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Abstract 

Specimens of iron-doped titania containing different amounts of Fe (OS-S%) were prepared from TiO, (Degussa P-25) 
and Fe(III) acetylacetonate. by the wet impregnation method. Samples were characterized by X-ray diffraction analysis, 
specific surface area (BET) measurements, SEM-EDX, atomic absorption and IR and diffuse reflectance spectra. From the 
structural point of view, the samples were similar to those obtained with Fe(NO,), . 9H,O as the precursor, but with a more 
homogeneous distribution of iron for each mixed oxide sample on the particle surfaces but not between particles. The 
photocatalytic activity of these samples under near-UV irradiation was better for oxalic acid degradation than for EDTA, and 
similar for both types of mixed oxide samples. Mixed oxides showed however lower activity than TiO,. Some photodegrada- 
tion under visible irradiation, not occurring with TiO,, could be observed for oxalic acid when using 5% Fe-containing 
samples. 
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1. Introduction 

The search for new materials in heteroge- 
neous photocatalysis has been a matter of inter- 
est in the last years because of the enormous 
technological implications of these processes. In 
this sense, several studies with metal transition 
doped-titania have been done in recent years 
[1,2], related to the spectroscopic and structural 

’ Corresponding author. 

properties as well to the photocatalytic behavior 
of these materials; however, no direct correla- 
tion between photophysical measurements and 
photochemical activity could be found. In par- 
ticular, iron(III)-doped TiO, samples have been 
the object of several papers, including prepara- 
tion and characterization, spectroscopic features, 
dynamics of charge-transfer trapping and re- 
combination and photocatalytic behavior [3-321. 

Our previous papers [22,30] report the prepa- 
ration, characterization and some photocatalytic 
studies with iron-doped titania samples prepared 
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from TiO, and Fe(NO,), - 9H,O as iron precur- 
sor. The samples consisted of fine particles and 
larger aggregates with a very large distribution 
of particle shapes and dimensions containing 
non-uniformly distributed iron. Samples with 
high Fe contents ( > 1%) contained also sepa- 
rate cr-Fe,O, or Fe,TiO, phases. All samples 
exhibited larger particle sizes and smaller spe- 
cific surface areas than the TiO, precursor, a 
lower content of surface OH groups and a 
smaller anatase-to-rutile ratio. Concerning their 
photoactivity for the oxidative degradation of 
oligocarboxylic acids (EDTA, oxalic and mal- 
onic acid), they presented poorer properties than 
naked TiO, (Degussa P-25), which was at- 
tributed to an enhanced recombination rate of 
electrons and holes and to the existence of 
hematite or pseudobrookite as separated phases. 

In the present work, new samples of iron- 
doped titania were prepared by wet impregna- 
tion starting with TiO, and iron(II1) acetylacet- 
onate complex, Fe(acac),. The new materials 
were characterized by different techniques, and 
their photocatalytic activity for the degradation 
of oligocarboxylic acids under UV and visible 
illumination was tested. 

2. Experimental 

TiO, (Degussa P-25) was a commercial sam- 
ple, gently provided by the manufacturers (De- 
gussa, Germany) and used as provided. 

Iron-doped titania powders were prepared 
from the iron acetylacetonate complex, Fe(acac), 
(Aldrich) and P-25. Acetone solutions of 
Fe(acac), containing different nominal concen- 
trations of iron were added to TiO, at room 
temperature (Fe/TiO, ratios ranging from 0.5 
to 5 wt.%). While the mixture was carefully 
stirred, the solvent was slowly evaporated. After 
total evaporation, the samples (named hereafter 
Fe/Ti(a)) were dried at 383 K for 24 h, and 
fired in air at 773 K for 24 h. For comparison, a 
sample of P-25 was also fired in air at 773 K for 
24 h (named hereafter th.-pr. TiO,, i.e., ther- 

mal-pretreated TiO,). A sample of a-Fe,O, 
was prepared from Fe(acac), by thermal decom- 
position in air at 773 K for 24 h. 

The Fe/Ti(a) oxide samples were character- 
ized by several techniques. IR spectra were 
taken on a Perkin Elmer model 883 spectropho- 
tometer using KBr pellets. X-ray diffraction 
(XRD) patterns of the samples were obtained at 
room temperature with a Philips PW 1060 
diffractometer using Ni-filtered CuK cr radia- 
tion. Specific surface areas @BET) were ob- 
tained with an automatic system (Micromeritics 
2200 A) with nitrogen gas as adsorbate at the 
liquid nitrogen temperature. Scanning electron 
microscopy (SEMI was performed on gold- 
coated samples using a JEOL apparatus, model 
JSM-5400 equipped with a Link analyzer model 
ISIS for energy-dispersive spectroscopy (EDX). 
UV-visible absorption spectra were obtained on 
a Shimadzu 210A spectrophotometer. An inte- 
grating sphere was used for diffuse reflectance 
spectra (DRS), using MgO as the reference. A 
Perkin Elmer model 2380 spectrometer was used 
to determine the iron content by atomic absorp- 
tion. Table 1 shows the properties of all the 
oxide samples. 

Na,EDTA (Schuchardt) and oxalic acid 
(Riedel-De Haen) were of quality grade and 

Table 1 
Properties of tbe oxide samples 

Type of oxide Specific surface area Particle size X, 
Cm’ g- ‘) (wn)’ 

TiO, (P-25) 49.0 0.03 b 0.773 
TiO, (th.-pr.) 46.5 0.5-l 0.543 
0.5% Fe/Ti (a) 44.0 I-10 0.462 
0.5% Fe/Ti (n) 29.5 5C+50d 0.442 
1% Fe/Ti (a) 46.3 l-10 0.463 
2% Fe/Ti (a) 43.8 l-10 0.464 
3% Fe/Ti (a) 41.6 l-10 0.461= 
5% Fe/Ti (a) 41.8 l-10 0.472 ’ 
5% Fe/Ti (n) 29.2 5C+180d 0.452 f 

a Measured by SEM. 
b Provided by the manufacturers. 
’ Pure TiO,. 
d Aggregates containing Fe. 
’ Hematite peak observed. 
f Pseudobrookite peak observed. 
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used as provided. Water was bidistilled in a with a blank in the dark. Irradiations of the 
quartz apparatus. All other reagents were of organic acids in the absence of catalyst were 
analytical grade, and used without further pu- also performed in the same conditions. At least 
rification. Dilute HClO, or NaOH were used for three experiments were carried out for each 
pH adjustments. condition, averaging the results. 

Irradiations in the near-UV (300-400 nm) or 
visible range (A > 420 nm) were performed us- 
ing a high-pressure xenon arc lamp (Osram 
XBO, 450 W) with a 50 mm water filter to 
minimize IR irradiation. For near-UV irradia- 
tions, a bandpass filter (Schott Catalog No. 
UGl , thickness 3 mm; 300 nm < A < 400 nm; 
maximum transmission (55%) at 360 nm). Visi- 
ble irradiations were performed using a cutoff 
filter (Schott Catalog No. GG420, thickness 2 
mm). 

For actinometry in the near-UV region, the 
ferrioxalate method [33] was used. A photon 
flux of 1.2 X 10e5 einstein s-’ dmm3 was cal- 
culated. Reinecke’s salt actinometry [34] was 
used for the visible range. Approximate photon 
flux values were obtained taking average acti- 
nometer quantum yields. The calculated photon 
flux was 2.89 X 10v4 einstein s-’ dm-“. 

A Varian 5000 high performance liquid chro- 
matograph, equipped with a conductimetric Mil- 
ton Roy ConductoMonitor III detector, with 
electronic conductivity suppressor and a Spectra 
Physics 4290 integrator, was used to determine 
oxalic acid concentrations. The following condi- 
tions were used: Wescan Anion 269-0001 col- 
umn (anion interchange); eluant, 2 g dm-’ 
Na,EDTA; flow rate, 1.5 ml/min; 100 ~1 
loop ‘. Fresh standards were used daily for cali- 
bration curves. This method allowed determina- 
tions with less than 5% error. 

Photodegradations were carried out using the 
Fe/Ti(a) oxides obtained here and comparing 
the results with those of TiO, and the samples 
prepared using Fe(NO,), .9H,O as the precur- 
sor [22] (named hereafter Fe/Ti(n)). Typically, 
each oxide sample was suspended (0.5 g dmw3) 
in a fresh aqueous solution of the corresponding 
organic acid (5 X lo-’ mol drne3) previously 
adjusted to pH 3; the oxide concentration guar- 
anteed total absorption of light for all the oxide 
samples in the near-UV range. The suspension 
was ultrasonicated for 30 s, and a sample of 2 
ml was irradiated at 298 K in a thermostatted 
quartz cell (10 mm pathlength) for 2 h with 
magnetic stirring. A water-saturated oxygen 
stream was bubbled in the suspension at a con- 
stant rate of 30 ml/min throughout the experi- 
ment. After irradiation, the suspension was fil- 
tered through a Millipore (0.2 pm) membrane. 
The photodegradation of the organic acid was 
evaluated by determining its concentration be- 
fore and after the irradiation by comparison 

EDTA determination was carried out by 
spectrophotometric analysis of the Co(B) com- 
plex [35]. In the range of concentrations used, 
EDTA could be determined with an error of 
8%. For Fe/Ti oxides, total iron in solution was 
determined by the thioglycolate method [36]. In 
all spectrophotometric techniques calibration 
curves were obtained first. 

3. Results and discussion 

3.1. Characteristics of the catalysts 

In Table 1 the main characteristics of all the 
oxide samples are listed. Bulk and surface char- 
acterization of the mixed Fe/Ti(n) samples can 
be found elsewhere [22]. 

Regarding the BET surface areas of the sam- 
ples, it can be inferred that the incorporation of 
different amounts of iron into TiO, by the 
procedure described above, does not lead to any 
considerable differences in the SBET values of 
these samples. On the contrary, Fe/Ti(n) sam- 
ples yielded much lower SBET values. This 

’ Method recommended by Wescan Instrument, Inc. in The 
Wescun ion Analyzer, 7 (1984) 3. 
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result clearly indicates that the nature and size 
of the precursor can also have influence on the 
texture of the processed samples, i.e., a volumi- 
nous precursor such as Fe(acac), could not pen- 
etrate the microporous surface of the support 
thereby not reducing the surface area. Compar- 
ing all samples with original (not calcined) P-25, 
it can be concluded that the slight reduction on 
area is due exclusively to the thermal treatment 
(cf. P-25 with th.-pr. TiO,). 

SEM studies showed that whereas th.-pr. TiO, 
consists of fine round particles of 0.5-l pm, 
Fe/Ti(a) oxide samples showed similar shapes 
with a particle size distribution of l- 10 pm in 
all the samples. EDX analysis showed that, 
although in all Fe/Ti(a) samples the semiquan- 
titative acquisition gave mean iron contents close 
to the nominal ones, spot EDX analysis re- 
vealed a non-uniform distribution of iron but 
only between particles. However, a homoge- 
neous distribution of iron was always found on 
the particle surface, although these iron contents 
were generally different than the corresponding 
nominal ones. The almost complete homogene- 
ity in shape and size distributions (l-10 pm) 
observed for Fe/Ti(a) samples contrasts 

strongly with the very large distribution of 
shapes and dimensions (50 pm and 180 pm), 
containing non-uniformly distributed iron, ob- 
served for Fe/Ti oxides prepared from iron 
nitrate. These results suggest that, although the 
wet impregnation method does not seem to be a 
suitable procedure to obtain a uniform distribu- 
tion of the dopant (Fe3’> into the matrix oxide, 
the use of Fe(acac), instead of Fe(N0,),.9H,O 
as the precursor yields a more homogeneous 
distribution of iron for each mixed oxide sample 
on the particle surfaces but not between parti- 
cles. This is probably due to the fact that depo- 
sition of iron takes place by reaction of the 
corresponding acac complex with the surface 
hydroxyl groups of the support, according to 
Eq. 1: 

.;oIl I 

io 
Tl. 

)OH 
+ M(acac), + 

I 

Ti$>M(acac)._, + 2 Hacac 

(1) 
leading to a well-dispersed supported Fe/Ti 

c2Q 20 60> 
Fig. 1. XRD patterns of selected iron-doped titania samples, with the indicated nominal contents of Fe3+. A = anatase and R = rutile peaks. 
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d I 
Fig. 2. IR spectra of oxide samples: (a) th.-pr. TiO,; (b) Fe(acac), 
complex; (c) Fe(acac),/TiO, precursor (before thermal treat- 
ment); (d) Fe/Ti(a) sample after heating in air. Similar spectra are 
obtained for the iron-treated titania samples, independently of the 
iron content. 

oxides, as observed in other metal/TiO, cata- 
lysts [37,38]. 

In Fig. 1 we show the XRD patterns of 
selected iron-doped titania samples. The molar 
fraction of anatase (X,) was calculated accord- 
ing to the method described elsewhere [39]. 
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From the analysis of XRD results for the 
Fe/Ti(a) samples, it can be concluded that A/R 
ratios are lower than that of TiO, in its calcined 
or original form and practically the same in all 
the doped samples. This indicates that starting 
TiO, matrix is altered by the presence of iron, 
but this alteration seems to be independent of 
the nominal concentration of iron. In addition, 
samples with 3-5 wt.% Fe showed also cr-Fe,O, 
(hematite) peaks as a separate phase. As previ- 
ously reported [22], Fe/Ti(n) oxides present 
similar A/R ratios, with the 5 wt.% Fe sample 
showing X-ray peaks assigned to pseudo- 
brookite (Fe,TiO,). From the structural point of 
view, the present results are not very different 
from the mixed oxides obtained from iron ni- 
trate. 

3.2. Infrared spectra 

In Fig. 2 are shown the IR spectra of th.-pr. 
TiO, (a>, Fe(acac1, complex (bl, 
Fe(acac),/TiO, precursor (before thermal treat- 
ment) (c) and an Fe/Ti(a) sample after heating 
in air (d). Spectrum of the original TiO, surface 
(a) showed a broad band centered at 3450 cm-‘, 
ascribed to basic hydroxyl groups [40,41], 
whereas a band at 1630 cm-’ corresponds to 
adsorbed molecular water. These results clearly 

400 500 600 700 800 
wavelength / nm 

Fig. 3. DRS (vs. MgO) of oxide samples: (a) TiO, (De.gussa P-25); (b) 0.5 wt.% Fe/Ti(a); (c) 1 wt.% Fe/Ti(a); Cd) 2 wt.% Fe/Ti(a); (e) 3 
wt.% Fe/Ti(a); (f) 5 wt.% Fe/Ti(a); (g) a-Fe,O, prepared from Fe(acac),. 
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indicate that the original P-25 surface is hy- 
drated and hydroxylated. Comparison of spectra 
(b) and (c) shows that the character of the 
acetylacetonate ligand is still present after the 
metal complex have been attached (cf. bands at 
1570, 1530, 1390 and 1270 cm-’ [42]). How- 
ever, after the attachment of the iron complex 
onto the TiO, surface, the band at 3450 cm-’ 
almost disappears, providing unequivocal evi- 
dence that Fe(acac), has been attached to the 
TiO, surface by reaction with the surface hy- 
droxyl groups of the oxide (Eq. l), as previ- 
ously proposed for other metal/TiO, catalysts 
[38]. 

In addition, IR results point out that the 
surface of the Fe/Ti catalysts prepared by this 
method seems to be almost dehydrated/dehy- 
droxylated (spectrum d). These results suggest 
that although this preparation method gives a 
well dispersed Fe3+ on the support, the degree 
of dehydroxylation could forecast a loss of pho- 
toactivity on these iron-doped titania catalysts in 
comparison with that expected for pure TiO,. 

3.3. Diffuse reflectance spectra 

DRS of Fe/Ti(a) samples in comparison with 
TiO, and cr-Fe,O, prepared from Fe(acac), are 
depicted in Fig. 3. As it is known [31,43], TiO, 
(Degussa P-25) shows an absorption threshold 
at 408 nm (3.04 eV> and an 02- + Ti4+ 
charge-transfer band with a maximum at 325 
nm. The spectral characteristics of Fe/Ti sam- 
ples prepared from iron nitrate are reported 
elsewhere [22]. Diffuse reflectance spectra of 
these samples were not well-resolved, indicating 
a large dispersion and disorder of Fe3+ species 
in the TiO, lattice and surface. The spectra of 
the Fe/Ti(n) oxide samples resembled that of 
TiO, with the onset shifted towards the visible 
(450 nm for the 0.5 wt.% Fe/TiO, sample and 
500 nm for the 5 wt.% Fe/TiO, sample); in the 
5 wt.% Fe sample some features indicated the 
presence of small amounts of Fe,O, or Fe,TiO,. 
On the contrary, the new Fe/Ti oxide samples 
prepared from acac exhibit more structured 

spectra. All samples show enhanced absorptions 
in the range 400-650 nm, increasingly higher 
for the more iron-charged samples and accom- 
panying the changes on color from pale yellow 
to reddish brown. Samples containing 0.5 to 1 
wt.% Fe (b,c) show spectra similar to TiO, but 
with a constant absorption in the visible region 
higher than that of P-25. Also, the onset of the 
absorption is shifted to the red. In samples with 
a higher iron content (d-f), a broad band cen- 
tered at ca. 500 nm can be seen, the spectra 
becoming increasingly similar to that of Q- 
Fe203. In all Fe/Ti(a) samples the 02- + Ti4+ 
charge-transfer band can be observed at ca. 320 
nm. 

The red shift of the absorption edge of Fe(II1) 
doped-titanja has been attributed to the excita- 
tion of 3d electrons of Fe3+ to the TiO, con- 
duction band (charge-transfer transition) [ 121, 
according to the energy levels proposed [3]. The 
broad band centered at 500 nm, which exhibits 
an approximately linear increase with iron con- 
tent, can be ascribed to the d-d transition 2T2s 
--) ‘A2,v2T,, or to charge-transfer transitions 
between dopant ions via the conduction band 
(Fe3+ + Fe3+ -+ Fe4+ + Fe2+). The increased 
absorption in the visible can be due also to 
transitions implicating surface states or native 
defects in the lattice [3]. 

3.4. Photocatalytic degradation of oligocar- 
boxylic acids 

Neither oxalic acid nor EDTA were degraded 
under irradiation (near-UV or visible light) in 
the absence of catalyst in the present conditions, 
as it was found in our previous work [30]. 

Figs. 4 and 5 show the results of photodegra- 
dation of oxalic acid and EDTA (pH 3) in the 
presence of 0.5 g dme3 catalyst after 2 h near- 
UV irradiation (300 nm < A < 400 nm). In sep- 
arated experiments in the dark, the amount of 
substrate (EDTA or oxalic acid) adsorbed on the 
catalyst surface was determined. It was found 
that it was always less than the detection limit 
and therefore, no corrections for adsorption were 



J.A. Navio et al./Journul of Molecular Catalysis A: Chemical 106 (1996) 267-276 213 

To; 0.5%1d l%bl Z%bl J%lal 5%(s) 0.5%1nl 5%bl 

Type of oxide 

Fig. 4. Photodegradation of oxalic acid in O,-saturated aqueous 
suspension under near-UV irradiation (300 nm < A < 400 nm); 
[catalyst]= 0.5 g dme3, [oxalic acid]= 5X 10m3 mol dmm3, pH 
3, T = 298 K, irradiation time = 2 h. 
?? Degussa P-25 not calcined. 

made. Broken lines in the figures represent the 
experimental limit of detection. 

It can be seen that all oxide samples are 
effective catalysts. This is not in contradiction 
with our earlier results [30], that showed no 
reactivity for EDTA degradation with Fe/T&r) 
samples and a lower degradation of EDTA with 
TiO,, because photodegradation in the 300-400 
nm region is quite dependent on the spectrum of 
the excitation light. As found previously by us 
for these oligocarboxylic acids [30] and by oth- 
ers for substrates such as phenols or alcohols 
[ 14,21,25,26,28], TiO, P-25 (not calcined) is 

% 
50 

d 
e 
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r 

i=i 40 
a 
t 
i 0 20 

n 

lie; 0.5%bl l%ld 2%ld 3%bl 5%lSl OS%h) 5%lrl) 

Type of oxide 

Fig. 5. Photodegradation of EDTA in O,-saturated aqueous sus- 
pension under near-UV irradiation (300 nm < A < 400 nm); [cata- 
lyst]=0.5gdm-3,[~~~~]=5~10-3moldm-3,pH3,T=298 
K, irradiation time = 2 h. 
* Degussa P-25 not calcined. 

Table 2 
Degradation of oxalic acid (5 X 10e3 mol dm- ‘) under visible 
irradiation (A > 420 nm) in the presence of 1 g dm-’ catalyst; 
irradiation time = 3 h 

Type of oxide % degradation 
(dark) 

% degradation 
(visible) a 

TiO, (P-25) 
0.5 wt.% Fe/Ti (n) 
0.5 wt.% Fe/Ti (a) 
5 wt.% Fe/Ti (n) 
5. wt.% Fe/Ti (a) 

b 5.4 
b 8.0 
5.4 I 1.3C6.2) 
9.6 17.9(10.7) 
7.5 11.1(7.1) 

a In parentheses, net degradation due to irradiation. 
b Negligible. 

the most efficient material. In the present case, 
the degree of degradation with TiO, was ap- 
proximately the same for both substrates (ca. 
75%). Doped oxides gave lower degrees and 
were more efficient to degrade oxalic acid than 
EDTA. Although it is very difficult to discern 
differences in activity between the mixed oxides 
in function of the iron content, the efficiency 
seems to be at its maximum for the 2% iron 
sample. 

No photocatalytic degradation was found un- 
der visible irradiation ( A > 420 nm> in the above 
conditions (0.5 g dm -3 of catalyst, 2 h irradia- 
tion), but some degradation of oxalic acid was 
observed with Fe-containing samples (especially 
with the 5 wt.% Fe/Ti samples) when doubling 
the oxide concentration and increasing the irra- 
diation time to 3 h. Results are shown in Table 
2. In these conditions, due to a higher extent of 
adsorption, dark reactions were not negligible, 
but the loss of oxalic acid was always higher 
under irradiation. On the contrary, no pho- 
todegradation of EDTA was observed in the 
same conditions. 

Photocorrosion of mixed oxides was evalu- 
ated only for the samples containing 5% iron, 
measuring the amount of total iron released in 
solution (dark reaction not discounted). Samples 
with a lower iron content gave erratic results. 
The results (Table 3) indicate that samples pre- 
pared from acac are less stable than Fe/Ti(n) 
samples, the corrosion reaching in some cases 
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Table 3 
Extent of iron dissolution in selected photocatalytic experiments 

Substrate Wavelength Per cent dissolution 

range 5% Fe/Ti (n) 5% Fe/Ti (a) 

oxalic acid near-UV 6.7 15.8 
oxalic acid visible 5.7 10.2 
EDTA near-UV 6.2 11.8 

Conditions are those of Figs. 4 and 5, and Table 2 

more than 15%. Also, dissolution was more 
extensive under UV illumination. 

As it is well known, photocatalytic oxidative 
degradations involve the production of e-/h+ 
pairs by semiconductor (SC) irradiation: 

SC 2 e,+h& 
E>E, 

(2) 

The reaction of these entities with species 
present in solution gives rise to redox reactions. 
The occurrence of different reactions depends 
on the electrochemical potentials of the species 
in solution and the redox levels of the valence 
and conduction bandedges of the semiconduc- 
tors. The presence of oxygen is necessary to 
enhance separation of photoproduced electrons 
and holes and, when iron is present, is important 
to prevent photocorrosion by competition for 
the conduction-band electrons [44-481: 

0,2 0i- ++H202++OH (3) 

On the other hand, an oxidizable substrate (S) 
can be attacked directly by holes or can react 
with OH. formed on the semiconductor surface: 

S+h++S,, (4) 
S+OH’+S,, (5) 

Photocatalysis with TiO, is only possible 
with UV light (A < 400 nm). The same energy 
restriction holds for mixed Ti/Fe catalysts, be- 
cause photogeneration of e-/h+ pairs from 
TiO, is not (or only marginally) affected by 
Fe3+ [7]. It has been proved that no visible-light 
sensitized photoconductivity exists for iron- 
doped titania samples, which excludes the pos- 

sibility of photogeneration of e-/h+ pairs at 
these wavelengths [ 11. 

Working with Fe/Ti Q-sized oxides, it was 
found that lifetimes of electrons and holes are 
enhanced in comparison with pure TiO, due to 
electron or hole trapping at Fe(II1) centers 
[12,16], this fact favoring redox processes. 
Higher photocatalytic activities with mixed ox- 
ides are indeed found in photooxidations, but 
only with these Q-sized particles (diameter < 10 
nm) [2,24]. However, when these particles were 
heated, they agglomerated decreasing the possi- 
bility of trapping, not only due to a decrease of 
surface area but because dopants are isolated far 
from the surface and the transfer of trapped 
charge carriers to the interface is reduced [2]. 
Actually, a lower reactivity was found in our 
case even with Fe/Ti(a) in which iron is homo- 
geneously distributed onto the TiO, surface. 
Similar results have been obtained by Serpone 
et al. with colloidal particles (ca. 13 nm) con- 
taining 10 wt.% Fe. This reduced activity can be 
explained because dopants act more as recombi- 
nation centers than as trap sites for charge trans- 
fer at the interface. As we mentioned in our 
previous paper [30], due to the presence of a 
second phase (iron oxide and/or pseudo- 
brookite) the system behaves as in the case of 
‘coupled semiconductors’, with holes located at 
the less oxidizing level corresponding to pure 
iron oxide (cu. + 2.44 V at pH 3 compared with 
+3.19 V for TiO,). Bickley et al. arrived at 
similar conclusions [31], and this can explain 
the observed trend in catalytic activity, slightly 
increasing up to 2% iron-containing samples 
(where the second phase cannot be detected by 
XRD) and then decreasing. In addition, an en- 
hanced recombination is possible due to the 
rather low mobility of photoexcited electrons in 
these iron oxide or mixed phases. 

Differences in photoactivity between TiO, 
and mixed oxides can be also attributed to other 
characteristics such as the larger particle size 
and the lower (A/R) ratio in the Fe/Ti oxide 
samples. Also, the lower amount of OH surface 
groups, proved in the present case by IR spec- 
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troscopy, can cause a lower adsorption of the 
substrate. In fact, the role of surface hydroxyl 
groups in controlling the photoactivity of pow- 
dered TiO, specimens has been widely recog- 
nized [26,49]. Some inactivation of the samples 
by photocorrosion may also contribute, spe- 
cially in Fe/Ti(a) samples, which seems to be 
more photocorrodible than Fe/Ti(n) samples. In 
addition, EDX results evidenced the presence of 
rests of charcoal arising from the thermal de- 
composition of the acetylacetonate during the 
firing process; this could also influence nega- 
tively the photoactivity of Fe/Ti samples pre- 
pared by this technique. 

The higher photocorrosion of Fe/Ti(a) sam- 
ples can be tentatively explained taking in ac- 
count that the preparation technique gives rise 
to a more homogeneous distribution of Fe3+ on 
the surface, which can scavenge photoelectrons 
rapidly to form Fe2+, whereas in nitrate-based 
samples electrons must diffuse through iron ox- 
ide deposits of lower conductivity. 

The fact that oxalic acid is more easily de- 
graded than EDTA in the near-UV range by 
mixed oxides can be attributed to the existence 
of other possible pathways such as photolysis of 
surface or homogeneous complexes (photofen- 
ton-type reaction), the last generated by dis- 
solved iron; both processes give rise to ligand 
degradation. As we cited in our previous paper 
[30], the Fe(III)-oxalato complex absorbs in the 
range 240-475 nm and gives a photolysis quan- 
tum yield close to the unity all over this range, 
whereas the Fe(III)-EDTA complex only ab- 
sorbs at A < 400 nm with a much lower 4 
value. Therefore, it is clear that the photolysis 
of oxalato-complexes can make an important 
contribution under UV illumination, promoting 
ligand oxidation even with visible light. This 
explains the small but detectable degradation of 
oxalic acid under visible irradiation with a more 
concentrated suspension of Fe/Ti catalyst, more 
extensive in the case of 5% Fe samples. The 
absence of photoconductivity of Fe/Ti samples 
[I] under visible light clearly supports that the 
only possibility for photoreaction at these longer 

wavelengths is through homogeneous or hetero- 
geneous charge-transfer reactions involving 
Fe(III)-complexes. Sclafani et al. [26] also em- 
phasize the importance of these processes. 

4. Conclusions 

Fe/Ti oxide samples have been prepared by 
a method which provides a better homogeneous 
distribution of iron into the TiO, particle keep- 
ing practically unchanged the specific surface 
area of the catalyst. However, their photocat- 
alytic activity is still lower than that of pure 
TiO,, as in the case of Fe/Ti oxide samples 
prepared from iron nitrate. Using more concen- 
trated suspensions of the oxides, Fe/Ti cata- 
lysts can promote substrate degradation under 
visible light when homogeneous or heteroge- 
neous Fe(III)-complexes, active at these wave- 
lengths, are formed. 

The preparation of mixed oxides through a 
sol-gel technique at room temperature can pro- 
vide samples with well-dispersed iron into the 
TiO, matrix, with a higher A/R ratio and a 
higher surface OH content, which could be bet- 
ter catalysts. We shall report further on results 
in this direction. 
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