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Introduction

TiO2 photocatalysis has attracted persistent attention due to
its potential application in water purification,[1] water split-
ting,[2] and synthesis of chemicals.[3] During semiconductor
photocatalysis, the absorption of irradiation with energy
larger than the band gap leads to the formation of valence-
band holes (hvb

+) and conduction-band electrons (ecb
�),

which could initiate the oxidation and reduction reactions,
respectively. For example, nearly all kinds of organic com-
pounds could be degraded, even completely mineralized, in
the air-saturated aqueous TiO2 suspensions with UV irradia-
tion.[4]

As a large group of organic chemicals, and due to their
great effect on environmental pollution, aromatic com-

pounds have been the most frequently used model sub-
strates to investigate photocatalytic mechanisms[5] and to
test the activity of the photocatalysts.[6] During the photoca-
talytic oxidation of aromatic compounds, the hydroxylated
products are always among the main intermediates and the
hydroxylation of the aromatics is usually regarded as the
primary step,[7] and even the rate-determining step,[8] of the
whole photocatalytic mineralization process. The hydroxyl-
ation is also utilized to detect the generation of COH,[9] be-
cause the hydroxylated products of aromatics, such as cou-
marin and terephthalic acid, are easily detected by fluores-
cence emission or chromatography. Besides its great signifi-
cance in photocatalysis, the hydroxylation of aromatic com-
pounds also attracts extensive attention from scientists in a
variety of disciplines and fields, such as biochemistry,[10] en-
vironmental chemistry,[11] and synthetic organic chemistry.[12]

Despite extensive attention, the detailed reaction pathway
of photocatalytic hydroxylation of aromatics still eludes the
understanding of the researchers. Most of the past studies
mainly focused on the detection of hydroxylated products
and their formation kinetics,[5b, 13] while little work has been
dedicated to the specific hydroxylation pathway under pho-
tocatalytic conditions so far. During the photocatalytic pro-
cess, O2 is the oxidant and the final electron acceptor.
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Therefore, how it takes part in the reaction is extremely im-
portant and can provide essential information on the whole
hydroxylation process. Generally, the primary role of molec-
ular O2 is to depress the charge recombination and regener-
ate the photocatalyst by removing ecb

�. O2 was also consid-
ered to be able to directly participate in the oxidation pro-
cess and enter the oxidized products. Recently, by using iso-
tope-labeling methods, Matsumura, et al.[8] experimentally
showed that O2 contributes to the formation of the hydroxy-
lated product of benzene. In the anatase and rutile systems,
10–30 and 60–80 %, respectively, of the hydroxyl O atom in
the formed phenol were found to be from O2 during the
photocatalytic hydroxylation of benzene. However, the de-
tailed pathway of the O2 incorporation is not fully under-
stood.

It is well accepted that, as shown in Scheme 1A, the hy-
droxylation of aromatics is initiated by direct oxidation by
hvb

+ (form the cationic radical I) followed by hydrolysis
(path a)[14] or the attack of COH (path b) in the photocatalyt-
ic systems. Both pathways lead to the formation of HO
adduct radical II, which bears the O atom from H2O/OH�

or COH. Conventionally, COH is believed to be derived

mainly from the H2O/OH� oxidation by hvb
+ .[5b, 13a] Thus the

O atom in radical II, formed through both pathways, would
be from H2O/OH�. The most probable fate of radical II is
to simply undergo one-electron oxidation and deprotonation
to form the hydroxylated product (path c in Scheme 1B). By
this mechanism, the hydroxyl group of the hydroxylated
product would retain the O atom of radical II, that is, its hy-
droxyl O atom comes from H2O. In principle, besides the
hvb

+ oxidation of H2O/OH�, COH could also be formed
through the reduction of dissolved O2 by ecb

� [by means of
Eqs. (1)–(5)], by which the O atom of O2 is incorporated
into radical II and subsequently into the product through
path c. However, the importance of this pathway in the pho-
tocatalytic oxidation is usually overlooked in the literature.
Most of the earlier experiments indicated that the COH radi-
cal from the reduction of in situ formed H2O2 [Eq. (5)] is
generally not important for the photocatalytic oxidation of
organic compounds,[15] although some reports showed that
the addition of H2O2 could enhance the rate of the photoca-
talytic oxidation.[16]

O2 þ ecb
� ! O2C

� ð1Þ

O2 C
� þHþ ! COOH ðpKa ¼ 4:8Þ ð2Þ

2COOH! H2O2 þO2 ð3Þ

COOHþ ecb
� þHþ ! H2O2 ð4Þ

H2O2 þþecb
� ! COHþOH� ð5Þ

To explain the experimental observation of the incorpora-
tion of O atom from O2 into the products, several mecha-
nisms involving the formation of radical O2 adducts have
been proposed. Generally, these pathways are adapted from
the so-called Russell mechanism (RC+O2!ROOC),[17] which
is normally applicable to the oxidation of aliphatic sub-
strates.[4,18] The radical HO adduct II was proposed to react
with molecular O2 to generate the radical O2 adduct III
(path d in Scheme 1B) in both photocatalytic and other oxi-
dation systems.[19] The further reactions of radical III could
introduce the O atom of either O2 or H2O into the hydroxy-
lated product (paths d1 and d2). Analogously, molecular O2

(or O2C
�) has been considered to directly couple with formed

cationic radical I to generate radical O2 adducts IV and V
(paths e and f in Scheme 1C).[8] The products formed by the
further reactions of these adducts would bear the O atoms
from O2.

Herein, as part of our mechanistic studies on the photoca-
talytic oxidation of organic compounds by an 18O-labeling
method,[18c,20] we report our experimental evidence on the
origin of the hydroxyl O atom and reaction pathway in the
photocatalytic hydroxylation of aromatics. We first show
that, in a 16O2/H2

18O system, the 16O (from 16O2) percentage
in the hydroxylated product depends markedly on reaction
conditions and changes with irradiation time. Further de-
tailed examination on the oxygen source of the hydroxyl-
ation shows that a pathway involving the reduction of O2 by

Scheme 1. Traditional mechanisms of the hydroxylation of aromati-
cs.[5b, 8,13a, 14, 17]
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ecb
� and the subsequent formation of free COH via H2O2,

which was usually overlooked in the past photocatalytic
studies, is the main O2-incorporation mechanism. Such a
mechanism can interpret perfectly all our experimental ob-
servations. In our study, no experimental evidence supports
that the radical O2 coupling mechanisms (paths d–f in
Scheme 1) can play a significant role in the incorporation of
O2. These results help to deepen our understanding on the
photocatalytic hydroxylation of aromatic compounds.

Results and Discussion

Oxygen source of the hydroxylated products formed in the
photocatalytic oxidation of aromatic compounds : The pho-
tocatalytic reaction of benzoic acid (BA) was first carried
out in 18O-enriched water (H2

18O) using 16O2 in the air as ox-
idant. The measured isotope abundance[21] was corrected to
determine the proportion of the origination of the hydroxyl
O atom. In blank experiments, a TiO2–H2

18O suspension
containing BA or hydroxylbenzoic acid (BA-OH) was
stirred for 10 h, with and without UV irradiation, and no
change in the isotope abundance in the remaining BA or
BA-OH was detected. These experiments indicate that the
exchange of the O atoms in the carboxyl groups of BA and
BA-OH and the hydroxyl group of BA-OH with H2

18O is
rather slow and can be ignored under the present experi-
mental conditions. The percentages of 16O in the hydroxyl
group of BA-OH are shown in Figure 1.[22] At an initial sub-

strate concentration of 3 mm, the proportion of 16O hydrox-
ylbenzoic acid (BA-16OH) was 33.0 % after 1 h of irradia-
tion, which means that about one-third of the O atoms in
the hydroxyl group originates from oxidant O2, while the
other two-thirds comes from solvent H2O (18O). More inter-
estingly, we found that the isotope abundance of the hydrox-
yl O atom of the product was markedly dependent on the
reaction conditions, such as the irradiation time and sub-
strate concentration. The proportion of BA-16OH increased

with the irradiation time. For example, the 16O abundance
increased from 33.0 to 40.1 %, when the irradiation time in-
creased from 1 to 2 h at a BA initial concentration of 3 mm.
A similar trend was observed when higher substrate concen-
trations were used (Figure 1). It was also observed that the
proportion of BA-16OH decreased as the initial concentra-
tion of the substrate increased. For example, when a saturat-
ed solution of BA (ca. 25 mm) was applied, only 13.4 % (vs.
33.0 % at 3 mm BA) of the hydroxyl O atom was derived
from aerial O2 after 1 h of irradiation. Such a dependence of
the proportion of O2-derived hydroxyl O atoms on the reac-
tion time and initial substrate concentration were also con-
firmed by using H2

16O as solvent and 18O2 as oxidant (Fig-
ure S2 in the Supporting Information). The O2 incorporation
and the enhancement of its proportion with the irradiation
time were also observed in the photocatalytic hydroxylation
of nitrobenzene and benzonitrile (Table S1 in the Support-
ing Information).

Another interesting observation was that the oxygen iso-
tope abundance of the hydroxylated product was also affect-
ed by the adsorption ability of the substrate. As shown in
Table 1, when BA and benzene, which have different ad-

sorption abilities on TiO2,
[23] coexisted in the same disper-

sion, the 16O abundance (from 16O2) in the formed BA-OH
was much lower than that in phenol (the hydroxylated prod-
uct of benzene). For example, in the dispersion with 20 mm

BA and 23 mm (saturated) benzene, BA-16OH accounted for
only 22.3 % of the hydroxylated product of BA, whereas up
to 67.9 % of the O atoms in phenol was from O2 (Table 1,
entry 1). Further, the addition of benzene slightly lowered
the proportion of 16O in BA-OH (for example, from 38.5 to
32.9 % at initial BA concentration of 7 mm), while the pres-
ence of BA notably increased the 16O abundance in phenol
from 47.1 % (Table 1, entry 3) to 60–70 %.

The time-dependence of the 16O abundance gives us a
hint that the O2 incorporation might be determined by some
intermediate formed during the photoreaction, while the dif-
ference in isotope distribution of the hydroxylated product
between BA and benzene suggests that the adsorption of
the substrate might have an influence on the O2 incorpora-
tion. In the following study, by detailed isotope-labeled ex-
periments, we will identify the intermediate that controls
the O2-incorporation process, and reveal the oxygen sources
of the hydroxylated product and the corresponding hydrox-
ylation pathways.

Figure 1. Percentages of O2-derived hydroxyl O atom in BA-OH, using
aerial 16O2 as oxidant and H2

18O as solvent. TiO2 (P25; 2 g L
�1), H2

18O
(1 mL), irradiation time: 1 and 2 h.

Table 1. Percentages of 16O in the hydroxyl groups of BA-OH and phe-
nol.[a]

Entry cBA
0 BA BA + benzene

[mm] BA-OH [%] BA-OH [%] phenol [%]

1 20 26.6 22.3 67.9
2 7 38.5 32.9 62.9
3 0 — — 47.1

[a] The H2
18O solution of BA (1 mL) containing TiO2 (2 gL

�1), with or
without the addition of benzene (50 mL), under aerated (16O2) conditions,
irradiation time: 2 h.

www.chemeurj.org � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2012, 18, 2030 – 20392032

C. Chen et al.

www.chemeurj.org


Contribution of hvb
+ and ecb

� : Since the photocatalytic reac-
tion is initiated by photogenerated hvb

+ and ecb
�, we first ex-

amined their effects on the isotope distribution of the hy-
droxylated product. To this end, we designed some special
experiments, in which hvb

+ or ecb
� was selectively removed,

and then the oxygen isotope abundance in BA-OH was ana-
lyzed. The results are summarized in Table 2. The role of

hvb
+ was first examined by adding formic acid (FA) to

remove it selectively.[24] In the presence of only 2 mm of FA,
which was 10 % of the BA concentration, the abundance of
16O (from 16O2) in the hydroxylated product increased re-
markably (Table 2, entry 2, for example, from 18.2 to 38.3 %
for 1 h of irradiation), which means that the incorporation
of the O atom from solvent H2O was greatly suppressed.
Further increase of the FA concentration could make nearly
all the O atoms in the hydroxyl group of the product come
from O2 (Table 2, entries 3 and 4). When 18O2 was used, and
the solvent water was in its natural isotope abundance
(H2

16O), almost all the hydroxyl O atoms in BA-OH were
18O if 700 mm of FA was added (Table 2, entry 5). The sup-
pression of the oxygen incorporation from H2O by FA indi-
cates that hvb

+ is indispensable for the H2O incorporation,
that is, H2O cannot participate directly in the hydroxylation
of aromatic compounds initiated by ecb

�. In addition, most
of the earlier studies seemed to indicate that the hydroxyl-
ation of aromatic compounds is directly related to hvb

+ or
COH generated from it.[8,13a, 14] In our study, however, hvb

+

was expected to be completely scavenged, when the concen-
tration of FA was high enough (for example, 700 mm as
shown in Table 2, entries 4 and 5). The formation of BA-OH
under these conditions suggests the presence of another hy-
droxylation pathway, which incorporates the O atom of oxi-
dant O2 into the hydroxylated product (see below), but does
not involve hvb

+ .
In contrast, after benzoquinone (BQ) was employed to

scavenge ecb
� and/or oxidize O2C

� back to O2
[25] to hinder the

activation of O2 by ecb
�, the percentage of O2-derived hy-

droxyl O atoms in BA-OH was lowered significantly, for ex-
ample, from 18.2 to 10.0 %, in the presence of 1 mm BQ
(cBQ

0:cBA
0 = 1:20) after 1 h of irradiation (Table 2, entry 6).

Nearly all the hydroxyl O atom was found to originate from
solvent H2O and the oxygen incorporation from O2 into the
hydroxyl group was completely inhibited when a large
amount of BQ was added (Table 2, entries 7 and 8). By
using 18O2 as the oxidant and H2

16O as solvent, BA-16OH
was nearly the exclusive hydroxylated product in the pres-
ence of 40 mm BQ (Table 2, entry 9). After ecb

� is removed
and the activation of O2 by ecb

� is inhibited, the hydroxyl-
ation process should be initiated only by hvb

+ . The complete
inhibition of the O2 incorporation under such conditions
suggests that, in the hydroxylation pathway initiated by hvb

+

, molecular O2 without activation by ecb
� cannot enter the

product. Therefore, the mechanisms involving the direct re-
actions between substrate-based radicals and O2 (paths d
and e in Scheme 1)[8,19] are not likely to be the main path-
ways for the O2 incorporation during the hydroxylation of
aromatic compounds.

It is also noted that FA is much less competitive for COH
than BA, since the rate constant of the reaction between FA
and COH (kFA = 1.3 �108

m
�1 s�1)[26] is much less than that of

BA (kBA =4.3 � 109
m
�1 s�1).[27] For example, in the presence

of 2 mm of FA and 20 mm of BA (Table 2, entry 2), only
0.3 % of the COH is estimated to be captured by FA. There-
fore, the hydroxylation reaction of BA could still occur
through the reaction between BA and COH, if generated,
even in the presence of a high concentration of FA. On the
other hand, in the BQ system, the reaction between BQ and
COH has a rate constant of 1.2 �109

m
�1 s�1.[26] Even at the

highest addition concentration (40 mm), BQ can only cap-
ture about 36 % of the free COH in the competition with BA
(20 mm). Because of the strong adsorption of BA on the sur-
face of TiO2, the competitiveness of BQ for hvb

+ and surface
COH should be much less than that of BA. Therefore, hvb

+

and COH can still initiate the hydroxylation of BA in the
presence of BQ.

In another experiment, COH was produced by the photoly-
sis of H2O2 [Eq. (6)][6a,25a] to model the reaction initiated by
COH. When the photochemical reaction was carried out in
H2

16O/H2
16O2 solution but 18O2 atmosphere, no incorporation

of the 18O atom of 18O2 was observed (Table 3, entry 1). In
H2

18O/H2
16O2 solution and 16O2 atmosphere, almost all the O

atoms in the hydroxyl group was 16O (Table 3, entry 2). It
clearly indicates that the hydroxyl O atom is predominantly
derived from H2O2, that is, COH is generated from H2O2 in

Table 2. Abundance of 16O in the hydroxyl group of BA-OH formed in
the photocatalytic oxidation with the addition of the scavenger of hvb

+ or
ecb
�.[a,b]

Entry Scavenger Abundance of 16O [%]
(c [mm]) 1 h 2 h

1[c] none 18.2 26.6
2[c] FA (2) 38.3 33.2
3[c] FA (40) 97.7 97.5
4[c] FA (700) 97.8 97.7
5[d] FA (700) 1.9 0.6
6[c] BQ (1) 10.0 19.2
7[c] BQ (10) 0.1 0.3
8[c] BQ (40) ca. 0 ca. 0
9[d] BQ (40) 95.8 94.8

[a] TiO2 (P25; 2 gL
�1), cBA

0 = 20 mm, irradiation time: 1 and 2 h. [b] The
additives inhibit the degradation of BA. For example, the addition of
700 mm FA reduced the consumption rate of BA from 1.86 mm min�1 to
0.23 mmmin�1. [c] In H2

18O (1 mL), under aerated (16O2) conditions. [d] In
H2

16O (5 mL), 1 atm 18O2.

Table 3. Percentages of the hydroxyl O atom of BA-OH originating from
18O enriched reagent in the H2O2/UV and S2O8

2�/UV systems.[a]

Entry System Abundance of 18O [%]
1 h 2 h

1 18O2/H2
16O2/H2

16O ca. 0 ca. 0
2 16O2 ACHTUNGTRENNUNG(air)/H2

16O2/H2
18O 3.3 2.9

3 16O2 ACHTUNGTRENNUNG(air)/S2
16O8

2�/H2
18O 98.4 98.4

[a] The solution (1 mL) containing 10 mm H2O2 or K2S2O8 and 20 mm

BA, irradiation time: 1 and 2 h.
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this system. This experiment also suggests that the hydroxyl-
ation process initiated by COH cannot insert the O atom of
molecular O2 into the product, which further implies that
path d in Scheme 1B may play a minor role in the O2 incor-
poration. Another implication of this experiment is that the
isotope exchange between COH or the COH adduct II and
H2O is rather slow under the present experimental condi-
tions, and hence the 18O isotope labeling is a reliable tech-
nique to study the hydroxylation process.

H2O2 ! 2COH ð6Þ

The direct oxidation process of hvb
+ was modeled by the

oxidation of BA by the one-electron oxidant SO4C
�.[28] It was

reported that SO4C
� reacts with aromatic compounds through

one-electron transfer [Eq. (7)], rather than adding to it.[29]

Also, SO4
·� is stable in acidic and neutral aqueous solutions

and cannot oxidize solvent H2O to COH.[30] In our study,
SO4C

� was generated by the photolysis of S2O8
2� [Eq. (8)].[31]

The hydroxylated product formed from the one-electron ox-
idation of BA by SO4C

� had the hydroxyl O atom dominantly
from H2

18O and the incorporation of 16O2 was in the range
of measurement error (Table 3, entry 3). This result is simi-
lar to the case in which BQ was used to block the activation
of O2 in the TiO2 photocatalytic system (Table 2, entries 6–
9). Together with the above FA- and BQ addition and H2O2/
UV experiments, we can exclude safely the earlier proposed
possibility that the O atom of O2 incorporates into the hy-
droxylated product by the direct addition of molecular O2 to
the formed radical species (paths d and e in Scheme 1),[8,19]

because according to these pathways, the O2 incorporation
should always be observed no matter how the reaction is ini-
tiated. However, it should be pointed out that we cannot
rule out the formation of these radical O2 adducts, because
the further reactions of theses high-energy peroxyl radicals
lead to the cleavage of aromatic ring,[32] which is not consid-
ered in the present study. ,

BAþ SO4C
� ! BACþ þ SO4

2� ð7Þ

S2O8
2� ! 2SO4C

� ð8Þ

Roles of reactive oxygen species : After clarifying the impor-
tance of O2 activation by ecb

� and excluding the pathways
through organic radical O2 adducts, we decided to follow the
pathway of the activation of O2 by ecb

� to identify the reac-
tive oxygen species that is responsible for the O2 incorpora-
tion. Superoxide species (O2C

�/COOH) are the first reactive
oxygen species formed by the one-electron reduction of O2

by ecb
� [Eqs. (1) and (2)]. The addition of superoxide dismu-

tase (SOD), which catalyzes selectively the disproportiona-
tion of O2C

�/COOH to form H2O2 and O2 [Eq. (3)],[33] caused
a slight enhancement of the 16O percentage in the hydroxyl
group of BA-OH (Table 4, entry 2, for example, from 18.2
to 25.9 % after 1 h of irradiation). The facilitation of the
16O2 incorporation indicates that O2C

�/COOH is not a necessa-
ry species that directly introduces the O atom from O2 into

the hydroxylated product, which excludes path f in
Scheme 1C as the main O2-incorporation pathway.[8] More-
over, although both the addition of SOD and BQ could
remove the formed superoxide species, the change in 16O
abundance of the hydroxylated product exhibited complete-
ly opposite trends, that is, the O2 incorporation was slightly
facilitated by SOD, while it was markedly suppressed in the
presence of BQ (Table 1, entries 6–9). In the BQ system,
O2C

�/COOH is oxidized back to O2, while the superoxide spe-
cies disproportionates catalytically to H2O2 and O2 in the
SOD system.[25] The contrastive effects between SOD and
BQ on the oxygen isotope abundance suggest that H2O2

might play an important role in the O2 incorporation.
H2O2 is the two-electron reduction product of O2. Its role

was further examined by the addition of horseradish perox-
idase (POD) to decompose H2O2 selectively to H2O and O2

[Eq. (9)].[34] It was found that POD quenched H2O2 com-
pletely (curve c in Figure S4 in the Supporting Information),
and hindered remarkably the incorporation of the O atom
of O2 into BA-OH (Table 4, entry 3). For example, the 16O
percentage decreased from 18.2 to 4.9 % after the addition
of POD for the 1 h irradiated system. On the other hand,
adding H2

16O2 to the TiO2/H2
18O system increased signifi-

cantly the 16O abundance in the hydroxyl group of the prod-
uct (Table 4, entry 4). For instance, after 1 h of irradiation,
the addition of H2

16O2 increased the 16O percentage of the
product from 18.2 to 48.8 %. Similarly, in the SOD system,
which also generated the product with higher 16O abun-
dance, the accumulation of H2O2 was observed to be en-
hanced to some extent (curve b in Figure S4 in the Support-
ing Information, probably because the rapid conversion of
O2C

�/COOH into H2O2 and O2 suppresses the charge recom-
bination[35]). The correlation between the 16O2 incorporation
and the concentration of H2O2 in all above systems suggests
again that H2O2, which is generated primarily from the re-
duction of O2 by ecb

� [Eqs. (1)–(4)],[36] plays a key role in
the incorporation of O2 into the hydroxylated product. To
verify this, H2

16O2 was added into the TiO2/H2
18O/18O2

system. It was found that a significant proportion of the O
atom in the hydroxyl group of the product was 16O from
H2

16O2 (for example, 34.8 % after 1 h of irradiation, Table 4,

Table 4. Abundances of 16O in the hydroxyl group of BA-OH formed in
photocatalysis with different additives.[a]

Entry Additive Abundance of 16O [%]
1 h 2 h

1 none 18.2 26.6
2[b] SOD 25.9 32.7
3[c] POD 4.9 4.9
4[d] H2

16O2 48.8 41.9
5[e] 18O2/H2

16O2 34.8 23.3
6[f] Ar/FA/H2

16O2 98.0 97.7

[a] TiO2 (P25; 2 g L
�1), H2

18O (1 mL), cBA
0 =20 mm, under aerated (16O2)

conditions, irradiation time: 1 and 2 h. [b] SOD (500 U initially and 40 U
per 5 min during the reaction) was added. [c] POD (34 mg initially and
3.4 mg per 5 min after the beginning of irradiation) was added. [d] cH2O2

0 =

5.2 mm. [e] cH2O2

0 =5 mm, 1 atm of 18O2. [f] cFA
0 =0.7m, cH2O2

0 =20 mm, in
Ar atmosphere.
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entry 5). It definitely proves that the O atom in H2O2 could
be incorporated into the hydroxylated product in the photo-
catalytic systems.

2 H2O2 ! 2 H2OþO2 ð9Þ

It is well-known that both the further reduction and pho-
tolysis of H2O2 could lead to the formation of COH [Eqs. (5)
and (6)]. Spin-trapping electron spin resonance (ESR) was
used to detect the formation of COH in the photocatalytic
systems (Figure 2). The addition of SOD enhanced the in-

tensity of the signal of trapped COH slightly, while POD dra-
matically suppressed its signal, which is in good agreement
with their effects on the isotope distribution of the hydroxy-
lated product (Table 4, entries 2 and 3) and the concentra-
tion of formed H2O2 (Figure S4 in the Supporting Informa-
tion). These results suggest that the COH generated from
H2O2 may be an important intermediate in the oxygen incor-
poration from O2 into the hydroxylated product. In the pres-
ent photocatalytic system, because the UV absorption of
TiO2 is much stronger than that of H2O2, the photolysis of
H2O2 should be much slower than the ecb

� reduction pro-
cess.[36,37] Therefore, the formation of COH from H2O2 should
be mainly ascribed to the surface reduction of H2O2 by ecb

�,
but the direct photolysis of H2O2 cannot play a significant
role in the COH formation under the photocatalytic condi-
tions.

To further study the role of H2O2 and the COH from H2O2,
we used H2

16O2 to replace 16O2 as oxidant to capture ecb
� (in

Ar atmosphere) in the TiO2/H2
18O/UV systems. The results

are shown in Figure S3 in the Supporting Information. It is
evident that the O atom of H2O2 incorporated into the hy-

droxylated product, and the 16O proportion of the product
formed (60–90 %) was higher than that using aerial 16O2 as
oxidant (10–40 %, Figure 1). Further, the addition of FA
lead to nearly all the hydroxyl O atoms in the product (ca.
98 %) arising from H2O2 (Table 4, entry 6). These results
suggest that the oxygen incorporation from H2O2 into the
hydroxylated product is initiated by ecb

�, while the H2O in-
corporation is triggered by hvb

+ , which is similar to the case
of O2 as oxidant. However, because three electrons are
needed for the reduction of O2 (via H2O2) to COH, while the
reduction from H2O2 to COH needs only one electron
[Eqs. (1)–(5)], more C16OH should be generated from the
direct capture of ecb

� by H2
16O2 than by 16O2. Therefore, the

system using H2O2 as oxidant formed the hydroxylated
product with much higher 16O abundance.

Next, we will show that our experimental observations of
the O2-incorporation dependence on the reaction conditions
can be well interpreted by the mechanism in which the
oxygen incorporation from O2 into the hydroxylated product
is attributed to the reduction of O2 by ecb

� and the subse-
quent formation of COH (via H2O2). Unlike other reactive
oxygen species such as COOH and COH, H2O2 is so stable
that its accumulation in the solution can be quantitatively
measured by the steady-state technique. As shown in
Figure 3, at all the tested substrate concentrations, the con-

centration of H2O2 increased with the reaction time, which
is consistent with the increase of the 16O abundance of the
hydroxylated product with irradiation time (Figure 1; see
also Figure S2 and Tables S1 and S2 in the Supporting Infor-
mation). By the addition of H2

16O2 to the H2
18O system at

the beginning of the reaction, however, the 16O abundance
of the product was observed to decrease with prolonged ir-
radiation time (Table 4, entry 4), and the concentration of
H2O2 declined from 5.2 mm to 2.4 mm during 2 h of irradia-
tion. All these facts indicate that the accumulation of H2O2

during the reaction is responsible for the increase of the 16O
abundance with the irradiation time.

Figure 2. The ESR signals of the BA/TiO2/UV systems with different ad-
ditives. TiO2 (2 g L

�1), BA (20 mm) and DMPO (50 mm), H2O (1 mL),
with the addition of a) none, b) SOD (500 U), c) POD (40 mg) and d)
iPrOH (0.6 mmol), respectively, under aerated conditions, irradiation
time: 5 min. (Fourfold peaks with intensity of 1:2:2:1 labeled by “*” are
attributed to DMPO-OH, sixfold peaks labeled by “o” are due to
DMPO-C(OH)Me2.)

Figure 3. The change of H2O2 concentration along with the irradiation
time at different initial substrate concentrations. TiO2 (P25; 2 gL

�1), H2O
(1 mL), under aerated conditions. The inset tabulates the corresponding
apparent formation and consumption rate constants.
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In addition, the formed H2O2 accumulation was observed
to be dependent on the concentration of the substrate. At
the beginning stage of the photocatalytic reaction (0–
30 min), the concentration of H2O2 was not seriously affect-
ed by the substrate concentration. However, after 30 min of
irradiation, the concentration of H2O2 increased with the ini-
tial BA concentration at the same irradiation time. The con-
centrations of H2O2 were 0.29, 0.45, and 0.59 mm for the sys-
tems with initial BA concentration of 5, 20, and 25 mm, re-
spectively, at irradiation of 120 min. The accumulation of
H2O2 is determined by its formation and consumption
during the photocatalytic reaction. The formation and con-
sumption of H2O2 are fitted by zero-order and first-order re-
actions, respectively.[36, 38] The apparent formation rate con-
stants of H2O2 were 0.016, 0.013, and 0.012 mm min�1 for
these systems with increasing BA concentration (inset in
Figure 3), indicating that the formation rate of H2O2 does
not change significantly among these systems. By contrast,
the consumption rate constants were found to be greatly de-
pendent on the concentration of the substrate (0.054, 0.027,
and 0.017 min�1, respectively), that is, the higher concentra-
tion of BA leaded to the slower consumption of H2O2. As
stated above, in the photocatalytic system, H2O2 decompos-
es mainly by means of the ecb

� reduction process on the sur-
face of TiO2 [Eq. (5)]. Therefore, the inhibitory effect of
substrate on the consumption of H2O2 could be rationalized
by the competitive adsorption on TiO2 between H2O2 and
BA.[5c,39]

To validate that, the effect of BA on the adsorption of
H2O2 on TiO2 was examined (Figure S6 in the Supporting
Information). The inhibitory effect of BA on the adsorption
of H2O2 was significant. For instance, with a total concentra-
tion of 0.15 mm H2O2, the adsorbed amount of H2O2 de-
creased from 5 mmol g�1 in the presence of 5 mm BA to
3 mmol g�1 for 25 mm BA solution (saturated). As a result,
the presence of BA markedly hindered the degradation of
H2O2 (Figure S7 in the Supporting Information). These ex-
periments also corroborate that the direct photolysis of
H2O2, compared with its surface reduction, is not important
in the photocatalytic systems. Since the reductive degrada-
tion of H2O2 by ecb

� is the major pathway by which the O
atom from O2 incorporates into the hydroxylated product,
the inhibition of the adsorption and degradation of H2O2 at
high BA concentration will hinder the O2 incorporation. On
the other hand, at high substrate concentration, the ad-
sorbed amount of BA will increase. The surface oxidation
process initiated by hvb

+ , which incorporates the O atom of
H2O into the hydroxylated product, will play a more impor-
tant role. All these facts favor the oxygen incorporation
from water (H2

18O), and block the pathway from 16O2, so
the hydroxylated product with lower 16O proportion is
formed.

Finally, we will explain the difference in oxygen source
between the hydroxylated products of BA and benzene ac-
cording to our H2O2 reduction mechanism. It was reported
that H2O2 binds in a monodentate fashhion to the surface Ti
atom through its O atom.[39a, b] As shown in Scheme 2, the

one-electron reduction of H2O2 by ecb
� leads to the breaking

of O�O bond and formation of OH� and COH.[40] Because of
the stronger coordination ability of OH� with surface Ti
sites, surface adsorbed OH� and free COH, which may dif-
fuse to some extent away from the surface, should be
formed. This argument was corroborated by earlier stud-
ies.[41] For example, Choi found that the COH generated from
the reduction of H2O2 on the TiO2 surface can be released
into the gas phase and initiate remote photocatalytic oxida-
tion.[41a] Salvador concluded that the free COH may only be
generated by the electroreduction of dissolved O2 via
H2O2.

[41b] On the other hand, the hydroxylation could also
be initiated by hvb

+ , or the COH from it, and generates the
product with H2O-derived hydroxyl O atoms, as shown in
Scheme 1. In the first process, hvb

+ can only oxidize the sub-
strate adsorbed on the surface of TiO2. In the second pro-
cess, the COH formed by hvb

+ oxidation of H2O/OH� should
be adsorbed on the TiO2 surface, and its desorption proved
to be difficult.[42] Thus, in both processes, the hvb

+-initiated
hydroxylation takes place only on the surface of TiO2. Ac-
cordingly, the reaction on the surface tends to incorporate
the O atom from H2O into the product, while the hydroxyl-
ation of the unadsorbed substrate leads to the formation of
the product containing O2-derived O atoms. Because the ad-
sorption of BA is much stronger than that of benzene,[23] the
surface process would take a higher proportion in the hy-
droxylation of BA than in that of benzene, while the reac-
tion of unadsorbed substrate is more important for benzene.
Therefore, BA-OH has lower 16O (from aerial 16O2) abun-
dance than phenol. Furthermore, in the presence of ben-
zene, the competition of benzene for free C16OH with BA
could lower slightly the proportion of 16O in BA-OH
(Table 1, entries 1 and 2), since BA and benzene have simi-
lar reaction rate constants with COH (kBA = (4.3�0.8) �
109

m
�1 s�1 and kbenzene = (4.3�0.9)� 109

m
�1 s�1).[27,43] Similarly,

the presence of BA could enhance strongly the abundance
of 16O in phenol, because of the competition of BA with
benzene for the surface hvb

+/C18OH.
Further, if the hydroxylation processes of BA and ben-

zene occurred only on the surface of TiO2, the adsorption
ability of substrates, which affects their distribution among
surface and bulk solution, could not have an effect on the
contribution fractions of diverse pathways in the whole hy-
droxylation process. The only possible explanation to the
oxygen isotope abundance difference between BA-OH and
phenol would be the different relative importance of the
direct hvb

+ oxidation pathway (only from H2
18O, path a in

Scheme 1) and the COH addition pathway (from both H2
18O

and 16O2, path b in Scheme 1). Because BA and benzene
have nearly identical rate constants for their reactions with

Scheme 2. Surface reduction of H2O2.
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COH (see above), and benzene is more easily oxidized than
BA (one-electron oxidation potential: EBA

0 =2.6 V and
Ebenzene

0 = 2.1 V vs. NHE),[44] the direct oxidation pathway
should be more important for benzene than for BA. It
means that the 18O abundance of phenol (from H2

18O)
would be higher than that of BA-OH, which is completely
contradictory to our experimental observations shown in
Table 1. On the other hand, if the hydroxylation processes
of BA and benzene only took place away from the surface
of TiO2 (in the bulk solution), no difference in isotope abun-
dance between BA-OH and phenol would be measured
(i.e., 16O%BA�OH = 16O%phenol =

16O %·OH). It is not consistent
with our experimental results either. Therefore, to explain
the observed isotope abundance difference between BA-OH
and phenol, both the surface reaction and bulk solution re-
action should be considered at the same time.

Other supports for the different oxygen sources of the
photocatalytic hydroxylation between the surface reaction
and bulk solution reaction came from the free COH quench-
ing experiments (Table S2 in the Supporting Information).
Both tert-butyl alcohol (tBuOH) and isopropanol (iPrOH)
were reported to capture preferably free COH,[5a,45] because
their low adsorption on TiO2 makes them unfavorable to
compete with BA for hvb

+ or surface-bound COH (details of
the estimation and discussion about the proportions of the
COH captured by tBuOH or iPrOH on the TiO2 surface and
in the bulk solution are shown in Tables S3 and S4 in the
Supporting Information). In the spin-trapping ESR experi-
ment, the addition of iPrOH markedly weakened the
trapped COH signal with the appearance of the signal of
DMPO-C(OH)Me2 (Figure 2; DMPO =5,5-dimethyl-1-pyr-
roline-N-oxide, a spin-trapping reagent used in the ESR
measurements), indicating the quenching effect of iPrOH on
COH. Accordingly, the isotope labeled experiments showed
that the presence of tBuOH and iPrOH decreased the pro-
portion of 16O in the hydroxyl group of BA-OH from 18.2 %
to 13.9 % and 11.8 %, respectively, for the 1 h irradiated sys-
tems (Table S2, entries 2 and 3), indicating again the impor-
tant role of free COH, which mainly initiates the hydroxyl-
ation of unadsorbed substrates, in the oxygen incorporation
from O2.

Conclusion

We studied the photocatalytic hydroxylation of aromatics by
18O-labeling method. The experiments show that 18O-isotope
labeling is a powerful method to identify the oxygen incor-
poration pathway in the photocatalytic hydroxylation. Our
experimental results do not support the mechanism that the
addition of molecular O2 onto the cationic radical or a radi-
cal HO adduct of the substrate could incorporate the O
atom of O2 into the hydroxylated product. In contrast, we
show that the reduction of O2 by ecb

� is indispensable for
the O2 incorporation. The formed intermediate H2O2 plays
an essential role in the O2 incorporation process. The COH
generated from the reduction of H2O2 is the final active spe-

cies that introduces the O2-derived O atoms into the hy-
droxylated product. The findings in the present study also
reveal that, during the photocatalytic oxidation, hvb

+ is not
the only active species that initiates the oxidation. Even in
the absence of hvb

+ , the substrate can still be oxidized by
the COH formed from the reduction of O2 by ecb

�. The con-
tribution of this pathway cannot be neglected for the photo-
catalytic oxidation, and its proportion is comparable to that
of hvb

+ , at least for the hydroxylation of aromatic com-
pounds. Our experiments also show that the photocatalytic
oxidation products of the adsorbed substrates bear less
oxygen from oxidant O2 than those of the unadsorbed ones.

Experimental Section

Materials : TiO2 (P25, ca. 80 % anatase, 20 % rutile; surface area, ca.
50 m2 g�1) was kindly supplied by the Degussa Company (Clausthal-Zel-
lerfeld, Germany). H2

18O was purchased from Jiangsu Changshu Chemi-
cal Limited (Changshu, Jiangsu, P.R. China), the isotope abundance of
which was 98%. 18O2 (18O: 97 %) was purchased from Cambridge Isotope
Laboratories, Inc (Andover, USA). The mass spectrometry analysis of
the post-reaction solvent/atmosphere showed that the oxygen isotope
abundance of the 18O-enriched reagent did not change significantly (<
2%) in all the reactions. Benzoic acid (BA), benzene, nitrobenzene, ben-
zonitrile, and their hydroxylated products were all of analytical grade,
and obtained from the Beijing Chemical Company (Beijing, P.R. China).
5,5-Dimethyl-1-pyrroline-N-oxide (DMPO), a spin trapping reagent for
ESR measurements, was supplied by Sigma–Aldrich Co. (Shanghai, P.R.
China). Horseradish peroxidase (POD), which was used in the measure-
ment of H2O2, was purchased from the Huamei Biologic Engineering Co.
(Luoyang, Henan, China), while N,N-dialkyl-p-phenylenediamine (DPD)
was from Merk (p.a.) (Whitehouse Station, NJ, USA). Chlorotrimethylsi-
lane (TMSCl) and 1,1,1,3,3,3,-hexamethyldisilazane (HMDS) were pur-
chased from Acros Organics (Beijing, P.R. China). All reagents were
used as received without further purification.

Photocatalytic reactions : A 100 W Hg Lamp (ToshibaIn SHL-100UVQ)
was used as the light source for the photocatalytic reaction. In a typical
H2

18O-isotope-labeled reaction, TiO2 (P25, 2 mg) was dispersed in H2
18O

(1 mL) with a given concentration of BA under aerated conditions (16O2).
Prior to irradiation, the suspension was magnetically stirred in the dark
for about 30 min to ensure the establishment of an adsorption/desorption
equilibrium. After irradiation for a definite time, the oxygen isotope
abundance of the hydroxylated product was analyzed by HPLC-ESI
method (Agilent LC 1200/Ion Trap 6310) with C-18 column (250 mm �
2.1 mm). Each measurement was repeated at least three times to assure
the accuracy. The standard deviation of MS analysis is estimated to be ca.
0.6%. To minimize the disturbance caused by the change of substrate
concentration and the formation of intermediates, only the initial stage
(0–2 h, <7% of substrate conversion) of photocatalytic oxidation was
studied. Figure S1 in the Supporting Information gives the typical HPLC
chromatograms (acquired by UV and MS detectors) and ESI-MS spectra.
The measured isotope abundance of the product was corrected with the
oxygen isotope abundance of solvent H2O and the natural isotope abun-
dance of the product [Eqs. (10) and (11)] in which Cp, Cn, and Cw are the
18O percentages of the measured isotope abundance of the product, natu-
ral isotope abundance of the product, and measured isotope abundance
of solvent H2O, respectively.

H2O% ¼
Cp � Cn

Cw � Cn
� 100 ð10Þ

O2% ¼ Cw � Cp

Cw � Cn
� 100 ð11Þ

In the experiments using 18O2 as oxidant, the photocatalytic oxidation of
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BA was performed in Pyrex vessels (10 mL) with H2
16O suspension

(5 mL) containing BA (20 mm) and TiO2 (P25; 2 gL
�1 ). Before the 18O2

reaction, the suspension in the vessel underwent twenty cycles of pump-
ing to vacuum and then purging with argon to remove the air, followed
by saturation with 1 atm of 18O2. After reaction, the oxygen isotope abun-
dance of the hydroxylated product was measured with the same method
as that of H2

18O labeled experiments, and the correction was also applied
[Eqs. (12) and (13)] in which CO is the 18O abundance of 18O-enriched O2.

H2O% ¼
CO � Cp

CO � Cn
� 100 ð12Þ

O2% ¼
Cp � Cn

CO � Cn
� 100 ð13Þ

In the measurement of the isotope abundance of the hydroxyl O atoms
of the hydroxylated products formed in the photocatalytic oxidation of
benzene, nitrobenzene, and benzonitrile, the reacted suspension was ex-
tracted with ethyl ether (5 mL). The organic phase was dried with anhy-
drous Na2SO4, and evaporated to about 0.1 mL by Ar purging. The con-
centrated sample was treated with HMDS (100 mL) and TMSCl (50 mL),
and then centrifuged. The TMS derivations of phenols were analyzed by
GC-MS (Thermo-Finingan; Trace 2000/Trace DSQ) with a DB-5MS
column (30 m� 0.25 mm).[7a] The MS peaks corresponding to [M�CH3]

+

were used to calculate the oxygen isotope abundance.

The concentration of H2O2 formed during the reaction was measured by
the spectrophotometric DPD method.[46] Electron spin resonance (ESR)
signals of the radicals trapped by DMPO were detected at ambient tem-
perature with a Brucker ESP 300 E spectrometer, under the reaction
conditions that were the same as those in the isotope labeled reactions
except the addition of DMPO. A given amount of suspension (30 mL)
was collected at a given time and filled into a quartz capillary for ESR
measurement. The settings for the ESR spectrometer were as follows:
center field, 3443 G; sweep width, 100 G; microwave frequency,
9.64 GHz; modulation frequency, 100 kHz; power, 10.05 mW.
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