2; (f) FT-IR spectra of TiO2, g-C3N4 and g-C3N4/TiO2; (g) U
nanospheres and nanorods with open ends are also observed in the
hybrid photocatalyst (Fig. S9), likely due to the rolling of lamellar g-
C3N4 driven by the surface tension. Furthermore, the hybrid sample
appears fluffier than pure g-C3N4 or TiO2 with the same weight
(Fig. 1c). This may be due to the curled g-C3N4 enhancing the g-
C3N4/TiO2 pore structure and surface area. TEM imagery further
verifies that the sample consists of micron-sized spherical floccu-
lent anatase TiO2 wrapped with ca. 2 nm thickness of lamellar
texture of g-C3N4 (Fig. 1d). The corresponding selected-area elec-
tron diffraction pattern, recorded from the red circled area, shows
that the TiO2 microspheres are polycrystalline (upper left inset in
Fig. 1d). The corresponding high-resolution TEM image (lower left
volume comparison of 50 mg powder of TiO2, g-C3N4, and g-C3N4/TiO2; (d) TEM image
Vevis diffuse-reflectance spectra of TiO2, g-C3N4 and g-C3N4/TiO2.
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inset in Fig. 1d) confirms that the lattice fringes spacing of 0.352 nm
is assigned to (101) plane of anatase TiO2. This agrees with the XRD
result that anatase TiO2 attached via (101) crystal plane to g-C3N4 in
the prepared photocatalyst.

The optical properties of the prepared hybrid photocatalyst
were also investigated. XPS spectra show (Fig. 1e) that the hybrid
photocatalyst is composed of the elements C, N, O, and Ti (The data
of O and Ti are not shown). The C 1s, N 1s, Ti 2p and O 1s could be
easily observed in the survey spectra (The data are not shown), and
the content of C3N4 in the hybrid materials is about 85% (mass
percent). The C 1s peaks at 284.6, and 288.4 eV are assigned to the
CeC bond in the turbostratic CN structure, and C atoms bonded to N
atoms inside the g-C3N4 structure, respectively (Zhou et al., 2011).
The N 1s binding energy peak at 398.7 eV can be identified as C]
NeC groups and OeTieN bonds; the peaks at 400.1 and 401.3 eV
can be attributed to N-(C)3 and CeNeH groups, respectively
(Mitoraj and Kisch, 2008; Ge et al., 2012). These results confirm the
presence of g-C3N4 and TiO2 in the hybrid photocatalyst.

As Fig. 1f shows, observing similar FT-IR spectra of pure g-C3N4
and g-C3N4/TiO2 hybrid photocatalyst again confirms the existence
of g-C3N4 in the hybrid photocatalyst. Moreover, the peaks at
1200e1460 cme1 can be attributed to the distinctive stretching
vibration modes of CeN in aromatic CN heterocycles. The peaks
from 1500 to 1700 cme1 can be assigned to the stretching vibration
modes of C]N or bending vibration of OeH. The broad peaks at
3000�3300 cm�1 can be assigned to the stretching vibration mode
of HeN and CeH. The sharp peak at 810 cme1 is the breathingmode
of triazine units. These characteristics suggest that a large amount
of amino, carboxyl, and hydroxyl groups exist in the hybrid pho-
tocatalyst (Wang et al., 2011b; Zhang et al., 2012). These organic
functional groups form cross-linked connections and covalent
bonds between g-C3N4 and TiO2, strengthening their chemical
interaction. This may be of significance to transfer carriers, and
induce a synergetic effect to enhance visible light absorbance and
photocatalytic activity (Mitoraj and Kisch, 2008; Yan et al., 2010b;
Zhang et al., 2012).
Fig. 2. Photocatalytic inactivation curves of E. coli K-12 under visible light irradiation using
with different hydrothermal temperatures; (c) g-C3N4/TiO2 prepared at 150 �C and 72 h wit
with different hydrothermal times.
Fig. 1g shows the UVevis diffuse-reflectance spectra of the
photocatalysts. Pure TiO2 only shows light absorption within the
UV region, while pure g-C3N4 demonstrates an obvious absorption
in visible light region at an absorption edge of ca. 480 nm. As ex-
pected, the g-C3N4/TiO2 hybrid photocatalyst shows an increased
visible light absorption with a certain extent red-shift of the ab-
sorption edge to ca. 500 nm. This indicates the bandgap narrowing
of hybrid photocatalyst. Based on UVevis diffuse reflectance
spectra, the estimated bandgaps are ca. 3.02, 2.58 and 2.48 eV for
pure TiO2, g-C3N4 and g-C3N4/TiO2 hybrid photocatalyst, respec-
tively. The hybrid photocatalyst possesses the narrowest bandgap,
perhaps due to chemical bonding between TiO2 and g-C3N4. This
may lead to light utilization improvement and photocatalytic
efficiency.

3.2. Photocatalytic inactivation of E. coli

The photocatalytic inactivation of E. coliwas used to evaluate the
visible light activity of hybrid photocatalysts, prepared at various
conditions. For comparison, pure g-C3N4 and TiO2 were used as
control photocatalysts. As Fig. 2a shows, the bacterial population
remains almost unchanged within 300 min under visible-light
irradiation with or without TiO2. When g-C3N4 is present, an
approximately 6-log reduction of E. coli is achieved after 300 min
visible light irradiation. This is because g-C3N4 can harvest photons
within the visible light region to generate e� and hþ, effectively
inactivating bacteria, due to its small bandgap (Li et al., 2010; Cui
et al., 2011).

As expected, g-C3N4/TiO2 demonstrates the highest photo-
catalytic inactivation activity, and could completely inactivate
107 cfu mL�1 E. coli within 180 min under visible-light irradiation.
The highest photocatalytic inactivation activity was seen with the
hybrid photocatalyst fabricated at 150 �C (Fig. 2b). Further hydro-
thermal temperature increases or decreases could decrease pho-
tocatalytic inactivation efficiencies. For instance, a slightly higher
photocatalytic inactivation efficiency than with pure g-C3N4 is
(a) TiO2, g-C3N4, and g-C3N4/TiO2; (b) g-C3N4/TiO2 prepared with 1.0 g NH4F and 72 h
h different NH4F concentrations; (d) g-C3N4/TiO2 prepared with 1.0 g NH4F and 150 �C



G. Li et al. / Water Research 86 (2015) 17e24 21
obtained by the photocatalyst prepared at 120 �C. Only ca. 1-log of
bacterial cells was inactivated within 300 min using the photo-
catalyst prepared at 180 �C.

Results revealed that the hydrothermal temperature could
significantly affect photocatalyst properties and subsequently
control photocatalytic activity. Fig. 2c shows the photocatalytic
inactivation of E. coli by the hybrid photocatalysts, fabricated with
different addition amounts of NH4F. Approximately 6- and 7-log of
E. coli are killed within 300 min by the catalysts prepared with 0.2
and 0.5 g NH4F, respectively. By further increasing NH4F to 1.0 g, the
needed time to complete inactivate 107 cfu mL�1 of E. coli was
shortened significantly to 180 min. However, increasing the added
NH4F to 1.5 g results in only 4-log of E. coli being inactivated within
300 min. Fig. 2d shows the photocatalytic inactivation efficiencies
of E. coli using the photocatalysts, with different hydrothermal
times. Only approximately 2-log of E. coli is killed within 300 min
by the photocatalyst prepared at a hydrothermal time of 24 h,
which is even lower thanwith pure g-C3N4 at the same inactivation
time. For the catalysts hydrothermally treated for longer time, the
needed time to completely inactivate bacterial cells was first
shortened and then lengthened. When the hydrothermal time ex-
tends to 72 h, the obtained photocatalyst exhibits the highest
inactivation ability, with complete inactivation achieved within
180 min. Combining these data with the photocatalyst character-
ization results, it appears that the prepared parameters have sig-
nificant effects on the structural and optical properties of the
resultant photocatalysts, affecting the visible light photocatalytic
activity in the inactivation of E. coli.

3.3. Visible-light-driven photocatalytic inactivation mechanism

During the photocatalytic inactivation of bacteria process,
various reactive species (RSs) may be produced and play different
roles when g-C3N4/TiO2 was used as catalyst. Therefore, different
scavengers are used to remove specific RSs, to discriminate their
contributions to the photocatalytic inactivation (Fig. 3). Isopropanol
(10 mM) is used to scavenge �OH; Na2C2O4 (10 mM) is used to
quench hþ; and K2Cr2O7 (50 mM) quenches the CB e� (Fang et al.,
2013). When no scavengers were added, 107 cfu mL�1 of E. coli
could be completely inactivated within 180 min. When isopropanol
was added, the photocatalytic inactivation efficiencies of E. coli only
showed a small decrease, indicating a negligible contribution of �OH
to this photocatalytic bacteria inactivation system. However, the
addition of Na2C2O4 inhibits E. coli inactivation, and only approxi-
mately 0.5-log of cell density is inactivated. This indicates that hþ

rather than �OH plays an important role in the photocatalytic
Fig. 3. Photocatalytic inactivation of E. coli K-12 with different scavengers by g-C3N4/
TiO2 hybrid photocatalyst prepared with 1.0 g NH4F and hydrothermal temperature of
150 �C for 72 h.
bacteria inactivation in this system. The addition of K2Cr2O7 could
also reduce the inactivation efficiency of E. coli with a 5-log
decrease in cell density, suggesting that the role of e� is less than
hþ but higher than �OH. Both hþ and e� are the primary RSs of the
catalyst when illuminated by the light; other RSs like �OH from hþ,
and �O2

� as well as H2O2 from e�, could also be produced.
To further ascertain the role of e� in this system, a solution

containing isopropanol and Na2C2O4 degassed with N2 is used to
exclude all other species, except only reductive CB electrons. Only a
slight decrease in the bacterial population was observed under this
condition, suggesting that e� from CB plays a very minor role in the
photocatalytic process (Fang et al., 2013). This means that subse-
quently produced �O2

� or H2O2 from e�, rather than the e� itself,
contributed to bacteria inactivation. To further determine the role
of �O2

� and H2O2 during the photocatalytic inactivation process, 4-
hydroxy-2,2,6,6-tetramethylpiperidinyloxy (TEMPOL, 2 mM) and
Fe(II)-EDTA (10 mM) were used as scavengers, respectively (Fang
et al., 2013; Shi et al., 2015). Only very slight decrease of photo-
catalytic inactivation efficiencies of E. coli was observed for the
sample with addition of Fe(II)-EDTA, indicating the minor role of
H2O2. In contrast, the bacterial inactivation was greatly restrained
by the scavenger TEMPOL, suggesting the dominant role of �O2

� in
this system. In summary, in this system, �OH and H2O2 play a minor
role in this photocatalytic inactivation, while hþ and �O2

� are the
main RSs for the inactivation of E. coli, directly attacking bacteria
and leading to their decomposition (Yan et al., 2010a; Ge and Zhang,
2011).

Bacterial regrowth experiments were also conducted to further
evaluate the photocatalytic bactericidal effectiveness of the hybrid
photocatalyst g-C3N4/TiO2 under visible light irradiation. After 3 h
photocatalytic inactivation reaction, the solution was kept in the
dark for another 96 h to allow bacterial self-repair. No surviving
bacteria were detected, indicating that photocatalytic inactivation
of E. coli by g-C3N4/TiO2 for 3 h could cause irreparable bacterial
damage. The E. coli destruction process using the g-C3N4/TiO2
photocatalyst was also visually observed by SEM (Fig. 4). Before
treatment, the E. coli cell had an intact cell structure and a well-
preserved rod shape (Fig. 4a). During the inactivation process, the
characteristic rod shape of the cell became abnormal, and the cell's
shape is distorted (Fig. 4beh). This points to cell damage, particu-
larly for the cell membrane, which subsequently leads to severe
leakage of intracellular components.

Potassium ion (Kþ) is a crucial component in polysome and
protein synthesis regulation, and is often used to evaluate cell
membrane permeability. As Fig. 5 shows, along with cell death and
cell structure destruction, Kþ concentration increases gradually as
photocatalytic treatment time increases, indicating Kþ leakage
from bacterial cells due to cell membrane permeability, leading to
the loss of viability (Foster et al., 2011; Wu et al., 2011; Wang et al.,
2012a). Further increasing the irradiation time to 5 h leads to even
more severe morphological changes in the bacteria (Fig. 4h). The
cell membrane is completely destroyed, along with severe leakage
of intracellular contents. This suggests that the cell is completely
inactivated and decomposed during the photocatalytic process by
various RSs, especially hþ, �O2

� and H2O2 originating from the
hybrid photocatalyst under visible light irradiation (Chen et al.,
2011).

Based on the results above, the hybrid photocatalyst appears to
demonstrate higher photocatalytic activity than pure g-C3N4 or
TiO2 alone under visible light irradiation. This suggests a synergistic
effect between g-C3N4 and TiO2 in the hybrid photocatalyst. As
Fig. 6 shows, the photocatalytic activity is enhanced by effective
photo-generated electronehole pair separation. The g-C3N4 is
photo-excited under visible light irradiation, to produce the sepa-
ration of electrons in the lowest unoccupied molecular orbital



Fig. 4. SEM images of E. coli K-12 treated by g-C3N4/TiO2 hybrid photocatalysts under visible light irradiation at different time.

Fig. 5. Leakage of Kþ from E. coli K-12 cells (107 cfu mL�1, 50 mL) under visible light
irradiation alone (light control) and photocatalytic treatment with g-C3N4/TiO2 at
different times.

Fig. 6. Schematic diagram of the enhancement mechanism of g-C3N4/TiO2 hybrid
photocatalyst under visible light irradiation.
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(LUMO) and the holes in the highest occupied molecular orbital
(HOMO). The CB of TiO2 (�0.40 V) is more positive than the LUMO
of g-C3N4 (�1.12 V), while the VB of TiO2 (þ2.80 V) is lower than the
HOMO of g-C3N4 (þ1.57 V) (Zhou et al., 2011; Sun et al., 2012). As
such, the photo-generated e� could transfer efficiently from LUMO
of photo-excited g-C3N4 to CB of TiO2. This led to the accumulation
of a large number of e� and the formation of �O2

� and H2O2 via the
scavenging e� with adsorbed O2 on the photocatalyst surface
because the CB potential of TiO2 (�0.40 V) was more negative than
the standard redox potential E0(O2/

�O2
�, -0.33 V) and yielding �O2

�

which then further reacted to finally produce H2O2 (Boonprakob
et al., 2014). The suitable matching of CB and VB levels effectively
promotes charge separation and suppresses the recombination of
photo-generated e� and hþ pairs within the hybrid photocatalyst.
As a consequence, the lifetime of photo-generated hþ is prolonged,
enhancing photocatalytic inactivation (Wang et al., 2012b). Never-
theless, the oxidation potential of HOMO of g-C3N4 is only þ1.57 V,
which can not directly oxidize adsorbed hydroxyl groups to
generate �OH (þ2.70 V).

Thus, in this photocatalytic system, it appears only a very low
concentration �OH formed (Yan et al., 2010a), explaining why �OH
was not the major oxygen species in this inactivation process.
Nevertheless, although the oxidation potential of the g-C3N4 HOMO
(þ1.57 V) is much lower than �OH (þ2.70 V), it is still high enough to
decompose the cell membrane and kill the bacteria. Therefore,
substantial interaction between g-C3N4 and TiO2 in the hybrid
photocatalyst is a vital prerequisite for the enhanced photocatalytic
activity; this can subsequently increase the trapping of the photo-
induced charge carriers, benefiting production of RSs. Further-
more, besides hþ, other RSs such as subsequently generated �O2

�

and H2O2 can also attack biohazards, leading to efficient photo-
catalytic inactivation and completely decomposition of bacteria
(Rengifo-Herrera et al., 2008; Zhou et al., 2011; Li et al., 2013).

4. Conclusions

The g-C3N4/TiO2 hybrid photocatalyst with enhanced photo-
catalytic activity was successfully synthesized via a facile
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hydrothermal-calcination method. The catalyst, comprised of
micron-sized TiO2 spheres wrapped with lamellar g-C3N4, signifi-
cantly enhanced photocatalytic activity, inactivating bacteria under
visible light irradiation. The enhancement was the result of a syn-
ergistic effect between g-C3N4 and TiO2, which improved light
absorption and the effective separation of photo-generated elec-
tronehole pairs. Our results suggest that this new hybrid photo-
catalyst may facilitate water disinfection using visible light,
particularly for purifying hospital wastewater contaminated with
highly concentrated pathogenic microorganisms.
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