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Abstract—Ferric ion was introduced to the commercial photocatalyst P25 (Degussa) by ultrasonic wet impregnation
technique. The concentration of the dopant was varied from 0.0 to 3.0% Fe/Ti ratio. The doped TiO, was then loaded
to alumina balls using mechanical coating technique and followed by calcination in air at 400, 450, 500 and 550 °C.
The fabricated photocatalyst was characterized by X-ray diffraction, N, adsorption-desorption isotherms, scanning elec-
tron microscopy, UV-Vis diffuse reflectance spectroscopy, X-ray adsorption near edge structure and photolumines-
cence spectroscopy. The photocatalytic activity was tested by following the degradation of methylene blue (MB). It
was found that the Fe** doped TiO,/Al,O, has a combination of anatase and rutile phase and free of iron oxide phases.
The optimum calcination temperature is 400 °C with 0.1% Fe®* concentration. The catalyst addresses the entrainment
in photocatalytic reactors, eliminating the need for a post filtration process.
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INTRODUCTION

Photocatalysis is being considered as an effective process under
the class of advanced oxidation process. In recent years, many studies
have been reported involving the use of TiO,-based photocatalyst
due to the physical and chemical stability, low cost, non-toxicity
and unique electronic and optical properties of titania [1-4].

However to fully apply TiO,-based photocatalyst for large scale
applications, several issues should first be addressed. TiO, exhibits
low quantum efficiency due to the short life span of the generated
electron and hole (250 ns) [5]. Increasing the life of charge carriers
would greatly contribute to enhance the efficiency of the catalyst.
One possible method to accomplish this is to introduce trace amounts
of metal or nonmetal ion dopants. For the case of metal ion, the in-
crease in photocatalytic activity rates can be attributed to the ability
of these ions to scavenge electrons on the photocatalyst surface.
This leads to the decrease in electron-hole recombination. Choi et
al. performed a systematic study of 21 metal ion dopants in quan-
tum-sized TiO, colloids and reported that Fe** dopant gave the high-
est increase in activity [6]. The increased performance is attributed
to the ability of Fe** ion to act as shallow charge trap in the TiO,
lattice [7] and to increase the surface oxygen deficient sites where
peroxide and superoxide species can form.

Another issue that must be addressed is reactor scale-up. Cata-
lyst entrainment in shurry photoreactors is a major problem; thus
hallow-fiber membrane ultra filtration is required to capture the pho-
tocatalyst. This is undesirable, in terms of process economics, due
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to the increase in the capital investment of such a scheme. Immo-
bilizing the TiO, to a support addresses this concern. Yoshida et al.
first reported the use of mechanical coating technique (MCT) fol-
lowed by calcination to immobilize Ti in alumina bead. Via this
process, Ti reacts with the O species in alumina to produce TiO,
bound on the support. However, calcination temperature was reported
to be one of main parameters. The calcination at high temperature
(higher than 500 °C) may generate higher rutile phase, resulting in
lower degradation [8].

In this work, TiO, was first doped with Fe’* via wetness impreg-
nation technique followed by subsequent coating to alumina via
MCT and calcination. The synthesized catalyst was investigated in
terms of its structure and surface properties and photocatalytic activ-
ity by following the degradation of methylene blue (MB).

EXPERIMENTAL

1. Fabrication of Alumina Bead Supported Fe-doped TiO,

Iron (III) nitrate nonahydrate, Fe(NO;);-9H,0 (99.0-100% assay
from Merck) was used as the Fe** source. A given amount of the
iron source was dissolved in acetone and stirred until complete dis-
solution. The ratio of Fe** ion and TiO, was adjusted according to
0.0, 0.1, 1.0 and 3.0 atomic percentages. Each sample was assigned
as Fe /TiO,/Al,O,, where x represents the concentration of the dopant.

The solution was then mixed to 5 g of Degussa P25 using Elma
ultrasonic mixer at 100% intensity for 30 min. Thereafter, the solu-
tion was left overnight to dry in an oven at 100 °C. The dried sample
was carefully ground to homogenize the size of the powder. The
fine powder and the alumina balls (particle size 0.5-1.2 mm, WHA-
104 from Pingxiang Huihua Packing Co., Ltd., China) were intro-
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duced to a steel pot for milling; the milling time was 15 h at 300
rpm. To study the effect of calcination temperature the catalyst balls
were calcined in an electric muffler furnace (JSR Model JSMF-
30T) at 400, 450, 500 and 550 °C for 20 h.

2. Analysis of Catalyst Properties

The supported catalyst was analyzed for its crystal structure and
phase using powder X-ray diffraction (XRD), Bruker DS, equipped
with a Cu K radiation source (wavelength 1.5406 A). All of the
powder samples were run at a scanning range of 20-60° with an in-
crement of 0.02° and a step time of 2.0 s. To determine the light ab-
sorption of the catalysts, UV-visible absorbance spectra using Hita-
chi UV3501 with a wavelength range of 200-800 nm and BaSO,
was used as the standard. The morphology of the catalyst balls was
also examined by scanning electron microscope, JEOL JSM-6400,
and the surface area was evaluated by using N, adsorption-desorp-
tion isotherm, Quantachrome, Autosorb 1. Photoluminescence spec-
tra were recorded with Perkin Elmer, LS 55, at room temperature
under the excitation light at 315 nm.

The X-ray adsorption near edge structure (XANES) spectra were
recorded using a double Ge (2 2 0) crystal monochromator for se-
lection of photon energy. The data were obtained at room tempera-
ture in fluorescent mode with a 13-element Ge detector. The photon
energy was calibrated by an Fe foil at 7111.2 eV and scanned from
—30eV below the edge to +80 eV above the edge. The XANES
spectra were analyzed by using the Athena program.

3. Evaluation of Photocatalytic Activity

Photocatalytic activity was evaluated by measuring the decom-
position of the probe pollutant-methylene blue (MB). The 0.3 g cata-
lyst balls were spread uniformly at the bottom of a cylindrical glass
cell (8=2.25 cm and h=2.5 cm). 7 ml of 20 ppm MB (initial pH=
7) solution was then added to the cell. The cells were then irradi-
ated with UV light using an 18-W Toshiba fluorescent lamp (wave-
length of peak emission ~370 nm). The distance between the lamp
and the reactor cell was 20 cm. Samples were collected at 2, 4, 6,
8, 12, 16, 20, and 24 h. The concentration of MB was measured
using UV-Vis (Jasco-V630). The degradation efficiency (DE%) was
calculated according to the following equation:

A

Degradation Efficiency DE(%)= XAX 100%

o

where A, represents the absorbance of MB solution before irradia-
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tion and A represents the absorbance of the MB solution after being
irradiated.

RESULTS AND DISCUSSION

1. Crystal Structure and Phase Using XRD

Phase composition of the catalyst and the crystalline size were
evaluated from XRD patterns. The molar ratio of the anatase and
rutile phases was determined from XRD peak intensity ration out-
lined by Spurr and Myers. The anatase and rutile phase intensities
(I, L) of each sample were considered at 26 of 25.6 and 27.5, re-
spectively [9].

Fig. 1(a) shows the XRD patterns of Fe, ,/TiO,/ALO; calcined at
different temperatures. It reveals a large decrease in the anatase phase
as the calcination temperature is increased because the rutile phase
is more stable at higher temperatures. Based on the results, calcina-
tion at 400 °C gave the highest percentage of anatase. This means
that calcination beyond this temperature may prove detrimental to
the photocatalytic ability of the catalyst (as discussed in section 3.6)
and uneconomical because more energy is invested but the product
is a less active catalyst. At this point, it should be noted that the an-
atase phase, being the more active and useful phase in terms photo-
catalysis, should be maintained as high as possible to attain opti-
mum photocatalytic performance.

In addition, the x-ray diffractogram of the alumina is presented
in Fig. 1(a). A peak registered at 26=68.20° indicating the presence
of a o~ phase activated alumina [10].

Fig. 1(b) shows the XRD patterns of Fe/TiO,/AlLO; (x=0.0-3.0)
calcined at 400 °C. Although it is believed that the rutile phase is
not as effective as anatase for photocatalysis because the electron-
hole recombination rate is much higher in rutile than in anatase, the
optimum mixture of these two phases can have synergistic effect, thus
increasing the photoactivity of the catalyst. As seen from Table 1,
the content of rutile significantly changes for samples with Fe** con-
tent of 0.1 to 1.0%. This suggested that the phase transition was
very pronounced and the change in %rutile could be attributed to
partial loss of crystallinity with simultaneous partial rutile forma-
tion. In addition, no variation of the peaks corresponding to (211)
crystallographic plane (54°) was detected as the concentration of
the dopant was increased. Li et al. suggested that this was a rough
indication that the dopant ions either occupied the interstitial sites
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Fig. 1. XRD patterns of (a) Fe,,/TiO,/AlL O, calcined at different temperatures (b) Fe /TiO,/Al,O; beads calcined at 400 °C.
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Table 1. Effects of Fe-dopant concentration on the physical prop-
erties of Fe /TiO,/Al,O; beads

Sample: Phase content ~ Crystalline  Surface srea
Fe /TiO,/AL, 0, (A/R) size* (nm) (m%/g)
x=0.0 80/20 2091 288
x=0.1 95/5 24.71 228
x=1.0 96/4 23.21 231
x=3.0 86/14 21.18 244

*Calculated from Scherrer equation

within the lattice or they substituted Ti*" but without important distor-
tion of the lattice. This is highly plausible since the radii of Ti*" (0.68
A) and Fe'** (0.64 A) ions are very similar [11]. In addition this claim
can further be supported by the fact that no iron oxide or Fe TiO,
phases are found in the XRD patterns which should register a high
peak at 26~35.0° (JCPDS Card #19-629).
2. Morphologies of the Photocatalyst

Selected microphotographs of Al,O,, Fe,/TiO,/ALO; (x=0.0, 0.1)
are shown in Fig. 2. The morphology of the as-received ALO, pre-
sented rougher than other prepared catalysts. It exhibits numerous
small valleys and peaks, giving it higher surface area (~340 m’/g),
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compared to other prepared catalysts (~220-290 m®/g).

On the other hand, the morphologies of the Fe /TiO,/Al,O, sam-
ples were somewhat smooth; this could be attributed to the surface
smoothing effect induced by the mechanochemical coating tech-
nique. In addition, the surface became smoother as the amount of
Fe’* doping increased; this could be seen from the micrographs taken
at higher magnification (2,000 : 1). The surface area of the catalyst
with Fe’* did not significantly change; doping may prevent particle
agglomeration, forming well-defined nanocrystalline powders thus
preventing too much change in the surface area.

3. UV-vis Diffuse Reflectance Spectra

Considering the catalyst with fixed Fe concentration (0.1%) cal-
cined at different temperatures, Fig. 3(a) reveals a small increase in
light absorption in visible region compared to Fe,,/TiO,/ALO;. It
also reveals that the calcination temperature does not drastically
alter the reflectance spectra of the samples. This is in agreement
with the observation of Zhou et al. [12] that the red shift is a strong
function of the doping concentration.

The effect of the doping concentration on the light absorption
characteristics has also been studied and is shown in Fig. 3(b). It
was found that as Fe**-doping concentration increases, the samples
exhibit an increase in absorption of light in the visible range. Red
shift in the band gap transition energy was also observed: 2.95 eV,
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Fig. 3. UV-DR spectra of (a) Fe, ,/TiO,/AlO; beads calcined at different temperatures (b) Fe -TiO,/Al O, beads calcined at 400 °C.
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2.86¢eV, 2.80eV and 2.76 eV for x=0.0, 0.1, 0.5, 1.0 and 3.0, re-
spectively. This spectral red shift originated from the excitation of
3d electrons from ferric ions into the conduction band of the semi-
conductor [13], which allowed TiO, to absorb light in the visible
region. However this does not mean that high red shift is always
favorable, because electrons trapped in the dopants have lower energy
than anatase conducting band edge electrons, which results in a lower
reducing capacity. This is true because photocatalytic process sys-
tems can be considered similar to an electrochemical cell; the de-
crease in band gap results in a decrease in the free energy change
of the redox process occurring in the system [11].
4. Photoluminescence (PL) Spectra

The PL process is helpful in understanding the efficiency of charge
carrier trapping, migration and transfer [14]. Photoluminescence is
produced when the charge carriers are captured by impurities or
recombine with another carrier. In this work, photoluminescence
was measured via photoluminescence spectroscopy, where the light
emission is measured as a function of the wavelength of the emitted
light using a constant energy excitation source (excitation wave-
length=315 nm using He-Cd laser).

The PL spectra of Fe,y/TiO,/ALO; and Fe,,/TiO,/Al,O, in Fig. 4
exhibit wide and strong signal emission spectra at the UV and visible
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Fig. 4. PL spectra of Fe /TiO,/AlL O, beads calcined at 400 °C; Exci-
tation source was at 315 nm He-Cd laser.
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range with obvious peaks at about 390, 426 and 487 nm. For each
of the wavelengths mentioned the intensity of the PL spectra for
Fe, /TiO,/Al,O; is lower compared to that of Fe, /TiO,/AlL,O;. This
could be ascribed to the restricted recombination of the charge carrier
due of the incorporation or substitution on Fe** in the lattice of TiO..
Fe’* ion can easily accept the electrons from the conduction band
of TiO, because of the small difference of the Fermi level between
the semiconductor and the dopant. In addition, non-dissociative ad-
sorption of molecular oxygen can occur due to the production of
under coordinated sites due to Fe**-Ti*" substitution [15]. The ad-
sorbed O, can scavenge electrons producing superoxide species,
which is demonstrated by the peak at 487 nm. These factors could
enhance quantum efficiency, which translates to higher photoactivity.
5. X-ray Adsorption Near Edge Structure

To support oxidation states of Ti and Fe in the discussion above,
XANES was used to provide the information. The different XANES
spectra present the different electronic states of the chemical bonds
in each compound. Fig. 5(a) shows the XANES spectra of Ti stan-
dard compounds. The spectrum of standard Ti foil shows a sharp
peak at 4,967 eV while standard TiO, displays clearly three pre-
edge peaks, which corresponds to 1s to 3d transition. The XANES
spectrum of Fe doped TiO, displayed the characteristic of TiO,. The
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Fig. 6. Degradation of MB for the catalyst Fe,,/TiO,/ALO, beads
calcined at different temperatures.
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Fig. 5. XANES spectra of Ti K-edge (a) and Fe K-edge (b) compared with standard compounds. Sample: Fe, ,/TiO,/Al,O; beads.
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Fig. 7. Performance of Fe,/TiO,/Al,O; beads in term of (a) %Degradation, (b) apparent kinetic constant.

threshold energy of the sample was the same as in the crystalline
TiO,, indicating that most of the Ti ion were Ti*". Fig. 5(b) shows
the normalized XANES at Fe K-edge of Fe compounds. The com-
parison of sample with standard compounds of FeO, Fe,0O,, and
Fe,0, was carried out. The XANES spectrum of Fe doped TiO,
photocatalyst shows a weak pre-edge peak at 7,117 eV between
FeO and Fe,O;, which corresponds to Fe,0, compound. Although
this peak was at the same position to that of the bulk Fe,O,, the in-
tensity was different due to trace amount of metal doping. This indi-
cated that Fe species were displayed a mixed valence of Fe** and
Fe’* species, as confirmed by the visible white line peak at 7,130
eV, which was the contribution of 1s to 4p transition and referred
to the mixed-valence species of Fe** and Fe* [16].

6. Photodecomposition of Methylene Blue (MB)

The photodecomposition of MB using a catalyst calcined at dif-
ferent temperatures and different Fe** loadings was examined. The
catalyst calcined at 400 °C gave the highest DE% as presented in
Fig. 6. This can be attributed to just the right amount of anatase and
rutile present in the catalyst. An optimal blend of these phases then
leads to synergy and improved performance. This was due to the
enhancement of electron-hole lifetime and the decrease of electron-
hole pair recombination.

Fig. 7 shows the effect of Fe** concentration on the photocata-
lytic activity of the synthesized catalyst in terms of the k,,, (from
the pseudo-first order kinetics) and DE%. Fe,,/TiO,/ALO; gave the
highest DE%. Although, the increase in DE% was not very signifi-
cant to that of Fe,/TiO,/Al,O;, this result was consistent with the
results of the UVDR spectra and PL spectra, which both showed
little change in the intensities of the two samples.

On the other hand, the addition of more Fe** in the TiO, proved
lethal to the photocatalytic activity of the catalyst. Beyond the opti-
mal dose (0.1% Fe*), the Fe** might have increased recombination
sites and had an adverse effect on the activity of the catalyst.

CONCLUSION
In summary, Fe** doped TiO, can be efficiently loaded to alu-
mina beads via mechanical coating technique and calcination in

air. The catalyst beads have a finer surface compared to alumina.
The microstructure of the synthesized catalyst is a combination of

August, 2011

rutile and anatase. The optimum calcination temperature is 400 °C
and the optimum doping concentration is 0.1 at % Fe*". The catalyst
produced is useful for treating waste water without the need of the
post filtration process.
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