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ABSTRACT

In order to improve visible light-driven photocatalytic activity, two oxidants, potassium dichromate
(Cr(VI)) and potassium permanganate (Mn(VII)) were combined with TiO, photocatalysis for the
degradation of dye acid orange 7 (AQO?7). The assessments of photocatalytic activity including AO7
mineralization and hydroxyl radical (¢OH) formation were measured by total organic carbon and
coumarin probing with fluorescence, respectively. Based on the assessed results varied with different
irradiation wavelengths and dissolved oxygen levels, the parametric effects and e OH formation trends
were estimated to further propose the possible mechanisms. A highly positive correlation (r = 0.82)
between AO7 mineralizations and ¢OH formations was observed. The ¢OH formation trends from
valence band (VB) and conduction band (CB) sites on TiO, were nearly similar under ultraviolet irra-
diation, while those under visible irradiation were uneven (34% and 66% for VB and CB sites, respec-
tively). Owing to the fact that Cr(VI) and Mn(VII) are electron acceptors, the total ¢OH formations
were enhanced to 126% and 144% by increasing the utilization of original photogenerated electrons
with their redox reactions. In the meantime, the hole—electron recombination could also be inhibited
to benefit the photodegradation of AO7. This mechanism was slightly different from the general strat-

egies for improvement of photocatalytic activity.
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1. Introduction

With the growth of urbanization and industrialization,
the purification of wastewater containing contaminants has
been a serious challenge in the environmental science and
engineering fields. Unlike conventional methods, advanced
oxidation processes (AOPs) are more effective in degrading
the most recalcitrant pollutants into biodegradable com-
pounds, by mainly relying on formation of highly reactive
oxygen species (ROS) [1]. Furthermore, AOPs can avoid the
problems of secondary contamination and salting resulting

* Corresponding author.

from the residuals (sludge, brines, and toxic waste) of conven-
tional wastewater treatments [2]. Of many different AOPs,
titanium dioxide (TiO,) photocatalysis has been the most
widely studied and used to degrade various organic con-
taminants [3-10] due to its chemical stability, long durability,
nontoxicity, low cost, etc.

The detailed mechanism of TiO, photocatalysis has
been discussed previously in numerous studies [11-15]. It is
well established that the photocatalytic property is derived
from the formation of photogenerated charge carriers (hole
and electron), which occurs upon the absorption of illumi-
nation with the energy greater than TiO, band gap energy
(3.2eV) (Eq. (1)). The photogenerated holes and electrons may
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recombine unless they react with the species adsorbed on the
surface of TiO, particles. The holes on valence band (h*, ;) can
oxidize organic matters directly, and react with water and
hydroxyl ions to form hydroxyl radicals (¢OH) (Egs. (2)-(4)).
The electrons on conduction band (e".,) can reduce oxygen
molecules to generate several types of ROS, such as super-
oxide anion (O,*"), hydroperoxyl radicals (HO,*), and sub-
sequently hydrogen peroxide (H,0,) as the precursors of
*OH (Egs. (5)—(12)). These generated ROS not only react with
organics but also react with any present ROS, due to their
nonselectivity (Eqs. (13)-(16)). As the target organic pollut-
ant reacts with ROS, the purpose of pollutant removal can
be reached by an oxidative decomposition process (Eq. (17)).

TiO, + hv(UV) - TiO, (e + hyy) M

Oxidization on VB site:

h*, + organics — degradation products 2)
h*,; +H,O - H,Oe¢* — ¢OH + H" 3)
h*,, + OH — «OH 4)

Reduction on CB site:

e, +0,—> 0,0 (5)
e +0,+H" = HO,* (6)
e+ HO,» +H - HO, (7)
e +H,O, - ¢«OH + OH~ 8)
H,O, + hv(UV) — 2¢OH )
20, +2H,0 — 2¢OH +20H + O, (10)
20, +2H,0 - 2H,0, + O, (11)
0,o-+H,0, » *OH+OH + 0, (12)
Between any two ROS:
*OH +H,0, » HO,* + H,O (13)
*OH + *OH - H,0, (14)
*OH + O, - OH + 0, (15)
*OH + HO,» -» H,O+0, (16)

Organics + h;", *OH, O,¢-, HO,* — degradation products

- CO, +H,0
17)

From the above, it is evident that the important roles in
TiO, photocatalytic degradation process are the generated
ROS especially ®OH [16,17]. Differing from the past studies

by using target pollutant removal, several techniques have
been developed to detect ®OH formation as the evaluation
of photocatalytic activity. These techniques include electron
spin resonance [18-21], luminescence [22], and fluorescence
with terephthalic acid or coumarin (COU) as a probe mol-
ecule [16,17,23-25]. However, so far, the possible trends of
*OH formation from VB and CB sites are not well explained.

Moreover, there is another problem about the actual
application of TiO, photocatalysis, and it is hard to work
under visible light (Vis) because of its limitation in band gap.
In other words, TiO, has to be irradiated by ultraviolet (UV)
light with enough energy to produce photocatalytic pro-
cess. Unfortunately, only about 5%-7% of UV is covered in
solar irradiance (46% Vis and 47% infrared radiation) [26]. In
order to make use of the vast potential of solar photocatal-
ysis, various techniques have been adopted such as surface
modification [27,28], semiconductor coupling [29,30], doping
of metals or nonmetals [31-34], adding of oxidizing agents
into the aqueous TiO, suspensions [35,36], etc. Among the
techniques mentioned above, the use of the oxidant, potas-
sium dichromate (K,Cr,O,, Cr(VI)), is simpler and more
directly improves the degradation of organic pollutants by
Vis-driven TiO, photocatalysis as reported previously [37].
In the meantime, the toxic Cr(VI) can be reduced to innocu-
ous Cr(Ill) when Cr(VI) serves as electron scavenger to cap-
ture photogenerated electrons [38]. Hence, there is no doubt
about secondary contamination.

Although investigations into the effects of various oxi-
dants on degradation of organics have been executed, little
work is performed to quantitatively characterize the simul-
taneous *OH formation from the combination of oxidants
and TiO, photocatalysis. In this study, in order to quantify
the assistances of oxidants in organic degradation and ¢OH
formation by TiO, photocatalysis, two oxidants Cr(VI) and
potassium permanganate (KMnO,, Mn(VII)) were combined
with TiO, for the degradation of azo dye acid orange 7 (AQ7)
as a target pollutant. Moreover, the photoformed ¢OH was
measured under the different conditions, such as irradia-
tion wavelengths (UV and Vis) and dissolved oxygen (DO)
levels (aerobic and anoxic states). Based on the variation of
photoformed ¢OH, the possible trends of *OH formation
were inferred and proposed. This work could provide more
detailed understanding of TiO, photocatalytic mechanism to
extend the applicability and utility with solar light.

2. Materials and methods
2.1. Reagents and chemicals

A mixed-phase TiO, (Degussa P25) containing approxi-
mately 80% anatase and 20% rutile was used in this study.
The target pollutant, dye AO7 was obtained from Panreac
Co., Spain, and its properties are summarized as follows:
molecular formula = C H N,NaOS, A = 485 nm, and
molecular weight = 350.32 g/mol. Two oxidants, Cr(VI) and
Mn(VII) were obtained from Hayashi Pure Chemical Ind.,
Ltd. (Osaka, Japan) and Katayama Chemical Ind. Co., Ltd.
(Osaka, Japan), respectively. The adjustment of pH value
was made by hydrogen chloride (HCI) and sodium hydrox-
ide (NaOH) from Merck Co. (Darmstadt, Germany). Sodium
sulfite (Na,SO,) was also manufactured by Hayashi Pure
Chemical Ind., Ltd. to remove DO in our systems. COU
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as *OH scavenger and its fluorescent product 7-hydroxy-
coumarin (7HC) were supplied from Alfa Aesar Co., Ltd.
(Lancashire, United Kingdom).

2.2. Photocatalytic experiments for AO7 degradation

All of the experimental suspensions were prepared
by using 100 uM of dye AO7 and 0.1 g of TiO, particles in
deionized water placed in 200 mL Pyrex flask. The pH value
of suspension was adjusted to 3.0 by HCl and NaOH, and
then the suspension was thoroughly stirred in darkness for
30 min to reach an equilibrium (noted as 0 h). Prior to UV
or Vis irradiation, 100 uM of oxidant was added into the
suspension. The irradiation apparatuses used in this study
were three UV (254 nm, 30 W, VL-330G, Vilber Lourmat,
France) and Vis lamps (550 nm, 30 W, FL30Y, China Electric
MFG Co., Taiwan), respectively. The irradiated distance
was about 25 cm from the lamps to the suspension with an
average luminous intensity at 25 Lux. At given time inter-
vals, the appropriate amount of sample was collected and
filtered through a microfiber filter (0.45 um) to remove TiO,
particles. For the evaluations of decolorization and mineral-
ization, the differences of absorbance and total organic car-
bon (TOC) were analyzed by a spectrophotometer (Thermo
Scientific Genesys 20) and a TOC analyzer (TOC-L CSH,
Shimadzu), respectively. In addition, for the anoxic state,
Na,SO, was poured into the suspension to reduce DO below
0.1 mg/L (natural DO is about 7 mg/L). The DO concentration
was measured by a portable multiparameter water quality
meter (Bante903P, China).

2.3. Detection of hydroxyl radicals

The formation of *OH was quantitatively measured by
the fluorescence probe technique with COU. In the measure-
ment, all of the experimental parameters were the same to
those in the AO7 photodegradation experiment, except AO7
was replaced with COU as *OH scavenger. The initial con-
centration of COU was 102 M, and 10* M of additional dos-
age was poured into the suspension during photocatalytic
process to ensure the complete capture of *OH. As 1 mol of
COU reacted with 2 mol of ®*OH, several hydroxycoumarin
species would be formed, such as 7HC, 6HC, 5HC, and so
on. Among these hydroxyl products, 7HC has a highly flu-
orescent property but its yield is only about 29% [39,40].
In addition, the reaction efficiency of COU with ¢OH was
estimated by actual operations, which was around 6.42%.
This estimated value was based on the difference between
amounts of the theoretical *°OH and measured ¢OH forma-
tions in the reaction of H,O, and UV. Considering the above,
the formation of *OH in TiO, photocatalytic process could be
calculated from the concentration of 7HC by following cor-
relation in Eq. (18).

2
Copy=—————xC 18
o1 029%0.0642 ¢ {19
The concentration of 7HC was analyzed to observe its

fluorescent intensity at 450 nm by a fluorescence spectropho-
tometer (Hitachi F-4500, Japan) with the emission spectrum

excited at 332 nm. To convert fluorescence intensity into
actual concentration, the different concentrations of 7HC
were analyzed as a standard curve. The above experiments
including photodegradation of AO7 and fluorescence detec-
tion of *OH were replicated three times for the precision of
experimental results.

3. Results and discussion
3.1. Effect of irradiation wavelength

As the first step of photocatalytic process, photocata-
lysts absorbed luminous energy to excite the separation of
holes and electrons, and the absorbable range of illumination
wavelength depended on their band gap energies. The band
gap energy of TiO, (P25) is about 3.2 eV, and its absorbable
wavelength shall be smaller than 385 nm which means UV
region. In other words, the photocatalytic process would not
function effectively under Vis irradiation. As shown in Fig. 1,
the significant difference of AO7 mineralization between the
different irradiation wavelengths was obtained. A little AO7
mineralization (about 10%) was found under constant dark-
ness, although there was no catalytic result. The phenome-
non may have originated from some negative AO7 molecules
adsorbed on the positive surface of TiO, particles at the acidic
pH condition [41], and the adsorption equilibrium would
be reached within 30 min. Under UV irradiation, the min-
eralization of AO7 increased with increasing reaction time,
and reached to 32% after 6 h. By deducting the adsorption
removal from final mineralization, there was a contribution
of 22% mineralization to be remained, which was the photo-
catalytic effect by UV light inducing. The mineralization effi-
ciency contributed by Vis-induced photocatalysis was 11%
after 6 h, hence it was known that the effect of irradiation
wavelength on the photodegradation of AO7 was 11%.

Between UV and Vis irradiations, the decrease in AO7
mineralization could be attributed to the reduction of ¢OH
formation, due to TiO, absorbed unsuitable luminous energy
tolessen the photogenerated holes and electrons. Fig. 2 exhib-
its the photocatalytic formations of eOH under different irra-
diation wavelengths. The formations of ®OH increased with
extending reaction time both under UV and Vis irradiations,
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Fig. 1. Effect of irradiation wavelength on the AO7 mineralization
by using TiO, photocatalysis .
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and they were up to 68 x 10° M and 30 x 10 M after 6 h,
respectively. Due to the effect of irradiation wavelength, the
percentage difference of e OH formations was 56%.

3.2. Effect of oxidants Cr(VI) and Mn(VII)

It has been reported that oxidants not only possess oxi-
dizing properties to degrade organics but also play the role
of electron acceptor to inhibit hole—electron recombination,
and further to improve TiO, photocatalytic activity [35,36].
In order to prove the effects of Cr(VI) and Mn(VII) on the
photodegradation of AO7, they alone were used to degrade
AQ7. As shown in Fig. 3, the results show that decoloriza-
tion efficiencies after 6 h were about 16% and 37% by Cr(VI)
and Mn(VII), respectively. The oxidants Cr(VI) and Mn(VII)
were useful for decolorization but useless for mineralization
(Fig. 4). This might be because the decolorization of AO7 just
represents the dissociation of azo chromophore (-N=N-) on
AO7 molecule [42], hence it needs stronger oxidation perfor-
mance that is enough to achieve mineralization. Although
Cr(VI) and Mn(VII) alone could not degrade AO7 effectively,
the degradations of AO7 under Vis irradiation were indeed
improved in the presence of oxidants as shown in Fig. 4. The
AQ7 mineralization efficiencies were 27% for TiO,/Cr(VI)
and 39% for TiO,/Mn(VII), and the improvements by Cr(VI)
and Mn(VII) were about 6% and 18%, respectively (21% min-
eralization efficiency for TiO, alone).

Based on the above evidences, it could be deduced that
the improvement of AO7 photodegradation was contributed
from the enhancement of *OH formation by adding oxidant.
We previously proved the effort of Cr(VI) to enhance ¢OH
formation in TiO, photocatalytic process but lacked for the
quantitative results [37]. In this study, the photoformed ¢OH
from the combination of TiO, and oxidant under Vis irradi-
ation was quantified. It was obvious that the *OH forma-
tions in the presence of Cr(VI) and Mn(VII) were higher than
that in the absence of oxidant, as shown in Fig. 5. After 6 h,
the *OH formations were about 30 x 10 M for TiO, alone,
37 x 10 M for TiO,/Cr(VI), and 43 x 10 M for TiO,/Mn(VII).
The enhancements of ®*OH formation by Cr(VI) and Mn(VII)
were about 26% and 44%, respectively.

3.3. Effect of dissolved oxygen

Fig. 6 demonstrates the difference in AO7 mineralization
between aerobic and anoxic conditions by UV-induced TiO,
photocatalysis. After 6 h, the mineralization efficiencies at aer-
obic condition were 32% (TiO, alone), 39% (TiO,/Cr(VI)), and
46% (TiO,/Mn(VII)) as shown in Fig. 6(a). Some researches
have indicated the role of DO in photodegradation process is
important because oxygen is necessary for complete mineral-
ization [43,44]. Unsurprisingly, the AO7 mineralization effi-
ciencies were decreased due to the absence of oxygen, which
were 18% (TiO, alone), 22% (TiO,/Cr(VI)), and 25% (TiO,/
Mn(VII)) as shown in Fig. 6(b). There was 15%—20% difference
in AO7 mineralization between aerobic and anoxic conditions,
and the value was slightly higher than that between the differ-
ent wavelengths (11%). It seemed to represent the influence
degree of oxygen was more important than that of irradia-
tion wavelength. The reason might be that oxygen not only
directly involves the mineralization of organics but also has
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Fig. 2. Effect of irradiation wavelength on the ¢ OH formation by
using TiO, photocatalysis.
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Fig. 3. Decolorization of AO7 by oxidants Cr(VI) and Mn(VII).
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Fig. 4. AO7 mineralization varied by oxidant addition in TiO,
photocatalytic process under Vis irradiation.

other functions on the photocatalytic formation of ROS [2]. As
adsorbed oxygen on TiO, surface acted an electron acceptor,
several intermediates of *OH such as O,¢-, HO,*, and H,0,
would be produced from the reaction of oxygen and electron.
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Fig. 5. Concentration of photoformed ¢OH varied by oxidant
addition in TiO, photocatalytic process under Vis irradiation.
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Fig. 6. Difference of AO7 mineralizations by TiO, alone and the
combination of TiO, and oxidant under UV irradiation between
(a) aerobic and (b) anoxic states.

Fig. 7 shows the *OH formations in UV-induced TiO,
photocatalysis under the different conditions of DO. After
6 h, the *OH formations at aerobic state were 68 x 10° M
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Fig. 7. Difference of *OH formations by TiO, alone and the
combination of TiO, and oxidant under UV irradiation between
(a) aerobic and (b) anoxic states.

(TiO, alone), 77 x 10° M (TiO,/Cr(VI)), and 94 x 10~ M (TiO,/
Mn(VII)), respectively (Fig. 7(a)). The ¢OH formations at
anoxic state were obviously decreased to 33 x 10 M (TiO,
alone), 57 x 10 M (TiO,/Cr(VI)), and 63 x 10° M (TiO,/
Mn(VII)), respectively (Fig. 7(b)). There was 52% difference
in *OH formation for TiO, alone, while the differences were
26% for TiO,/Cr(VI) and 31% for TiO,/Mn(VII). It implied that
both Cr(VI) and Mn(VII) could reduce the loss of ¢OH forma-
tion caused by the absence of oxygen, probably because the
oxidant also captured electrons to inhibit the recombination
of hole—electron, and further to form more ¢OH.

3.4. Relationship between AO7 mineralization
and *OH formation

Table 1 summarizes the mineralization efficiencies of
AQO7 and the concentrations of photoformed ¢OH in various
photocatalytic systems with the different conditions. In order
to understand the relationship between AO7 mineralization
and *OH formation, the AO7 mineralizations were plotted as
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Table 1
Summarization of AO7 mineralizations and ®OH formations at 6 h photocatalytic processes with different conditions
Experimental conditions  TiO, alone TiO,/Cr(VI) TiO,/Mn(VII)
Irradiation  Dissolved AQ7 *OH AQO7 *OH AQO7 *OH
wavelength  oxygen mineralization ~Formation mineralization ~Formation mineralization ~Formation
level (%) (10° M) (%) (10° M) (%) (10° M)
uv Aerobic 32.0 67.8 394 774 46.2 93.6
Anoxic 18.5 32.8 21.9 57.1 24.9 63.3
Vis Aerobic 21.3 29.8 26.9 374 39.1 429
Anoxic 13.0 10.2 16.0 22.3 18.8 24.6

a function of *OH formations (Fig. 8). There was a high and
positive correlation to be observed, and the coefficient (r) was
0.82. The perfect correlation could not be reached, probably
due to the sampling and analyzing errors, and/or the partial
mineralization contribution from other uncertain mecha-
nism. In some reports, it is suggested that the direct oxida-
tion ability of photogenerated holes may also be an influence
on the degradation of organics. Ishibashi et al. [45] indicated
that the yield of photogenerated holes was 5.7 x 10, which
was equivalent to the quantum yield of ordinary photocat-
alytic reactions (~107?). In addition, Zhang and Nosaka [46]
found the production rate of CO, from the acetaldehyde
decomposition using TiO, photocatalysis was larger than
that of ®OH formation by about 10° times. Therefore, they
considered that organic pollutant would be degraded mainly
via photogenerated holes, not via «OH. However, this study
confirmed that ®OH formation was relatively important to
the photodegradation of AO7.

3.5. Formation trend of *OH and possible mechanism

After realizing the importance of ® OH to the photodegra-
dation of organics, its formation mechanism should be further
clarified. According to the ¢OH formations under varying
different conditions, the formation trends of *OH were esti-
mated to establish possible mechanism. Generally, the source
of photoformed ¢OH in TiO, photocatalytic process can be
classified to two main portions, which are the oxidization on
VB site and the reduction on CB site. There is only VB site to
contribute the ¢ OH formation at anoxic state, because oxygen
only involves on CB site. Therefore, the contribution of ¢OH
from CB site can be obtained from the difference in *OH for-
mation between aerobic and anoxic conditions.

Based on the above, the formation trends of ¢OH by
TiO, alone under different wavelength irradiations could be
estimated as shown in Fig. 9. With UV irradiation, the per-
centages of photoformed ¢OH from VB (49%) and CB (51%)
sites were nearly average. As TiO, was photocatalyzed by Vis
irradiation, the percentage of total ®OH formation decreased
to 44% (relative to total *OH formation by UV irradiation).
Furthermore, the percentages of photoformed ¢OH from VB
and CB sites changed to 34% and 66%, respectively. It repre-
sented that advantage of *OH formation was toward CB site
by the multipathways of *OH formation on CB site, if oxygen
existed in the photocatalytic process.

The ¢OH formation trends and the possible mechanisms
affecting the Cr(VI) and Mn(VII) are shown in Fig. 10. As
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Fig. 8. Relationship between the AO7 mineralizations and ¢OH
formations from different photocatalytic processes.
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Fig. 9. Formation trends of *OH on TiO, reaction sites under
UV and Vis irradiations. *Relative to the total *OH formation
by TiO, alone.

Cr(VI) trapped photogenerated electrons, the ®OH formation
would be enhanced through its redox reaction, which was
reported previously [37]. It was inferred that enhancement
of *OH formation could be similarly achieved via the redox
reaction of Mn(VII) and trapped electrons. The enhance-
ments of ®OH formation by Cr(VI) and Mn(VII) were 26%
and 44% (relative to the total photoformed ¢OH by TiO,



J.-H. Shen et al. / Desalination and Water Treatment 96 (2017) 153160 159

C. Formation of *OH by oxidants
Cr(VI): 7.64 x 100 M (21% / 26%")
Mn(VII): 13.18 x 106 M (30% / 44%")
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Error: 5%

Fig. 10. Possible mechanisms of Cr(VI) and Mn(VII) for «OH
formation improvement during Vis-driven TiO, photocatalytic
process. *Relative to the total *OH formation by TiO, alone.
**Relative to the *OH formation on the same site by TiO, alone.

alone), and were equivalent to 21% and 30% of the total *OH
formations from TiO,/Cr(VI) and TiO,/Mn(VII), respectively.
The ¢OH formation from CB site decreased since the partial
photogenerated electrons were trapped to participate in the
redox reaction of oxidants, but the CB site was still principal
for *OH formation. The percentages of *OH formation on
CB site were 40% and 43% for TiO,/Cr(VI) and TiO,/Mn(VII),
respectively. In the meantime, the recombination of hole—
electron was slightly inhibited to result in the increase of
¢OH formation from VB site, which were 144% and 113% for
TiO,/Cr(VI) and TiO,/Mn(VII), respectively (relative to the
*OH formation from VB site by TiO, alone).

The conventional strategies to improve Vis-driven activ-
ity of photocatalysts include the enhancement of lower
energy photons absorbing and the inhibition of hole—electron
recombining [47]. However, from the above mechanisms, it
was evident that the addition of oxidants Cr(VI) and Mn(VII)
in this study was dissimilar to the conventional strategies.
The functions of Cr(VI) and Mn(VII) mainly increased the
utilization of original photogenerated electrons to generate
extra *OH by their redox reactions. In addition, Cr(VI) and
Mn(VII) as electron scavengers could also inhibit the recom-
bination of hole—electron to benefit photocatalytic activity.
Thus, this study suggested that the use of oxidants would be
an effective strategy to extend the applicability of TiO, pho-
tocatalysis with solar light.

4. Conclusions

This study investigated the effects of irradiation wave-
length, oxidant addition, and DO level on the TiO, photocat-
alytic activities including AO7 photodegradation and ¢OH
formation. Due to the reduction of generated holes and elec-
trons in Vis-driven photocatalysis, the decreases in percent-
ages of AO7 mineralization and ¢OH formation were 11%
and 56%, respectively. The addition of oxidants was proved
to improve the Vis-driven photocatalytic activity, and the
improvements of Cr(VI) and Mn(VII) were 6% and 18% for

AQY7 mineralization, and 26% and 44% for eOH formation.
In addition, the existence of oxygen in photocatalytic process
was the most important factor because of its multiassistances
in mineralization of organics and formation of ROS. Based
on the variations of AO7 mineralization and ¢ OH formation
under different conditions, a highly positive correlation was
observed. Moreover, the ®OH formation trends from VB
and CB sites on TiO, particles were estimated in this study,
and they were quite near under UV irradiation. However,
the key source of *OH formation transferred onto CB site
(66%) under Vis irradiation, which was probably due to the
effective reactivity of photogenerated electrons with oxygen.
As Cr(VI) and Mn(VII) were similar to oxygen as electron
acceptors, the utilization of photogenerated electrons could
be further increased to form more ¢OH through their redox
reactions. The extra ¢ OH formations by Cr(VI) and Mn(VII)
were equivalent to 21% and 30% in their respective compos-
ite processes. In the meantime, the partial recombination of
hole—electron would also be inhibited, hence the ¢OH for-
mation from VB site was enhanced. In summary, the use of
oxidants in TiO, photocatalysis was an effective strategy to
expand the applicability with solar light, and the mechanism
was slightly different from the general strategies reported
previously.
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