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Photocatalytic degradation of formic and benzoic acids and hydrogen
peroxide evolution in TiO2 and ZnO water suspensions
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Abstract

The photocatalytic degradation of formic acid (FA) and benzoic acid (BA), chosen as model organic molecules with acidic properties, was
investigated in TiO2 and ZnO water suspensions under different experimental conditions. Hydrogen peroxide evolution, formed through a reductive
pathway started by conduction band electrons, was also simultaneously monitored during the degradation runs. The effect of different initial amounts
of substrates and the dependence of the reaction rate on the initial pH of the TiO2 suspensions was interpreted under the light of a pseudo-steady
state Langmuir–Hinshelwood rate form and of the electrostatic interactions occurring at the water–semiconductor interface. ZnO appeared a more
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ffective photocatalyst than TiO2 for BA, but not for FA degradation. A much higher amount of hydrogen peroxide was detected in ZnO irradiated
uspensions, both in the presence and in the absence of the substrates, mainly because of its lower photocatalytic decomposition rate on such oxide.
he rate of hydrogen peroxide evolution during the photocatalytic oxidation of BA on TiO2 could be related to the rate of the oxidation process,
hile H2O2 could not be detected during the photocatalytic degradation of FA on this oxide, mainly because of the reduced shielding ability of

his substrate.
2005 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, many studies have been focused on the photo-
atalytic degradation of organic compounds mediated by semi-
onductor particles acting as photocatalysts [1–3]. In particular,
itanium dioxide has been widely employed, thanks to its out-
tanding photocatalytic activity and high stability. Among other
idely investigated semiconductors, zinc oxide also shows a
igh efficiency in photocatalysis, even if its low stability, which
akes its aqueous suspensions stable only at basic pH, repre-

ents a strong limitation to its practical use [4,5]. The efficiency
f photocatalytic processes has been shown to depend on several
ifferent characteristics of the semiconductor particles, such as
heir surface properties, the position of their band gap poten-
ials, the mobility and recombination rate of the charge carriers
enerated by UV-light absorption. Moreover, a relevant role is
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also played by the chemical and adsorption properties of the
degradation substrate, depending also on experimental condi-
tions, such as pH and the substrate to photocatalyst concentration
ratio.

The photocatalytic degradation of organic pollutants hav-
ing direct relevance in water remediation treatments, i.e. 2-
chlorophenol, a couple of acid azo dyes and the gasoline additive
methyl tert-butyl ether, has been recently investigated by us
[6–9]. In the present work, the interest was focused on the pho-
tocatalytic degradation of formic acid (FA) and benzoic acid
(BA), two model compounds suitable for investigating the pho-
tocatalytic behaviour of aliphatic and aromatic organic acids,
respectively. In particular, FA was chosen because it under-
goes direct mineralisation to CO2 and H2O without the for-
mation of any stable intermediate species [10–13]. Moreover,
it also represents a possible final step in the photodegradation of
more complex organic compounds. BA is a particularly suitable
model molecule for understanding the photocatalytic behaviour
of more complex aromatic water pollutants with acidic prop-
erties, initially undergoing hydroxylation of the benzene ring
under photocatalytic conditions [14–16].
010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2005.09.009
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The photocatalytic degradation of the two substrates was
investigated in the presence of titanium dioxide and of zinc
oxide under different experimental conditions. In particular, the
effects of pH and of the initial substrate concentration were
investigated in relation to the adsorption properties of the two
substrates on the semiconductors. The evolution of hydrogen
peroxide, formed by reduction of adsorbed molecular oxygen
by conduction band electrons, was also monitored during the
photodegradation runs; this gave information on the rate of the
main reduction path occurring in parallel to the photocatalytic
oxidative degradation of the two organic acids.

2. Experimental

2.1. Materials

Formic acid (purity 95–97%) and benzoic acid (purity
>99.5%) were purchased from Aldrich. Titanium dioxide
(Degussa P25, measured surface area 35 m2 g−1 [17]) and zinc
oxide (Fluka, surface area 5 m2 g−1) were employed as photocat-
alysts. All other chemicals were high purity Aldrich products.
Water purified by Milli-Q water system (Millipore) was used
throughout.

2.2. Apparatus
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was always maintained above 8.5, thus ensuring the photosta-
bility of the semiconductor oxide [20].

FA photodegradation was monitored by means of total
organic carbon (TOC) analysis in the not purgeable organic
carbon (NPOC) mode, employing a TOC-5000A Shimadzu
instrument. BA concentration during the runs was detected by
HPLC analysis, employing an Agilent 1100 Series apparatus,
equipped with a �Bondapak-C18 column and a UV–vis detec-
tor (λ = 230 nm). A water:methanol 72:28 mobile phase was
used, flowing at 0.8 mL min−1. Absorption spectra were suc-
cessively recorded during BA photodegradation (λmax = 225 nm)
by means of a Perkin-Elmer Lambda 16 apparatus [8] and the
extent of mineralisation was also determined by TOC analysis.
The photocatalyst particles were removed by centrifugation at
3000 rpm for 30 min prior to any analytical determination on
the samples (2 mL) periodically withdrawn from the irradiated
suspensions. All runs were repeated at least twice to check their
reproducibility.

The hydrogen peroxide concentration was monitored dur-
ing the photodegradation runs by a fluorimetric analysis
(λex = 316.5 nm, λem = 408.5 nm) of the fluorescent dimer
formed in the horseradish peroxidase catalysed reaction of
H2O2 with p-hydroxyphenylacetic acid [21,22], using a 650-
10S Perkin-Elmer fluorescence spectrophotometer. Hydrogen
peroxide standard solutions employed in calibration were anal-
ysed iodometrically.
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All degradation runs were carried out at 35 ± 1 ◦C in a
00 mL cylindrical Pyrex closed reactor under magnetic stir-
ing, by employing an experimental set-up similar to that already
escribed [8,17]. Irradiation was performed by means of a
50 W iron alogenide lamp (Jelosil, model HG 200) emitting
n the 315–400 nm wavelength range; its emission intensity on
he reactor was 3.4 × 10−7 Einstein s−1 cm−2, as periodically
hecked by ferrioxalate actinometry [18].

.3. Procedure

Aqueous suspensions employed in photocatalytic runs usu-
lly contained 0.1 g L−1 of TiO2 or ZnO and a 5.0 × 10−4 M ini-
ial concentration of FA or a 1.0 × 10−4 M initial concentration
f BA. The lamp was always switched on at least 30 min before
he beginning of irradiation. All kinetic runs were performed
nder atmospheric conditions and constant magnetic stirring, as
reviously described [7,8]. Under so called natural pH condi-
ions neither acids nor bases were added to TiO2 suspensions, to
void any possible interference of other species (mainly anions)
n the photoredox reactions at the semiconductor–water inter-
ace. During the degradation runs under such conditions the pH
ncreased, from an initial value of 3.5 to a final value of ca. 5.8
or FA and from 4.2 to ca. 6.0 for BA. On the contrary, when
nvestigating the effects of different pH conditions, HClO4 and
aOH or a 10−2 M NH3/NH4NO3 buffer solution were added to

djust the pH of the suspensions. Both ClO4
− and NO3

− anions
re expected to have negligible influence on the photocatalytic
rocesses, because of their poor adsorption on the semiconduc-
or surface and their low affinity for •OH radicals [19]. When
nO was employed as photocatalyst, the pH of the suspension
Adsorption tests of the two acids were performed in aque-
us suspensions containing 1.0 g L−1 of TiO2 at different pH or
.0 g L−1 of ZnO at basic pH, which had been maintained in the
ark under constant stirring at 35 ◦C for 24 h. The fraction of FA
nd BA adsorbed on the photocatalyst was determined by TOC
nd spectrophotometric analysis, respectively, after removal of
he powder by filtration through Millipore 0.22 �m disks and by
entrifugation.

. Results and discussion

.1. Adsorption equilibria involving FA and BA

Preliminary studies of FA and BA adsorption on titanium
ioxide and zinc oxide were performed in suspensions con-
aining a standard initial concentration of the two acids and an
mount of the two oxides which was 10-fold higher than that
mployed in the photocatalytic runs. The extent of FA adsorption
n the surface of both oxides was always found to be negligi-
le, in agreement with previous data [23,24]. Very recent FA
dsorption measurements, performed in the presence of a higher
mount of TiO2 P25 than that of the present study [24], predict
n fact a less than 0.05 ppm concentration decrease in the aque-
us phase due to FA adsorption under our conditions, which of
ourse would be undetectable.

On the contrary, BA adsorption was not negligible on
.0 g L−1 of titanium dioxide. As shown in Table 1, maximum
dsorption occurred under natural pH conditions, while the BA
dsorbed fraction was lower at lower pH and no adsorption
ould be detected on both TiO2 and ZnO at basic pH. The
bserved trend clearly reflects the electrostatic interactions at the
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Table 1
Fraction of benzoic acid (C0

BA = 1.0 × 10−4 M) adsorbed on titanium dioxide
(1.0 g L−1) and zinc oxide (1.0 g L−1) under different pH conditions

Photocatalyst pH Adsorbed fraction

TiO2 2.6 0.08
TiO2 3.6 0.09
TiO2 4.2 0.31
TiO2 9.0 <0.001
ZnO 9.0 <0.001

semiconductor–water interface, depending on the surface charge
of TiO2 and, at the same time, on the extent of BA deprotona-
tion (Ka = 6.46 × 10−5 at 298 K). In fact, at natural pH (ca. 4.2)
BA adsorption is favoured by the strong electrostatic interaction
between the benzoate anion and the –OH2

+ groups on the TiO2
surface, which is positively charged at pH below the point of zero
charge of TiO2, i.e. pHzpc 6.25 [25]. Therefore, the mononuclear
bidentate chelate complex between the deprotonated carboxylic
group of BA and a Ti(IV) surface atom can easily form [26]. At
lower pH the extent of BA adsorption decreases because BA is
prevalently undissociated and thus unable of electrostatic inter-
action with the protonated surface. Finally, in basic media strong
repulsion is expected between the negatively charged titanium
dioxide surface and the almost completely dissociated BA.

BA adsorption on ZnO at pH 9 was also negligible, though
no repulsive interactions are expected in this case, the point of
zero charge of this oxide being pHzpc(ZnO) 9.3 [27]. Besides
the lower surface area of ZnO (5 m2 g−1), also the fact that the
complex between deprotonated BA and Zn(II) might be much
weaker than that between BA and Ti(IV) may contribute to the
lower adsorption of BA on ZnO.

3.2. FA and BA photocatalytic degradation on TiO2

No detectable FA and BA photodegradation was evidenced
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Table 2
Zero-order rate constants for the photocatalytic degradation of formic acid under
different experimental conditions

Photocatalyst pH C0
FA (M) k (M s−1)

TiO2 Naturala 5.0 × 10−4 (1.83 ± 0.05) × 10−7

TiO2 Naturala 1.0 × 10−3 (1.87 ± 0.03) × 10−7

TiO2 Naturala 2.0 × 10−3 (1.84 ± 0.02) × 10−7

TiO2 2.6 5.0 × 10−4 (5.71 ± 0.03) × 10−8

TiO2 9.0 5.0 × 10−4 (1.08 ± 0.02) × 10−7

TiO2 10.0 5.0 × 10−4 (8.90 ± 0.17) × 10−8

ZnO 9.0 5.0 × 10−4 (6.1 ± 0.2) × 10−8

TiO2 + H2O2
b Naturala 5.0 × 10−4 (4.6 ± 0.2) × 10−7

a Initial pH 3.5, final pH 5.8.
b H2O2 initial concentration: 2.5 × 10−4 M.

active species is expected to cause a continued displacement
from equilibrium of the reactant concentration at the photocata-
lyst surface under illumination. According to this approach, the
overall reaction rate can be expressed as:

r = k2[OH]ϑ = k2[OH]
K

app
a C

1 + K
app
a C

(1)

where k2 is the rate constant for the adsorbed substrate reac-
tion with surface active species (trapped holes or •OH radicals,
formed by oxidation of water or OH− anions by photoproduced
valence band holes, assumed in steady state under irradiation), ϑ
the surface coverage of reactant under irradiation, also assumed
to be in pseudo-steady state, C the substrate concentration and
K

app
a is the apparent binding constant on the illuminated photo-

catalyst:

Kapp
a = k1

k−1 + k2[OH]
(2)

k1 and k−1 in Eq. (2) are the adsorption and desorption rate con-
stants of the substrate on the illuminated catalyst surface. This
novel approach [31] is consistent with the reported dependence
of K

app
a values on radiation intensity, determining the concentra-

tion of photogenerated active sites on the semiconductor surface.
It is worth underlining that such active sites exist only under
illumination and that K

app
a may be markedly different [24,31]
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n aqueous solutions in the absence of photocatalyst; thus, both
cids are stable under UV irradiation in the emission range of
he lamp. A significant decrease of the concentration of both
ubstrates was observed instead under irradiation in the pres-
nce of 0.1 g L−1 of titanium dioxide: after 30 min irradiation
t natural pH the residual amounts of FA and BA were 44 and
1%, respectively, of their initial concentration. BA photomin-
ralisation of course proceeded at a lower rate, the residual TOC
ontent being around 50% after 1 h.

During the runs, FA concentration always exhibited a con-
tant rate decrease as a function of time, according to a zero-order
ate law, in agreement with previous reports [24,28–30], while
A concentration decreased according to a pseudo first-order

ate law. Tables 2 and 3 report the rate constants of the photocat-
lytic degradation of FA and BA, respectively, under different
xperimental conditions. These results are in agreement with a
ate form of the Langmuir–Hinshelwood (L–H) type. As very
ecently demonstrated by Ollis in its illuminating approach to the
roblem [31], kinetic data fitting the L–H rate equation do not
mply reactant adsorption on the photocatalyst to be equilibrated
nder irradiation. Indeed, the substantial reactivity of adsorbed
rom the adsorption equilibrium constant of the substrate in the
ark, Kd

a . By taking into account Eqs. (1) and (2), the L–H rate
xpression under steady state illumination conditions becomes:

= k1k2[OH]C

k−1 + k2[OH] + k1C
(3)

able 3
seudo first-order rate constants for the photocatalytic degradation of benzoic
cid under different experimental conditions. C0

BA = 1.0 × 10−4 M

hotocatalyst pH k (s−1)

iO2 2.6 (4.3 ± 0.2) × 10−4

iO2 Naturala (4.97 ± 0.08) × 10−4

iO2 9.0 (3.38 ± 0.15) × 10−4

nO 9.0 (1.07 ± 0.09) × 10−3

a Initial pH 4.2, final pH 6.0.
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The observed zero-order reaction for FA evidences that under
irradiation the rate of FA adsorption on the photoactive sites is
much higher than the sum of the two parallel paths concurring
to decrease the amount of substrate at the photocatalyst surface,
i.e. simple desorption and reaction with surface active species.
This means that k1C � k−1 + k2[OH] in Eq. (3). Indeed, almost
identical zero-order rate constants of FA photocatalytic degra-
dation were obtained starting from different initial FA concen-
trations (Table 2), in agreement with the absence of any mass
transfer limitation. This indicates that the formic acid concen-
tration (C0

FA ≥ 5 × 10−4 M) employed in the present work in
the presence of 0.1 g L−1 of photocatalyst is high enough to
guarantee K

app
a C � 1 in Eq. (1). Of course, this would not

apply for the Kd
aC product under our experimental conditions.

Indeed, the adsorption equilibrium constant of FA in the pres-
ence of 2 g L−1 of TiO2 P25 has been recently found to be
3.16 × 103 M−1 under dark condition [24]. Moreover, a L–H
type saturating behaviour of the rate of FA photodegradation on
TiO2 was observed in an annular flow recirculating photocat-
alytic reactor [23] with increasing FA initial concentration, in
the 1 × 10−4 to 2 × 10−3 M range. Thus, saturation conditions
may well have been attained under irradiation in our experimen-
tal set-up.

We found that a not negligible amount of BA adsorbed on
titanium dioxide in the absence of irradiation (Table 1). How-
ever, the binding constant of BA in the dark, measured in a
water/methanol (90/10, v/v) mixture containing 0.5 g L−1 of col-
loidal TiO2 at pH 3.6, has been reported to be 2 × 103 M−1 [32],
i.e. of the same order of that of FA.

When discussing the rate expression for the BA concentra-
tion decrease under photocatalysis, one should take into account
that BA does not undergo direct mineralisation in one step,
as is the case of FA. In fact, the photocatalytic degradation
of BA proceeds through •OH radical attack preferentially on
the ortho and para positions respect to the carboxylic group,
producing hydroxy- and dihydroxy-benzoic acids, according to
HPLC analysis. All such species may also interact with the
irradiated photocatalyst, some of them (e.g. salicylic acid) also
more strongly than BA [32], and undergo further photocatalytic
degradation, in competition with BA, and final mineralisation
through the aromatic ring opening upon further hydroxyl radi-
cal attacks [33]. Eq. (1) thus represents an approximation of the
rate expression for the photocatalytically induced decrease of
BA concentration, which is valid only for low concentration of
intermediate species, i.e. at the beginning of the runs. Later on,
the presence of such species causes a decrease of the ϑ value
(several K

app
a,I CI terms add to 1 + K

app
a CBA in Eq. (1), CI and

K
app
a,I indicating in general the concentration of such interme-

diates and their apparent binding constant on the illuminated
photocatalyst) and thus the slowing down of BA hydroxylation
under irradiation. This contributes in yielding apparent pseudo
first-order rate constants, whose values decrease with increasing
the initial substrate concentration [34].

Indeed, progressively lower pseudo first-order rate constants
k of BA photocatalytic degradation were measured, starting
from progressively higher initial BA concentrations C0

BA, in the
1.9 × 10−5 to 1.27 × 10−4 M range. However, by plotting the

Fig. 1. Effect of the initial BA concentration on the initial rate of BA photocat-
alytic degradation on TiO2, evaluated as r0 = kC0

BA.

initial photocatalytic degradation rate, evaluated as r0 = kC0
BA,

as a function of C0
BA, we find the typical saturating behaviour

depicted in Fig. 1, in the frame of a L–H rate form. Thus, in
the case of BA, an initial concentration C0

BA ≥ 1.5 × 10−4 M is
required to attain photocatalytic rate saturation under the irra-
diation conditions of the present work. These results are fully
compatible with those very recently reported with a different
TiO2 sample [35], showing a broad rate maximum for an initial
BA concentration around 4 × 10−4 M.

3.3. pH effects on FA and BA photodegradation on TiO2

FA and BA photocatalytic degradation runs were performed
on TiO2 at different pH, ranging between 2.6 and 10.0; the rate
constants obtained at different pH are reported in Tables 2 and 3
and plotted versus pH in Figs. 2 and 3.

The degradation rate of both substrates was maximum at
natural pH and decreased at both lower and higher pH. The
observed trends are clearly correlated to the electrostatic inter-
actions between the substrate and the photocatalyst surface,
depending on the pH of the suspension [36], as already pointed
out in Section 3.1. In the range between the zero point charge of
TiO2 (pHzpc 6.25 [25]) and the pKa values of the two acids
(3.75 for FA and 4.19 for BA), the substrate–surface elec-
trostatic attraction is maximum. At pH below their pKa val-

F
d

ig. 2. Effect of pH on the zero-order rate constants of FA photocatalytic degra-
ation on TiO2; C0

FA = 5.0 × 10−4 M.
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Fig. 3. Effect of pH on the pseudo first-order rate constants of BA photocatalytic
degradation on TiO2; C0

BA = 1.0 × 10−4 M.

ues the substrates experience neither attraction nor repulsion
from the oxide surface, while formate and benzoate anions are
repelled from the negatively charged photocatalyst surface at pH
above the pHzpc of TiO2, according to a simple surface charge
model.

These electrostatic interactions have a significant influence
on the photocatalytic degradation rate of the two substrates,
as they determine their space distribution close to the semi-
conductor surface, where the photogenerated active species are
mainly confined. The main photodegradative paths for both
FA and BA in the present conditions should be the reaction
with the surface-bound •OH radicals photogenerated through
water (or hydroxyl anions) oxidation by valence band holes or
the direct electron transfer to the semiconductor valence band
holes. Both processes are expected to be inhibited by a longer
distance between substrate and oxide surface. Oxidation via
homogeneous hydroxyl radicals should be excluded, as it is
expected to eventually become more favourable at a higher pH
[37].

Based on the above discussion, we should expect a higher
degradation rate under acidic conditions (no electrostatic inter-
actions) than under basic (repulsive) conditions, but this is true
only for BA and not for FA. This effect should be ascribed to
the different reactivity of surface-bound hydroxyl radicals for
the dissociated and undissociated form of the two acids, leading
to hydrogen abstraction in the case of FA and to OH addition
t
o
i
t
o
t
a
(

p
d
N
H
B
[

3.4. Hydrogen peroxide evolution during FA and BA
photodegradation on TiO2

The evolution of hydrogen peroxide during the photocatalytic
degradation runs was also followed under different pH condi-
tions, to ascertain the existence of a correlation between the rates
of FA and BA oxidative degradation and that of the main parallel
reductive path occurring under irradiation. Of course, hydrogen
peroxide could be detected in the photocatalytic reaction sys-
tem only if its formation rate was greater than its consumption
rate under irradiation [39]. H2O2 has been shown to form in
irradiated suspensions via reduction of molecular oxygen by
conduction band electrons [40] and it can be photocatalytically
degraded mainly on the photocatalyst surface by photogenerated
charged species, i.e. holes and electrons, by hydroxyl radicals
and by the superoxide radical anion [41–43]. In particular, the
photocatalytic reduction of H2O2 by conduction band electrons
has been recently demonstrated to lead to the formation of extra
•OH radicals [43]. Hydrogen peroxide may also undergo the
photoinduced scission of the O O bond in the aqueous phase,
also producing hydroxyl radicals; such reaction, however, was
found to be negligible under our irradiation conditions.

During FA photodegradation, no H2O2 was detected in the
aqueous phase regardless of pH, i.e. its concentration was lower
than the detection limit of the analytical method employed in
the present work (0.16 �M). On the contrary, relatively high
H
a
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t

F

F
n

o the aromatic ring in the case of BA. In fact, the rate constant
f the aqueous phase •OH radical attack on undissociated FA
s 1.3 × 108 M−1 s−1, which is more than one order of magni-
ude lower compared to the rate constant of •OH radical attack
n the formate anion (3.2 × 109 M−1 s−1) [38]. On the contrary,
he rate constants of hydroxyl radical attack on benzoic acid
nd on the benzoate anion have higher and much closer values
4.3 × 109 and 5.9 × 109 M−1 s−1, respectively) [38].

The band shift to more reducing potentials, occurring as the
H increases, in principle may also affect the rate of substrate
egradation. In fact, the valence band potential, ca. 2.9 V versus
HE at pH 3, decreases 0.059 V for each unit increase in pH.
owever, it always remains positive enough to oxidise FA and
A (for instance, ECO2/HCOOH = −0.40 V versus NHE at pH 3

12]).
2O2 concentrations could be detected during BA photocat-
lytic degradation especially under acidic conditions, as shown
n Fig. 4.

No evidence of H2O2 formation was reported in earlier stud-
es on the photocatalytic decomposition of FA [5,33]. Only a
pm level of such species has very recently been detected by
hiraishi et al. [44] during the photocatalytic degradation of FA
n TiO2 thin films in an annular flow photocatalytic reactor. The
ame authors have also evidenced that photoproduced H2O2 is
uickly decomposed within the thin film surrounding the photo-
atalyst, so that its concentration in the bulk liquid could hardly
ecome high enough to be detected under batch reaction condi-
ions [45].

Thus, hydrogen peroxide could not be detected by us during
A photocatalytic degradation because of its fast decomposition

ig. 4. Hydrogen peroxide evolution during BA photodegradation on TiO2 at
atural pH (�), at pH 2.6 (�) and at pH 9 (�); C0

BA = 1.0 × 10−4 M.
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on the oxide surface, yielding no stable intermediate species.
When the photocatalyst surface is not significantly protected by
adsorbed molecules, titanium–peroxo complexes ( TiIV OOH)
[46] can form and the electron transfer of photogenerated
species, able to reduce or oxidise the peroxo group, is favoured.
Adsorption tests evidenced that in an aqueous suspension con-
taining 0.1 g L−1 of TiO2 and 1.4 × 10−4 M hydrogen peroxide
ca. 30% of this latter is adsorbed on the oxide at equilibrium in
the dark. This result is fully compatible with the very recently
reported adsorption isotherm of H2O2 at pH 4 in the presence
of 5 g L−1 of TiO2 [47]. Of course, hydrogen peroxide adsorp-
tion on the photocatalyst contributes in increasing its detection
limit in the system, our fluorimetric analysis determining only
the free, unadsorbed H2O2 in the aqueous phase.

On the other hand, BA and its photooxidation intermediates
compete with H2O2 for adsorption on the semiconductor, thus
contributing to slow down its photocatalytic degradation. In fact,
as shown in Fig. 4, a relatively high amount of peroxide was
detected during BA photodegradation at natural pH, i.e. under
conditions of maximum BA degradation rate (Table 3) and rather
low H2O2 decomposition rate [42]. The initial rate of H2O2
formation was almost identical at pH 2.6, but the hydrogen per-
oxide concentration profile started to decline at longer irradiation
time. Both the lower rate of H2O2 photodecomposition on TiO2,
which has been reported to decrease with decreasing pH, at least
under visible irradiation [42], and the lower rate of BA oxida-
t
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F
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Fig. 6. Hydrogen peroxide evolution during FA photodegradation at pH 9 on
TiO2 (©) and on ZnO (�); C0

FA = 5.0 × 10−4 M.

rate of the substrate are prerequisites for H2O2 accumulation
under photocatalytic conditions. Indeed, the higher was the rate
of BA decomposition, the higher was the H2O2 amount, con-
firming that it forms through a reductive route, parallel to the
oxidative degradation of BA.

3.5. FA and BA photodegradation on ZnO

The rate constants of FA and BA photocatalytic degrada-
tion in the presence of zinc oxide at pH 9 are also collected in
Tables 2 and 3, while hydrogen peroxide concentration profiles
on the two oxides are compared in Figs. 6 and 7. FA photocat-
alytic degradation on ZnO was slower than on TiO2 at similar
pH; on the contrary, for BA a much higher degradation rate was
observed on ZnO, leading to a greater accumulation of hydrox-
ylated intermediate species and to a higher mineralisation rate.
For both substrates the amount of hydrogen peroxide generated
on zinc oxide was much higher than on titanium dioxide.

To have a deeper insight into the origin of such effects, hydro-
gen peroxide formation in irradiated TiO2 and ZnO suspensions
was investigated also in the absence of any organic substrate. As
shown in Fig. 8, the removal of organic molecules undergoing
photocatalytic oxidation completely suppressed H2O2 evolu-
tion on TiO2 under our experimental conditions. By contrast,
H2O2 could easily be detected in irradiated ZnO suspensions
a

F
T

ive degradation (Table 3) contribute to this effect. Indeed, the
onger persistence of organic species, able to capture photopro-
uced valence band holes, guarantees a prolonged availability
f conduction band electrons for O2 reduction and consequent
2O2 production, and also hinders H2O2 photodecomposition
n TiO2. A comparison between the H2O2 concentration profiles
Fig. 4) and the residual TOC content in BA irradiated suspen-
ions (Fig. 5) clearly points to this conclusion. Finally, very low
mounts of H2O2 were detected for a relatively long lapse of
ime at basic pH: under these conditions not only BA adsorption
as extremely low and its degradation slow, but H2O2 adsorp-

ion and photodecomposition were greatly favoured [42].
Thus, the adsorption of substrates and intermediates on the

hotocatalyst surface directly affects the interaction of H2O2
ith the TiO2 particles and consequently its decomposition rate.
elatively good adsorption and high photocatalytic degradation

ig. 5. Residual total organic carbon content during BA photodegradation on
iO2 at natural pH (�), at pH 2.6 (�) and at pH 9 (�); C0

BA = 1.0 × 10−4 M.
nd its concentration increased with irradiation time, up to a

ig. 7. Hydrogen peroxide evolution during BA photodegradation at pH 9 on
iO2 (©) and on ZnO (�); C0

BA = 1.0 × 10−4 M.
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Fig. 8. Hydrogen peroxide evolution under irradiation of aqueous suspensions
containing 0.1 g L−1 of TiO2 (©) and of ZnO (�) at pH 9.

steady value around 1 × 10−5 M, which is much lower than
those attained on this oxide in the presence of the two sub-
strates. The higher concentrations of H2O2 in irradiated ZnO
suspensions are a consequence not only of the relatively high
quantum yield of H2O2 formation, but also of the relative inef-
ficiency of H2O2 photocatalytic degradation on this oxide, in
comparison with TiO2 [22]. In the absence of species able to
combine with photogenerated valence band holes, thus increas-
ing the availability of conduction band electrons for adsorbed
dioxygen reduction, the rate of H2O2 formation is expected to be
reduced on both photocatalysts. At the same time, the rate of its
photoinduced degradation on the photocatalyst bare surface is
expected to increase, because of the lack of adsorbed molecules
competing with hydrogen peroxide for adsorption. H2O2 accu-
mulation on TiO2 is mainly compromised by this second
effect.

Moreover, during FA photocatalytic degradation on TiO2
the fast and complete degradation of H2O2 generates reactive
species on the surface of the semiconductor particles, contribut-
ing to the effectiveness of the photocatalytic process. Indeed, the
so generated surface-bound •OH radicals [43] may contribute
to the enhancement of the FA degradation rate. On the contrary,
hydrogen peroxide does not appreciably decompose on ZnO
and consequently it does not generate extra hydroxyl radicals;
this may explain the lower photodegradation rate of FA on zinc
o
T
p
p
d
b
d
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o
t
e
o
e
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t

In fact, because of the higher value of the zero point charge of
ZnO (pHzpc 9.3), at pH 9 the benzoate anion experiences elec-
trostatic attraction for the photocatalyst surface, of the same type
occurring at the TiO2–water interface for pKa < pH < pHzpc. It
can thus reside in the interface zone close to the particles surface
and readily interact with the photogenerated active species.

However, also taking into account such favourable electro-
static effects, ZnO appears to be an intrinsically more effective
photocatalyst than TiO2 for BA degradation; a similar effect
has already been noticed in the photocatalytic degradation of
azo dyes and other aromatic compounds [6,20,50]. A possi-
ble explanation of this finding is that the lower adsorption of
BA on ZnO, respect to TiO2, retards the recombination reac-
tion between conduction band electrons and the BA+• species,
formed at the photocatalyst surface by monoelectronic oxidation
of BA [51], thus increasing the rate of its further oxidation.

4. Conclusions

By monitoring the photocatalytic oxidative degradation of
FA and BA on TiO2 and ZnO and the simultaneous H2O2 evolu-
tion, proceeding through a reductive path started by conduction
band electrons, we ascertained that for BA on TiO2 a correlation
exists between the two processes, and that the adsorption of BA
and of its degradation intermediates plays a key role in the pho-
tocatalytic evolution of hydrogen peroxide. FA, giving no stable
p
s
q
p
p
p
p
o

R
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[
[
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[
[

[

xide, compared to titanium dioxide [48]. Indeed, the addition to
iO2 suspensions of 2.5 × 10−4 M H2O2, a concentration com-
arable to that formed in situ under photocatalytic conditions,
roduced a remarkable increase of the FA photocatalytic degra-
ation rate (Table 2). On the contrary, the addition of H2O2 has
een reported to have no effect on the rate of photocatalytic
egradation of different substrates on ZnO [48,49].

Conversely, BA exhibited the highest photocatalytic reactiv-
ty on ZnO at pH 9. As shown in Table 3, the rate constant value
btained under such conditions was more than double respect to
hat measured in TiO2 suspensions at natural pH. Of course, this
xcludes any relevant role of the photocatalytic decomposition
f H2O2 at the interface, as it would lead to just the opposite
ffect. The above discussed net charge on the oxide surfaces,
egulating BA affinity for them, may explain the higher pho-
ocatalytic reactivity of BA on ZnO respect to TiO2 at pH 9.
hotocatalytic degradation intermediates, does not guarantee a
ufficient shielding of the TiO2 surface, where H2O2 undergoes
uite fast photoinduced decomposition through Ti OOH com-
lexes. ZnO is more effective than TiO2 for BA, but not for FA
hotocatalytic degradation. Much higher amounts of hydrogen
eroxide accumulate in ZnO irradiated suspensions, both in the
resence and in the absence of the two substrates, mainly because
f its lower photoreactivity on such oxide.
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