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Effects of iron species in the photocatalytic degradation of
an azo dye in TiO2 aqueous suspensions
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Abstract

The effects of Fe(III) species on the photocatalytic degradation of azo dye Acid Red 1 (AR1) have been studied in titanium dioxide
aqueous suspensions under irradiation in the 315–400 nm range. The initial increase of the photocatalytic degradation rate observed in water
suspensions containing Fe(III) aquo ions (10−5 to 10−4 M) was attributed to the increased amount of dye adsorbed on the iron(III)-modified
semiconductor surface. This was confirmed by the fact that iron species not adsorbed on the semiconductor, such as ferrioxalate complexes
and Fe(II) species, had no kinetic effects. The mineralisation kinetic profiles obtained under simultaneous sonication further confirmed
the role of AR1 adsorption. The accumulation of hydrogen peroxide during the photocatalytic degradation of the dye was completely
suppressed in the presence of all iron species, mainly due to the Fenton reactions consuming H2O2 in the aqueous phase, although a
decrease in the rate of H2O2 formation cannot be excluded, due to the competition between adsorbed Fe(III) species and adsorbed oxygen
for photo-promoted conduction band electrons.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, a great deal of interest has been devoted to
the photocatalytic degradation of organic water pollutants on
semiconductor particles and to the involved reaction paths.
TiO2 has been widely employed in these studies, mainly
due to its outstanding photocatalytic activity and stability.
The photocatalytic process leads to oxidation and finally to
the overall mineralisation of a wide variety of organic pol-
lutants, through their interaction with photo-generated holes
or reactive oxygen species, such as•OH and•O2

− radicals,
formed on the UV-irradiated semiconductor surface[1–3].
The efficiency of the process depends on the surface prop-
erties of the semiconductor particles and, more crucially,
on the mobility of the charge carriers that originate in the
absorption of UV radiation, as well as on their recombi-
nation rate. Consequently, surface and/or structural modifi-
cations, such as the adsorption of positively or negatively
charged species and/or doping the semiconductor by metal
ions, may have a strong influence on the photocatalytic pro-
cess, by altering the electron transfer pathways occurring at
the water–semiconductor interface[4–7].
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Dissolved metal ions are rather common in natural water
and industrial wastewaters; in particular, water soluble iron
species are ubiquitous[8], with concentrations ranging from
10−7 to 10−4 M. The effect of Fe(III) species on the photo-
catalytic degradation on TiO2 of an azo dye has been exam-
ined in the present work by employing a radiation source,
which simulates the short wavelength part of the solar spec-
trum. The role played by iron adsorbed on the photocatalyst
and the effects of its presence in the aqueous phase both as
aquo ion or in complex form have also been considered.

The investigated dye, Acid Red 1 (AR1; seeScheme 1),
belongs to the largest class of dyes commonly employed in
the textile and paper industry. Such dyes exhibit a very high
stability under ultraviolet and visible light irradiation, the
prevailing deactivation path of their electronically excited
singlet state notoriously being the thermally reversible pho-
toisomerisation around their azo double bond[9]. Moreover,
they are biorecalcitrant, resistant to aerobic degradation[10]
and may undergo reduction to hazardous aromatic amines
under anaerobic conditions or in vivo[11,12]. The first step
of their photocatalytic degradation consists in the cleavage of
the azo double bond, inducing bleaching in the visible region
[13–15]and the formation of reaction intermediates, which
finally undergo complete mineralisation on semiconductors.

To investigate the role of Fe(III) species on the photo-
degradation paths prevailing both at the water–semiconduc-
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tor interface and in the aqueous phase, the rate of AR1 photo-
catalytic bleaching in the visible region was thus monitored
in the present study along with the rate of overall minerali-
sation and with the extent of hydrogen peroxide accumula-
tion, formed by reduction of adsorbed molecular oxygen by
conduction band electrons.

2. Experimental

2.1. Materials

Acid Red 1, purchased from Aldrich, was purified by
repeated crystallisation from methanol. The absence of
organic contaminants was checked by NMR analysis. Ti-
tanium dioxide (Degussa P25) was employed as photocat-
alyst. FeCl3·6H2O (Sigma, purity 98%), Fe(NO3)3·9H2O
(Aldrich, purity >99%), (NH4)3Fe(C2O4)3·3H2O (Carlo
Erba, purity 98%) and FeCl2·4H2O (Aldrich, purity >99%)
were used as received. Water purified by Milli-Q water
system (Millipore) was used throughout.

2.2. Apparatus

All degradation runs were carried out at 35± 1◦C in
a 400 ml cylindrical Pyrex closed reactor under magnetic
stirring, by employing an experimental set-up analogous to
that already described[16,17]. Illumination was provided by
means of a 250 W iron halogenide lamp in the 315–400 nm
wavelength range. The average value of its emission inten-
sity on the reactor, periodically checked by ferrioxalate acti-
nometry[18], was 5.8 × 10−7 einstein s−1 cm−2. A contin-
uous forced air circulation ensured temperature control of
the whole system.

In some of the photocatalytic degradation runs, the emit-
ting horn (12 mm diameter) of a W-385 Heat Systems Ultra-
sonic apparatus was inserted into the reactor through a top
port [17]. This ultrasound source operated at 20 kHz with a
calorimetrically determined[19] power emission of 15 W.

2.3. Procedure

Irradiated aqueous suspensions always contained 0.1 g l−1

of TiO2 and a 2.5 × 10−5 M initial dye concentration. The

effect of the Fe(III) addition was investigated in the 10−5 to
10−4 M concentration range; aqueous solutions containing
Fe(III) species were usually prepared within 30 min before
the beginning of irradiation and then kept in the dark. The
pH of the AR1 suspensions decreased during the runs in the
absence of iron, from an initial value of 6 to ca. 4.5, while it
remained almost constant at 4.4 and 3.4 in the presence of
2.5 × 10−5 and 1.0 × 10−4 M FeCl3, respectively. All runs
were carried out under atmospheric conditions and constant
rate stirring, as already described[16,17].

The photo-degradation of AR1 was monitored by spec-
trophotometric analysis at 531 nm (maximum absorption,
ε = (3.13 ± 0.02) × 104 M−1 cm−1) by means of a
Perkin-Elmer Lambda 16 apparatus[17]. The extent of
mineralisation was determined through total organic carbon
(TOC) analysis using a Shimadzu TOC-5000A analyser.
Prior to analysis of the periodically withdrawn samples
(ca. 3 ml), TiO2 was separated from the suspensions by
centrifugation at Acid Red 1 (AR1) for 30 min.

The hydrogen peroxide concentration was monitored
during the photo-degradation runs by a fluorimetric analy-
sis (λex = 316.5 nm, λem = 408.5 nm) of the fluorescent
dimer formed in the horseradish peroxidase-catalysed re-
action of hydrogen peroxide withp-hydroxyphenylacetic
acid [20,21], using a 650-10S Perkin-Elmer fluorescence
spectrophotometer. H2O2 standard solutions employed in
calibration were analysed iodometrically. This fluorimetric
method was preferred to the widely employed DPD method
[22], both for its higher sensitivity[23,24] and in order to
avoid interferences in the spectrophotometric analysis due
to the presence of AR1.

The fraction of AR1 adsorbed on the photocatalyst at
35◦C was determined both in the absence and in the pres-
ence of FeCl3, by centrifugation and spectrophotometric
analysis of the supernatant portion of stirred suspensions
containing 0.1 g l−1 of TiO2 and different concentrations of
AR1. The fraction of Fe(III) adsorbed on TiO2 at equilib-
rium was determined in suspensions containing 0.1 g l−1 of
TiO2 and an overall FeCl3 concentration of 8×10−5 M. Af-
ter centrifugation, the residual Fe(III) in the supernatant was
measured by the thiocyanate method[25], after calibration
under identical conditions up to [Fe(III )] = 1.2 × 10−4 M.
The Fe(II) concentration in the aqueous phase was also
determined spectrophotometrically, after complexation with
o-phenanthroline[25].

3. Results and discussion

3.1. Adsorption and complexation equilibria
involving AR1

Equilibrium adsorption of dye AR1 was measured in the
presence of the same amount of titanium dioxide (0.1 g l−1)
employed in photocatalytic runs. The extent of adsorption
was evaluated asns

2 = �CV/W , wherens
2 is expressed in
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Fig. 1. Absorption spectrum of a 2.5 × 10−5 M AR1 aqueous solution before (a) and after the addition of 1× 10−4 M FeCl3 (b).

mol g−1, �C the difference between the initial concentration
and the equilibrium dye concentration in the aqueous phase,
V the volume andW the weight of oxide. The heterogeneous
adsorption equilibrium constantK was determined accord-
ing to the procedure reported by Cunningham[26,27], by
the Langmuir adsorption equationns

2 = nsKCeq/(1+KCeq),
under conditions of a low equilibrium concentration of dye
(KCeq 
 1). By assuming thatns, the limiting number of
dye molecules that can be adsorbed onto 1 g of TiO2, is about
1 × 10−4 mol g−1, as recently estimated from adsorption
measurements of a similar azo dye on the same type of semi-
conductor[28], the valueK = 2 × 103 M−1 was obtained
from the slope of the adsorption isotherm in the absence of
Fe(III). This value is in line with the adsorption equilibrium
constants on TiO2 obtained by the same procedure for other
compounds, such as substituted benzoic acids[26] and azo
dyes[13,27,28]. Thus, in the absence of Fe(III) the fraction
of dye adsorbed on the semiconductor at the beginning of
the runs was ca. 0.02, corresponding tons

2 ≈ 0.2 mol g−1.
The Fe(III) trivalent cation strongly interacts with TiO2:

we found that at 35◦C around 30% of Fe(III) was adsorbed
on TiO2 (0.1 g l−1) at equilibrium with solutions initially
containing 8× 10−5 M FeCl3. This modifies the adsorption
equilibrium of AR1: the fraction of dye adsorbed on TiO2
was found to be equal to 0.04 in the presence of 2×10−5 M
Fe(III) (i.e. twice that on naked TiO2) and it increased up to
0.46 in the presence of 1× 10−4 M Fe(III). This is a conse-
quence of the adsorption of ferric ions on TiO2, resulting in
an increased positive charge on its surface. Dye molecules,
being negatively charged due to the presence of the two sul-
fonic groups, are more attracted by the iron(III)-modified
oxide surface, as a consequence of electrostatic interaction.
Moreover, also specific interaction involving the sulfonic
groups of AR1, acting as monodentate ligands or as biden-
tate chelants through one or two oxygen atoms, respectively,

are expected to be favoured by the presence of ferric ions
adsorbed on the TiO2 surface[27].

Ferric ions interact with AR1 also in the aqueous phase,
as evidenced by the modification in the absorption spectrum
of AR1 aqueous solutions observed after addition of Fe(III)
aquo ions (Fig. 1). With the relatively low Fe(III) and AR1
concentrations employed in the present study, this effect can
be attributed to the formation of a 1:1 complex in the aqueous
phase between the Fe(III) species and azo dyes bearing a
–OH group in theortho-position with respect to the azo
bond, as recently proposed in the case of an azo dye with a
similar structure[29].

3.2. Kinetic effects of Fe(III) aquo ions

AR1 was found to be perfectly stable in a water solution
under irradiation in the 315–400 nm wavelength range. As
shown inFig. 2, in the presence of 0.1 g l−1 of TiO2, in-
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Fig. 2. Residual AR1 concentration determined by spectrophotometric
analysis during the photocatalytic degradation of AR1 in the absence of
FeCl3 (�) and in the presence of 1×10−4 M (�) and 1×10−5 M FeCl3
(�).
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stead, it underwent photocatalytic degradation according to
a zero-order rate law, with a rate constant of(6.3 ± 0.7) ×
10−4 M s−1. Almost complete mineralisation of AR1 could
be achieved in less than 3 h, as verified by TOC analysis.

The effects of Fe(III) concentration on both AR1
photo-bleaching and photo-mineralisation rates were in-
vestigated on suspensions containing FeCl3 in the 10−5 to
10−4 M concentration range. Identical kinetic runs were
obtained when Fe(NO3)3 was added, instead of FeCl3. This
excludes any inhibiting effect of chloride anions in the
photocatalytic process[30] and any relevance of FeCl2

+
photolysis[31] (vide infra) in the investigated FeCl3 con-
centration range. As shown inFig. 2, kinetic results of AR1
photocatalytic degradation in the presence of Fe(III) aquo
ions could not be interpreted according to a simple rate law,
as fairly rapid bleaching was observed in the first reaction
minutes, especially at a relatively high Fe(III) concentration
(1×10−4 M), when a 66% degradation yield was attained in
5 min, followed by a slower decrease of AR1 concentration
over time. For lower Fe(III) contents, the photo-degradation
rate was slightly higher than on naked TiO2 only at the
beginning of irradiation.

The photocatalytic mineralisation of water suspen-
sions (Fig. 3) proceeded at a lower rate than AR1
photo-degradation (Fig. 2), as a consequence of the accu-
mulation of aromatic degradation intermediates formed by
the azo bond cleavage[13–15]. This represents the first
step of degradation, occurring when AR1 interacts with
the highly reactive species produced after light absorption
by the semiconductor. Such species are conduction band
electrons, which combined with adsorbed dioxygen lead
to •O2

− species, or valence band holes h+, which read-
ily react with adsorbed water, to give•OH radicals[1–3].
Photo-degradation may also occur through a photosensitised
route when, as is the case of azo dyes, photo-degradation
substrates are able to absorb light directly and to inject elec-
trons from their excited state into the conduction band of the
semiconductor[13,32]. The subsequently formed oxidising
species, as well as molecular oxygen, can then attack the
so formed dye radical cation, inducing its degradation. This
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Fig. 3. Residual TOC content during the photocatalytic degradation of
AR1 in the absence of FeCl3 (�) and in the presence of 1× 10−4 M
(�) and 1× 10−5 M FeCl3 (�).

reaction path, depending on the extent of dye adsorption on
TiO2 particles, may have more or less importance. In the
present case, however, it should not represent the prevailing
reaction route, as AR1 absorbs moderately in the range of
irradiation wavelengths employed here.

While in the absence of iron the mineralisation rate was
almost constant (Fig. 3), kinetic runs carried out in the pres-
ence of Fe(III) always exhibit an initial decrease of organic
carbon content in the aqueous phase, followed by a sort
of plateau, which lasts longer when increasing the over-
all Fe(III) amount, and a subsequent further mineralisation
step, up to very low (<1 mg l−1) TOC contents. Both AR1
concentration and mineralisation versus time profiles were
not affected by simultaneous modifications of the adsorp-
tion equilibria involving Fe(III) and AR1, as identical ki-
netic runs were obtained by starting irradiation after a differ-
ent equilibration time (≥30 min) of the TiO2–Fe(III)–AR1
aqueous system, thus confirming that adsorption equilibria
involving such dyes are quite fast[33].

The effects of Fe(III) species both in the aqueous phase
and adsorbed onto the photocatalyst should be taken into
account when discussing the observed kinetic behaviour.
Fe(OH)2+, the monomeric Fe(III)-hydroxy species predom-
inant in aqueous solutions in the pH range 2.5–5.5[34], is the
most photoactive Fe(III) species in the 300–400 nm range
[34–37], its photolysis leading to the formation of•OH rad-
icals in aqueous systems:

Fe(OH)2+ + hν → Fe2+ + •OH (1)

Absorption of light in the solvent/ligand to metal charge
transfer band of this complex causes a partial charge trans-
fer from a ligand-centred orbital to a metal-centred orbital.
Other Fe(III) complexes, such as Fe(OH)2

+ prevailing at
pH >5.5, are less photo-reactive. Fe2+ does not absorb light
above 300 nm and therefore it is not expected to undergo
photolysis under the adopted experimental conditions.

To discriminate between photo-induced effects occur-
ring at the water–semiconductor interface or in the aque-
ous phase, the effects of FeCl3 photoactivity on AR1
photo-degradation were investigated in the absence of TiO2.
Results reported inFig. 4 are indicative of an almost neg-
ligible (ca. 1%) AR1 photo-degradation occurring in the
2×10−5 M FeCl3 solution; a decrease of AR1 concentration
was observed, instead, under irradiation in the presence of
10−4 M FeCl3, up to ca. 30% AR1 photo-degradation. This
reaction proceeded in the aqueous phase up to the complete
transformation of Fe(III) species into Fe(II) species, as also
evidenced in the aqueous phase degradation of a similar
azo dye induced by UV/Fe(III)-generated hydroxyl radicals
[37]. Moreover, photo-induced iron reduction could occur
in the system under study also as a result of a ligand to
metal charge transfer in the above-mentioned Fe(III)–AR1
complex, leading to the formation of the dye radical cation,
as recently hypothesised for a similar system on the basis
of laser photolysis studies[29]. Regardless, the initial ac-
celerating effect observed in the presence of Fe(III) species
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Fig. 4. Residual AR1 concentration determined by spectrophotometric
analysis during the aqueous phase photo-induced degradation of AR1 in
the presence of 2×10−5 M ( ) or 1×10−4 M FeCl3 ( ) and 2×10−5 M
(NH4)3Fe(C2O4)3 (�).

on the overall AR1 photocatalytic degradation rate (Fig.
2) can be attributed only in part to homogeneous phase
reactions: in irradiated aqueous suspensions such an effect
is much more evident than one may expect from aqueous
phase photo-degradation tests in the presence of the same
Fe(III) amount (Fig. 4), also taking into account that in
water suspensions Fe(III) aquo ions can absorb only a very
small fraction of the incident radiation.

Thus, interface phenomena play a role in the observed in-
crease of the AR1 photo-degradation rate. The increase of
dye adsorption on TiO2 observed in the presence of Fe(III)
species is expected to have beneficial effects on the rate of
photoredox processes occurring at the water–semiconductor
interface, as the oxidising species photo-generated on the
semiconductor do not migrate far from the photo-generated
active centres: the photocatalytic degradation process oc-
curs at the surface or within a few monolayers around the
photocatalytic particles[38]. Controversial effects of Fe(III)
adsorption on TiO2 have been reported: for instance, iron
species adsorbed on the semiconductor were found to in-
crease the recombination rate of electrons and holes[6],
thus inhibiting interface photo-induced processes, but were
also found to have a catalytic function for the oxidation of
water on photo-irradiated TiO2 [39]. The simplest explana-
tion of the present kinetic results, obtained at relatively a
low Fe(III) concentration, is that the increased AR1 adsorp-
tion on the Fe(III)-modified semiconductor surface should
prevail in determining the observed increase of the overall
degradation rate.

TOC monitoring of kinetic runs (Fig. 3) show that the ac-
tive species photo-generated on the semiconductor, as well
as the hydroxyl radicals produced by reaction (1), whose
concentration is expected to increase with an increasing
Fe(III) amount, preferentially attack the azo double bond
of the dye rather than the aromatic rings, leading to a low
mineralisation efficiency of the degradation intermediates:
a marked difference can be noticed between the high initial
AR1 photo-degradation rate (Fig. 2) and the almost zero
mineralisation rate in the plateau ofFig. 3, corresponding to
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Fig. 5. Residual AR1 concentration determined by spectrophotometric
analysis during the photocatalytic degradation of AR1 in the absence of
iron (�) and in the presence of 2×10−5 M (NH4)3Fe(C2O4)3 (�), FeCl2
(�) and FeCl3 (�).

the transformation of AR1 into degradation intermediates,
without any decrease in the overall TOC content. Also,
differences in the adsorption capacity on iron-modified
TiO2 between AR1, bearing two sulfonic groups under-
going specific interaction with the oxide surface[27], and
the degradation intermediates, which may have undergone
desulfonation[33], may contribute to the establishment of
the plateau in the TOC versus time profiles ofFig. 3.

3.3. Effect of Fe(III) complexes and of Fe(II) species

The importance of AR1 adsorption on its photo-degrada-
tion rate was confirmed by kinetic runs carried out after the
addition of (NH4)3Fe(C2O4)3 and FeCl2 (Fig. 5). First of all,
the abrupt initial decrease in AR1 concentration observed
in the presence of FeCl3 and Fe(NO3)3 was not revealed in
this case. Indeed, Fe(II) ions exhibit a lower affinity for the
oxide surface than Fe(III) cations[39], while ferrioxalate
anions do not significantly adsorb on the semiconductor sur-
face, but prevalently remain in the aqueous phase as stable
[Fe(C2O4)2]− and [Fe(C2O4)3]3− complexes[40,41].

Photocatalytic AR1 degradation (Fig. 5) exhibits a typ-
ical zero-order kinetic behaviour in the presence of these
iron species, at a slightly lower rate than that determined in
the absence of iron ions, the measured rate constant being
k = (5.4± 0.3)× 10−4 and(5.7± 0.2)× 10−4 M s−1 in the
presence of Fe(II) and ferrioxalate, respectively. Also the
mineralisation versus time profile obtained by TOC analysis
in the presence of ferrioxalate and ferrous ions appear to al-
most coincide with that obtained in the absence of iron and
reported inFig. 3, with AR1 mineralisation occurring at an
almost constant rate (no plateau regions). Thus, the kinetic
behaviour appears scarcely affected by both aqueous phase
Fe(III) oxalate species and Fe(II) ions, exhibiting no adsorp-
tion on TiO2, although ferrioxalate anions are known to be
photoactive[41,42]. Indeed, as shown inFig. 4, AR1 was
found to undergo photo-degradation in aqueous solutions
containing 2× 10−5 M ferrioxalate, up to a degree slightly
higher than that achieved in the presence of the same amount
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Fig. 6. Residual TOC content during the sonophotocatalytic degradation
of AR1 in the absence of iron (�) and in the presence of 2× 10−5 M
(NH4)3Fe(C2O4)3 (�) and 1× 10−4 M (�) or 2× 10−5 M FeCl3 (�).

of Fe(III) aquo ions. However, no increase in the overall
AR1 photo-degradation rate was observed in TiO2 suspen-
sions containing ferrioxalate anions, due to the fact that the
latter should absorb a negligible fraction of incident light in
AR1 suspensions. Thus, the accelerating effect observed in
the presence of adsorbed Fe(III) is mainly attributable to an
increased AR1 adsorption.

3.4. Effect of sonication

Further evidence of the role of Fe(III) adsorption was
obtained from AR1 photocatalytic degradation runs carried
out under simultaneous sonication, i.e. under the so-called
sonophotocatalytic conditions[17,43]. Ultrasound promotes
the desorption of species adsorbed at the liquid–solid in-
terface. Simultaneous sonication in the presence of iron
species was found to have no effect on the rate of AR1
photo-bleaching. The results of TOC monitoring of sonopho-
tocatalytic runs carried out in the presence of different iron
species are shown inFig. 6. In the presence of FeCl3, the
TOC content in the aqueous phase first decreased, then in-
creased up to values very close to the initial amount. This
behaviour was more evident in the cases of higher Fe(III)
adsorption (higher FeCl3 concentration). Subsequently, the
mineralisation proceeded at almost the same rate as in the
other runs, while total mineralisation was of course achieved
later. Both effects are a consequence of the fact that ultra-
sound promotes the desorption of both AR1 and degradation
intermediates weakly adsorbed on TiO2, thus decreasing the
rate of the photocatalytic mineralisation process, occurring
at the water–semiconductor interface. In fact, no differences
in the TOC monitoring profile were observed between the
photocatalytic and the sonophotocatalytic runs carried out in
the presence of either Fe(II) or ferrioxalate species (Fig. 6).

3.5. H2O2 evolution

Finally, the concentration of hydrogen peroxide was also
determined during the photo-degradation runs carried out in
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Fig. 7. H2O2 concentration during the photocatalytic degradation of
AR1 in the absence of iron (�) and in the presence of 2× 10−5 M
(NH4)3Fe(C2O4)3 (�), FeCl3 (�) and FeCl2 (�).

the presence of different iron species. Hydrogen peroxide
was demonstrated to form exclusively through the reduc-
tion of molecular oxygen by conduction band electrons[44].
H2O2 development under irradiation was reported also from
ferrioxalate complexes[41].

As shown inFig. 7, hydrogen peroxide was found to
accumulate from the beginning of irradiation during AR1
photocatalytic degradation on naked TiO2; its concentra-
tion was found to increase over time, attaining a maximum
value ([H2O2]max = 1.2 × 10−4 M) after 60 min irradia-
tion, followed by a progressive decrease consequent to the
progressively decreasing concentration of organic species
undergoing oxidation. Indeed, in the absence of species
able to rapidly react with the photo-generated holes, the
electron–hole recombination reaction becomes faster than
molecular oxygen reduction. In the presence of iron species,
instead, the H2O2 concentration was much lower, always re-
maining below the detection limit of 2.5 × 10−6 M, up to
the complete disappearance of the dye (Fig. 7).

The lower concentration of hydrogen peroxide in the pres-
ence of Fe(III) might be due both to a lower rate of forma-
tion of such an intermediate and to an increase of its decom-
position rate through the following aqueous phase Fenton
reactions[45]:

Fe(III ) + H2O2 → Fe(II ) + •OOH+ H+ (2)

Fe(II ) + H2O2 + H+ → Fe(III ) + H2O + •OH (3)

The presence of Fe(III) adsorbed on the photocatalyst,
acting as an oxidising species able to combine with conduc-
tion band electrons in competition with molecular oxygen
[7], may contribute in decreasing the rate of H2O2 forma-
tion. This hypothesis is confirmed by the fact that at the
end of the runs Fe(III) was not detected in the aqueous
phase, but was quantitatively converted into Fe(II). Fe(III)
reduction by conduction band electrons is thermodynami-
cally possible, as the redox potential of the Fe3+/Fe2+ cou-
ple isE◦(Fe3+/Fe2+) = 0.771 V (NHE), while the potential
of the TiO2 conduction band isEcb = −0.5 V (NHE) at pH
1 [1,7]. However, as hydrogen peroxide did not accumulate
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in the aqueous phase even in the presence of Fe(II), reac-
tions (2) and (3) should play a major role in maintaining
H2O2 concentration below the detection limit: in fact, hy-
drogen peroxide formation is not expected to be inhibited in
the presence of Fe(II) species.
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