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a  b  s  t  r  a  c  t

Commercial  TiO2 samples  with  different  phase  composition  and  surface  area  were  tested  as  photocat-
alysts  in  the  photoinduced  reduction  of  Cr(VI)  in aqueous  suspensions  at  pH  3.7  under  UV–visible  light
irradiation.  This  reaction  was  also  coupled  with  the  simultaneous  photocatalytic  oxidation  of  the  pol-
lutant  azo  dye  Acid  Orange  8 (AO8)  and  of formic  acid,  acting  as hole  scavengers.  The  co-presence  of
oxidizable  and  reducible  species  ensured  better  separation  of  photogenerated  charge  carriers,  resulting
eywords:
hotocatalytic reduction of Cr(VI)
itanium dioxide
u/TiO2

ormic acid

in a  higher  rate  of  both  organics’  oxidation  and  Cr(VI)  reduction,  especially  in  the  case  of  high  surface  area
anatase  TiO2,  having  the  strongest  affinity  for  Cr(VI)  and  AO8,  as  demonstrated  by  competitive  adsorption
tests.  The  effects  on  Cr(VI)  photocatalytic  reduction  of  gold  nanoparticles  photodeposited  on  TiO2 and
of the  Au  loading  were  also  investigated,  aiming  at ascertaining  if  this  noble  metal  plays  a role  in  the
electron  transfer  processes  involved  in Cr(VI)  reduction.
cid Orange 8

. Introduction

The mobility and toxicity of aqueous chromium, a notoriously
oxic, mutagenic and carcinogenic [1,2], common component of
ndustrial wastes [3],  depend on its oxidation state. Cr(VI), usually
resent in the form of highly soluble and toxic chromate anions, can
fficiently be converted into Cr(III), which exhibits lower toxicity
nd mobility in the environment [4,5], by photocatalytic reduction
n semiconductors [6–11]. When employing TiO2, the most widely
sed semiconductor photocatalyst [12–14],  this process is possi-
le on the grounds of the energy level of the TiO2 conduction band
nd of the reduction potential of the Cr(VI)/Cr(III) couple and it
s favored at low pH. In fact, due to the three electrons involved in
r(VI) reduction to Cr(III), the potential of this couple shifts to more
ositive values with decreasing pH with a slope higher than that of
he conduction band edge shift with pH [11].

In order to investigate the influence of the surface and struc-
ural properties of this semiconductor on its photocatalytic activity,

 series of commercial TiO2 samples with different phase compo-
ition and surface area was tested in the photocatalytic reduction
f Cr(VI) in aqueous suspensions at pH 3.7 under UV–visible light
rradiation. This reaction was also coupled with the simultaneous

hotocatalytic oxidation of an organic pollutant, i.e. the azo dye
cid Orange 8 (AO8), see Scheme 1, and of formic acid, a small
rganic molecule undergoing direct photocatalytic mineralization

∗ Corresponding author. Tel.: +39 02 503 14237; fax: +39 02 503 14300.
E-mail address: elena.selli@unimi.it (E. Selli).
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© 2011 Elsevier B.V. All rights reserved.

to CO2 and water, without the formation of any stable intermediate
species.

Investigation on the simultaneous reduction and oxidation pro-
cesses occurring under irradiation on the photocatalyst surface in
contact with water not only provides valuable information on the
rate of the electron transfer paths at work in the reaction system,
but is of great importance in consideration of the fact that heavy
metals, which can be photocatalytically reduced, and organic pol-
lutants, which can be removed by photocatalytic oxidation, very
often coexist in wastewaters. As outlined by Prairie et al. in their
early study [8],  an efficient design of photocatalytic systems for
wastewater treatment must take into account both oxidation and
reduction processes.

The photocatalytic reduction of Cr(VI) was  already investigated
in the presence of organics frequently present in natural and waste
waters, such as humic substances [9],  or pollutants, such as phe-
nol and 4-chlorophenol [15–17],  dyes [18–20],  methyl tert-butyl
ether [21], or carboxylic acids [17,22]. An increase in the rate of
Cr(VI) photocatalytic reduction was usually observed. Most of these
studies were performed employing the P25 TiO2 photocatalyst and
were mainly focused on the effects of substrates concentration and
of pH. Our study is mainly focused on the effects of the TiO2 phase
composition and surface area on the rate of both Cr(VI) photocat-
alytic reduction and simultaneous oxidation of organic compounds,
also in relation to their competitive adsorption on the photocatalyst

surface.

Furthermore, the deposition of noble metals on semiconduc-
tor oxides is expected to enhance their photocatalytic activity by
increasing the separation of photogenerated electron–hole pairs

dx.doi.org/10.1016/j.jhazmat.2011.09.038
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:elena.selli@unimi.it
dx.doi.org/10.1016/j.jhazmat.2011.09.038
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Scheme 1. Acid Orange 8 (AO8).

23]. Indeed, the Fermi level of noble metals is usually lower
n energy than the conduction band edge of TiO2. Thus, photo-
romoted electrons can be captured by the noble metal, while
hotoproduced holes remain in the semiconductor valence band.
owever, whereas the positive effect of noble metal co-catalysts
n the photocatalytic reduction processes, such as hydrogen pro-
uction from water or O2 reduction yielding hydrogen peroxide,

s well established [24–26],  their effective role in photocatalytic
xidative reactions is still under debate, especially in the case of
old-modified TiO2 [27,28].

The effect on Cr(VI) photocatalytic reduction of gold nanopar-
icles photodeposited on the TiO2 surface was also investigated in
he present work and compared to their effect in the photocatalytic

ineralization of formic acid. A series of TiO2-based photocatalysts
ith different Au loadings were thus prepared and tested. The mod-

fications induced on the photocatalyst surface by the noble metal
hotodeposition treatment were also taken into account.

. Experimental

.1. Materials and photocatalysts

Most chemicals, i.e. K2Cr2O7, formic acid (FA), purity 95–97%,
nd Acid Orange 8 (AO8), were purchased from Aldrich. They were
ll employed as received, apart from AO8, which was  purified by
epeated crystallization from methanol, as already mentioned [29].

ater purified by a Milli-Q water system (Millipore) was used
hroughout.

Mixed phase Degussa P25 titanium dioxide (ca. 80% anatase,
0% rutile, surface area 48 m2 g−1, according to our BET analysis
30]), and two  pure anatase samples, purchased from Alfa Aesar,
ere employed as photocatalysts in powder form. These latter were

abeled A118 and A235, with A standing for anatase, followed by a
umber indicating their surface area in m2 g−1.

The series of gold-modified photocatalysts (Au/TiO2) was
repared starting from 6 vol.% methanol/water suspensions, con-
aining 3 g L−1 of TiO2 (Degussa P25) and the required amount
f Au(III) acetate, as gold precursor, preliminary dissolved in an
cidic aqueous medium. Au(III) photoreduction to metallic gold
anoparticles deposited on TiO2 was achieved by irradiating the
uspensions for 2 h under nitrogen atmosphere. An immersion flu-
rescent, low pressure mercury arc lamp (Jelosil) was employed as
he irradiation source, emitting in the 300–400 nm range, with a

aximum emission peak at 360 nm.  Gold-modified TiO2 powders
ere recovered after at least five centrifugation and washing cycles,
p to the complete removal of residual ions and organic precursors.
hey were then dried at 70 ◦C for 1 day and stored in the absence
f light and humidity. They were labeled with P, standing for “pho-
odeposited”, followed by their nominal gold content, in weight
ercent. A reference sample (P 0%) was prepared following exactly
he same procedure, except for the addition of the gold precursor.
.2. Photocatalysts characterization

UV–vis diffuse reflectance (DR) spectra were recorded with a
ambda 19, Perkin Elmer spectrophotometer equipped with an
aterials 211– 212 (2012) 188– 195 189

integrating sphere. HRTEM images were obtained with a JEM
3010 (JEOL) electron microscope operating at 300 kV. XPS analyses
were performed by a PHI-5500-Physical Electronics spectrometer,
equipped with a monochromatized source with aluminum anode
(K� = 1486.6 eV). XRD analysis was  performed employing a Philips
PW 1820 power diffractometer, using filtered Cu K� radiation. The
BET surface area was measured by nitrogen adsorption/desorption
at 77 K employing a Micromeritics ASAP 2010 apparatus. All these
characterization measurements were performed on the photocat-
alysts employed in this work, following the operating conditions
and procedures already described in detail [31].

2.3. Photocatalytic and adsorption tests

All photocatalytic runs were performed in aqueous suspensions
under atmospheric conditions, in a magnetically stirred 100 mL
reactor, inserted in a home made housing consisting in a black
box mounted on optical bench [31]. The irradiation source was  an
Osram, model Powerstar HCI-T, 150 W/NDL lamp, mounted on a
Twin Beam T 150 R reflector, mainly emitting visible light above
400 nm,  with a small emission in the 350–400 nm range (see Fig. 6
of Ref. [31]) and an average full emission intensity on the reactor
of 2.5 × 10−7 Einstein s−1 cm−2, as periodically checked by ferriox-
alate actinometry. A 285 nm cut off filter was  mounted at the black
box entrance. The lamp and the reactor were separated by a fixed
distance of 10 cm.  The whole set up was  maintained at ambient
temperature by a continuous stream of air.

All irradiated aqueous suspensions contained 0.1 g L−1 of pho-
tocatalyst. The photocatalysts dispersed in pure water were
preliminarily sonicated in a Eurosonic, Model 22, apparatus for
30 min. Then appropriate volumes of stock solutions containing
Cr(VI), Acid Orange 8 (AO8) or formic acid (FA) were added.
The initial concentration of the photocatalytic reaction substrates
in the aqueous suspensions were fixed at the following values:
3.3 × 10−5 M for Cr(VI), from a solution obtained by dissolving
K2Cr2O7 in water, and 1.0 × 10−3 M for FA, 2.8 × 10−5 M for AO8.
Before starting irradiation, the so obtained suspensions were mag-
netically stirred in the dark for 15 min  to attain the adsorption
equilibrium of the substrates on the photocatalyst surface.

Stirring was continued during the runs. The lamp was  always
switched on at least 30 min  before the beginning of irradia-
tion. At different time intervals during the runs, 3-mL samples
of the suspension were withdrawn from the reactor and cen-
trifuged employing a EBA-20 Hettich centrifuge. The supernatant
was  analyzed colorimetrically for Cr(VI) residual content, using
the 1,5-diphenylcarbazide method [32]. AO8 photobleaching was
monitored during the runs by spectrophotometric analysis at
the wavelength of maximum AO8 absorption, i.e. 490 nm.  The
molar extinction coefficient of the dye at this wavelength is
ε = (3.06 ± 0.02) × 104 M−1 cm−1, according to previous calibration
[29]. FA content in the supernatant was  determined by ion chro-
matography with conductivity detection, employing a Metrohm
761 Compact IC instrument [31], as already described, after cali-
bration for formate ion concentration in the 0–50 ppm range.

All kinetic runs were performed up to ca. 70% Cr(VI) removal and
repeated at least twice, to check their reproducibility. The initial
pH of the suspensions was  fixed at pH 3.7 by addition of the appro-
priate volume of a concentrated HClO4 solution. No addition was
necessary in the case of FA-containing suspensions, because 3.7 was
the natural pH of the aqueous suspensions containing 1.0 × 10−3 M
FA. The pH of the suspension was  measured before and after each
run by means of an Amel, model 2335 pH-meter; no significant pH

variation occurred during the runs.

Aiming at investigating the substrates affinity for the different
photocatalysts, adsorption tests were performed at pH 3.7 under
the same initial conditions of the photocatalytic runs, except for the
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ith increasing Au loading, prepared by photodeposition. Inset: absorption spectra
f  P25, A118 and A235.

mount of TiO2, which was fixed at 1.0 g L−1. The suspensions were
ept under stirring in the dark and samples were withdrawn after
0 min, 1 h, 6 h and 24 h, centrifuged and analyzed for the Cr(VI)
nd/or AO8 amount in the supernatant. Adsorption equilibrium was
ttained in 30 min.

. Results and discussion

.1. Photocatalysts characterization

XRD analysis confirmed the mixed phase composition of
egussa P25, with a 78:22 anatase-to-rutile ratio, and mean diam-
ter of the anatase and rutile crystallites of 25 ± 5 and 35 ± 8 nm,
espectively [30]. Also the composition (pure anatase) of the A118
nd A235 samples was confirmed by XRD analysis; the mean diam-
ter of crystallites was 18 ± 3 and 9 ± 1 nm,  respectively.

These TiO2 samples exhibit quite similar absorption properties,
ith an absorption onset around 400 nm,  according to UV–vis DR
easurements. In comparison to the pure anatase samples, P25

xhibits a slightly red-shifted absorption edge (see Fig. 1, inset),
ue to the presence of the rutile phase, characterized by a smaller
and gap value (i.e. 3.0 eV vs. 3.2 eV for anatase).

As shown in Fig. 1, all Au/TiO2 samples exhibited the typical
lasmon resonance band of gold nanoparticles (<20 nm), centered
t 550 nm,  i.e. red shifted compared to the pure gold plasmonic
eak (520 nm), indicating interaction between gold and the tita-
ia support. The intensity of the plasmon resonance band regularly
ncreased with increasing the gold loading without any appreciable
ifference in the absorption maximum (Fig. 1), indicating a pro-
ressive increase in gold nanoparticles density on the oxide surface
ithout marked variation of their dimensions.

Fig. 2. HRTEM images of sele
aterials 211– 212 (2012) 188– 195

HRTEM analysis yielded direct information on the dimension
and the distribution of Au nanoparticles. Examples of HRTEM
images are reported in Fig. 2. The mean diameter of gold nanopar-
ticles obtained by photoreduction varied between 5 and 20 nm.
Compared to other gold deposition techniques (e.g. the deposition-
precipitation method [31]), photodeposition was  reported to
produce larger and more spherical noble metal nanoparticles [33].

No variation in XRD patterns was  expected after gold deposition
by the adopted photodeposition procedure, not implying any heat
treatment, as already verified in previous studies [31,34]. Also the
specific surface area of P25 TiO2 did not vary upon gold nanoparti-
cles deposition, in line with analogous results obtained by us [31]
and by other research groups [35–37].

The XPS analysis of the surface chemical composition, reported
in Table 1, confirmed that all samples maintained a O/Ti atom
ratio very close to 2, indicating no variation in the metal oxide
surface composition, and confirmed the presence of gold nanopar-
ticles deposited on the Au/TiO2 photocatalysts. The gold percent
surface amount detected by XPS analysis regularly increased with
increasing the nominal gold loading of the samples prepared by
photodeposition. Furthermore, XPS analysis did not evidence any
significant variation of chlorine content and of adventitious sur-
face carbon content with respect to the values detected for pristine
P25 TiO2, indicating negligible persistence of Cl− ions or of organic
substances originating from the gold precursor.

3.2. Cr(VI) photocatalytic reduction tests on TiO2

The photocatalytic reduction of Cr(VI) occurred according to a
first order rate law in the presence of both TiO2 and Au/TiO2 pho-
tocatalysts. Determination coefficients R2 obtained by treating the
Cr(VI) concentration vs. time data according to a first order rate
law were always greater than 0.98. The photoactivity of different
photocatalyst powders was  thus compared in terms of first order
rate constants of Cr(VI) reduction obtained under identical irradi-
ation conditions in the presence of an equal photocatalyst amount
(0.1 g L−1).

The effect of pH was preliminarily investigated employing
P25-containing suspensions, in order to attain optimal Cr(VI) pho-
toreduction conditions. The rate constant of Cr(VI) photocatalytic
reduction at the natural pH conditions of the dichromate suspen-
sion, i.e. pH ca. 6.5, was  (8.2 ± 0.8) × 10−5 s−1, whereas an almost
doubled rate constant, i.e. (1.61 ± 0.05) × 10−4 s−1, was determined
employing a suspension at pH 3.7, obtained by HClO4 addition.
All subsequent runs were thus performed at this pH. This result is
in agreement with previous findings of different laboratories and

is expected from the already mentioned shift of potentials with
decreasing pH [8,11,12,38–40].

The photocatalytic activity of the different bare TiO2 samples
investigated in the present work can be compared in Fig. 3, in terms

cted Au/TiO2 samples.



M.V. Dozzi et al. / Journal of Hazardous Materials 211– 212 (2012) 188– 195 191

Table 1
Surface composition, from XPS analysis, of P25 TiO2 and of Au/TiO2 photocatalysts prepared by photodeposition of different percent amounts of gold nanoparticles.

Au/TiO2 sample Atom %

C 1s O 1s Ti 2p Cl 2p Au 4f

P25 14.1 55.9 28.0 0.8 –
P  0% 16.2 54.5 27.4 0.6 –
P  0.1% 15.6 54.8 27.7 0.6 0.06

26.7 0.7 0.12
27.4 0.8 0.16
26.3 0.7 0.21
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Fig. 4. Percent amount of Cr(VI), in the form of dichromate anion, adsorbed at equi-

dye increased with increasing the surface area of the photocata-
P  0.3% 16.8 54.0 

P  0.5% 15.8 54.2 

P  1% 16.4 54.4 

f first order rate constants of Cr(VI) reduction. Their uncertainties,
btained from repeated runs, are also shown in the figure. P25 TiO2
as found to be the best performing photocatalyst, followed by
118 and by A235. The rate of Cr(VI) reduction thus appears totally

ndependent of the photocatalyst surface area, but rather limited
y the intrinsic efficiency in photoproduced charges separation
f the employed photocatalyst powder. P25 TiO2, manufactured
y flame hydrolysis of titanium tetrachloride at high temperature,
xhibits outstanding photocatalytic activity in several reactions, to
e attributed to its peculiar nanostructured arrangement of inter-
oven anatase-rutile crystallites hindering charge recombination

y charge separation across interfaces [41,42].

.3. Effect of AO8 on Cr(VI) adsorption and photocatalytic
eduction on TiO2

Preliminary tests of Cr(VI) and AO8 equilibrium adsorption on
he investigated photocatalysts were performed at pH 3.7 under
he same conditions employed in photocatalytic runs, except for a
0-fold higher amount of TiO2.

The percent amount of Cr(VI) adsorbed on the photocatalysts,
oth in the presence and in the absence of AO8, is shown in Fig. 4.
he adsorption of Cr(VI), present in the suspensions in the form of
egatively charged Cr2O7

2− ions, clearly increased with increasing
he surface area of the TiO2 photocatalysts. The extent of Cr(VI)
dsorption on all photocatalysts was lower in the presence of the
zo dye, indicating competitive adsorption. Indeed, at pH 3.7 both
O8 and Cr(VI) are in the anionic form, whereas the TiO2 surface is
ositively charged, its point of zero charge being at pH higher than
.7.

The extent of AO8 equilibrium adsorption on the photocatalysts
as also measured, both in the presence and in the absence of
r(VI). The results shown in Fig. 5 demonstrate that AO8 largely

dsorbed on the TiO2 photocatalysts, and that the adsorbed amount
as also larger on higher surface area photocatalysts. The fact that
O8 adsorption occurred in competition with dichromate adsorp-

ion was confirmed by the lower AO8 adsorption extent attained
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in the presence of Cr(VI) (Fig. 5). The effects of competitive adsorp-
tion were more pronounced in the case of P25 photocatalyst, as
expected, due to its lower specific surface area (Figs. 4 and 5).

The simultaneous presence of Cr(VI) and of the azo dye AO8,
undergoing photocatalytic oxidation under irradiation, led to a
marked enhancement of the rate of Cr(VI) photoreduction, which
was  clearly higher for photocatalysts with higher surface area (see
Fig. 3). Similar results were obtained in the presence of other
organics, e.g. methyl tert-butyl ether [21], different dyes [18–20]
or carboxylic acids [17,22].

The dye itself was found to undergo photocatalytic oxidation
according to a first order rate law, both in the presence and in the
absence of Cr(VI). In both cases the photocatalytic bleaching of the
lyst, as shown in Fig. 6. Furthermore, AO8 photodegradation was
markedly enhanced by the simultaneous presence of Cr(VI) and
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ig. 6. Rate constants of AO8 photocatalytic oxidation in the absence and in the
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his effect was more remarkable for the two high surface area pure
natase photocatalysts (Fig. 6).

Aromatic azo dyes undergo photocatalytic bleaching through an
xidation mechanism mainly involving hydroxyl radicals, which
pon band gap excitation are photocatalytically generated on the
xide surface from the oxidation of surface –OH groups or water
olecules. These radicals attack the diazo moiety, leading to loss

f visible light absorption [43–46].  This occurs on the photocat-
lyst surface, the hydroxyl radicals being unable to leave it [47].
onsequently this oxidation path is largely favored by substrate
dsorption on the photocatalyst surface. In fact, both in the pres-
nce and in the absence of Cr(VI) the rate of AO8 photocatalytic
xidation increased with the surface area of the employed pho-
ocatalyst (Fig. 6), on which a larger percent amount of dye could
dsorb (Fig. 5). The simultaneous photooxidation of the organic dye
learly had a synergistic effect in Cr(VI) reduction, and this effect
as greater, the larger was the surface area of the photocatalyst

Fig. 3).
In fact, the photocatalytic activity in Cr(VI) reduction in the

bsence of AO8 did not increase with increasing the photocatalyst
urface area, because it mainly depends on the intrinsic efficiency
f electron–hole separation, as stated above. However, the simul-
aneous presence of Cr(VI) and AO8 led to an enhancement of
he photocatalytic activity, which was clearly higher for photo-
atalysts with higher specific surface area, i.e. for photocatalysts
n which AO8 underwent faster degradation. Indeed, photopro-
oted conduction band electrons became more readily available

or Cr(VI) reduction in the presence of AO8, which indirectly
onsumed photoproduced valence band holes and thus inhib-
ted electron–hole recombination. Therefore, the co-presence of
xidizable and reducible species ensured better separation of pho-
ogenerated charge carriers, especially in the case of high surface
rea anatase TiO2, having the strongest affinity for both degradation
ubstrates, as demonstrated by competitive adsorption tests.

Concerning the mechanistic aspects of Cr(VI) photocatalytic
eduction, the reaction was shown to occur through a sequence
f one electron transfer steps and experimental evidence was
btained of the involvement of Cr(V) in the form of aquo and EDTA
omplex [48,49].  When the reaction was combined with the pho-
ocatalytic oxidation of an organic species able itself to absorb
ight, such as the azo dye AO8 in the present study, absorbing

 considerable portion of visible light under the adopted irradi-
tion conditions, a sensitized mechanism might be at work, in
arallel to that initiated by semiconductor band gap absorption.

n fact, as shown in Scheme 2, the electronically excited state of

he dye, produced by visible light absorption, is able to transfer
lectrons into the conduction band of TiO2 or to adsorbed Cr(VI),
roducing a dye radical cation, which easily undergoes oxidation
Scheme 2. Dye-sensitized and band gap absorption-initiated paths of simultaneous
Cr(VI) reduction and AO8 oxidation.

by O2 molecules. Such reaction path is responsible for the visible
light-induced photocatalytic reduction of Cr(VI) in the presence of
dyes [20] and is perfectly compatible with the surface area and
adsorption dependence observed for the rate of both oxidation and
reduction reactions simultaneously occurring on the photocatalyst
surface.

In contrast, present photocatalytic activity results, clearly
dependent on the surface area of the employed photocatalyst,
seem to exclude that the enhanced Cr(VI) photoinduced reduction
observed in the presence of AO8 occurred through direct electron
transfer from AO8 to Cr(VI) in a AO8–Cr(VI) complex in the aque-
ous phase, as suggested to occur in the case of the azo dye Acid
Orange 7 [20]. In fact, both Cr(VI) and AO8 were found to be per-
fectly photostable in aqueous solutions containing no TiO2, even
after prolonged irradiation under the conditions employed in the
present study. Similar Cr(VI) complexes were shown to play a role in
the photocatalytic Cr(VI) reduction in the presence of, e.g.,  salicylic
and citric acids [20,22,50].

On the other hand, evidence was recently obtained of the for-
mation of a charge transfer complex between Cr(VI) and TiO2 [51]
that could be excited by visible light. The efficiency of Cr(VI) reduc-
tion attained by selectivity exciting this complex was  found to be
higher than that produced by exciting the semiconductor itself. An
electron transfer path initiated by this way  cannot be excluded to
be at work under the irradiation conditions of the present work.

3.4. Effect of formic acid on Cr(VI) photocatalytic reduction

Aiming at excluding the possibility of any dye-sensitized pho-
tocatalytic reaction path, we  investigated the effect of the presence
of formic acid in the photocatalytic reduction of Cr(VI). This
acidic organic substrate does not absorb light in competition with
TiO2 and is known to undergo photocatalytic oxidation mainly
through direct interaction with photoproduced valence band holes
[43,46,52], without forming any stable mineralization intermedi-
ate.

The effect of FA addition on the rate of Cr(VI) photocatalytic
reduction is also shown in Fig. 3 and can be easily compared with
that of AO8 addition in the irradiated suspensions. The rate of Cr(VI)
photoreduction was  clearly higher in the presence of both organic
species, with respect to the rate measured in the absence of any
organics. However, the photoactivity trend within the investigated
photocatalyst series obtained after FA addition was completely dif-
ferent with respect to that observed after AO8 addition. In fact,
a remarkable rate increase was  obtained upon FA addition when
employing P25 TiO2, whereas FA addition had much smaller effects
pure anatase photocatalysts, the photoactivity of which markedly
increased upon AO8 addition. Thus Cr(VI) reduction in the presence
of a direct hole scavenger, such as FA, appears to be still limited
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Fig. 8. Effect of gold nanoparticles photodeposited on TiO2 on the photocatalytic

The rate enhancement observed in the case of Cr(VI) photocat-
alytic reduction upon loading P25 TiO2 with gold nanoparticles
shows an unclear trend as a function of metal loading. Also
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ig. 7. Zero-order rate constants of FA photocatalytic oxidation in the absence and
n  the presence of Cr (VI).

y the electron–hole separation intrinsic properties of the semi-
onductors, rather than by effects related to their surface area and
ubstrate adsorption capability.

Simultaneous to Cr(VI) photocatalytic reduction, FA underwent
hotocatalytic mineralization at constant rate, i.e. according to

 zero-order rate law, as already observed in previous studies
31,46,52]. Fig. 7 shows that pure anatase A118 was  the best per-
orming photocatalyst in FA mineralization in the absence of Cr(VI).
omparable results were obtained under UV irradiation [30]. How-
ver, the rate of FA mineralization dramatically dropped when
r(VI) was added to the irradiated suspensions, down to a rather

ow value, almost independent of the employed TiO2 photocata-
yst (Fig. 7). Very low FA conversion (below 10%) was  attained in
his case at the end of the runs. This effect could not be attributed
o Cr(VI)–FA interactions in the aqueous phase, because aqueous
olutions containing both Cr(VI) and FA at pH 3.7 were found to be
erfectly stable both in the absence and in the presence of irradi-
tion, in contrast to previous studies carried out under intense UV
rradiation [53].

It is worth noting, however, that the initial FA concentration in
ur suspensions was more than one order of magnitude higher than
he initial Cr(VI) concentration and that the rate of FA oxidation,
oinciding with the zero-order rate constants values of Fig. 7, was
imilar to the rate of Cr(VI) photocatalytic reduction in the pres-
nce of FA, calculated as r = k [Cr(VI)], k being the first order rate
onstants reported in Fig. 3 for Cr(VI) reduction in the presence
f FA. Thus the photocatalytic oxidation and reduction processes
roceeded at almost the same rate on the photocatalysts surface.
his rate was lower than the rate of FA oxidation in the absence of
r(VI), indicating that chromium species adsorbed on the photocat-
lyst surface inhibit FA photocatalytic oxidation. Indeed, previous
tudies on Cr(VI) photocatalytic reduction in the presence of car-
oxylic acids evidenced an inhibition in TOC degradation [50] or
ven an increase of TOC amount [22] during the photocatalytic
uns, which were attributed to deactivation of the photocatalyst
urface due to Cr(III) adsorption or to desorption of organic species
rom the photocatalyst surface under irradiation, respectively. This
hromium-induced inhibition in the photocatalytic mineralization
f organics should deserve attention, because it may  cause prob-
ems in the photocatalytic treatment of waste waters.

.5. Effect of gold nanoparticles deposition on TiO2

The effects induced on the rate of Cr(VI) reduction by the pres-

nce of gold nanoparticles photodeposited on the surface of P25
iO2 can be appreciated in Fig. 8, where the first order rate con-
tants obtained with the Au/TiO2 photocatalysts series are reported
s normalized values with respect to the rate constant value kP25
reduction of Cr(VI): ratio between the first order rate constants k measured in the
presence of Au/TiO2 samples with different gold loading (wt.%) and that obtained
with  unmodified P25, kP25.

obtained with unmodified P25 TiO2. Also with the Au/TiO2 photo-
catalysts, Cr(VI) photoreduction became faster upon FA addition to
the irradiated suspensions, with an average 4-fold increase of the
rate constants of Cr(VI) reduction (data not shown).

The photocatalytic activity scale of the Au/TiO2 samples in FA
oxidation can be appreciated in Fig. 9, showing the ratios between
the zero-order rate constants of FA degradation obtained with each
photocatalyst and that measured in the presence of unmodified
P25. On the other hand, FA oxidation rate dropped to very low val-
ues in the presence of Cr(VI), in a way almost identical to that shown
in Fig. 7 in the case of the unmodified photocatalysts.

The presence of photodeposited gold nanoparticles had a ben-
eficial role primarily in increasing the rate of FA oxidation (Fig. 9).
The photoactivity increase obtained by gold photodeposition was
slightly higher than that obtained with gold-modified TiO2 pre-
pared according to the deposition-precipitation method [31] and
can be attributed to the formation of the carbon dioxide radical
anion upon the one electron oxidation of FA. In fact, such strongly
reductant species may  contribute in maintaining gold in its photo-
catalytically active metallic form, avoiding the possible formation
of Au+ by Au(0) interaction with conduction band holes [31]. Fur-
thermore, the photodeposition procedure itself, even in the absence
of gold precursor, slightly increased the photoactivity of P25 (see P
0% vs. P25 in Fig. 9).
Fig. 9. Effect of gold nanoparticles photodeposited on TiO2 on the photocatalytic
oxidation of FA: ratio between the zero-order rate constants k measured in the
presence of Au/TiO2 samples with different gold loading (wt.%) and that obtained
with  unmodified P25, kP25.
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n this case the photodeposition procedure produced positive
ffects on P25 photoactivity, which were even greater than in
A photocatalytic degradation. In fact, the rate constant of Cr(VI)
hotoreduction almost doubled when P25 TiO2 was pre-irradiated
nder anaerobic conditions in the absence of gold precursor (see
/kP25 of P 0% in Fig. 8), most probably as a consequence of the par-
ial TiO2 surface reduction, whereas metal loading did not exhibit a
efinite effect. The improvement of the photocatalytic efficiency
f these Au/TiO2 materials in Cr(VI) reduction should thus be
ttributed more to partial TiO2 reduction than to the presence of
old nanoparticles. Indeed, rather small effects of noble metals on
he rate of Cr(VI) photocatalytic reduction were reported in the
iterature, for example in the case of mesoporous titania photocat-
lysts embedding gold nanoparticles [54], whereas platinization of
itania was found to produce no improvement in its photoactivity
n Cr(VI) reduction [55].

The rate of both photocatalytic oxidation and reduction reac-
ions were found to slightly vary with metal loading, attaining

 maximum value for the P 0.3% photocatalyst in the case of
r(VI) reduction (Fig. 8) and for P 0.5% in the case of FA oxida-
ion (Fig. 9), i.e. for a 0.5 wt.% gold loading, as in previous studies
31]. These maximum reaction rates were attained for an optimal
alance between the detrimental shielding effects of Au surface
anoparticles, decreasing the fraction of light absorbed by TiO2,
nd their beneficial role in capturing conduction band electrons,
hus reducing the recombination of photoproduced electron–hole
ouples. Present results demonstrate that, when discussing the
odifications in Cr(VI) reduction photoactivity induced by the

resence of noble metal nanoparticles on the photocatalyst surface,
he effects induced by the deposition procedure should be clearly
istinguished from those induced by noble metal nanoparticles
hemselves.
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