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a  b  s  t  r  a  c  t

The  controversy  of  mechanism  still  exists  over  whether  photocatalytic  decontamination  proceeds  via
photon-generated  h+, e−, •OH, •O2

− or H2O2. This  study  aims  to investigate  the  roles  of  these  reactive
charges  and  oxidative  species  in  the  photocatalytic  dye  decolorization  and  bacterial  disinfection  pro-
cesses  in  the  presence  of  a  visible-light-driven  (VLD)  photocatalyst,  B–Ni-codoped  TiO2 microsphere,  by
employing  various  scavengers  in  the  photocatalytic  system  and  utilizing  a  novel  partition  system.  Signif-
icant  differences  between  VLD  photocatalytic  dye  decolorization  and  bacterial  disinfection  are  found.  For
photocatalytic  dye  decolorization,  the  reaction  mainly  occurs  on  the  photocatalyst  surface  with  the aid  of
surface-bounded  reactive  species  (h+, •OHs and •O2

−),  while  bacterial  cell can  be  inactivated  by diffusing
reactive  oxidative  species  such  as •OHb and  H2O2 without  the  direct  contact  with  the  photocatalyst.  The
artition system
ydrogen peroxide

diffusing  H2O2 plays  the  most  important  role  in  the  photocatalytic  disinfection,  which  can  be  produced
both  by  the  coupling  of •OHb in  bulk  solution  and •OHs on  the  surface  of  photocatalyst  at  the  valence
band.  Furthermore,  the •O2

−, which  is detected  by  using  the  electron  spin  resonance  technique,  is  found
to  have  direct  function  for  the  photocatalytic  disinfection  process.  This  study  establishes  a  facile  and  ver-
satile research  methodology  to  investigate  the  VLD  photocatalytic  mechanism  in different  photocatalytic
system.
. Introduction

Semiconductor photocatalytic process has been widely applied
s a “green” technology in treating environmental contaminants,
uch as the removal of the indoor organic pollutants and the
ecolorization and/or degradation of the soluble dyes in wastew-
ter [1–3]. Since the pioneering work of bacterial disinfection in
985 [4],  inactivation of microorganisms through photocataly-
is using titanium dioxide (TiO2) irradiated by UV has also been
xtensively investigated [5–7]. To evaluate the efficiency of photo-
atalytic dye decolorization, we often monitor the concentration
hange of the organic dyes during photocatalytic reaction pro-
ess, while for microbial inactivation, the cells will be attacked
y photo-generated reactive species, leading to the damages of

ell membrane, cell wall, and other intracellular components by
xidation. Unfortunately, most of these studies investigating the
hotocatalytic efficiency and mechanisms have only focused on

∗ Corresponding author. Tel.: +852 2609 6383, fax: +852 2693 5767.
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© 2011 Elsevier B.V. All rights reserved.

either organic pollutants or microorganisms, and there is little
information on the comparison between photocatalytic dye decol-
orization and bacterial disinfection [8].

The photocatalytic dye decolorization and bacterial disinfection
share similar processes: (1) the semiconductor absorbs pho-
tons and generates electron–hole pairs; (2) the photoinduced
electron–hole pairs are separated; (3) the oxidation of the organic
compounds by the photo-generated holes (h+) in the valence band
(VB) or formed reactive oxygen species (•OH, •O2

−, H2O2); (4) the
reduction of oxygen by the photoelectron (e−) in the conduction
band (CB) [9,10].  The h+, •OH, H2O2 and •O2

− are considered to be
the major reactive species for the photocatalytic dye decolorization
as well as bacterial disinfection [11]. However, which one of them
plays the important role in the photocatalytic reaction process is
still unclear, and quite different results are obtained in previous
studies. For example, •OH formed in the bulk solution (•OHb) is
more important for the degradation of 2,4-dichlorophenoxyacetic

acid (2,4-D) in the presence of TiO2 [12], while •OH on the sur-
face of photocatalyst (•OHs) is responsible for the decomposition of
1,10-dichlorodecane (D2C10) [13]. In fact, the photocatalytic degra-
dation rates under different conditions are significantly affected

dx.doi.org/10.1016/j.apcatb.2011.08.015
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
mailto:pkwong@cuhk.edu.hk
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y the adsorption amounts of organic pollutants onto TiO2 surface
14]. In another study, direct h+ oxidation pathway is dominated
or the decolorization of methyl orange (MO) in the presence
f photocatalyst, Pb2Sn2O6 [15]. Another important issue is that
hether the direct contact between the photocatalyst and organic
ollutant/bacterial cell is required for the efficient photocatalytic
xidation process. Caballero et al. [16] has indicated that increasing
he contact between the photocatalyst and bacterial cell enhances
he disinfection process. However, MS-2 phage can also be inac-
ivated mainly by the free •OH in the solution bulk (i.e. •OHb)
ithout direct contact with the photocatalyst [17]. The detail
hotocatalytic reaction processes and mechanisms for dye decol-
rization and bacterial disinfection is required a more systematical
tudy.

Although TiO2 has attracted much attention both in photo-
atalytic dye decolorization and bacterial disinfection, enhancing
he TiO2 photocatalytic activity under visible light or sun light
s still a significant issue. Recently, we have synthesized a novel
isible-light-driven (VLD) photocatalyst, B–Ni-codoped TiO2 (BNT),
ia an aerosol-assisted flow method with hollow microspheri-
al morphology [18]. The as-prepared sample exhibits superior
hotocatalytic activity for NO removal under visible light (VL) irra-
iation.

In the present work, the VLD photocatalytic application of
NT microspheres is further extended to both dye decoloriza-
ion and bacterial disinfection in aqueous media. The roles
f the major reactive (charged or oxidative) species are dis-
ussed based on the scavengers study. Moreover, a simple and
ovel partition system with a semi-permeable membrane is
mployed to separate photocatalyst from dye molecule/bacterial
ell [19,20] and determine whether the direct contact between
he photocatalyst and pollutant is a prerequisite for the decol-
rization of organic dye and the inactivation of bacterial cell.
he differences in photocatalytic reaction behaviors between
ye decolorization and bacterial disinfection are carefully com-
ared and analyzed. The research methodology using scavengers
nd the partition system is expected to shed light on the
nderstanding of the mechanism in other VLD photocatalytic sys-
em.

. Experimental

.1. Materials

The BNT microspheres were prepared by an aerosol-assisted
ow method according to our previous study [18]. Rhodamine

 (RhB), and 4-hydroxy-2,2,6,6-tetramethylpiperidinyloxy (TEM-
OL) were obtained from Sigma Chemical Co. (USA). KI, K2Cr2O7
Cr(VI)), NaF, sodium oxalate and isopropanol were from Riedel-
eHaën Chemical Co. (Germany). FeSO4–EDTA (Fe(II)) was  from
jax Chemicals (Australia). All of the chemicals were of analytical
eagent grade and isopropanol was of HPLC grade and dehydrated.
he X-ray diffraction (XRD) patterns were recorded on a Bruker D8
dvance X-ray diffractometer with Cu K� radiation (� = 1.54178 Å)
t a scan rate of 0.05◦ 2�/s. The accelerating voltage and the applied
urrent were 40 kV and 40 mA,  respectively. Scanning electron
icroscopy (SEM, JSM-5600) was used to characterize the mor-

hology of the obtained products.

.2. Photocatalytic decolorization of RhB and disinfection of

. coli K-12
The photocatalytic decolorization of RhB and disinfection of
. coli K-12 were conducted using a 300 W Xenon lamp (Beijing
erfect Light Co. Ltd., Beijing) with a UV cutoff filter (� < 400 nm)
Fig. 1. Schematic illustration of partition system setup used in the photocatalyitc
dye  decolorization and bacterial disinfection by BNT under VL irradiation.

as light source. The VL intensity was  measured by a light meter
(LI-COR, USA) and was  fixed at 193 mW/cm2. The final photo-
catalyst concentration, RhB concentration and cell density were
adjusted to 100 mg/L, 5 mg/L and about 2 × 105 cfu (colony forming
unit)/mL, respectively. Before irradiation, the suspension was  mag-
netically stirred in dark for 60 min  to ensure the establishment of
an adsorption/desorption equilibrium between the photocatalyst
and RhB/bacterial cell. A partition system was used to separate dye
molecule/bacterial cell from the BNT surface [19,20]. Fig. 1 shows
the setup of the partition system for photocatalytic decolorization
of RhB. For photocatalytic bacterial disinfection, the RhB solution
in the inner compartment of the setup was replaced with a sus-
pension of E. coli K-12 suspended in saline solution (0.9% NaCl).
The detailed experimental procedure can be found in our previ-
ous reports [19,20].  All the above experiments were conducted in
triplicates.

2.3. Analysis of reactive oxygen species

The formation of •O2
− and •OH were detected by electron spin

resonance (ESR) technology. ESR signals of spin-trapped param-
agnetic species with 5,5-dimethyl-1-pyrroline N-oxide (DMPO)
were recorded with a Brucker A300 spectrometer. Also, the Xenon
lamp with a UV cutoff filter (� < 400 nm)  was used as the light
source. As •O2

− was  very unstable in water and slow reac-
tion with DMPO, the involvement of •O2

− was  examined in
methanol. The generation of •OH was  also investigated through
the method of photo-luminescence with terephthalic acid. The •OH
was  captured by terephthalic acid to produce a fluorescent prod-
uct 2-hydroxyterephthalic acid [21,22], and then analyzed by a
fluorescence spectrophotometer (Tecan, Männedorf, Switzerland,
excitation wavelength: 315 nm;  fluorescence peak: 425 nm).

Hydrogen peroxide (H2O2) was  analyzed photometrically by the
POD (horseradish peroxidase)-catalyzed oxidation product of DPD
(N,N-diethyl-p-phenylenediamine) [23]. DPD readily reacted with
H2O2 to produce the radical cation, •DPD+, which was stabilized
by resonance and formed a fairly stable color, with two absorption
maxima at 510 nm and 551 nm (maximum wavelength). Fifty mg
BNT was  added into 50 mL  of triple distilled water with VL irra-
diation. At different time intervals, aliquots of the sample were
collected and analyzed at 551 nm by a UV-3600 (Shimadzu, Japan)
spectrophotometer after the BNT being removed by centrifugation.
For the surface analysis of F− modified BNT, XPS experiments were
performed on a Physical Electronics PHI 5600 multi-technique sys-

tem, using monochromatized Al K� radiation (1486.6 eV) at 350 W.
All the binding energies were calibrated to the C 1 s peak at 284.8 eV
of the surface adventitious carbon.
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Fig. 2. XRD pattern of the B–Ni-codoped TiO2 (BNT) products synthesized by the
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Fig. 4. Concentration changes of RhB (5 mg/L, 100 mL) at 553.5 nm as a function of
irradiation time during the decolorization process in the presence of BNT (100 mg/L)
with different scavengers (10 mmol/L isopropanol, sodium oxalate, KI, 0.5 mmol/L
erosol-assisted flow synthesis method.

. Results and discussion

.1. XRD and SEM images

Fig. 2 shows the X-ray diffraction (XRD) pattern of the as-
repared BNT. All the peaks can be perfectly indexed as anatase
hase of TiO2 (JCPDS, file no. 84-1285). The average crystallite sizes
alculated from the Scherrer equation is about 7.2 nm.  Compared
ith that of undoped TiO2, the crystalline size of TiO2 increase after

oron doping, while decrease with nickel doping. The typical SEM
mage of the as-prepared BNT is shown in Fig. 3. Hollow structured

icrospheres with 1–2 �m in diameter are clearly observed. The
ppearance of hollow structures could be ascribed to the escape of
as phase HBO2 from the inner compartment of the TiO2 micro-
pheres during the pyrolysis reaction [18].
ig. 3. Typical SEM image of the BNT synthesized with the aerosol-assisted flow
ynthesis method.
Cr(VI) and 0.1 mmol/L Fe(II)-EDTA) under VL irradiation (C0, Original dye concen-
tration before adsorption).

3.2. Photocatalytic decolorization of RhB

3.2.1. Role of reactive species
RhB is chosen as a representative synthetic dye to investigate the

photocatalytic mechanisms for VLD photocatalytic dye decoloriza-
tion by BNT. As mentioned above, the potential reactive species
involved in the RhB decolorization process could be h+, •OHb, •OHs,
H2O2 and •O2

−. In order to distinguish the role of these reactive
species from each other, we  perform the scavenger study, which
employs different scavengers individually to remove the corre-
sponding reactive species, so that we can understand the function of
different reactive species in the photocatalytic RhB decolorization
process based on the change of dye decolorization efficiency. The
scavengers used in this study are sodium oxalate for h+ [24], KI for
h+ and •OH bound to the catalyst surface (•OHs) [25], isopropanol
for •OH in the solution bulk (•OHb) [25,26], Cr(VI) for e− [25] and
Fe(II) for H2O2 [20]. The initial pH value without scavengers is about
7.42. The pH value of the solution changes to 7.98, 7.22, 7.35, 7.38
and 6.58 after the addition of sodium oxalate, KI, isopropanol, Cr(VI)
and Fe(II), respectively. Only slight decrease of photocatalytic effi-
ciency is observed for dye decolorization and bacterial disinfection
when the pH is changed from 6.5 to 7.95 (Fig. S2). Compared with
the significant scavenging effect, the pH effect is much less impor-
tant. In addition, Cho et al. has also reported that no significant
pH effect, either on E. coli inactivation or on p-chlorobenzoic acid
(pCBA) degradation, is observed when the pH is changed from 5.6
to 8.1 in the TiO2-UV phtocatalytic system [27]. So the pH value
influence on the photocatalytic activity with the addition of dif-
ferent scavengers can be negligible in this study. More than 98%
of RhB can be decolored under VL irradiation within 5 h, indicat-
ing a good photocatalytic activity for the as-prepared BNT (Fig. 4).
The reduction of total organic carbon (TOC) content reaches 77.9%
after 5 h. To study the mechanism, isopropanol is usually used as a
scavenger of •OHb. The rate constant of reaction between •OHb and
isopropanol is 1.9 × 109 M−1s−1 [28], with a rate of almost the dif-
fusion limit. Notably, with the addition of isopropanol to remove
the •OH , the decolorization efficiency of RhB has no significant
b
change, indicating that the •OHb is not a major reactive species
(Fig. 4). However, in the presence of sodium oxalate and KI, the
decolorization efficiency of RhB declines to only about 60% after
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Fig. 5. Percentages of RhB (2.5 mg/L) in the inner and outer compartments of the
partition system when the outer compartment is in various conditions (100 mg/L
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Fig. 6. Photocatalytic disinfection efficiency of E. coli K-12 by BNT under VL irra-

NT, 0.1 mol/L H2O2) after 1 h VL irradiation.

 h of irradiation. This indicates the h+ or •OHs generated at the
xidation site of the photocatalyst plays an important role in VLD
hotocatalytic dye decolorization. The decrease of photocatalytic
ecolorization efficiency in the presence of Cr(VI) suggests •O2

− or
OHs generated at the reduction site of the photocatalyst is also
nvolved in the decolorization process, since Cr(VI) can capture e−

hich can then transform into •O2
− and •OHs. The addition of Fe(II)

a H2O2 scavenger) has little influence on the decolorization effi-
iency indicates that H2O2 is not important in the photocatalytic
ecolorization process. To eliminate the possibility of RhB degraded
y photo-sensitization, the experiment has also been conducted on
LD photocatalytic degradation of salicylic acid (SA) which cannot
bsorb visible light, and the similar results are obtained (Fig. S1).
hus, the major reactive species which are responsible for the VLD
hotoctalytic RhB decolorization can be h+, •OHs and •O2

−. Since
+ and •OHs can only exist on photocatalyst surface, and •O2

− is
ot very stable in the solution [29], it may  infer the photocatalytic
ecolorization of RhB occur only on the surface of photocatalyst.

.2.2. Partition system for dye decolorization
To investigate the effect of direct contact between photocatalyst

nd RhB dye on the photocatalytic decolorization, we have devel-
ped a novel partition system to separate the BNT photocatalyst
rom the RhB molecules (Fig. 1). This partition system consists of

 semi-permeable membrane with the molecular weight cutoff of
2,000–14,000 Da, which allows the free entry of small molecules
uch as water, H2O2, and all kinds of reactive oxygen species (ROSs)
ut only slow leakage of RhB. Fig. 5 shows the percentages of RhB

n the inner and outer compartments of the partition system with
ifferent components in the outer compartment. When the outer
ompartment is water, about 64.4% RhB remains in the inner com-
artment after 1 h of VL irradiation. After adding the BNT in the
uter compartment and irradiated by VL, the residual concentra-
ion of RhB in the inner compartment shows almost no difference as
ompared to that without addition of photocatalyst, indicating that
o diffusing reactive species is involved in the decolorization pro-
ess. H2O2 alone has no function for the dye decolorization either.

hese results suggest that for photocatalytic decolorization of RhB,
he photoreaction mainly occurs on the photocatalyst surface with
he oxidation of h+, •OHs and •O2

−.
diation with different scavengers (0.05 mmol/L Cr(VI), 0.5 mmol/L isopropanol,
0.5 mmol/L sodium oxalate, 0.1 mmol/L Fe(II)-EDTA). BNT concentration = 100 mg/L,
reaction volume = 50 mL, initial cell density = 2 × 105 cfu/mL.

3.3. Photocatalytic bacterial disinfection

3.3.1. Role of reactive species
E. coli K-12, the most commonly studied bacterium, is cho-

sen as a model microbe to evaluate the inactivated performance
and mechanism of BNT-VL system in photocatalytic bacterial dis-
infection. Without addition of scavenger, the bacterial cells can
be completely inactivated within 5 h of VL irradiation, indicat-
ing a good photocatalytic disinfection activity of as-prepared BNT
(Fig. 6). To study the photocatalytic mechanism, the scavengers for
h+ (sodium oxalate), e− (Cr(VI)), •OHb (isopropanol), H2O2 (Fe(II))
are added individually during the disinfection process. Compared
with dye decolorization, KI (a scavenger of h+ and •OHs) is too
toxic for the bacterial cells and cannot be tested in the disinfec-
tion study (Fig. S3). Before conducting the experiment, the applied
concentrations of each of the selected scavengers have been opti-
mized to ensure their maximum scavenging effect but will not
pose toxicity to the bacterial cells (Fig. S3).  Oxalate is a good scav-
enger for h+, however, the use of oxalate may  produce •CO2

− [30],
which may  have toxic effect to the bacterial cells. To eliminate this
potential problem, the experiments are conducted in the partition
system under anaerobic condition. Argon (Ar) aeration together
with oxalate addition does not cause any disinfection in the inner
compartment of the partition system (Fig. S4),  indicating that the
possibly produced •CO2

− is not toxic or its life-span is too short
to have function. In the presence of isopropanol, the photocat-
alytic disinfection efficiency is almost the same as that without
scavenger addition, which indicates that •OHb is not involved in
the inactivation process (Fig. 6). Meanwhile, with the addition of
Cr(VI) to capture e−, the disinfection efficiency is slightly decreased,
indicating the photo-generated e− is involved but may  be not a
major reactive species for photocatalytic disinfection. However, in
the presence of sodium oxalate and Fe(II), the photocatalytic bac-
terial disinfection is greatly inhibited. Only about 1 log-reduction
is achieved after 5 h of VL irradiation. As •OHs and H2O2 can be
generated from h+, the decrease of photocatalytic disinfection effi-
ciency in the presence of sodium oxalate may be caused by the
decrease of •OHs or H2O2 production. Based on the fact that Fe(II)

alone has significant inhibition effect on disinfection efficiency, the
H2O2 may  play an important role in the VLD photocatalytic bacterial
disinfection.
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Fig. 7. Photocatalytic disinfection efficiency of E. coli K-12 (2 × 105 cfu/mL) in the
inner compartment of the partition system. The outer compartment is the BNT
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Fig. 8. Absorption intensity (551 nm) of the DPD/POD reagent after reacting with
H2O2 produced in the presence of BNT (100 mg/L) with different modification con-
uspension (100 mg/L) with different scavengers (0.05 mmol/L Cr (VI), 0.5 mmol/L
sopropanol, 0.5 mmol/L sodium oxalate, 0.1 mmol/L Fe (II)-EDTA).

.3.2. Partition system for bacterial disinfection
To further confirm the role of H2O2 in the disinfection process,

e also conducted the disinfection experiment using the partition
ystem (Fig. 1). The bacterial cell suspension is added into the inner
ompartment, and BNT is added into the outer compartment. The
ells of E. coli K-12 have molecular weight of about 2.6 × 106 Da,
hile the BNT microspheres have diameter of about 1–2 �m,  so

hat both of them cannot pass through the membrane. Thus, the
irect contact between bacterial cell and BNT is prohibited. A 5.3-

og reduction of E. coli K-12 in the inner compartment is observed,
hen the BNT in the outer compartment is irradiated by VL for 5 h

Fig. S5).  The disinfection efficiency is slightly lower as comparing
o that in the non-partition system. It is probably due to the require-

ent of diffusion of reactive species (•OHb and H2O2) through the
embrane to react with the bacterial cell in the inner compart-
ent. In order to identify the diffusing reactive species, several

cavengers are added into the outer compartment of the partition
ystem to remove the respective reactive species. No disinfection
s found in light and dark controls (Fig. S6).  There is no obvious
hange of disinfection efficiency when isopropanol is added, indi-
ating the •OHb is not important (Fig. 7). However, with the addition
f Fe(II), the disinfection is significantly inhibited, which supports
hat the diffusing reactive species is H2O2, which can pass through
he membrane to inactivate the bacterial cells. Meanwhile, Cr(VI)
nd sodium oxalate are also introduced into outer compartment
f the partition system to block the H2O2 generation pathways
rom reduction and oxidation sites, respectively, since H2O2 can
e produced by either e− at reduction site or h+ at oxidation site.
bviously, the results show that both Cr(VI) and sodium oxalate
ave inhibition effect on the disinfection efficiency, suggesting
2O2 coming from both reduction and oxidation sites. Compared
ith photocatalytic dye decolorization, which needs direct contact

or the function, the photocatalytic bacterial disinfection can be
chieved by the diffusing reactive species, H2O2, in the bulk solution
ithout direct contact with photocatalyst.

It is found that the diffusing H2O2 play the most important

ole in the significant differences between VLD photocatalytic dye
ecolorization and bacterial disinfection. For dye decolorization the
xidative power of H2O2 is not enough to degrade organic dyes,
uch as RhB, which has complicated molecular structure. However,
ditions (5 mmol/L NaF, 0.5 mmol/L isopropanol) under different VL irradiation time
(sampling volume = 2.7 mL).

bacteria are procaryotic microorganisms that do not contain the
nucleus characteristic of cells of higher plants and animals (eucary-
otic cells). The DNA molecules do not have a nuclear membrane to
separate them from the cytoplasm. Thus, the cytoplasmic mem-
brane is extremely important in maintaining viability of cells. The
electron carriers and enzymes responsible for the redox reactions
must be properly linked on the membrane in order to couple the
free energy change to ATP synthesis. Therefore, any disruption to
the cell membrane integrity will cause the discharge of membrane
potential and impose detrimental effects on cell survival [31]. The
H2O2 can enter the cell and cause damage to the cell membrane,
leading to the inactivation of the bacterial cells, although it may not
degrade the organic components.

3.3.3. Role of H2O2
To detect the concentration of H2O2, we apply the DPD/POD

method, which has been proved to be an effective method for
low concentration of H2O2 [23]. Obviously, H2O2 is detected in
this VLD photocatalytic system by using BNT as the photocatalyst
(Fig. S7). The evolution of H2O2 as a function of irradiation time
has also been monitored. Fig. 8 shows the absorption intensity
(551 nm)  of DPD/POD after reacting with H2O2 against illumi-
nation time under different modified conditions. It is found
that the concentration of H2O2 quickly reaches a constant value
after 1 h of irradiation, due to the decomposition of H2O2 in
parallel with its production [32,33].  The equilibrium concentra-
tion for H2O2 is estimated to be 5.15 �mol/L. However, direct
addition of this concentration of H2O2 does not have any bac-
terial disinfection effect (Fig. 9). It is suggested that, during the
photocatalytic bacterial disinfection process, the H2O2 interacts
with the bacterial cells in situ once it is produced. So the decompo-
sition of H2O2 will be minimized, and the actual amount of H2O2
available to interact with the bacterial cell is much more than the
amount detected. It is found that even the addition of 1 mmol/L
H2O2 does not show strong bacterial disinfection ability. However,
with the continuous addition of 1 mmol/L H2O2 every hour, the
disinfection efficiency increases significantly. Also with the contin-

uous addition of 5 �mol/L H2O2 every 3 min, bacterial disinfection
is detected. These results indicate that small amount of H2O2 is
produced and consumed continuously during the photocatalytic
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production of OHb, so that more H2O2 will be formed by coupling
of •OHb in bulk solution [39,40]. However, in the presence of F−

and isopropanol, almost no H2O2 can be detected in the system.
ig. 9. Bacterial disinfection efficiency of E. coli K-12 (2 × 105 cfu/mL) by different
oncentration of H2O2.

isinfection process. It is commonly accepted that H2O2 must be
roduced from conduction band by the following equations:

2 + e− → •O2
− (1)

2O + •O2
− → •OOH + OH− (2)

•OOH → O2 + H2O2 (3)

As mentioned above, the scavenger study in the partition system
hows that H2O2 can also be generated from valence band without
he participation of O2. In fact, H2O2 can be formed by coupling of
wo •OH in the bulk solution (Eqs. (4)–(7)):

+ + TiIV–O2−–TiIVOH2 → {TiIV–O2−–TiIV}–•OHs + H+ (4)

+ + TiIV–O2−–TiIVOH− → {TiIV–O2−–TiIV}–•OHs (5)

OHs → •OHb (6)

OHb + •OHb → H2O2 (7)

When aeration of argon (Ar) removes O2 in the solution and
revents any reactive species generated from conduction band, the
roduction of H2O2 decreases (Fig. 8). Then, under the anaerobic
ondition, isopropanol is added to remove •OHb. Interestingly, in
he presence of •OHb scavenger, almost the same amount of H2O2
an also be detected, indicating that •OHs can directly form H2O2
n the photocatalyst surface.

To further investigate the role of •OHs, we  apply a F− sur-
ace modified TiO2 system to transform •OHs to •OHb. Fluoride
hows strong adsorption onto TiO2 and the concentration of sur-
ace hydroxyl group (OHs

−) on the photocatalyst can be controlled
y adopting fluoride-exchange [34]. The process can be illustrated
y the following equations [35]:

 TiIV–OH + F− → ≡ TiIV–F + OH− (8)

 TiIV–F + h+ + H2O/OH− → ≡ TiIV–F + •OHb + H+ (9)

Recently, a significant enhancement of phenol degradation rate
y photocatalytic oxidation in the presence of F− has been reported
nd the enhancement is ascribed to the increased generation of
OHb [35,36],  indicating the F− modification is a practical way to

ignificantly inhibit the formation of •OHs while increase the pro-
uction of •OHb. Fig. 10 shows XPS survey spectrum of F− surface
odified BNT powder that was prepared by adding NaF (5 mmol/L)

n the aqueous BNT suspension (100 mg/L), filtering, and drying. The
Fig. 10. XPS survey spectrum of F− surface modified BNT powder. The inset is high
resolution spectra of F 1s for the fluorinated BNT.

fluorinated sample clearly shows the peak of F 1 s as well as those
of Ti, O, B and Ni elements. The C element is ascribed to the residual
carbon from precursor solution and the adventitious hydrocarbon
from the XPS instrument itself. The high resolution spectra of B 1s,
Ti 2p, Ni 2p and their forms of chemical combination can be found
in our previous report [18]. The F 1 s binding energy (BE) of 684.3 eV
in this spectrum (inset of Figure 10)  corresponds to that of F−

adsorbed on TiO2, and no sign of F ions in the lattice (BE = 688.5 eV)
is found [37,38],  indicating that the F 1s peak is originated from the
surface fluoride (≡TiIV–F) formed by ligand exchange between F−

and surface hydroxyl group on BNT [36]. It is found that the H2O2
production can also be observed with 5 mmol/L F− modification
(Fig. 8). It is because F− surface modification will enhance the

•

Fig. 11. Photocatalytic disinfection efficiency of E. coli K-12 (2 × 105 cfu/mL) in
anaerobic condition (aeration of argon) in the inner compartment of the partition
system. The outer compartment is the BNT suspension (100 mg/L) with different
modification conditions (5 mmol/L NaF, 0.5 mmol/L isopropanol).
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orization and bacterial disinfection occur in dark and light controls
ig. 12. Absorption intensity (551 nm)  of the DPD/POD reagent after reacting with
2O2 produced in the presence of BNT (100 mg/L) under different pH value in anaer-
bic condition (aeration of argon) with VL irradiation (sampling volume = 2.7 mL).

hese results provide the first experimental evidence that both
OHs and •OHb can combine to produce H2O2 at the valence band.

In order to further confirm the H2O2 production pathway from
he valence band, the VLD photocatalytic bacterial disinfection in
he partition system under anaerobic condition and the pH effect on
he H2O2 production have been conducted. No disinfection occurs
n dark and light controls in this experiment (Fig. S8).  Under anaer-
bic condition with Ar aeration, neither F− nor isopropanol can
ompletely inhibit the photocatalytic bacterial disinfection effi-
iency in the partition system, unless both of them are added
Fig. 11).  The disinfection efficiency is in proportion to the amount
f H2O2 production (Fig. 8), which further supports that H2O2 is
nvolved in the inactivation of bacterial cells. The amount of H2O2
roduced from valence band at different pH has also been investi-

ated under the anaerobic condition. It is found that more H2O2 will
e generated if the pH is adjusted to a more alkaline value (Fig. 12),
hich can be explained by Eqs. (4)–(7).  With the pH increasing,
ore •OH will be produced, facilitating the evolution of H2O2 at

ig. 13. Concentration changes of RhB (5 mg/L, 100 mL)  at 553.5 nm as a function of
rradiation time during the decolorization process in the presence of BNT (100 mg/L)

ith different concentration of TEMPOL under VL irradiation (C0,  original dye con-
entration before adsorption).
Fig. 14. Photocatalytic disinfection efficiency of E. coli K-12 by BNT with differ-
ent concentration of TEMPOL under VL irradiation. BNT concentration = 100 mg/L,
reaction volume = 50 mL, initial cell density = 2 × 105 cfu/mL.

the valence band. It is just the opposite with the reaction occur-
ring at the conduction band, in which the H2O2 production will be
inhibited with the increase of the pH [40].

3.4. Role of •O2
−

To study the role of •O2
− in photocatalytic dye decolorization

and bacterial disinfection process, we use 4-hydroxy-2,2,6,6-
tetramethylpiperidinyloxy (TEMPOL), as the superoxide scavenger.
TEMPOL is a water soluble analogue of the spin label TEMPO and
is a stable piperidine nitroxide which can act as either an SOD
mimetic or as a scavenger of superoxide anion [41]. No RhB decol-
(Figs. S9 and S10). Obviously, both the RhB decolorization and bac-
terial disinfection are greatly inhibited with the addition of TEMPOL
(Figs. 13 and 14), which indicates that •O2

− is actually involved in

Fig. 15. Photocatalytic disinfection efficiency of E. coli K-12 by BNT under different
scavenger conditions (0.1 mmol/L Fe(II)-EDTA, 2 mmol/L TEMPOL) with sequential
addition. BNT concentration = 100 mg/L, reaction volume = 50 mL,  initial cell den-
sity = 2 × 105 cfu/mL. The TEMPOL and a new batch of Fe(II) were added after 4 h of
irradiation.
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Fig. 16. DMPO spin-trapping ESR spectra recorded at ambient temperature in BNT
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Appendix A. Supplementary data
uspension under VL irradiation ((� > 400 nm). (A) For DMPO-•O2
− in methanol dis-

ersion, and (B) For DMPO-•OH in aqueous dispersion.

oth processes. It is observed that when further increasing the TEM-
OL concentration, the bacterial disinfection efficiency will first
ecrease followed by increase, while RhB decolorization efficiency

s inhibited all the time. The increase of TEMPOL concentration
ill result in higher pH value (Table S1),  which will in turn pro-
ote H2O2 production in the valence band, just as discussed above

Fig. 12).  The promoted H2O2 can be used for increasing bacterial
isinfection efficiency, but is not working for decolorization of dye.

The fact that no RhB decolorization occurs in the inner com-
artment of the partition system (Fig. 5) suggests that •O2

− is not
 diffusing radical, due to its extreme short life-span. It is only
ctive on the surface of photocatalyst. However, the decrease of
hotocatalytic bacterial disinfection efficiency may  be simply due
o the decrease concentration of H2O2 which is highly responsible
or the disinfection, as •O2

− could produce H2O2 from the conduc-
ion band. To further confirm the role of •O2

−
, double scavengers

tudy with a sequential addition is performed. First, Fe(II) is added
o remove H2O2 and prevent the influence from H2O2. After 4 h of

L irradiation, TEMPOL is added to study the change of disinfection
fficiency. To eliminate the possibility that Fe(II) may  be insuffi-
ient to remove the continuously generated H2O2, a new batch
f Fe(II) is also added in both cases of with and without TEMPOL
nmental 108– 109 (2011) 108– 116 115

addition. Results show that with the addition of TEMPOL in the
presence of H2O2 scavenger, the disinfection is still inhibited, indi-
cating the •O2

− has direct function for the bacterial disinfection
(Fig. 15).  Importantly, this result provides the first experimental
evidence that although •O2

− is believed to be unstable and short
life-span, it can directly involve in the bacterial disinfection rather
than by producing other ROSs. Further study is being conducted to
clarify its function.

In order to confirm the existence of •O2
−, the ESR spin-trap with

DMPO technique has also been carried out on illuminated BNT cat-
alyst (Fig. 16(A)). In the dark, no signals can be detected. Under VL
irradiation, the six characteristic peaks of the DMPO-•O2

− adducts
is observed, and their intensity increases with the irradiation time.
This can double confirm that the formation of •O2

− during the
photocatalytic dye decolorization and bacterial disinfection pro-
cesses in the presence of illuminated BNT photocatalyst. However,
no characteristic peaks corresponding to DMPO-•OH is found when
detecting the •OH production by ESR (Fig. 16(B)). Moreover, this
result is further confirmed by fluorescence method using tereph-
thalic acid as the •OH-trap agent (Fig. S11), further supporting the
scavengers study that •OH in the bulk solution is not important in
this VLD photocatalytic system, which may  due to its extreme short
life-span and quick combination to form H2O2.

4. Conclusions

In summary, we have revealed significant differences in the
VLD photocatalytic mechanisms for dye decolorization and bac-
terial disinfection. For the RhB decolorization, the photo-reaction
occurs mainly on the surface of the photocatalyst by the attacking
of h+, •OHs and •O2

−; while for bacterial disinfection, the bacteria
can be inactivated in the bulk solution without direct contact with
the photocatalyst. The diffusing H2O2 which can be generated form
both conduction band and valence band plays the most important
role in the photocatalytic bacterial disinfection. In the valence band,
H2O2 is found to be produced both by the coupling of •OHb in bulk
solution and •OHs on the surface of photocatalyst. Furthermore, the
direct role of •O2

− in photocatalytic decolorization and bacterial
disinfection has also been confirmed by both scavengers addition
experiments and ESR analysis. These findings provide foundation to
design and fabricate facile VLD photocatalytic reactor for bacterial
disinfection applications, since it does not need direct contact with
the photocatalyst. Most importantly, this research methodology
by utilizing various scavengers together with the partition system
can be established as a versatile strategy to study the photocat-
alytic mechanism of different VLD photocatalytic system. Using this
methodology to study different photocatalytic behaviors of other
VLD photocatalysts is currently under investigation.
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Table S1. The pH values in RhB solution and bacterial solution with different 

concentration of TEMPOL addition. 

TEMPOL concentration RhB solution Bacterial solution 

0 mM 7.58 6.96 

0.5 mM 7.67 7.02 

1 mM 7.81 7.15 

2 mM 7.97 7.26 

5 mM 8.23 8.26 

10 mM 8.96 8.87 

20 mM 10.88 10.22 



 

 

1. Photocatalytic oxidation of salicylic acid (SA) under VL irradiation. 

 

 

 

 

 

 

 

 

 

 

 

Figure S1. Concentration changes of SA (10 mg/L, 50 mL) at 297 nm as a function of 

irradiation time during the photocatalytic degradation process in the presence of BNT 

(1000 mg/L) with different scavengers (0.5 mmol/L Cr(VI), 10 mmol/L isopropanol, 

sodium oxalate, KI) under VL irradiation (C0: Original SA concentration before 

adsorption). Fe(II) reacts with SA to form complex and cannot be tested. 

 

 

 

 

 



 

 

2. The influence of pH on photocatalytic dye decolorization and bacterial disinfection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2. (A) Photocatalytic decolorization of RhB (5 mg/L, 100 mL) in the 

presence of BNT (100 mg/L) under different pH conditions; (B) Photocatalytic 

disinfection of E. coli K-12 (2×105 cfu/mL, 50 mL) in the presence of BNT (100 

mg/L) under different pH conditions. 

 



 

 

3. Optimization of different scavengers’ concentrations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3. Photocatalytic disinfection efficiency of E. coli K-12 by BNT with 

different scavengers (Optimization of the concentrations of scavengers): (A) sodium 

oxalate; (B) Fe(II)-EDTA; (C) isopropanol; (D) Cr(VI); (E) KI. BNT concentration = 

100 mg/L, reaction volume = 50 mL, initial cell density = 2×105 cfu/mL.  



 

 

4. Bacterial toxicity test of •CO2
- generated by oxalate in partition system. 

 

 

 

 

 

 

 

 

 

 

 

Figure S4. Photocatalytic disinfection efficiency of E. coli K-12 (2×105 cfu/mL) in the 

inner compartment of the partition system. The outer compartment is the BNT 

suspension (100 mg/L) under anaerobic condition (aeration of argon) and sodium 

oxalate addition (0.5 mmol/L). 

 

 

 

 

 

 



 

 

5. Photocatalytic disinfection efficiency of E. coli K-12 by BNT in partition system. 

 

 

 

 

 

 

 

 

 

 

 

Figure S5. Photocatalytic disinfection efficiency of E. coli K-12 (2×105 cfu/mL) in the 

inner compartment of the partition system. The outer compartment is the BNT 

suspension (100 mg/L) under VL irradiation. 

 

 

 

 

 

 

 



 

 

6. Dark and light controls in presence of different scavengers in the partition system. 

 

 

 

 

 

 

 

 

 

 

 

Figure S6. Photocatalytic disinfection efficiency of E. coli K-12 (2×105 cfu/mL) in the 

inner compartment of the partition system. The outer compartment is the BNT 

suspension (100 mg/L) with different scavengers (0.05 mmol/L Cr (VI), 0.5 mmol/L 

isopropanol, 0.5 mmol/L sodium oxalate, 0.1 mmol/L Fe (II)-EDTA) under VL 

irradiation in dark and light controls. 

 

 

 

 

 



 

 

7. Absorption spectra of the DPD/POD reagent after reaction with H2O2 

 

 

 

 

 

 

 

 

 

 

 

Figure S7. Absorption spectra of the DPD/POD reagent after reaction with H2O2 

produced in the presence of BNT (100 mg/L) under 3 h of VL irradiation (Sampling 

volume = 32 mL).  

 

 

 

 

 

 

 



 

 

8. Dark control and Light controls in anaerobic and different scavenger conditions 

 

 

 

 

 

 

 

 

 

 

 

Figure S8. Dark and light controls of photocatalytic disinfection efficiency of E. coli 

K-12 (2×105 cfu/mL) under anaerobic condition (aeration of argon) in the inner 

compartment of the partition system. The outer compartment is the BNT suspension 

(100 mg/L) with different modification conditions (5 mmol/L NaF, 0.5 mmol/L 

isopropanol).  

 

 

 

 

 



 

 

9. Dark and light controls in different TEMPOL concentration for dye decolorization 

 

 

 

 

 

 

 

 

 

 

 

Figure S9. Concentration changes of RhB (5 mg/L, 100 mL) at 553.5 nm as a function 

of irradiation time during the decolorization process in the presence of BNT (100 

mg/L) with different concentration of TEMPOL under VL irradiation (C0: Original 

dye concentration before adsorption) under dark and light controls. 

 

 

 

 

 



 

 

10. Dark and light controls in different TEMPOL concentration for bacterial 

disinfection 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S10. Dark and light controls of photocatalytic disinfection efficiency of E. coli 

K-12 by BNT with different concentration of TEMPOL under VL irradiation. BNT 

concentration = 100 mg/L, reaction volume = 50 mL, initial cell density = 2×105 

cfu/mL. 

 

 

 

 



 

 

11. Detection of •OH radical by fluorescence method using terephthalic acid as 
trapping reagent. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S11. Fluorescence emission spectral changes observed during the irradiation of 

(A) the BNT with VL irradiation and (B) P25-TiO2 with UV irradiation in a 4×10-4 

mol/L terephthalic acid and 2×10-3 mol/L NaOH (excitation at 315 nm).  
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