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a b s t r a c t

Anatase–rutile and anatase–brookite–rutile composite nanocrystals were synthesized by a controlled
sol–gel reaction followed by hydrothermal growth and by mechanically mixing pure crystalline phase
precursors, respectively. Their physicochemical and photocatalytic properties were investigated in com-
parison with those of several home-made and commercial pure anatase, rutile and mixed phase TiO2

samples. In particular, the phase composition and the crystallite size were determined by X-ray diffrac-
tion measurements. The photocatalytic degradation of the azo dye Acid Red 1 (AR1) and of formic acid (FA)
in aqueous suspension were employed as test reactions. Hydrogen peroxide evolution, the main reduc-
tive process occurring in parallel, was also monitored during the runs. The investigated photocatalysts
exhibit different photoactivity scales towards the two organic substrates, depending on the prevailing
ormic acid
2O2 photoproduction
i3+ in TiO2

photodegradation path. High surface area anatase samples were particularly active in FA degradation,
principally occurring through direct interaction with photoproduced valence band holes, whereas rutile
samples, even possessing high surface areas, but exhibiting poor wettability, were scarcely active. A good
linear correlation was found between H2O2 evolution and the rate of AR1 photodegradation on the inves-
tigated series of photocatalysts, whereas no H2O2 was detected during FA mineralization, apart in the
case of a low surface area anatase sample, whose peculiar photocatalytic properties were ascribed to the

s stru
presence of Ti3+ ions in it

. Introduction

In recent years great efforts have been devoted to the study of
he photocatalytic degradation of organic and inorganic contami-
ants of water and air [1–4]. The overall efficiency of photocatalytic
rocesses depends, first of all, on several physicochemical fea-
ures of the semiconductor, such as the position of its band gap
otential, the crystalline phase composition, the surface properties,
he mobility and recombination rate of the charge carriers gener-
ted during UV-light irradiation. Also the chemical and adsorption
roperties of the substrates, as well as the adopted experimental
onditions (pH, substrate concentration, photocatalyst amount and
orm), play important roles.

Titanium dioxide is the most widely used photocatalyst, because
t provides the best compromise between photocatalytic perfor-

ance and stability in most chemical environments. In nature, TiO2

an crystallize in the three polymorphs anatase, rutile and brookite.
natase is thermodynamically less stable than rutile and exhibits a
horter wavelength absorption edge. Frequently present in nano-
ized TiO2 particles, it is largely recognized to be the most active

∗ Corresponding author. Tel.: +39 02 50314237; fax: +39 02 50314300.
E-mail address: elena.selli@unimi.it (E. Selli).

010-6030/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2010.03.006
cture.
© 2010 Elsevier B.V. All rights reserved.

phase in oxidative detoxification reactions. Mixtures of the above-
mentioned polymorphs of TiO2 may produce intriguing effects
on charge carrier transfer processes in photocatalytic applications
[5–10].

The possible relation between the physicochemical features
of TiO2 (type of crystalline phase, surface area and hydrophilic-
ity, crystallite dimensions) and its photocatalytic activity in the
degradation of two organic substrates has been investigated in
the present work. A wide series of pure and mixed phases TiO2
photocatalysts has been examined, including both commercial
and home-synthesized samples with tailored properties, expressly
prepared according to different procedures, including sol–gel syn-
thesis followed by hydrothermal growth and mixing of pure
crystalline phases followed by calcination.

The azo dye Acid Red 1 (AR1, see Scheme 1), whose pho-
tocatalytic degradation, occurring through an oxidative, mainly
•OH radicals-mediated path, has been widely investigated by us
[11–16], was chosen as model pollutant to be photodegraded.
Also formic acid (FA) was studied as degradation substrate, mainly

because it undergoes direct photocatalytic oxidation to CO2 and
H2O without forming any stable intermediate. This allows a more
straightforward interpretation of the kinetic results. The evolu-
tion of hydrogen peroxide, generated by the combination of O2
with conduction band electrons, was also monitored during all

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:elena.selli@unimi.it
dx.doi.org/10.1016/j.jphotochem.2010.03.006
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Scheme 1.

hotodegradation runs, to get information on the main reductive
rocess occurring in parallel to the oxidation of the two organic
ubstrates.

. Experimental

.1. Materials

Most chemicals, i.e. Acid Red 1 (AR1) and formic acid
FA), purity 95–97%, were purchased from Aldrich. Per-
xidase (type II, from horseradish) was a Sigma product.
ris(hydroxymethyl)–aminomethane (TRIS), 99.7%, was pur-
hased from Baker Chemicals and p-hydroxyphenylacetic acid
POHPA), >98%, was purchased from Fluka. They were all employed
s received, apart from AR1, which was purified by crystallization
rom methanol, as already described [11]. Water purified by a

illi-Q apparatus (Millipore) was used to prepare solutions and
uspensions.

Apart from the well-known commercial P25 Degussa
anatase–rutile composite), all of the investigated TiO2 sam-
les were labeled with capital letters indicating polymorphs, A
tanding for anatase, R for rutile and B for brookite, and with
nsuing numbers indicating their surface area, expressed in
2 g−1. Home-made photocatalysts, comprising pure rutile, mixed

natase–rutile and ternary mixed anatase–brookite–rutile sam-
les, were compared with commercial pure phase anatase A284,
136, A9 (Alfa Aesar), pure phase rutile R3 (Aldrich) and the two
natase–rutile mixed phase samples P25 (Degussa) and AR43 (Alfa
esar). The complete series of photocatalysts investigated in the
resent study is displayed in Table 1.

The synthesis of pure rutile photocatalysts R192 and R130 was
eported previously [17]. Briefly, a TiCl3 solution (12% in hydrochlo-
ic acid) was neutralized by NH3 addition, in order to achieve pH 4.
he mixture was kept stirred under O2 stream (10 L h−1), up to the

isappearance of the blue color. The final slurry was centrifuged
nd the wet precursor (R) was dried in oven at 80 ◦C overnight and
hen calcined under an oxygen stream, at 200 ◦C (R192 sample) or
t 300 ◦C (R130 sample), respectively.

able 1
ET surface area, quantitative phase composition from XRD analysis, mean diameter 〈dA

101

he Scherrer equation, and mean crystallite diameter dBET, according to BET measuremen

Photocatalyst Supplier SBET (m2 g−1) %Anatase %Rut

A284 Alfa Aesar 284 100 –
A136 Alfa Aesar 136 100 –
A9 Alfa Aesar 9 100 –
R192 Home-made 192 – 100
R130 Home-made 130 – 100
R3 Aldrich 3 – 100
AR173 Home-made 173 95 5
AR144 Home-made 144 86 14
AR130 Home-made 130 80 20
P25 Degussa 48 78 22
AR43 Alfa Aesar 43 91 9
ABR172 Home-made 172 51 9
ABR155 Home-made 155 42 27
hotobiology A: Chemistry 211 (2010) 185–192

The mixed anatase–rutile AR173, AR144 and AR130 photocata-
lysts were prepared by mechanical mixing of different amounts of
commercial A284 with pure rutile precursor (R), followed by calci-
nation at 300 ◦C. The A284 to R precursor initial ratios were 90:10
for AR172, 80:20 for AR144 and 70:30 for AR130.

Ternary mixed anatase–brookite–rutile samples were pre-
pared according to two different sol–gel procedures. ABR172 was
obtained by 500 h—long hydrothermal growth in water at spon-
taneous pH and 50 ◦C of an amorphous sol–gel precursor in the
presence of seeds of both an anatase–brookite sample, prepared
in a previous work (sample T hydro in Ref. [13]), and rutile
R130. 0.1 g of each crystalline sample were mixed with 3.0 g of
amorphous precursor; the so obtained final product was not cal-
cined. Mixed anatase–brookite–rutile ABR155 was obtained by
mechanical mixing the precursor of the above-mentioned T hydro
anatase-brookite sample [18] with the rutile (R) precursor (85/15
weight ratio), followed by calcination at 300 ◦C.

2.2. Photocatalysts characterization

UV–vis diffuse reflectance (DR) spectra of TiO2 samples were
recorded using a Lambda 19, PerkinElmer spectrophotometer
equipped with an RSA-PE-20 integrating sphere assembly, using a
calibrated SRS-99-010 Spectralon Reflectance Standard, produced
by Labsphere, as reference material.

Room temperature X-ray powder diffraction (XRPD) patterns
were collected between 10◦ and 80◦ (2� range, �2� = 0.02◦) with
a Siemens D500 diffractometer, using Cu K� radiation. Rietveld
refinement was performed using the GSAS software suite and its
graphical interface EXPGUI [19]. The average diameter of the crys-
tallites, 〈d〉, was estimated from the most intense reflection of the
TiO2 anatase (1 0 1) and rutile (1 1 0) phases, using the Scherrer
equation [17].

Scanning electron microscopy (SEM) photographs were
acquired by LEO 1430. Specific surface areas were determined by
the classical BET procedure using a Coulter SA 3100 apparatus. The
“calculated” diameter of the particles, dBET, was obtained by means
of the following formula, under the assumption that the particles
are composed of single crystals with spherical geometry and have
negligible porosity and surface roughness:

dBET (Å ) = 6 × 104

SBET × �
� = average titanium dioxide density (4.0 g cm−3).
EPR spectra were recorded at room temperature by means of an

ESP-300 Bruker EPR spectrometer, operating in the X-band.

〉 of anatase and 〈dR
110〉 of rutile crystallites, calculated from XRD patterns employing

ts.

ile %Brookite 〈dA
101〉 (nm) 〈dR

110〉 (nm) dBET (nm)

– 9 ± 1 – 5
– 18 ± 3 – 11
– 86 ± 18 – 167
– – 6 ± 1 8
– – 7 ± 1 11
– – 93 ± 20 500
– 12 ± 2 – 9
– 15 ± 2 17 ± 3 10
– 17 ± 3 20 ± 3 11
– 25 ± 5 35 ± 8 31
– 35 ± 8 – 35

40 7 ± 1 9 ± 1 9
31 7 ± 1 8 ± 1 10
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.3. Photocatalytic activity determination

All kinetic runs were performed at 30 ± 1 ◦C, under atmo-
pheric conditions, in a magnetically stirred, 600 mL-cylindrical
yrex reactor, employing an experimental setup similar to that
lready described [12,20]. Irradiation was performed by means of a
50 W iron halogenide lamp (Jelosil, model HG 200), emitting in the
15–400 nm wavelength range, with a mean emission intensity on
he reactor of 3.0 × 10−7 Einstein s−1 cm−2, as periodically checked
y ferrioxalate actinometry [21].

All photocatalytic runs were performed in aqueous suspensions
ontaining a fixed amount of TiO2, i.e. 0.1 g L−1. The initial concen-
ration of organic substrate was 2.5 × 10−5 M for AR1 and either
.5 or 1.0 × 10−3 M for FA. Suspensions containing 0.2 g L−1 of TiO2
ere preliminarily sonicated for 30 min in the reactor by means

f a Heat Systems Ultrasonics, model W-385, apparatus, emitting
t 20 kHz. Then the appropriate volume of aqueous solution con-
aining the organic substrate was added up to the desired final
olume and concentration. The so formed suspension was mag-
etically stirred in the dark at 30 ◦C for about 30 min, to attain the
dsorption–desorption equilibrium of the substrate on the photo-
atalyst surface, before starting irradiation. All kinetic runs were
ollowed up to a degradation yield of at least 70%. 4 mL-samples
ere periodically withdrawn from the reactor and analyzed for

esidual substrate content, after removal of the TiO2 particles by
entrifugation at 4000 rpm for 20 min, by means of a EBA-20 Hettich
entrifuge.

The cleavage of the AR1 azo bond, consequent to •OH radicals
ttack and leading to bleaching in the visible region [22], was moni-
ored by spectrophotometric analysis at 531 nm [11], by means of a
erkinElmer Lambda 16 spectrophotometer. FA concentration was
onitored using a total organic carbon (TOC) analyzer (Shimadzu

nstruments, TOC-5000A) in the total carbon (TC) and inorganic
arbon (IC) modes [13]. FA concentration was evaluated as total
rganic carbon concentration, calculated as the difference between
C and IC analyses.

All kinetic runs were repeated at least twice, to test their repro-
ucibility. They were performed under natural pH conditions, to
void the addition of species which might interfere with the pho-
oinduced electron transfer processes occurring at the solid–liquid
nterface. The pH of the suspensions was always measured at the
eginning and at the end of the runs by means of an Amel, model
335, pH meter. During AR1 photocatalytic degradation, the pH
ecreased from an initial value in the 6.2–5.5 range, depending on
he photocatalyst, to a final value in the 4.5–3.8 range, as a conse-
uence of the production of stable acids, due to the removal of the
ulfonic groups of AR1 and the oxidation of the azo double bond
22]. By contrast, a pH increase occurred during FA degradation,
rom initial values around 3.7 to ca. 4.8, as a consequence of FA

ineralization to CO2 and H2O.
Hydrogen peroxide concentration was monitored during the

hotodegradation runs by fluorimetric analysis (�ex = 316.5 nm,
em = 408.5 nm) of the fluorescent dimer formed in the horseradish
eroxidase-catalyzed reaction of hydrogen peroxide with POHPA,
sing a 605-10S PerkinElmer fluorescence spectrophotometer,
s already described [11,13]. Measurements were performed by
dding 0.5 mL of a solution containing peroxidase to a 2 mL vol-
me of surnatant after centrifugation. The peroxidase solution was
repared by dissolving 8 mg of POHPA and 2 mg of peroxidase in
0 mL of a buffer solution at pH 8.8, obtained by adding a few drops
f HCl to a 0.1 M TRIS solution. Test tubes were maintained in the

ark for ca. 30 min before recording the fluorescence signal.

AR1 adsorption measurements were performed in aqueous
uspensions containing 1.0 g L−1 of TiO2 and an overall AR1 concen-
ration of 2.5 × 10−5 M in AR1. The suspensions were magnetically
tirred for 24 h in the dark. Samples were withdrawn after different
Fig. 1. Powder X-ray diffraction lines of (a) A284 (pure anatase), (b) R192 (pure
rutile) and (c) ABR155 (ternary) samples. Insets: corresponding SEM images.

times, centrifuged and spectrophotometrically analyzed for AR1
determination in the surnatant. The adsorption data after 6 h—long
equilibration were considered as most reliable. The fraction of
FA adsorbed on TiO2 was always almost negligible, even in the
presence of a tenfold higher amount of TiO2 with respect to that
employed during the runs: the very small FA concentration varia-
tions in the aqueous phase could not be determined with enough
accuracy [13].

3. Results and discussion

3.1. Photocatalysts characterization

X-ray diffraction lines of selected samples are shown in Fig. 1,
whereas Table 1 reports, for all photocatalysts, the surface area, the
phase composition and the average crystallite sizes, as obtained
from the analysis of X-ray profiles, 〈dA

101〉 and 〈dR
110〉, and from

specific surface area measurements, dBET.
Fig. 1a shows that only the diffraction lines of the anatase phase

are appreciable in the case of sample A284. By elaboration of the
101, most intense, XRD peak, a crystallites size of 9 nm can be
obtained. The surface area is consistently rather large (Table 1). The
SEM micrograph of this sample (inset of Fig. 1a) shows the pres-
ence of aggregates of variable sizes (30–100 nm). The dBET value of
A284 reported in Table 1 might be underestimated because of its
relatively high porosity in the low-pore-size regime and possibly
also because of surface roughness. The structural and morphologi-
cal data of the two pure anatase commercial samples A136 and A9,
also reported in Table 1, evidence progressively larger crystallite
sizes with decreasing surface areas. In the case of A9, a comparison
between 〈dA

101〉 and dBET values is indicative of a large degree of
aggregation/sintering between crystallites.

Fig. 1b shows the diffraction lines of home-made pure rutile

R192: only the lines pertaining to the rutile structure can be
appreciated. The crystallite size is 6 nm, more than one order of
magnitude smaller than the crystallite size of high purity com-
mercial rutile R3, leading to an ensuing much larger surface area
(Table 1, third column). The SEM micrograph of R192, also reported
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The first order rate constants of AR1 photocatalytic degradation
in the presence of all photocatalysts investigated in the present
study are collected in Fig. 4. No direct correlation between the reac-
tion rate and the photocatalysts surface area or phase composition
Fig. 2. Absorption spectra of selected TiO2 samples (see Table 1).

n the inset of Fig. 1b, exhibits smaller and looser aggregates com-
osed by well defined particles. The excellent agreement between
dR

110〉 and dBET values (Table 1) indicates that the particles are
ctually present mainly as single crystals with negligible aggrega-
ion or sintering between the crystallites.

Fig. 1c shows the XRD spectrum of mixed phase ABR155 sample,
hosen to exemplify the co-presence of the three TiO2 polymorphs.
mall crystallite sizes (<10 nm) can be envisaged (see inset of
ig. 1c), having similar dimensions among the three phases, fully
ompatible with the dBET value (Table 1). Further structural data of
natase–rutile mixed samples are collected in Table 1. In general,
rom the inspection of the structural features reported in this table
ne may observe that home-made TiO2 samples consistently show
arger surface areas and smaller crystallite sizes than commercial
nes.

The UV–vis DR spectra of selected TiO2 samples are shown in
ig. 2. In general, all pure anatase samples exhibit a very simi-
ar absorption behavior, with an absorption edge around 380 nm,
s exemplified by the absorption spectrum of A284 reported in
ig. 2. The only exception is A9, whose absorption pattern is
arkedly shifted towards longer wavelengths. Mixed phase home-
ade samples, e.g. AR155 in Fig. 2, exhibit a red-shifted band

ap absorption, almost half way between the absorption edge of
ure anatase and that of pure rutile, whose absorption extends
owards the visible region, up to ca. 420 nm, because of its reduced
and gap with respect to pure anatase. The absorption spectra
f mixed phase commercial AR43 (not shown) and P25 samples
re very similar, both being shifted to shorter wavelength with
espect to mixed phase home-made samples and both exhibiting
perceptible change in the absorption vs. wavelength slope in the
80–400 nm range.

.2. Photocatalytic activity

.2.1. AR1 photocatalytic degradation
Preliminary AR1 adsorption measurements were carried out in

he dark, employing a 10 times higher amount of commercial TiO2
hotocatalysts with respect to the amount employed in kinetic
uns. AR1 adsorption never exceeded 10% of the initial AR1 con-
entration, pointing to a limited AR1 adsorption on TiO2 at the
eginning of the runs, under pH conditions very close to the point
f zero charge of TiO2 [23]. Thus, AR1 concentration in the aque-
us phase practically coincided with the overall AR1 content of the

uspensions.

AR1 was perfectly stable in aqueous solution under the here
dopted irradiation conditions [11], whereas its concentration
ecreased, always according to a first order rate law, during the
hotocatalytic runs in aqueous suspensions containing the inves-
Fig. 3. AR1 concentration profiles during photocatalytic runs in the presence of
0.1 g L−1 of A9 (circles), A136 (squares) and R3 (triangles). Full symbols and contin-
uous lines refer to suspensions pre-sonicated for 30 min, open symbols and dashed
lines refer to untreated suspensions.

tigated TiO2 photocatalysts. Examples of AR1 concentration vs.
irradiation time curves are shown in Fig. 3.

Pre-sonication, favoring the dispersion of the photocatalysts
particles in the aqueous suspensions, was found to influence the
photocatalytic reaction rate to a variable extent, depending on
the photocatalyst. The maximum AR1 degradation rate increase
was verified for A9, with an almost doubled reaction rate upon
ultrasound pre-treatment of the aqueous suspension (see Fig. 3),
whereas this treatment induced less remarkable activation of high
surface area pure anatase A284 and A136 samples. This is in line
with the 〈dA

101〉 value lower than the dBET value reported for A9
in Table 1, indicating significant crystallites aggregation. By con-
trast, the photocatalytic activity of commercial R3 and A43 proved
to be totally insensitive to preliminary sonication, a fact already
ascertained also for P25 [20]. This is not surprising for AR43 and
P25, their average crystallite sizes practically coinciding with their
dBET values (Table 1), whereas it is unexpected for R3, having dBET
greater than 〈dR

110〉.
Based on these results, all aqueous suspensions containing the

photocatalysts were treated with ultrasound for a standard time
prior to the addition of the organic substrates, in order to ensure
de-aggregation of the photocatalyst particles and maximization of
their surface area in contact with the aqueous phase.
Fig. 4. First order rate constants of AR1 photocatalytic degradation in the presence
of 0.1 g L−1 of TiO2 photocatalysts (see Table 1).
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tent, down to pure rutile samples, which exhibit almost no H2O2
evolution during AR1 photocatalytic degradation (Fig. 5).

In general, the higher was the AR1 decomposition rate, the
higher was the accumulated H2O2 amount. Fig. 6 shows that a linear
C. Bernardini et al. / Journal of Photochemistry

an be envisaged. The most efficient photocatalyst was P25, charac-
erized by a relatively low surface area and a binary anatase–rutile
rystalline phase composition, surprisingly followed by A9, a low
urface area pure anatase. The other commercial, higher surface
rea pure anatase photocatalysts proved to be less efficient, exhibit-
ng similar photocatalytic activity, not correlated to their surface
rea. Furthermore, A43 showed remarkably poorly active, in spite
f its phase composition, surface area and absorption properties
imilar to those of P25.

Also home-made mixed phase photocatalysts AR173, AR144 and
R130 exhibit a photocatalytic activity lower than that of P25, but
ery similar to that of pure anatase A136 and slightly increasing
ith their surface area. These three mixed anatase–rutile samples
ere prepared starting from different percent amounts of rutile

eeds, but finally had quite similar crystalline phase composition
Table 1), due to partial polymorph transformation during calcina-
ion.

Finally, the presence of brookite in sol–gel synthesized, mixed
natase, rutile and brookite phase materials ABR155 and ABR172
id not impart any synergistic increase of photoactivity, which thus
ppears mostly related to their anatase content. The higher pho-
oactivity of ABR172 compared to ABR155 may be consequent to
ts higher surface area and/or different phase composition, in par-
icular its higher anatase content (51% vs. 42%), or higher amount of
urface hydroxyl groups (ABR172 did not undergo any calcination
tep).

In general, the phase composition may affect not only the intrin-
ic photoactivity, but also the wettability of the photocatalyst
owders in water [24], which has a paramount importance in guar-
nteeing effective particles dispersion in the aqueous phase and
fficient light absorption by the semiconductor, originating charge
eparation and inter-phase electron transfer processes. Indeed, all
ur pure rutile samples showed low photoactivity (Fig. 4), although
heir absorption spectrum extends to the visible region (Fig. 2) and
he home-made ones possess outstanding surface area and very
mall crystallite dimensions (Table 1). Because of their poor wet-
ability in water, we visually observed that they tended to adhere
o the reactor walls and to aggregate at the air–water inter-phase
uring the runs. Consequently, the extent of their surface area, and
lso the ultrasound pre-treatment to increase their dispersion in
ater (Fig. 3), had scarce influence on their photoactivity, which

hus resulted severely limited by their lack of wettability. Of course,
ther intrinsic characteristics of rutile, such as its low conduction
and edge preventing electron transfer to O2, can also be invoked
s the origin of its low photoactivity.

.2.2. H2O2 evolution during AR1 photocatalytic degradation
The evolution of hydrogen peroxide was monitored during

he runs to ascertain how the rate of AR1 oxidative degrada-
ion correlates to the main parallel reductive path occurring
nder irradiation. H2O2 is generated via reduction of molecular
xygen adsorbed on the photocatalyst surface by the electrons
hoto-promoted into the TiO2 conduction band, eCB

−, according
o reactions (1) and (2) [25]:

2 + eCB
− → O2

•− (1)

2
•− + eCB

− + 2H+ → H2O2 (2)

The so formed hydrogen peroxide may undergo photoinduced
egradation mainly on the photocatalyst surface, by direct reac-
ion with photogenerated charged species, i.e. valence band holes,

VB

+, and conduction band electrons, eCB
−, and/or other reactive

pecies, such as hydroxyl radicals and the superoxide radical anion
26–28]. Thus, hydrogen peroxide could be detected in photocat-
lytic reaction systems only if its formation rate is greater than its
onsumption rate under irradiation [13].
Fig. 5. H2O2 evolution during AR1 photocatalytic degradation on selected TiO2 pho-
tocatalysts (see Table 1).

The H2O2 concentration profiles determined during the pho-
tocatalytic degradation of AR1 in the presence of most of the
investigated photocatalysts are shown in Fig. 5. The highest lev-
els of hydrogen peroxide were attained in the presence of P25: in
this case H2O2 concentration rapidly increased during AR1 pho-
todegradation, reached a maximum value for a ca. 80–90% AR1
photodegradation yield and then decreased, when the suspension
was completely bleached. An almost identical H2O2 concentration
profile was observed during the photocatalytic degradation of ben-
zoic acid in the presence of P25 [13].

By contrast, hydrogen peroxide evolved in a much more grad-
ual way during AR1 photodegradation on the other photocatalysts
(Fig. 5). Relatively high quantities of hydrogen peroxide were con-
tinuously generated on mixed phase AR173, AR144 and AR130,
though at a continuously decreasing rate, up to complete AR1
degradation. Progressively lower H2O2 amounts accumulated, in
the order, on pure anatase A136 and A284 (not shown) and mixed
phases ABR172 (not shown) and ABR155 samples, with H2O2
concentration profiles usually starting to decline after complete
AR1 degradation. This behavior most probably reflects the rela-
tively lower photocatalytic activities of these samples, leading to
lower AR1 degradation and H2O2 production rates on their sur-
face. Sol–gel synthesized and mixed phases samples evolved lower
amounts of hydrogen peroxide, the lower was their anatase con-
Fig. 6. Correlation between first order rate constants of AR1 photodegradation on
different TiO2 photocatalysts and maximum H2O2 concentration attained during the
photodegradation runs.
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These results can be interpreted in the light of the different
ig. 7. Hydrogen peroxide concentration profiles in irradiated aqueous suspensions
ontaining 0.1 g L−1 of photocatalyst and no organic substrate.

orrelation exists between the rate constants of AR1 photodegrada-
ion and the maximum H2O2 concentration values attained during
he photocatalytic runs. This is consistent with H2O2 production
hrough a reductive path [reactions (1) and (2)] simultaneous to the
hotocatalytic oxidation of the organic substrate. If O2 molecules
dsorbed on the photocatalyst surface are able to efficiently act as
cavengers of photoexcited conduction band electrons according
o reaction (1), photogenerated valence band holes become more
asily available for oxidation reactions.

Fig. 6 also evidences that only P25 and A9 markedly deviated
rom the behavior common to all other photocatalysts, the maxi-

um H2O2 concentration values attained during the photocatalytic
uns in their presence being lower than expected in relation to the
easured AR1 photodegradation rate constants.
The H2O2 concentration profile during AR1 photodegradation in

he presence of A9 is very peculiar (Fig. 5), exhibiting an induction
eriod up to a AR1 degradation yield close to 90%, during which
o H2O2 could be detected, followed by relatively fast hydrogen
eroxide accumulation and subsequent decline. Thus, in this case
he photocatalytic degradation of AR1 appears to be in competition
ith molecular oxygen reduction by conduction band electrons,

eading to H2O2 formation. According to previous cyclic voltamme-
ry measurements [12], the reduction potential of AR1 is −0.33 V
NHE), i.e. slightly lower than the conduction band edge of TiO2
E◦

CB (V) = −0.13 to −0.059 pH vs. NHE). Consequently, electron
ransfer from the TiO2 conduction band to AR1 would in princi-
le be allowed, inducing the reduction of the diazo moiety of AR1,
ollowed by its cleavage and consequent overall bleaching [29].

In order to have a better insight into the balance between the
2O2 photocatalytic formation and degradation rates, determin-

ng the amount of H2O2 accumulated during AR1 photocatalytic
egradation runs, the degradation of hydrogen peroxide, either in
he absence and in the presence of the investigated photocata-
ysts, was monitored under irradiation conditions identical to those
mployed in AR1 photocatalytic degradation, starting from a H2O2
oncentration similar to that attained during the runs. H2O2 was
ound to be perfectly photostable in aqueous solution [13] and
o decompose only in the presence of TiO2 particles. The selected
esults shown in Fig. 7 confirm that P25 is very photoactive: on
ts surface H2O2 is produced at relatively high rate and also pho-
odegraded at relatively high rate. The various anatase, rutile and

ixed phase samples were generally similarly active in H2O2 pho-
odegradation. Thus, the lack of H2O2 accumulation during AR1

egradation runs on rutile samples (Fig. 5) is simply a consequence
f low production rate and relatively faster degradation on their
urface. Finally, the relatively slow H2O2 degradation on A9 (Fig. 7)
eems to exclude that the initial induction period observed in the
Fig. 8. Zero-order rate constants of FA photocatalytic degradation in the presence
of 0.1 g L−1 of TiO2 photocatalysts (see Table 1).

H2O2 profile during AR1 photocatalytic degradation (Fig. 5) could
be attributed to fast degradation on its surface and points to a very
low H2O2 formation rate in the initial steps of AR1 photodegrada-
tion.

The outstanding photocatalytic activity of P25, which is man-
ufactured by flame hydrolysis of titanium tetrachloride at high
temperature, has been convincingly attributed to its peculiar
structure consisting of bulk material having a nanostructured
arrangement of interwoven anatase–rutile crystallites, where
charge recombination is hindered by charge transfer and separa-
tion across phase interfaces [7–9]. Hydrogen peroxide is rapidly
produced on its surface during AR1 photodegradation (Fig. 5), but
it also undergoes rapid photocatalytic degradation by interaction
with photogenerated species on the highly active photocatalyst
surface (Fig. 7). The rate of H2O2 photocatalytic degradation soon
overwhelms that of H2O2 formation, when the adsorption of
organic species undergoing degradation starts to decline, and this
would prevent higher H2O2 accumulation in the reaction system
(Fig. 5). Completely different considerations (vide infra) should be
taken into account when discussing the “anomalous” behavior of
A9, evidenced in Fig. 6.

3.2.3. HCCOH photocatalytic degradation
Direct FA photolysis in aqueous solutions not containing the

photocatalysts was excluded, as already verified under similar irra-
diation conditions [13]. In aqueous suspensions containing the TiO2
particles, FA concentration always decreased at constant rate dur-
ing irradiation, i.e. according to a zero-order rate law, in agreement
with previous reports [13,30,31].

The photocatalytic activity scale of the investigated TiO2 pho-
tocatalysts towards FA degradation can be appreciated in Fig. 8,
reporting the zero-order rate constants of FA degradation deter-
mined in the presence of the investigated TiO2 samples. The
photoactivity scale is clearly different from that obtained in the
photocatalytic degradation of the dye (Fig. 4). High surface area,
pure anatase A284 and A136 proved to be the most active photo-
catalysts, even more efficient than P25. By contrast, low surface area
pure anatase A9, which showed very active in AR1 photodegrada-
tion, exhibits extremely low photoactivity towards FA, even lower
than that of pure rutile samples. Sol–gel and mixed phases home-
synthesized TiO2 samples showed all less active than mixed phase
P25, and also of pure, high surface area anatase samples.
prevailing mechanisms at work in AR1 and FA photocatalytic degra-
dation. In fact, azo dyes, as most organic molecules, usually undergo
photodegradation through an oxidation path, initiated either by
direct electron transfer to photoproduced hVB

+, or by the attack of
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ydroxyl radicals, formed upon hVB
+-induced oxidation of water

olecules or adsorbed –OH groups. Formic acid undergoes oxida-
ive photodegradation to CO2 mainly through direct interaction
ith conduction band holes, yielding the CO2

•− radical anion, a
ighly reductant species [E◦(CO2/CO2

•−) = −1.8 V]:

COO− + hVB
+ → CO2

•− + H+ (3)

CO2
•− can either originate the so-called current doubling effect

32] by injecting electrons into the semiconductor conduction band
ccording to reaction (4), or rapidly react with O2 yielding carbon
ioxide [33], reaction (5):

O2
•− → CO2 + eCB

− (4)

O2
•− + O2 → CO2 + O2

•− (5)

The competitive reaction of FA with •OH radicals generated
rom water or hydroxyl anions oxidation is expected to be much
lower [12,34]. In fact, the second order rate constants for aqueous
hase •OH radical attack are k = 1.3 × 108 M−1 s−1 for undissociated
A and k = 3.2 × 109 M−1 s−1 for formate, whereas a higher value,
= 1.7 × 1010 M−1 s−1, was reported for •OH radical attack on an azo
ye similar to AR1 [35]. Furthermore, present FA photodegradation
tudies were carried out under natural pH conditions, comprised
etween the pKa value of FA (3.75) and the point of zero charge of
iO2 (pHzpc = 6.25 [23]). This ensures maximum electrostatic attrac-
ion between FA, partly present as formate anion, and the positively
harged TiO2 surface.

High surface area TiO2 samples, able to photocatalyse FA degra-
ation through direct oxidation by hVB

+, are thus very efficient
Fig. 8) and the surface area exposed to the water phase becomes
he most important photocatalysts’ structural feature in FA degra-
ation. This accounts for the higher photoactivity of A136 and A284,
articularly when compared to low surface area A9, A45 and R3, but
lso in comparison with the home-made sol–gel and mixed phase
hotocatalysts. Within these latter, the same relative activity scale

s maintained in both AR1 and FA degradation (see Fig. 4 vs. Fig. 8);
nly ABR172 appears slightly more active in FA photodegradation,
robably due to its high surface area. Rutile samples confirmed
heir limited photoactivity, practically independent of their surface
reas.

A136 was more active than A284 in both AR1 and FA photocat-
lytic degradation, which might appear surprising in consideration
f its lower surface area. However, the presence of amorphous lay-
rs has been evidenced on the surface of the A284 sample (see
ig. 8c of Ref. [18]), which may account for its lower photoactiv-
ty. The presence, content and effective role of amorphous parts of
hotocatalysts are difficult and complicated to prove [36].

.2.4. H2O2 evolution during FA photocatalytic mineralization
No H2O2 could usually be detected in the aqueous phase dur-

ng FA photodegradation in the presence of the investigated TiO2
hotocatalysts, its concentration remaining below 5 × 10−6 M. This
onfirms the results of previous studies of our [12,13] and other
37,38] research groups. Hydrogen peroxide does not accumulate
uring FA photocatalytic degradation on TiO2 because it undergoes
ast photodegradation on the photocatalyst surface.

In fact, the adsorption of substrates and intermediate species
s expected to affect the interaction of H2O2 with the photo-
atalyst surface and consequently its photo-decomposition rate.

hen the photocatalyst surface is not significantly protected by
dsorbed molecules, titanium peroxo complexes (≡TiIV–OOH) can

orm [39] and all electron transfer processes involving photogen-
rated species, able to oxidise or reduce the peroxo group, are
onsequently favored. Relatively good adsorption and high photo-
atalytic degradation rates of the substrate are thus pre-requisites
or H2O2 accumulation under photocatalytic conditions. If the
Fig. 9. EPR spectrum of (a) P25 and (b) sample A9.

photocatalyst surface is not significantly protected by adsorbed
molecules, as is the case of FA photodegradation occurring with-
out the formation of any intermediate species, hydrogen peroxide
undergoes faster decomposition on its surface. A ppm level of H2O2
was detected [40] only during the photocatalytic degradation of
FA on TiO2 thin films in an annular flow photocatalytic reactor.
However, it quickly decomposed within the thin film surround-
ing the photocatalyst, so that its concentration was expected to
hardly become high enough to be detected under batch reaction
conditions [41].

However, most unexpectedly we detected hydrogen peroxide
during FA photodegradation in the presence of A9. Its concentra-
tion slowly increased during the runs up to a maximum value, ca.
5 × 10−5 M, close to that attained during AR1 photodegradation on
best performing P25 (Fig. 5), which was reached after 9000 s, when
FA mineralization was almost complete, and then decreased.

3.3. Peculiarities of the A9 sample

The low surface area, pure anatase A9 sample thus exhibits
a photocatalytic behavior very different from that of the other
TiO2 photocatalysts: it showed highly active in AR1 photocatalytic
degradation, though this reaction apparently occurred in competi-
tion with H2O2 photoproduction, and it was rather inefficient in FA
photomineralization, though being the only photocatalyst able to
simultaneously evolve appreciable amounts of H2O2.

An explanation of this peculiar behavior was found when the
EPR spectra of the investigated photocatalysts were recorded, at
room temperature. Indeed, as shown in Fig. 9, the A9 sample gave a
rather intense EPR signal, whereas the other photocatalysts were all
EPR silent. This signal could be easily attributed to the presence of
Ti3+ ions within A9, by comparison with the EPR spectra of reduced
TiO2 samples [42–44].

This can explain the higher reducing ability of this TiO2 photo-
catalyst, testified by the much higher amount of H2O2 accumulated
during FA degradation in the presence of this photocatalyst, and
also provides a possible explanation of the quite peculiar behavior
observed in AR1 photodegradation and parallel H2O2 photopro-
duction, i.e. quite fast AR1 photocatalytic degradation might occur
through a reductive path in competition with H2O2 evolution. By
contrast, A9 was a rather poor photocatalyst towards substrates
which can only undergo oxidative degradation, such as FA in the
present study, its lower efficiency possibly being related to the
decrease of trapped holes observed in reduced TiO2, due to defi-
ciency of lattice oxygen trapping sites [42].

Reduced TiO2 has been the subject of experimental and theo-
retical work [45]. The presence of Ti3+ ions is accompanied by the
appearance of more than one EPR signal associated to various kinds

of paramagnetic Ti3+ ions in the lattice and by the occurrence of a
new state in the gap at about 0.8–0.9 eV below the conduction band,
attributed to Ti3+ ions. Although the theoretical understanding of
reduced TiO2 is still unsatisfactory [46], it can be regarded as a very
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nteresting self-doped material, possibly able to absorb and display
hotoactivity under visible light [47,48].

. Conclusions

The synergistic effect of mixed anatase and rutile phases typical
f P25 confirms to be strictly related to its peculiar prepara-
ion method and structure. Besides on intrinsic features, such as
rystalline phase composition, surface area, particles dimensions,
urface hydrophilicity/hydrophobicity, the photocatalytic activity
f TiO2 photocatalysts and the prevailing photodegradation paths
epend on the organic substrate to be degraded and possibly also
n the presence of Ti3+ in the TiO2 lattice.
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