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Heterogeneous Photocatalytic Reactions on Semiconductor Materials. III.
Effect of pH and Cu’* Ions on the Photo-Fenton Type Reaction

Masamichi Fujimira,* Yoshiharu Saton, and Tetsuo Osa

Pharmaceutical Institute, Tohoku University, Aobayama, Sendai 980
(Received June 29, 1981)

The effect of pH and Cu?* ions on the heterogeneous photocatalytic oxidation of toluenes by H,O, formed
from dissolved O, in the presence of illuminated TiO, powders, i.e. “the photo-Fenton type reaction,” was in-
vestigated. At low and high pH, a total amount of products increased drastically compared with that of the
additive free system (pH 7). In the acidic region (aqueous H,SO,), side-chain oxidation prevailed over cresol
formation and benzaldehyde was formed quite selectively at pH 1. Oxidation of the side chain in preference
to hydroxylation of aromatic ring was also observed in the alkaline region (aqueous NaOH). By adding Cu?*
ion to the aqueous H,SO, (pH 1 and 2), the yield of benzaldehyde increased further and cresols, benzyl alcohol,
and bibenzyl were formed newly in high yields. At high Cu2+ concentrations (pH 2), the cresol formation in
preference to the side-chain oxidation was attained. The observation was in good agreement with the Fenton
reaction reported in which Cu?+ and Fe3+ ions are added as oxidants for the intermediate products, such as hy-
droxycyclohexadienyl and benzyl radicals, formed by HO- attack to toluene. Cu?t ion was more preferable
to Fe3* ion as the oxidant, since “short circuiting” by Cu?* due to the reversible redox reaction at semiconductor
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particles was much lower than that by Fe3+.
system, no oxidation of toluene resulted.

Previously we described the heterogeneous photo-
catalytic oxidation of aromatic compounds by the
illuminated semiconductor powders under the air at-
mosphere.l=3) By this new synthetic method, all the
products expected from the Fenton reaction® were
obtained when the reactions were carried out in the
aqueous solutions.’»? For example, phenol and
biphenyl from benzene and benzaldehyde, cresols, and
bibenzyl from toluene were obtained. From the dis-
tribution of these products?) and from the effect of
the semiconductor materials on the reaction,® it was
concluded that the reaction proceeded via the same
mechanism as the Fenton reaction and consequently
the reaction was named ‘the photo-Fenton type re-
action.”’*»®) The real oxidant in the aqueous TiO,
systems was considered to be the hydroxyl radical,
HO-, which is formed either from the cathodic re-
action product, Hy,O,, (Egs. 1—3 and 5—7) as in

by — e~ + ht (1
2h+ + H,0 —> 1/20, + 2H* @)
' |

O, + 2H+ + 2~ —— H,0, ®)

Fenton’s reagent® or from the anodic oxidation of
OH- or H,O (Egs. 8 and 22).5-") The role of hy-
droxyl radicals was also suggested in the photode-
composition of hydrocarbons in oxygen-containing a-
queous solutions at platinized TiO,.1%

On the other hand, the reaction proceeded dif-
ferently, when TiO, powders suspended in the aro-
matic hydrocarbon themselves were irradiated. For
example, irradiation of toluene gave benzaldehyde
under the air, and gave bibenzyl under nitrogen very
selectively.®) The observation under the air atmos-
phere corresponded well to the reported results for
vapor-phase oxidation of alkyltoluenes by oxygen in
contact with UV irradiated TiO, in which alkylbenz-
aldehydes were yielded selectively.!® The difference
in the distribution of the products caused by the ab-
sence of water was interpreted by proposing the other

By adding a large amount of CI- ions to the Cu?+-H,SO, aqueous

mechanism.3) In this mechanism, oxidation was in-
itiated by the anodic oxidation of toluene by a photo-
generated hole to form a toluene cation radical'®)
and inexistence of the reactive oxidant, HO- was
assumed. The mechanism explained well not only
the absence of the hydroxylated products, but also
the reason for failure in oxidation of benzene in the
absence of water.?

If we compare the results observed in the presence
and absence of water, we will readily come to the
conclusion that a distinctive feature of ‘“‘the photo-
Fenton type reaction” in the presence of water is
its ability to hydroxylation of aromatic rings. Con-
sequently in the present work, we investigated the
effect of the solution conditions such as pH and Cu?*+
ions on “the photo-Fenton type reaction,” because
these solution conditions are well known in the usual
Fenton reaction? to affect the distribution of the
products, especially the ratio of the yield of hydroxyl-
ated product to that of side-chain oxidation product
(Scheme 1). We will also describe the effect of these
factors on the total yield of product.
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Experimental

As a photocatalyst, 99.99%, anatase from Rare Metallic
Co. was used as received. Each photocatalyst (1g), in
a mixture of aqueous solution of various pH’s (100 cm?)
and toluene (5 cm?®), was irradiated for 2h by a 500 W
high pressure mercury arc lamp in a 100 cm® Pyrex glass
round bottomed flask with a condenser cooled with run-
ning water. The solutions were prepared using doubly
distilled water and reagent grade chemicals without further
purification. To keep the solution saturated with oxygen
in the air and to maintain homogeneous mixing of the sus-
pension, the solution was stirred by a magnetic stirrer. After
photolysis, the solution was made acidic by HCI addition,
then extracted with ether, and finally concentrated under
a reduced pressure. A Shimadzu GC-4CM gas chroma-
tograph was used for the analysis of the products. The
injection temperature was 250 °C and the column tem-
perature was programmed from 140 °C to 180 °C at the
raising rate of 1 °C min~. Nitrogen was used as the carrier
gas at the flow rate of 30 cm® min—t. The column used
was 2 m X 3¢ SUS packed with 109, Lanoline on Chromosorb
W. Identification of products was based on comparison
of the retention times of samples and standards. Aceto-
phenone was used as the internal standard material for
quantitative analysis. The amount of a gaseous product,
CO,, was determined by the method in the literature.'®
Total amount of products and the quantum vyield were
calculated on the basis of the amount of the starting material
transformed. Therefore 1 mol of cresols, benzaldehyde, or
benzyl alcohol counted as 1 mol of products while 1 mol
of bibenzyl counted as 2 mol of product. The number
of incident photons (s~) was estimated by the use of a
calibrated Hamamatsu silicon photocell model S 1337-
1010 BQ on the assumption that irradiated light through a
Toshiba UV filter UV-D35 mainly consisted of photons
of 365 nm.

Results and Discussion

Effect of pH. The effect of pH on the distri-
bution of the products and on the total yield of prod-
uct is shown in Table 1. In these experiments, pH
was controlled by adding H,SO, or NaOH and the
solutions were irradiated without UV filter except for
run Nos. 2 and 3. On calculation of quantum yields,
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effective light intensity without UV filter was as-
samed to be about 1.9 times stronger than that with
the filter on the basis of the previous results for neu-
tral systems (pH 7).» It seems quite reasonable be-
cause the quantum yields calculated on the assump-
tion for the experiments at pH 1 with and without the
filter are in good agreement with each other (Nos.
1 and 2). By merely adding H,SO,, the total amount
of products increased with increase in H,SO, con-
centrations and at pH 1 it becomes about 5 times
more than that of additive free system. Although
the amount of CO, evolved was not determined for
every run of the experiment, about 100 umol of CO,
was evolved at pH 7 while only a trace amount of
CO, was detected at pH 1. The suppression of CO,
formation may explain partly the high yield at low
pH.'» There has been also prediction that the Haber-
Weiss reaction can be a potential HO- radical source
in the absence of metal impurities at high and low
pH.1® It is also clear from the data in the acidic
region (Nos. 1—4) that the yield of side-chain oxida-
tion products prevailed over the yield of cresols and
at pH 1 benzaldehyde was formed quite selectively.
The total yields increased also with increase in pH
in the alkaline region and preferential oxidation of
the side chain becomes clearer with increase in pH.
But as the side-chain oxidation products, not only
benzaldehyde but also bibenzyl was formed and the
latter yield is rather higher than the former yield
(Nos. 9 and 10) in contrast with the results at pH 1.

The pH dependence of the heterogeneous photo-
catalytic oxidation of toluene in the acidic region
can be interpreted reasonably with reference to the
mechanism of the Fenton reaction as previously.l:2)
In the Fenton reaction, H,O, decomposes into hy-
droxy radical and hydroxide anion by the reductive
cleavage with ferrous ion as follows:%

H,0, + Fe** —— HO- + HO- + Fe3+ (4)

In the present system, where the metal ion catalyst
for HO- formation such as Fe?* was not added, we
considered the following four reactions are responsible
for HO- formation as probable paths.:2 HO- form-
ed is very reactive and takes part in the hydroxyla-

TasLe 1. ErrecT oF pH ON YIELDS FOR PHOTO-FENTON TYPE REACTION OF TOLUENE

Run H Product (wmol)® Total® Quantum®

No. P BzOH PhCHO o-Cr mCr p-Cr BiBz Dimer CO, wmol yield/%
1 1 3.8 418.2 — — — 18.7 — 459.4 1.14
2 1 trace 234.3 — — — — - trace 234.3 1.08
3 22 trace 133.7 8.9 3.8 2.7 — — 149.1 0.69
4 3 trace 84.2 7.5 3.7 1.7 4.7 1.4 106.5 0.26
5 4 —_ 27.0 31.3 20.2 10.3 11.0 5.4 110.8 0.28
6 7) — 27.3 30.5 19.2 11.2 - 5.0 81.2 88.2 0.22
7 11 — 11.0 19.9 23.8 9.1 18.5 8.0 100.8 0.25
8 12 — 25.1 41.0 39.5 17.5 2.3 trace 127.7 0.32
9 13 trace 46.6 19.9 19.4 6.7 63.8 9.7 220.2 0.55
10 14 trace 58.5 1.5 0.6 0.3 106.0 0.5 272.9 0.68

a) With UV filter.
cresol, BiBz=bibenzyl.

b) Without H,SO, and NaOH.

c) BzOH =benzyl alcohol, PhCHO =benzaldehyde, Cr=
d) Calculated by excluding dimer.
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H,0, + O, — HO-. + OH- + O, (5)
H,0, + v — 2HO- (6)
H,0, + e~(TiO,;) — HO- 4+ OH- 7
H,O(ads) + h+ — HO- + H* ®)

tion of aromatic ring and the side-chain oxidation
of alkylbenzenes via the mechanism as shown in
Scheme 1.17-1%) Steps for which there is substantial
evidence!®) are indicated by solid arrows, others which
are also discussed by dashed arrows. It indicates
that most hydroxyl radical attack on aromatics oc-
curs via addition, a, to yield hydroxycyclohexadienyl
radicals. This is in agreement with conclusions by
previous researchers!’-1® and the frequent detection
of the hydroxycyclohexadienyl radical by spectroscopic
means?%2) and is strongly supported by the present
result described later that phenolic products can be
detected in every system in the presence of adequate
oxidant, particularly Cu?*, and can be made the ma-
jor products. This shows that direct side-chain at-
tack, k, cannot be more than a minor reaction path.2?
The rates of hydroxyl radical reactions with aro-
matics are much faster than would be anticipated
for side-chain hydrogen abstraction.!’® In order to
account for an apparent high reactivity of aromatic
alcohols compared with benzene, Hamilton has pro-
posed either path, 1 (perhaps concerted with f) or
initial formation of a = complex.?® It is, however,
suggested from a correlation of the rate constants with
Hammett substituent constant 02425 that sulfate ra-
dical anions, SO,”, form the cation radicals by an
electron transfer from the ring to SO~ while hydroxyl
radicals add to the aromatic ring to form hydroxy-
cyclohexadienyl radicals.

If pH of the solution becomes low, the hydroxy-
cyclohexadienyl radical, will be changed promptly to
a radical cation (route d in Scheme 1).20) The form-
ed cation radical has been known to lose a proton
irreversibly to give a benzyl radical (route f) which
undergoes dimerization to bibenzyl in the absence of
oxidant (route g) or side-chain oxidation to benzyl
alcohol (route h) or benzaldehyde (route h and i or
route j) in the presence of oxidant. In the systems
described above, there is no oxidant added such as
Cu?+ and Fe®* ions, and therefore only dissolved
oxygen acts as the oxidant. Since the yield of benzyl
alcohol is much less than that of benzaldehyde (Nos.
1 and 2), benzaldehyde may be formed directly via
a route j in the presence of dissolved oxygen as in
the oxidation in aromatic hydrocarbons.? The selec-
tive formation of benzaldehyde agrees well with the
reaction with Fenton’s reagent generated electrochem-
ically in the presence of oxygen.?® With increase in
pH, cresols formation by oxidation of hydroxycyclo-
hexadienyl radical with dissolved oxygen (route b)
seems to prevail over the side-chain oxidation de-
scribed above due to slow down in the water elim-
ination reaction to cation radicals (route d). Above
pH 3, another product which may be attributable
to a dimer as biphenyl was also detected (route c).

In the alkaline region especially at extremely high
pH where only a small amount of cresols was ob-
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tained (No. 10), it seems difficult to explain the re-
action only by the above described mechanism for
the Fenton reaction. For example in such a high
pH region, the concentrations of H,O, and HO- are
lowered by deprotonation as follows:

H,0, —> HO,~ + H+ (pK,=11.62) )
HO- — O- + H+ (pK,=11.9%.2) and 11.8%)
(10)

Consequently, it is preferable to propose the addi-
tional mechanism for the reaction in this pH region.
Fortunately, it has been already demonstrated??31-34)
by pulse radiolysis studies that benzyl radicals can
be produced in irradiated aqueous solution by the re-
action of O~ with toluene at high pH. Although
HO- radicals add to the aromatic ring much more
rapidly than they abstract hydrogen from an aliphatic
side chain, the situation is reversed when HO- is
converted into O-. At pH>13, the main reaction
in irradiated solutions of toluene involves abstraction
of H from the methyl group to produce the corre-
sponding benzyl radicals. Consequently, the prefer-
ential oxidation of side-chain at high pH (pH>13)
in Table 1 can be interpreted by the further reac-
tions of the benzyl radicals formed by this hydrogen
abstraction by O-. In the presence of oxygen, O~
reacts with O, very rapidly to form the ozonide ion
with the rate constant of 2.6 x10° M-15-1.3%) How-
ever, from careful pulse radiolysis studies, Gall and

O- + 0, —> O (11)

Dorfman®) concluded that O— species through ther-
mal dissociation reaction is again the true reactive
species in the presence of Oj~.

Oy —> O, + O~ (12)

Although the explanation given above is most prob-
able, the alternative mechanism described below was
considered at first as a probable mechanism which
is similar to the mechanism for the reaction in the
absence of water described previously.®)

hv — e~ + ht (13)
CH;CH; + ht —— CH;CH,*- (14)
CH;CH;*- — CgH;CH,- + H* (15)
CH;CH,- — 1/2(CH;CH,), (16)
CeH;CH,- + Q; — C¢H;CH,0,- (17)
CeH;CH,0,- + ¢ — CH;CHO + OH- (18)

Instead of Egs. 17 and 18, the alternatives are pos-
sible as follows:

O, + e — Oy (19)

C¢H;CH,0,- + 0,7 — C¢H;CHO + OH- + O,
(20)

C¢H;CH,- + O, — CH;CHO + OH- (21)

This seems to be rationalized by the consideration
of pH dependent change in energy levels of the band
edges of TiO,37%) and the redox potentials of species
in solution as shown in Fig. 1. For lack of data,
the redox potential of toluene/toluene cation radical
measured in acetonitrile3? is adopted in place of that
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Fig. 1. Changes in position of conduction-band and

valence-band edges of Ti0,%":3® and redox potentials
of solution species?®424®) in V u5. SCE by pH of the
aqueous solution.

in water. The potential should be more cathodic
than the value shown in Fig. 1 due to the higher solv-
ation energy of cation radical in water than in aceto-
nitrile.#® Taking this into account, it can be rea-
sonably proposed that toluene is oxidized directly into
cation radical even at high pH (Eq. 14) as well as
HO- by positive holes created in the valence band.

HO- + h+ — HO-. (22)

Previously the reaction under the air in the absence
of water only gave benzaldehyde,® but bibenzyl was
also formed in the aqueous alkaline solution. The
difference may be partly due to the lower solubility
of oxygen in water than that in toluene®") and partly
due to the shorter life time of superoxide ion in
water4?) than that in hydrocarbon. Furthermore the
direct formation of cation radical by positive holes
can be considered reasonably as a parallel initiation re-
action as well as the reaction initiated via addition
by HO- at pH<I12, since the cation radical formed
by SO,™ gave the similar isomer distributions to those
obtained by HO-,%) but in a strongly alkaline solu-
tion, applicability of this parallel mechanism cannot
be ascertained since conversion of SO,” to HO- should
compete with attack on toluene**) and the HO--O-
equilibrium becomes significant as described above.
If it prevailed, reversible hydration by water to hy-
droxycyclohexadienyl radicals from the cation radical
(route d)?) would give more phenolic compounds
even at high pH. Anyhow, the very low yield of
cresols at pH 14 indicates that contribution of the
Fenton type reaction by HO- radical is very low,
but it is not negligible in contrast with the previous
results in the absence of water® due to the equilibrium
of reaction of Eq. 10.

In addition to the above described pH dependence
of CO, formation'® and the yield of Haber-Weiss
reaction,'®) the following will partly account for the
present observation as to the effect of pH on the total
yield of products. In neutral solution, the equilib-
rium of reaction route d lies to so far to the hydroxy-
cyclohexadienyl radical side and furthermore the rate
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of reaction route b is limited by the oxidation with
dissolved oxygen in the absence of additional oxidants.
Consequently if there is another path through which
hydroxycyclohexadienyl radicals decay, this accounts
for the minimum in the total yield of product in the
neutral region. The Hiickel theory predicts that the
hydrogenated aromatic radical, ArH-, derived from
alternant hydrocarbons should have the same half-
wave potentials, about —1.1'V ws. SCE, since the
highest occupied orbital into which a further electron
is uptaken is the non-bonding molecular orbital. This
fact was ascertained experimentally by Dietz and
Peover.#®) Due to its higher electronegativity of HO
than H, the reduction potential of hydroxycyclohex-
adienyl radical can be considered reasonably to be
more positive than that of cyclohexadienyl radical of
—1.1 V us. SCE. Consequently there is a possibility
for hydroxycyclohexadienyl redical to be reduced to
yield toluene and HO- by either electron from con-
duction band of TiO, or superoxide ion. In the al-
kaline region, the direct formation of benzyl radical
by O~ as described above may account for the in-
crease in total yield.

Effect of Cu?+ Ions. The effect of Cu?t ion con-
centrations at pH 1 and pH 2 on ‘“‘the photo-Fenton
type reaction’ is summarized in Table 2. On run
Nos. 2, 3, and 11—17, pH of the solution was ad-
justed by adding H,SO,, while in run Nos. 18 and
19, HCI was used as acids and in the latter case NaCl
was also added. As is evident from the mechanism
shown in Scheme 1, the total yield of product will
be expected to increase if oxidants are added in the
acidic region where the Fenton type reaction mech-
anism was found to be applicable. This is because
the reactions of routes b and h will be accelerated and
the backward reaction (route e) will be retarded by
the addition of oxidants. As one would expect, the
side-chain oxidation products increased by addition
of 10 mM Cu?t ions at pH 1 (No. 11). Absence of
cresols seems to be reasonable since the reaction be-
tween hydroxycyclohexadienyl and cation radicals
(route d) lies to the cation radical side at such a very
low pH4 It is also worthy of note that bibenzyl
and benzyl alcohol were formed in additon to benzal-
dehyde. Cresols formation by further increase in Cu?+
ion concentrations (Nos. 12—14) seems to be due
to the acceleration of route b which is so high as to
be able to compete with the reaction to cation radical
(route d). Among the side-chain oxidation products,
bibenzyl decreased dramatically with increase in Cu?+t
ion concentration according to our expectation from
Scheme 1. Sudden increase in benzyl alcohol yield
by addition of Cu?t ions supports the above inter-
pretation that benzaldehyde was formed directly via
route j in the presence of only oxygen. The further
increase in the formation of benzaldehyde and al-
most the constant yield of benzyl alcohol with in-
crease in Cu?* ion concentration up to 50 mM in-
dicate that a part of benzaldehyde was formed uvia
the intermediate benzyl alcohol in the presence of
Cu?t+ ions (routes h and i). In the presence of high
concentration of Cu?t ions (Nos. 13 and 14), cresols
formation increased, but the total yield decreased with
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TaBLE 2. ErFect OoF Cu2t CONCENTRATION ON YIELD FOR PHOTO-FENTON TYPE REACTION OF TOLUENE?®)
Run H [Cu*] Product (pmol) Total Quantum
P. 1 T mol ield/©
No. mM BzOH PhCHO  ¢-Cr m-Cr p-Cr BiBz wmol vield/%
2 1 0 trace 234.3 — — — 234.3 1.08
11 1 10 182.4 315.3 trace — — 201.5 901.1 4.17
12 1 50 188.1 646.4 80.7 7.6 70.8 1064 .4 4.93
13 1 200 186.8 540.4 130.8 54.7 19.0 950.3 4.40
14 1 500 141.9 206.8 133.0 73.7 8.8 573.0 2.65
3 2 0 trace 133.7 8.9 3.8 2.7 — 149.1 0.69
15 2 50 — 123.9 101.9 44.5 21.1 7.9 307.3 1.42
16 2 200 trace 111.3 208.2 89.7 67.5 — 476.7 2.21
17 2 500 — 24.5 120.9 57.1 50.2 — 252.7 1.17
18 2b) 200 — 60.5 165.9 90.0 65.4 — 381.8 1.77
19 20 200 — — — — — 0 0

a) All experiments were done with UV filter and pH of solutions were controlled by adding H,SO, unless other-

wise noted.

increase in Cu?t concentration. This tendency was
also observed in the experiments carried out at pH
2 (Nos. 3, 15—17). At this pH, by adding Cu?**
oxidation occurred on the ring in preference to the
side chain and furthermore the yield of the side-chain
oxidation products rather decreased compared with
the result in the absence of Cu?**. In spite of ad-
dition of Cu?*, benzaldehyde may be formed mainly
via route j at this pH as only little benzyl alcohol and
bibenzyl are formed. At present the reason for this
is not clear. Among the experiments done in H,SO,
aqueous solutions, 500 mM of Cu?* ions at pH 2
gave the highest ratio of the yield of hydroxylated
products to that of side-chain oxidation products.

In addition to acceleration of routes b and h and
retardation of route e, it may be possible that ad-
dition of Cu?* ions also increases the total yield by
the action of Cut ions, formed by the oxidation re-
actions in route b and h, as a catalyst for the Fenton
type reaction as follows:

H,0, + Cut —— HO. + OH- + Cu2+ (23)

Here Cut ion is unstable thermodynamically*®) be-
cause Cut ion easily disproportionates to Cu2?+ and
Cu metal in H,SO,. The decrease in the total yield
observed in the high Cu?t concentration, which is
not so obvious as in Fe?+ addition described previ-
ously 1% can be attributed to the “short circuiting”
reactions as follows:
Cu?t+ 4 2¢e- —— Cu

|
{
Cu + 2h+ —— Cu2+ (25)

Sluggishness of Reaction 25, may be the main reason
for inefficiency of the “short circuiting” reaction of
Cu?t ions.??)

If chloride ion is added, cuprous ion will be stable
thermodynamically by complex formation%® as shown
in Egs. 26—28. The redox couple would also ex-
pected to be active as a catalyst for HO- formation.48)
The result at pH 2 by adding HCI is shown in run
No. 18. Almost comparable result to that observed
with H,S80, solution was obtained in the aqueous
HCI solution, but no product was formed when 3.4

(24)

1 M=1moldm=3. b) 10 mM HCI aqueous solution. ¢) 3.4 M NaCl in 10 mM HCI aqueous solutinn.

M NaCl was added further (No. 19). The latter
result may be explained by the “short circuiting”
reaction of the following reversible redox reactions:

Cu?t + CI- + e~ —— CuCl (26)
) |
CuCl 4 h+ —— Cu? + CI- @7)

where, in high Cl- concentration, cuprous chloride
is in equilibrium with its complexes with chloride
anion as follows:%

nCuCl + mCl- — Cu,Cl,+,™

(28)

The preferential hole quenching by the undesirable
anodic reaction of chloride anions:5?

2CI- + 2h+ — Cl, (29)

also seems to be responsible for no oxidation of toluene.

In conclusion, lowering pH and adding Cu2+ ions
increased the quantum vyield of the heterogeneous
photocatalytic oxidation of toluene up to 59, as to
total products, which is about 20 times more efficient
than that observed in the additive free system. The
effect of these solution conditions on the distribu-
tion of products was very similar to those observed
in the usual Fenton reactions in the acidic media
containing H,0,, Fe?*, and Cu?+. In the alkaline
media, O~, deprotonated form of HQO-, abstracts H
from side-chain of toluene rather than adds to the
aromatic ring and consequently the side-chain oxi-
dation products were formed in preference to the
phenolic compounds. In other words, the selective
formation of benzaldehyde, bibenzyl, or cresols was
possible by controlling pH and/or adding Cu?* ions.
By these observations we could confirm further the
previous conclusion that the real oxidant in the a-
queous TiO, system is the hydroxyl radical as in
Fenton’s reagent. Cu?t jon was not so serious as
Fe+ for decreasing the yield due to the “short cir-
cuiting” by its redox reaction occurring at the same
semiconductor particle, unless the solution contained
a large amount of Cl- ions.
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