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Abstract

The degradation ofortho-cresol (o-cresol) assisted by Fe/TiO2 photocatalysts was investigated in oxygenated aqueous sus-
pension in a spiral glass flow reactor. Iron–titania (1–10 wt.% Fe) mixed catalysts have been prepared by sol–gel impregnation
method using metal alkoxide precursors. The surface structure of Fe/TiO2 catalyst was studied by surface analysis with XPS
and TEM techniques. Characterization of these catalysts, fired at different temperatures (in the range 500–900◦C) using X-ray
diffraction (XRD) showed that the sintering temperature and incorporation of iron ions mediate the phase transformation and
growth of pseudobrookite (Fe2TiO5) phase at higher temperatures. The rate of degradation ofo-cresol decreases with the
increasing sintering temperature and iron content of the catalysts and the initial pH of the aqueous solution ofo-cresol changes
with the illumination time due to the formation of various acidic intermediate photoproducts. © 2001 Elsevier Science B.V.
All rights reserved.
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1. Introduction

The use of semiconductor particles as photocata-
lysts for the degradation of toxic organic chemicals
continues to be an active area of investigation [1–4].
A number of studies [5–8] have been carried out
on iron–titania powders for their photoactivity in
catalytic processes. Mixed phase Ti/Fe metal oxide
colloids containing 0.1–50 at.% Fe have been investi-
gated [9] for the enhancement of catalytic properties
and spectral range. The photocatalytic activity of iron
doped TiO2 or mixed oxides of Fe and Ti, prepared
by impregnation and coprecipitation methods has
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been shown to be more active for CHCl3 oxidation
[10], EDTA oxidation [11], degradation of oligocar-
boxylic acid [12], and 4-nitrophenol degradation [13],
etc. The photooxidation of neat toluene to benzalde-
hyde, benzyl alcohol and benzoic acid was achieved
[14] using 0.5 and 5 wt.% iron doped TiO2 prepared
by impregnation method [15]. More recently, Zhang
et al. deduced [16] the photoinduced interfacial
charge transfer mechanism of TiO2/Fe2O3 composite
film which showed modified photovoltaic response
due to the cooperative effect of the heterojunction at
TiO2/Fe2O3 interface.

Most attempts were aimed at synthesizing iron–
titania photocatalysts by impregnation method involv-
ing the hydrolysis of Ti-alkoxide in the presence of
different Fe(III) compounds in aqueous solution. The
fact that the use of Fe dopant materials and the hy-
drolysis technique prior to mixing of metal precursors,
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strongly influences the photocatalytic activity due to
the nature of iron distribution on the resulting parti-
cles formed. In this context, the present study was tar-
geted to prepare Fe/TiO2 catalysts with the thorough
distribution of iron incorporation into the growing par-
ticles by mixing the metal alkoxide precursors prior
to their hydrolysis. This effect may led to improve
the charge separation at the interface of the result-
ing particles due to the formation of efficient charge
trapping sites. A correlation between physicochemical
properties and photocatalytic activity was conducted
using the photodegradation reaction ofortho-cresol
(o-cresol) as a model compound which was studied
[17–19] in aqueous TiO2 and polyoxotungstate sus-
pensions using slurry reactor with bulk illumination.
The illumination factor is also one of the most impor-
tant parameter which influences the catalytic activity.
The high illuminated specific catalyst surface area and
uniform distribution of light for catalyst illumination
are highly desirable for efficient photocatalytic reac-
tion which was provided in the present study using
black light blue fluorescent tube, inserted into the mid-
dle of a narrow bore Pyrex spiral glass tube with the
continuous flow of reaction solution.

2. Experimental procedures

Ortho-cresol, titanium(IV) isopropoxide and Fe(III)
acetylacetonate, isopropanol and all other chemicals
were of AnalaR grade. The mixed oxide was prepared
by sol–gel impregnation methods using titanium(IV)
isopropoxide and Fe(III) acetylacetonate as organic
precursors. The samples had nominal concentration of
1, 5 and 10 wt.% of iron with respect to the weight of
titania. The catalyst was prepared as follows: Desired
amount of Ti-tetraisopropoxide was added drop-wise
to the solution of 20 ml isopropanol at 0◦C with con-
stant stirring. Similarly, calculated amount of Fe(III)
acetylacetonate was dissolved in 20 ml isopropanol
and then it was mixed with the isopropanolic solu-
tion of Ti-tetraisopropoxide dropwise with vigorous
stirring. The mixture was kept for 24 h with constant
stirring and then aqueous solution of HNO3 was
added slowly over the course of 30 min in to the well
agitated system at room temperature. The solvent
was allowed to slowly evaporate from the system by
keeping the sol over hotplate with magnetic stirrer.
The resulting powder mixtures thus obtained, were

then grounded in mortar pestle and sintered at 500,
700 and 900◦C for 10 h.

The mixed oxide was characterized by X-ray
diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), transmission electron microscopic technique
(TEM) and photocatalytic properties were tested
towards the decomposition ofo-cresol in aqueous
suspension using a continuous flow spiral glass pho-
toreactor.

X-ray diffraction patterns were recorded on a JEOL
diffractometer with Ni-filtered Cu Ka radiation. The
instrument employed for the XPS studies was JEOL
spectrometer operating with pass energy of 50 eV. It
consists of an ultrahigh vacuum chamber (UHV) with
a built in high pressure cell which allows switching
the sample from the high pressure cell to the UHV
system without exposing it to air. O 1s, Ti 2p and Fe
2p XP spectra were recorded using Mg Ka radiation
as the excitation source.

In a typical photocatalytic experiment, 150 ml
(50 ppm) aqueous solution ofo-cresol was mixed
with 100 mg Fe/Ti mixed oxide (sintered at various
temperatures) in a conical flask and the solution was
stirred continuously (by magnetic stirrer) with the
purging of excess oxygen. The resultant mixture from
the conical flask was circulating through a Pyrex
glass tube of 5.5 m length and 0.4 cm i.d. (which was
wound 41 times to form a spiral coil) at constant
flow rate with the help of a peristaltic pump. Silicon
tube was fitted to the inlet and outlet ports to allow
circulation of the solution through the conical flask.
A 15 W black light blue fluorescent tube (FL-15 BL)
was inserted into the middle of the spiral glass coil
as an irradiation source. In the continuous recircula-
tion mode experiments, aliquots (5 ml) were retrieved
from the reservoir at certain time intervals and ana-
lyzed after filtering through (0.2 mM) Millipore filter.
The solution was returned to the reservoir after each
analysis. The concentration of the unreactedo-cresol
was analyzed with UV–VIS spectrophotometer by
measuring its absorbance at 270 nm.

3. Results and discussion

3.1. X-ray diffraction analysis

Fig. 1 shows the XRD patterns of 1 wt.% Fe doped
titania powders sintered at 500, 700 and 900◦C for 10 h
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Fig. 1. XRD patterns of 1 wt.% Fe/TiO2 oxides sintered at different
temperatures.

in air atmosphere. It has been revealed from the XRD
patterns that the main phases present are pure anatase
at 500◦C, mixture of anatase and rutile at 700◦C and
pure rutile phase at 900◦C. No pseudobrookite phase
was found at this low iron concentration (1 wt.%) and
temperature range. The X-ray photographs of 5 wt.%
Fe/Ti oxide samples (Fig. 2) show the presence of
anatase and rutile at 500◦C, rutile and increasing
amount of pseudobrookite phases at 700 and 900◦C,
respectively. The same trend was also observed in
the case of 10 wt.% Fe/Ti samples with higher per-
centage of pseudobrookite phase at high sintering
temperatures (700 and 900◦C) along with the rutile
phases.

An increase in the firing temperature favors [20,21]
the anatase to rutile transition, together with the reac-

Fig. 2. XRD patterns of 5 wt.% Fe/TiO2 oxides sintered at different
temperatures.

tion of iron and titanium oxides and the growth of the
individual crystals. The anatase-rutile transformation
seems to become marked only above 500◦C in the case
of 1 wt.% Fe/TiO2 specimens and the increasing per-
centage of rutile phase was observed in heavily loaded
iron samples at lower temperature (500◦C) which
evidencing the catalytic role of Fe ions in promoting
the anatase-rutile transformation. It has been reported
[22–24] that in TiO2 supported systems the anatase to
rutile transformation occurs at a lower temperature as
compared to pure anatase because of the catalytic ef-
fect of transition metal ions. During phase transition,
the elongated anatase crystal form rearranges to the
shorter rutile form. This process involves a rearrange-
ment of the majority of Ti4+ ions by rupture of two of
the six Ti–O bonds in the unit cell to form new bonds
[25,26]. The rupture of these bonds and the simulta-
neous phase transition results in highly disorder state
where rapid migration of titanium-oxygen species,
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Fig. 3. XRD patterns of different Fe/TiO2 oxides sintered at 500◦C.

titanium ions and oxygen ions is occurring. These mi-
grating species encounter with the incoming (inward
diffusion to the TiO2 lattice) iron oxide particles, and
are stabilized by reaction with them to form a mixed
surface oxide (Fe2TiO5).

It has been observed from the XRD patterns that the
progressive development of crystallinity occurs with
increasing sintering temperatures of the powder sam-
ples and the broadness of the peaks decreases with
the increasing firing temperatures. Moreover, it should
also be noted from the XRD patterns of Fig. 3 that
with the increasing iron contents of the specimens
fired at the same temperature (500◦C), the broadness
of the peaks increases which indicated that particle
size had increased and it was suggested [27–29] that at
high temperatures, the metal may diffuse into titania
support which causes broadening of the X-ray lines.
These results could indicate that effect of iron con-
tents also reflects the behavior of the specimens about

its crystalline nature and particles size distribution.
The diffractograms of all the specimens fired 900◦C
show that with iron concentration more than 1 wt.%,
detectable amount of Fe2TiO5 phase is formed which
is characterized by its strong and sharp peaks. This
results are in agreement with other works [22,30,31]
where it has been observed that at low iron concentra-
tion, Fe3+ ions are well dispersed in the lattice substi-
tutionally and at higher loading of Fe systems become
multiphasic with the formation of Fe2TiO5 phase at
higher temperatures.

However, the XRD data does not show any segre-
gation of bare Fe2O3 peaks in our newly developed
sol–gel Fe/TiO2 catalyst specimens. This surface en-
richment of iron oxide is also supported by very low
intense peak of Fe 2p (binding energy shifted) in the
XP spectra and TEM surface morphology measure-
ments discussed in the following section. In our ear-
lier studies [32] of Fe2O3/TiO2 mixed oxide system,
we also confirmed by FTIR a spectroscopic band at
538.6 cm−1 as compared to 542.6 cm−1 in bare Fe2O3,
which was ascribed to surface enriched Fe2O3 species
in the Fe/Ti mixed oxide specimens.

3.2. TEM and XPS studies

TEM photographs of the iron–titania samples cal-
cined at different temperatures with various iron con-
tents are shown in Fig. 4. It can be observed that large
aggregates and clusters of particles distributed ran-
domly at lower temperatures. The TEM photographs
(Fig. 4a and b) of 1 wt.% Fe/TiO2 sample fired at
500 and 900◦C showed that at low temperature the
particles are of amorphous nature and at high temper-
ature, particles are somewhat crystalline with smaller
aggregates. An increase in the sintering temperature,
the gradual development of the crystallinity is ob-
served. The same trend was also observed (Fig. 4c)
in the case of 5 wt.% samples sintered at 900◦C. This
is in agreement with the XRD results where broad
and sharp peaks appeared with increasing sintering
temperature of the samples due to the increase of
crystal size. The TEM photographs show that most
of the particles are enriched with other types of spec-
imens and some lattice fringes are observed due to
the overlapping crystallites. This may be due to pres-
ence of coexisting Fe2O3/TiO2 particles pair-wise
association or due to the enrichment of one species
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Fig. 4. TEM micrographs (1 cm= 330 nm) of 1 wt.% Fe/TiO2
oxides, sintered at (a) 500◦C; (b) 900◦C and (c) 5 wt.% Fe/TiO2
oxides sintered at 900◦C temperature.

(Fe2O3) to the surface of others (Fe/TiO2 speci-
mens) which can be clearly seen separately in the
TEM photograph of Fig. 4b and c. Furthermore, it
can also be observed that some islands of materi-
als are embedded on the large crystallite which was
probably undergoing diffusion process in the titania
lattice.

Fig. 5 (spectra I and II) shows the variation in in-
tensity and shape of Fe 2p and Ti 2p XP spectra of
5 wt.% iron loaded titania samples sintered at different
temperatures. It reveals that with the increasing sinter-
ing temperatures, the shape and intensity of both the
spectra changes due to the interaction of this metal ox-
ide specimens which results in the formation of new
phases in the surface layer due to the diffusion of Fe
into the titania lattice. The binding energy of Fe 2p
(711–12.5 eV) values also somewhat shifted [28] com-
pared to pure 2p (710.7 eV) spectra in Fe2O3 which
indicated that Fe2O3 is impregnated into TiO2 whose
Ti 2p BE values lies in the range of 458–460 eV which
reveals that majority of the Ti species are present in
the 4+ oxidation states. Also it has been observed that
the Fe 2p3/2 spectral intensity is somewhat less at
higher temperature compare to low temperature treat-
ment. This experimental observation suggests that Fe
ion diffusion is a facile process [33,34] in the Ti lattice
at higher temperature (>700◦C). XP spectra of Fig. 5
(spectra III and IV) also shows the change of bind-
ing energy (in the range of 531–532 eV) of O 1s of
Fe/Ti oxide samples as a function of iron content and
sintering temperature. Decrease in spectral area and
intensity of O 1s spectrum with the increasing sinter-
ing temperature and decreasing iron content can be
attributed [22,35] to the restructuring of surface phase
and crystallinity in the oxide species due to the for-
mation of iron rich surface layers containing Fe2TiO5
and Fe2O3 in addition to the solid solution of Fe3+ in
TiO2.

4. Photocatalytic degradation ofooo-cresol

The Photocatalytic activity of mixed oxide sam-
ples fired at different temperature was tested for the
degradation of aqueous solution ofo-cresol. The ef-
fect of photocatalytic activity of Fe/TiO2 oxide fired
at different temperatures on the rate of destruction of
o-cresol is shown in Fig. 6. It can be observed that
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Fig. 5. XP spectra of (I) Fe 2p and (II) Ti 2p of 5 wt.% Fe/TiO2 samples sintered at different temperatures and O 1s spectra of (III)
different Fe/TiO2 oxide samples sintered at 900◦C, and (IV) 5 wt.% Fe/TiO2 oxides as a function of sintering temperatures.

absorbance is gradually decreasing with the illumina-
tion time due to the degradation of cresol. The rate of
degradation is mostly very rapid at lower temperature
compared to sample treated at high temperature. All
the Fe/TiO2 specimens fired at 500◦C, showed com-
parably same reactivity irrespective of iron loadings
and the catalyst with higher loaded iron showed sig-
nificantly different reactivity at higher temperatures.
Fig. 6a reflects the photocatalytic behavior of 1 wt.%
Fe loaded samples sintered at different temperatures.
The degradation rate decreases with the sintering tem-
perature due to the presence of different crystalline
phases (anatase and rutile) at various temperature as
observed in XRD analysis. Fig. 6b (5 wt.% Fe sam-
ples) reveals that catalytic activity is highly reduced
at 900◦C due to presence of higher amount of sur-

face enriched iron oxide and inactive pseudobrookite
phases in comparison to 1 wt.% sample fired at the
same temperature. Similarly, the catalyst sintered at
700◦C also shows reduced activity due to the presence
of isolated rutile and trace amount of pseudobrookite
phases compared to both anatase and rutile phases
of 1 wt.% samples fired at the same temperature. It
was noted that the photocatalytic activity of 10 wt.%
Fe/TiO2 sintered at 700 and 900◦C is highly decreas-
ing at the same extent. Due to the gradual development
of rutile phase, surface enriched iron oxide phase and
Fe2TiO5 phase with increasing particle size at higher
firing temperatures, the catalytic activity reduces to a
great extent. Also, due to low mobility, photoexcited
electrons in the mixed phases may enhance [11,21]
the recombination rate because the average distance
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Fig. 6. Effect of photocatalytic activity of (a) 1 wt.% and (b)
5 wt.% Fe/TiO2 oxide catalysts sintered at various temperatures.

between the trap sites decreases with increasing num-
ber of dopants within the particles. It was observed
that pH changes (from 6.2 to 4.4) rapidly with the ir-
radiation time in case of 500◦C samples due to the
formation of intermediate products owing to its higher

reactivity compared to samples treated at higher tem-
peratures where pH change (from 6.2 to 5.4) is not so
significant.

Some of the intermediates were identified by a
gas chromatograph/mass spectrometer (GC/MS) after
extracting the aqueous solutions with diethyl ether.
The mass spectra (Fig. 7) shows many fragmentation
peaks. We were unable to characterize allm/z frag-
mentation value. The obtainedm/zvalue 145 and 91
in the mass spectra correspond toM + 1 fragmen-
tation of unsaturated adipic acid (molecular weight,
M = 144) andM + 1 fragmentation of oxalic acid
(M = 90), respectively. Possibly, these intermedi-
ate photoproducts are generated from the primary
intermediates (o-hydroxy benzyl alcohol or hydroxy
benzoic acid) which seem to results [14,18] from the
direct attack of OH radicals to the CH3 group of cresol
because no acetic acid was detected in the reaction
solution. Subsequent hydroxylation or direct oxida-
tion by positive holes at the semiconductor surface
may lead to the formation of those dicarboxylic acids
which represent fragments resulting from the aromatic
ring opening. It is not clear why the intermediate
products distribution reported here is so markedly
different from those cases of TiO2 mediated [17,19]
reactions of cresol where mainly hydroxylated prod-
ucts, e.g. methylcatechol and methylhydroquinone
and hydroxy benzaldehyde were identified. One of
the most important reasons is the nature of catalyst
used in this present study whose surface acidity, crys-
tallinity, and electronic environment (heterojunction
of TiO2/Fe2O3 system) may induce the different cat-
alytic site compared to bare titania catalyst. Finally,
the initial pH is around six in the present work com-
pared to most study carried out [17,19] at alkaline or
acidic pH which significantly change the adsorption
site due to the variation of surface charge at the cata-
lysts/substrate interface which may have detrimental
effect on the degradation kinetics. The photocatalytic
experiments indicated that dopant concentration has
no detrimental effect on the catalytic activity of
Fe/TiO2 specimens fired at low temperature. How-
ever, structural effects and surface properties play a
key role to the photoreactivity which became less and
less significant as the iron content and temperature in-
creased because surface composition deviated strongly
from bulk composition irrespective of the preparation
technique.
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Fig. 7. GC/MS spectra of the plausible intermediate products formed, during degradation ofo-cresol using 1 wt.% Fe/TiO2 oxide samples
fired at 500◦C.
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