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Abstract

Nanometer Fe'* doped N0, and TiO /Fe,0 !
coupled oxides photocatalysts were prepared with
different content ferric citrate and different
opposite anions of iren using the Ti(50 ),
precipitation method. The precursors of nanometer
Ti0, were analyzed by thermogravimetric and
differential thermal analyses (TG/DTA) and both
nanometer photocatalysts were characterized by
X-ray diffraction (XRD), transmission electron
microscope (TEM) and UV-VIS diffuse reflectance
spectrum (DRS). The results showed that the mean
size of nanometer Ti0, in both photocatalysts
decreased with the increase in Fe’* doped content.
The photocatalytic activities of prepared catalysts
were evaluated under UV light irradiation using
methyl orange as a mode organic pollutant in water
The results showed that a small amount of iron
dopants in TiO, crystalline matrix could enhance
the photocatalytic efficiency. The prepared TiO,
samples exhibited even higher photocatalytic
activities than that of Degussa P25, the optimal
amount of doped Fe' was 0.05%. However, with
increase of iron element amount, at 25% and 50%
conlents, the nanometer particle becomes the
coupled oxides of Ti0/Fe, 0, Moreover, the effect
of different doped anions coming from different
ferrous salts on the photocatalytic activities of Fe'/
Ti0, was also investigated, and the best doped
opposite anion is found as 50 x,

Key words: Photocatalyst, TiO,, Iron doped, Coupled oxides,
Methy] orange and Degradation.

Introduction

Photocatalysis utilizing semiconductor materials as
a photocatalyst has attracted extensive attentions of the
academic communities in recent decades. Upto know, titanjum
dioxide in the anatase form, which has the advantages of
being non-toxic, insoluble and comparatively inexpensive,
is the most commonly used photocatalyst because of its
reasonable photoactivity!. Thus TiO, photocatalytic

(13)

oxidation of organic pollutants has been one of the most
active fields in terms of environmental pollution control
because organic pollutants can be easily degraded into co,
and H,O by this advanced oxidation technology??. A major
challenge in heterogeneous photocatalysis is how to
increase charge separation efficiency of photocatalyst and
then to improve the photocatalytic efficiency by some
surface modification means*?, Many transitional metal ion
dopants have been extensively investigated for the TiD,
system* ¥, In fact, the photocatalytic activities of the doped
TiQ, virtually depend on the foreign metal ion species, nature
and concentration, besides the preparation methods, the
thermal treatments!®-!!, Recently, special efforts have been
dedicated to doping TiO, with Fe¥*.%12.13 Among various
transition metals, Fe** ion is chosen mainly because the Fe*
radii (0.69 A) is very near the Ti** radii (0,745 A), so Fe2* will
substitute Ti'* easily into the lattices of TiO, 3,
Fe*r/Fe** energy level lies close to Ti*/Ti* level. Fe* can
provide a shallow trap for photo-generated hole and electron
in anatase, illuminating Fe* can enhance the photogenerated
electron-hole pair separation and quantum yields. 13,
Moreover, the effect of different accessorily added anions
on the photocatalytic activity of doped Ti0, when the ferric
ions were doped with different ferric salt has not been
investigated so far.

In the present paper, nanometer Fe'* doped TiO,
and TiO,/Fe,0, coupled oxides photocatalysts were
prepared by a simple synthetic route based on the
precipitation of Ti(SO,), from the point of views of practical
use and commerce, especially the precursor of Ti0, was dried
over steam bath at 80°C with ultrasonic wave promoting iron
ions and surfactants uniformly distributed in the surfaces
of precursors of TiO,, preventing particles agglomeration,
The photocatalytic degradation activities of the prepared
nanometer Fe** doped TiO, and TiO,/Fe,0, coupled oxides
photocatalysts were examined using methyl orange (MO) as
a model organic compound,

Material and Methods

The reagents (FeC,0,.4H,0,FeCl,, Fe (50,),,
Fe(NO,), Ti(SO,),, NH, H,0, MO) are all analytic reagent
grade. The photocatalytic reactions take place in a 100 m
Pyrex glass bottle, under illumination by a 150W high
pressure Hg lamp (GGZ150, Shanghai Yaming Lightin g Co.
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Ltd.) with a maximum emission at about 365 nm. The MO
concentration at the intervals was analyzed by 7228
spectrophotometer (Shanghai Precision & Scientific
Instrument Co. Ltd.) at its maximum absorption wavelength
of 464 nm. The thermal stability of the titanium hydroxide
was studied by TG/DTA (Netzsch TG209). A Rigaka D/max-
1200 diffractmeter was used to determine the crystal phase
composition of the titanium dioxides and TiO,/Fe O, coupled
oxides. And a transmission electron microscope (LEO 1530
VP TEM) was used to observe the shape and size of the
prepared photocatalysts. A Hitachi UV-3010 UV-vis
spectrophotometer was used to carry out the UV-Vis diffuse
reflectance spectroscopy and the BaSO, high reflectance
white optical paint was used as a reference material.

Preparation of nanometer Fe** doping TiO, and TiO,/Fe, 0,
coupled oxides: The precursor of nanometer TiO, was
prepared using the precipitation method. Ti(SO,), was used
as the starting material and NH,.H,0 used as the precipitant.
Ti(SO,), were dissolved in 200 ml of distilled water (0.1M),
the 1:1 (v/v) diluted NH, iqueous solution was added
dropwise and white slurry was formed substantially. The
resulting slurry was continuously stirred for 2 h, filtered and
washed with distilled water until the sulphate ions were
removed (as confirmed by the BaCl, test), then the ethanol
and surfactants (Sorbitan fatty acid ester, Span B0,
Polysorbate, Tween 20) were added into to get the slurry
again, The slurry was stirred for 0.5 h further and
subsequently dried over steam bath at 80°C with ultrasonic
{QK-3200E, 150w Ultrasonic Instrument Co., Jiangsu, China)
to obtain the precursor of TiO,. Then the precursor was
calcined at 450 °C for two hours to form the anatase crystal
phase of TiO,.

As Fe** doping Ti0, and coupled oxides concerned,
a certain amount of dissolved ferric citrate (FC) was doped
into the foregoing washed white slurry according to different
mole ratios of Fe*:TiO, with 0%, 0.01%, 0.05%, 0.1%, 0.5%,
1%, 25%, 50%, As for different ferric anion salt was doped,
0.05% of mole ratio for different iron salt, such as
FeCl 3 Fe (SO,) Fe(NO,), and FC were added for comparison,
And the resulted slurry was also treated with the same
procedures previously described.

Photocatalytic reactor and procedure: The photocatalytic
reaction was carried out in a home-made Pyrex glass reactor
where a UV high pressure mercury lamp with quartz protecting
tube was placed in the center of the reactor (see Fig.1). The
cooling water flows into the annulus surrounding the reactor
in order to maintain a constant temperature during the
experiment. Prior to irradiation, 100 ml of 40 mg/l MO solution
was added together with 0.2 g prepared photocatalysts, the
suspension was stirred in dark for 30 min further to establish
adsorption equilibrium. Then the photocatalytic reaction was
started when the suspension containing photocatalyst were
irradiated under the UV light.
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At given time intervals, 3 ml suspension was taken
from the reactor and centrifuged at 9000 rpm for 10 min and
filtered through a 0.22 im millipore filter. Then, the filtrate
was analyzed by spectrophotometer at its maximum
absorption wavelength (ca. 464 nm). The degradation
efficiency of the MO can be calculated according to the
formula listed as follows:

Degradation efficiency = (1-C/C)*100%,

where C, and C, represent the initial concentration and the
concentrations at reaction time t, respectively.

Some synthesized samples and P25 TiO, were also
chosen to perform additional photocatalytic experiments at
the same time intervals under the sunlight. The reactor used
was a Pyrex glass beaker of 1000ml. The average light
intensity was about 200 uWicm®, as measured by a UV
radiometer (made in the Photoelectric Instrument Factory of
Beijing Normal University) with the peak intensity of
365 nm.,

Results and Discussion

Thermogravimetric and differential thermal analyses (TG/
DTA) of the precursor of TiO, : The thermogravimetric and
differential thermal analyses (TG/DTA) curves for the
precursor of nanometer TiO, are shown in Fig. 2. The TG
curve indicated the weight loss in three stages with two
endothermic peaks at 77.9°C, 134.0°C and an exothermic peak
at 268 °C. The total weight loss of around 43.4% is observed
between room temperature and 689.1 °C in three stages. The
weight loss at 77.9°C was attributed to the loss of ethanol
while the weight loss at 134,0 °C was ascribed to the [oss of
combined water. However, the exothermic peaks from 170°C
10 268.6 °C were attributed to the elimination and combustion
of surfactants in the precursor of nanometer TiO,. From 26§
°C to 689°C, the hydroxide was continuously converted 1o
anatase phase TiO,, and the exothermic peak at 793.9°C ca
be tentatively believed as the conversion temperature of Ti0,
from anatase phase to rutile phase'* ', As a result, th
calcining temperature was designed as 450 °C for 2 h t
prepare smaller size nanometer TiO, particle.

The XRD patterns of Fe** doping TiO, and TiO,/Fe,0
coupled oxides photocatalyst: Fig. 3 showed X-ray diffracti
patterns for TiO, doped with different content of FC. Typic
profiles of anatase phase TiO, were obviously seen from a
five curves which have standard peaks existed at 2&=25.3
37.86, 48.10, 53.92, 55.10, 62.72. The strongest peak at 2
degree 25.32  0.06 is assigned to the (101) lattice plane
TiO, (anatase type)'s. When Fe® doped content was le
than or equal to 1%, any crystalline phase containing ir
could not be observed in XRD profiles of Fe?* doped TiO,,
is possible that Fe* diffuses into the TiO, lattice a
substitutes Ti*. However, with increase of content of F
the typical XRD pattern of Fe,0; at 28=35.70, 62.90, 30.
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57.48, 43,34 appeared in the XRD profiles of coupled oxides
Ti0,/Fe,0, with 25% and 50% FC. The crystallite size of
TiO, was calculated according to the Scherrer equation!?,
and the particles mean sizes are listed in Table 1. From Table
I, it is easily seen that all TiO, particles were nanometer
scale, moreover the peak is obviously widened when the
doping amounts of FC were increased, which implies that
the TiO, particles crystallite size decreased rapidly. The mean
size of TiO, was 42.2 nm without Fe' doped, however, with
increase of content of Fe*, the mean size of TiO, becomes
smaller and smaller. When the content of Fe** was upto 25%
and 50% in coupled oxides TiO,/Fe,0,, the mean sizes of
nanometer TiO, particles in coupled oxides were 16.3 and
14.2 nm, respectively. It demonstrates that the addition of
iron oxide will restrain the growth of TiO, crystallites, This
decrease in crystallite size is due to the distribution of added
cations at the particles boundary of titania which inhibits
particles growth by providing a barrier between the titania
particles as reported earlier!s,

Fig. 4 also showed X-ray diffraction patterns of TiO,
doped with different kind of iron salt but with the same 0.05 %
Fe'* dopant amount. All samples exhibit only patterns
assigned to the well crystalline anatase phase TiO,. Due to
very low Fe’” content, any crystalline phase containing Fe
also could not be observed by XRD in Fe™ doped TiO,
because that Fe* and Ti* have similar ionic radii (0.794
versus 0,75 A). Thus Fe* may easily substitute Ti** into
TiO, lattice. These results support that the current doping
procedure with ultrasonic allows uniform distribution of the
dopants. When TiO, was doped with different kind of ferrous
salt with the content of 0.05%, the mean particles size of
TiO, was almost the same and independent from the kind of
ferrous salt (Table 2). The mean sizes of TiO, doped with
four salts were 21.3, 23.2, 24.3 and 21.6 for EC, Fe(NO,},.
FeCl, and Fe,(50,), respectively. So as for four added anions,
such as SO, *, Cl', NO, and citrate ions showed little influence
on the XRD spectrum of TiO,.

TEM photographs of Fe** doping TiQ, and TiO/Fe,0,
coupled oxides photocatalyst: Fig.5 and Fig.6 showed the
TEM images (with 120,000 magnifications) for prepared TiO,
with different Fe** content and with different kind of ferrous
salt containing different anions respectively. The morphology
of all these particles were of an approximate equable
distribution, approximately round or elliptical shapes with
particle sizes ranging between 10-50 nm, TEM results showed
that the particles had a little aggregated, especially for 25%
Fe**/Ti0,. Moreover, it is obviously seen from the TEM
photographs that the mean sizes of TiO, particles decreased
significantly with increase of the Fe?* content. For example,
the mean sizes of pure TiO, and 0.05% Fe**/TiO, are about
35.2 and 25.1 nm, respectively, while the mean sizes at the
content of 25% in Fe,04/TiO, are about 12.5 nm according
to XRD spectrum, the sample of TiO, containing 50% showed

(15)
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the smallest size of particles. However, from Fig.6, we can
easily see that the particle mean sizes with the same content
of Fe* but with different kind anions have few differences.
There are some analogous reports'® 19 that the more ionic
dopant ratio increases, the smaller doped TiO, particle size
is. Thus the TEM observations support the conclusions
derived from the XRD data, It can be seen that their values
from TEM are smaller than that calculated from XRD. As,
this XRD crystal size is based on the supposition that the
broadening of the peaks is only due to a size effect but lattice
strain was neglected. This may clarify the difference between
XRD spectra and TEM observation. Both the TEM
photographs and the XRD spectra showed that all the
prepared TiO, particles were also nanometer scale.

UV-VIS diffuse reflectance spectra of Fe** doping Ti0 , and
Ti0,/Fe, 0, coupled photocatalyst: The diffuse reflectance
spectroscopy (DRS) was always used to study metal oxides.
In a diffuse reflectance spectrum, the ratio of the light
scattered from a thick layer of sample and that from an ideal
non-absorbing reference sample is measured as a function
of the wavelength, The UV-Vis diffuse reflectance spectra of
TiO, photocatalysts doped with different Fe?* mole ratio and
Ti0,/Fe,0, coupled oxides were shown in Fig, 7. From the
figure, the wavelengths of the absorption edges in the UV-
Vis diffuse reflectance spectra were determined by
extrapolating the sharply rising portions and horizontal
portions of the UV-Vis curves, defining the absorption edges
as the wavelengths at the intersections?!-22, From the Fig. 7,
it is easily seen that when doping content is at 0.05%, the
UV-Vis curves almost overlap with that of pure TiO,. The
presence of the doping ions caused a little absorption
increase onset the wavelengths 371 nm and little red shifts
at 384 of the absorption edges when compared to the
absorption edge of pure TiO, at 382.5 nm. Increased
absorbance and red shift associated with the present of
dopants can be attributed to charge transfer transition
between the iron 3d electrons and the TiO, conduction or
valence band*, Especially for the samples with high iron
content (=19}, increased absorbance can be ascribed to the
d-d transition of Fe™* (*T,,—2A, , ?T, ) or the charge transfer
transition between interacting iron ions (Fe¥* + Fe'* —» Fet
+ Fe2*)!*, However, the UV-VIS diffuse reflectance spectra
doped with the same Fe3* content at 0.05% but containing
different kind of anions have not shown any difference in
the profiles.

Photocatalytic activity of nanometer iron doped TiO, and
coupled oxides Fe,0/TiO, under UV light and sunlight: To
evaluate the photocatalytic activity of the prepared Fe™
doped TiO, and coupled oxides Fe,0/Ti0,, and to determine
an optimum dosage of Fe ion doped in TiO,, the
photocatalytic degradation of MO in aqueous solution was
carried out under UV light. From Fig. 8, photocatalytic
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efficiency of MO degradation catalyzed by Degussa P25,
prepared pure TiO, and different Fe/TiO, under UV light
showed following order: 0.05%Fe/TiO, > 0.01 %Fe/T i0, >
0.1%Fe/TiO, > Pure TiO, > Degussa P25~ 0.5%Fe/Ti0, >1%Fe
Ti0,. The degradation efficiency increased with increase in
the content of Fe** doped onto TiO, up to approximately at
0.05% followed by a decrease in the efficiency with further
increase in Fe' level, It is obvious that less than 0.1% Fe**
is more active than without doped TiOQ,, and 0.05% Fe* has
the best photocatalytic activity, This indicated that the Fe*
doped amount was very important to photoactivity of
prepared TiO,, That is, high or low doping level also
decreases the photocatalytic activity of nanometer TiO, as
shown in Fig. 8. A similar photocatalytic activity trend was
also obtained for XRG and RhB dye degradation when Fe**
was doped on TiO,**. The increase in photocatalyic
degradation efficiency with increase in the amount of Fe** is
explained by the ability of the dopant Fe ion to act as a
charge carrier trap site for e-.* But if Fe* content is excessive,
the recombination rate increases exponentially with the
doped concentration because the average distance between
the trap sites decreases with increasing the number of
dopants within a particle, thus reducing the gquantum
efficiency and the catalytic activity finally®®.

However, at high content of 25% and 50% in the
Fe,0,/TiO, coupled oxides, the photocatalytic activity is less
efficient than Degussa P25. Although the samples of 25%
and 50% Fe,0,/Ti0, increase greatly the absorption in whole
range 350-500 nm (Fig.7), the weaker photocatalytic activity
of the samples could be ascribed to the absorbed light
majority consume away owing to the charge transfer
transition between interacting iron ions and the d-d transition
of Fe** causing the samples brown.

In addition to increase the photocatalytic
degradation efficiencies under the UV light, the dopant Fe'**
ion also can significant shift the absorption edge towards
the visible light, and can increase the absorption of Fe™/
TiO, in whole range 350-500 nm. Thus the photocatalytic
activity of 0.05%Fe/Ti0,, 50%Fe/Ti0O,, pure TiO,; and
Degussa P25 TiO, were also comparably carried out under
irradiation of sunlight and the results are shown in the
Fig. 9. From the figure, we can find that the photocatalytic
activity of prepared pure TiO, and 0.05%Fe/TiO, even
exceeds that of Degussa P25 under sunlight, The highly
phtotcatalytic activity of the samples is due to the probably
factors that the samples prepared by the precursor of TiO,
added surfactants and dried with ultrasonic method possess
relative large surface area, good anatase crystallinity, small
crystallite size and pore volume, resulting in a good
photocatalytic activity*®*",

Fig. 10 also showed the photocatalytic degradation
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profiles of TiO, doped with different kind anions Fe' salt. It
is obvious that the degradation efficiency of MO displays a
decreasing order as follows: Fe (S0,),/Ti0O, > FeCl/TiO, >
Fe[NDJJ_,I."TiD:} FCITiO,. As we know, Cl, NO,, 50, has
larger ionic radius than O, so they cannot substitute O in
TiO, lattice and must be absorbed on the titania surface®,
After calcinations, these inorganic anions were absorbed
onto the surface of TiO,, while the citrate anion was
completely removed by burning, Therefore, a little SO,* added
TiO, generated some acidic sites on the surface of nanometer
particles. Further more, these acidic sites were beneficial for
the adsorption of organic compound molecules and for the
inhibition of the recombination between photogenerated
electrons and holes because of the captured effect of these
acidic sites for photo-induced electrons™. Moreover, the
highly polarized state of surface acidity would be profitable
for the trapping of electrons on the UV-excited TiO,, resulting
in an improved quantum yield with producing reactive
hydroxyl group radicals*”. While the electron negativity of
Cl- and NO," ions is weaker than SO/, the quantum yield
with generating reactive hydroxyl group radicals would be
lower.

Conclusion

The highly phtotcatalytic activity nanometer iro
doped Ti0, particles were prepared by a simple an
traditional synthetic route with ultrasonic. Over 1% B
content doped TiO, powders showed a strong absorption |
whole range 350-500 nm and a red shift in the band gap b
showed the weaker photocatalytic activity under UV an
sunlight owing to the brown powders. A small amount
0.05% Fe-doping could improve the photocatalytic activ
of TiO, powders both under the UV light and sunlight, 4
the photocatlytic activity even higher than that of Degus
P25 Ti0,,
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