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Abstract

Visible light-active Fe-doped TiO, was prepared by a one-step flame spray pyrolysis (FSP) technique. The properties of the photocatalysts were
characterised by UV-vis diffuse-reflectance spectroscopy, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), nitrogen adsorption
(BET), transmission electron microscope (TEM) and zeta potential techniques. Being a bottom-up approach, the short residence time coupled with
rapid quenching during FSP resulted in homogeneous Fe-doped TiO, for Fe/Ti ratios approximately up to 0.05. This is five times higher than that
reported for particles synthesised by conventional wet techniques followed by high temperature annealing. Under visible light irradiation
(A > 400 nm), the rate of oxalic acid mineralisation by Fe-doped TiO, (Fe/Ti = 0.05) was 6.4 times higher than that of similarly prepared bare TiO,
and Degussa P25. A unique Fe-leaching and re-adsorption properties were observed during the reaction. Unlike the system of bare TiO, spiked with
dissolved Fe(Ill) ions, the FSP Fe-doped TiO, photocatalyst was found to be stable and reusable after each run with minimal loss of Fe from the

surface.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The landmark report by Fujishima and Honda [1] on water
splitting using a single rutile crystal has triggered tremendous
interests in the field of TiO, photocatalysis, even after more
than three decades. Many innovative TiO, photocatalysis
applications have arisen from their work, which include
organics syntheses [2], solar cell [3], cancer therapy [4], water
and air purifications [5], cathodic corrosion protection [6], anti-
fogging glass [7] and self-cleaning materials [8]. However,
TiO, particles can only be activated by high energy wavelength
(A <400 nm) and thus only make use of approximately 4% of
the solar spectrum that reaches the earth surface.

In view of this, many researchers have attempted to modify
the relatively large bandgap energy of TiO, (3.2 eV) so that it
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can be activated by visible light irradiation (A > 400 nm). Dyes
adsorbed and/or supported on semiconductors to give visible
light responsive catalysts [3,9] have been extensively inves-
tigated. However the dye compounds lack thermal and
photochemical stability. A separate approach is to dope the
semiconductor with small amount of cations and/or metal
oxides by wet chemical impregnation [10,11]. Although in
principle the introduction of cations into TiO, by wet syntheses
is capable of inducing visible light sensitisation, they exist
mostly as impurities and promote charge recombination. Hence
no noticeable enhancement in photocatalytic activity could be
observed for these catalysts under visible light illumination
[12,13]. Studies have shown that high energy implantation of
metal cations (V, Cr, Fe, Co and Ni) into the TiO, matrix [13—
15] resulted in photocatalytic characteristics under visible light,
with 25-32% solar light absorption. Visible light sensitive TiO,
films can also be prepared using a similar concept but by
employing radio frequency magnetron sputtering [16].
Furthermore, the introduction of Groups IV-VI atoms, in
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particular nitrogen [17-19], sulphur [20-22] and carbon [23-
25] into TiO, matrix has also been reported to sensitise TiO, in
the visible light range.

Although substitutional doping of TiO, with Fe could extend
its photoresponse to visible light range [10,11,15,26-28],
mixed photocatalytic activity results were obtained. Yamashita
et al. [15] found significant improvement in the degradation of
aqueous 2-propanol by Fe ion implanted TiO, under visible
light illumination. Li et al. [26] reported enhancement in the
oxidation of cyclohexane to cyclohexanol by sol—gel prepared
Fe-TiO,, also under visible light irradiation. However,
Nagaveni et al. [27] found detrimental effect of Fe-TiO,
prepared by solution combustion for the degradation of 4-
chlorophenol under solar radiation. Likewise, Reddy et al. [29]
observed detrimental effect in the visible light degradation of 4-
chlorophenol using TiO,-loaded Fe/MCM-41 prepared by
hydrothermal method. In general, there is still a large
discrepancy in the literature between reactivity of visible light
photocatalysts prepared using different techniques and the
target organic compounds.

In this work, Fe-doped TiO, photocatalysts are synthesised
using a flame spray pyrolysis (FSP) technique [30,31]. Being a
bottom-up approach, the gas-to-particle synthesis coupled with
rapid quenching during FSP facilitates the synthesis of
homogeneously doped materials. The photocatalysts of
different Fe content are specifically evaluated for visible light
photocatalytic activity. Oxalic acid is chosen as the model
organic compound for the photocatalytic oxidation studies due
to its molecular simplicity and being a frequently found
pollutant in textile, pharmaceutical, metallurgy and nuclear
wastewater [32,33]. It is also a commonly encountered
degradation intermediate of many complex organic pollutants.

2. Experimental
2.1. Photocatalyst synthesis by flame spray pyrolysis

The liquid precursor used to synthesise bare TiO, was
similar to that previously described elsewhere [34,35]. It
consisted of a mixture of titanium isopropoxide (TTIP, Aldrich,
purity >97%)/xylene (Riedel deHaen, 96%)/acetonitrile
(Fluka, 99.5%), in the volume ratio of 20/55/25. Both the
xylene and acetonitrile reagents were dried with molecular
sieve (10-20 mest beads, Fluka) prior to use. A predetermined
amount of iron naphthenate (12% Fe in mineral spirits, Strem)
was added to the precursor mixture. During FSP [31], a flow of
5 mL/min of liquid precursor was delivered to the nozzle using
a syringe pump (Inotech R232). The precursor was then
atomised by 5 L/min of dispersant O, while maintaining a
pressure drop of 1.5 bar at the nozzle tip. Combustion of the
dispersed droplets by the surrounding supporting methane/
oxygen (1.5 L/min/3.2 L/min) forms the main core flame.
Additional 5 L/min sheath O, was issued through the outer
most sintered metal ring. All gases used were sought from BOC
Gases (Australia). The photocatalyst was collected on a glass
fibre filter (Whatmann GF/D, 25.7 cm diameter) using a
vacuum pump (Alcatel SD Series).

2.2. Photocatalyst characterisation

UV-vis diffuse-reflectance spectroscopy was used to
characterise the optical absorption properties of bare and Fe-
doped TiO, photocatalysts. The diffuse-reflectance spectra of
the dry powders were measured using a Varian Cary 5 UV—-vis-
NIR spectrophotometer equipped with an integrating sphere. To
study the absorption properties of the used photocatalysts, the
illuminated suspension was centrifuged (Beckmann-Coulter
Allegra 25R Centrifuge) at 10 000 rpm for 20 min followed by
vacuum drying. The bandgap energies of the doped TiO, were
estimated assuming indirect semiconductor [36]. The bandgap
energy was estimated by the straight-line intercept fitted to a
graph of [F(R) x hv]'? versus hv, where F(R) is the Kubelka—
Munk function as measured by UV—vis and Av is the energy of
the incident photon.

Crystal morphology of the photocatalysts was studied using
X-ray diffraction (XRD) analysis on Philips XRD 1140 operating
at 30 kV, 30 mA (Co Ko and Co Kf3 radiation). The powder was
scanned at 26 from 20 to 70°, 0.01° per step and 5 s per step.
Crystallite phase identification was carried out using PANalytical
X’Pert Highscore Plus software. To determine crystallite size and
composition, Cu Ko was used as the radiation source scanning at
26 from 22° to 32°, 0.02° per step and 5 s per step. Scherrer
equation was used to determine the crystallite sizes of anatase
and rutile without considering the effect of microstrain. The
composition of rutile was determined from the following
equation as described by Spurr and Myer [37]:

084\ "
Xruite = <1+ ; A) (1)
R

where xuie 1S the weight fraction of rutile and 7, (20 = 25.4°)
and Ig (20 =27.6°) are the XRD peak intensities of anatase
(101) and rutile (1 1 0), respectively.

The specific surface area (SSA) of the photocatalyst samples
was measured using Micromeritics Tristar 3000 by means of
nitrogen adsorption at 77 K, using the BET (Brunauer—
Emmett-Teller) method. Prior to analysis, the photocatalysts
were degassed under vacuum at 150 °C for 1.5 h. A full 40-
point adsorption—desorption isotherm was performed on the
powder samples. Powder samples were suspended in methanol
and sonicated before being dispersed onto carbon-coated
copper grids. The particle-loaded grids were studied under
Philips CM200 Transmission Electron Microscope operating at
200 kV. Surface elemental composition and Fe oxidation states
of Fe-doped TiO, particles before and after 5 runs of
photocatalytic oxidation of oxalic acid were characterised
using X-ray Photoelectron Spectroscopy on ESCALab220i-XL
(VG Scientific). A monochromated Al Ka (20 eV pass energy)
the pressure chamber was evacuated to <2 x 10~° mbar.

Photocatalyst suspension (1 g/L.) was extracted during
photocatalytic reaction to monitor the particle zeta potential
dynamics. The suspended particle zeta potential was measured
by means of electrophoretic mobility on a Brookhaven ZetaPals
system. To study the extent of Fe-leaching from the photo-
catalysts, the change in dissolved Fe concentration during
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Fig. 1. UV-vis transmission profile for a double layer of Rosco® E-colour UV
filter.

photocatalytic reaction was measured by Varian Inductively
Coupled Plasma—Atomic Absorption Spectroscopy (ICP-AAS).
The photocatalyst suspension was passed through a PTFE
membrane syringe filter (0.2 pwm, Sartorius) to recover approxi-
mately 5 mL of the filtrate for analysis.

2.3. Photocatalyst evaluation

Photocatalyst suspension of 1 g/l was circulated in a
200 mL closed system slurry-type spiral photoreactor [38]. The
set-up allows for monitoring of CO, evolution based on
conductivity measurements (Jenway 4330) as described by
Abdullah et al. [38]. The suspension was prepared using
deionised water (Millipore) and sonicated for approximately
15 min. Diluted perchloric acid was added to adjust the
suspension pH to 3.25 4 0.25. Prior to testing, a carbon burnoff
step was carried out by irradiating the suspension with UVA
lamp (NEC T10 blacklight blue, 20 W) to remove any organic
impurities on the photocatalyst surface. This step was carried
out until no further increase in conductivity reading was
recorded. The suspension was air-equilibrated before injecting
oxalic acid (Unilab, anhydrous) (equivalent to 2000 wm carbon
or 10 ppm carbon) and mixed for a further 20 min in the dark.
Photocatalytic reaction was initiated by illuminating the
suspension with a fluorescent lamp (Davis 33 cool white,
18 W) filtered with a double layer of Rosco™ E-colour UV filter
to remove any UV component (A < 400 nm) (see Fig. 1).

3. Results and discussion

3.1. Photoresponse and bandgap energy of bare and Fe-
doped TiO,

Both Degussa P25 and FSP-made TiO, particles do not
exhibit any absorption in the visible regime as shown in the
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Fig. 2. (a) UV-vis Kubelka—Munk absorption F(R) of as-prepared pure and Fe-
doped TiO, photocatalysts and (b) the modified Kubelka—Munk plots of the
same samples for their optical bandgap energies estimation.

Kubelka—Munk (KM) absorption plot (Fig. 2a). The absorption
threshold for both TiO, samples was approximately 388 nm,
equivalent to an optical bandgap energy (E,) of 3.20 eV. This
value was obtained from the modified KM absorption plot
(Fig. 2b). The similarity in bandgap energy for the two TiO,
samples is expected as both have similar crystallite phase
composition, consisting predominantly of anatase (~80%,
E,=3.20eV) and the rest rutile (E, = 3.02 eV) [34,35].

Increasing the Fe-dopant content in FSP-TiO, shifts the
photocatalyst response to higher wavelengths (Fig. 2a and b).
As the Fe/Ti ratio is increased from 0.005 to 0.30, the
absorption threshold of doped TiO, is gradually increased from
396 to 564 nm, corresponding to bandgap energies of 3.13 to
2.20 eV, respectively.

Doping Fe cations into TiO, lattice results in the formation
of impurity energy level (IEL) between the conduction and
valence band of TiO, [11,27,39]. This IEL allows for intrinsic
bandgap excitation such that under illumination of visible light,
the higher energy state of 3d-electrons from Fe-dopant (relative
to the ground state electrons of TiO,) could be excited to the
TiO, conduction. Using the ab initio band calculation based on
density function theory (DFT) with the full-potential linearised-
augmented-plane-wave (F-LAPW) method, Umebayashi et al.
[39] found the position of Fe-dopant IEL to be close to the TiO,
valence band. They suggested that the electrons are localised
around the dopant ions. This further supports the postulation
that electrons could in fact be excited from the IEL.
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It is interesting to note the existence of an absorption band
centred at ~490 nm for Fe-doped TiO, with Fe/Ti ratios >0.10
(Fig. 2a). The existence of this optical absorption band remains
unclear. Nagaveni et al. [27] also observed similar absorption
band for Fe-TiO, prepared by solution combustion. They
attributed the band to the d—d transition of Fe-dopant. Using
low temperature (0 °C) hydrolysis without further annealing,
Serpone et al. [11] reported a similar band but centred at
~470 nm for colloidal Fe-TiO, particles. The band was again
suggested to arise from the d—d transition of Fe. Navio et al.
[40] and Li et al. [26] reported absorption band that was
centrally shifted to 530 nm in Fe-TiO, synthesised by wet
impregnation and sol-gel methods, respectively, followed by
calcination at high temperature. However they attributed this to
the formation of segregated hematite as confirmed by XRD.
Although hematite is the thermodynamically stable phase at
high temperature, the high quenching rate during FSP yielded a
metastable, maghemite-like phase. Fig. 2a shows that the
absorption band of this FSP-made maghemite is centred at
~470 nm, not 490 nm, ruling out the possibility of maghemite
formation in the FSP Fe-doped TiO,. The absence of this
segregated phase was further confirmed using XRD phase
identification (Section 3.2). The absorption band remains even
after leaching with 0.1N of H,SO, for 48 h (Fig. 3). Likewise,
the bandgap energies of all Fe-doped TiO, were only slightly
affected after acid treatment, indicating stability of the Fe-
dopant.

3.2. Crystallographic properties of pure and Fe-doped
TiO,

Substitution of Ti** (0.61 A, hexacoordination) by Fe>*
(0.55 A, hexacoordination) [41] into the TiO, lattice is highly
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Fig. 3. Optical bandgap energy and its corresponding absorption threshold of
bare and Fe-doped TiO, as-prepared and after leaching with 0.1N H,SO, for
48 h, as function of metal loading.
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Fig. 4. X-ray diffraction pattern (Co Ka and Co K radiation) of the FSP-made
bare and Fe-doped TiO,. The highly crystallined TiO, consists of predomi-
nantly anatase (A\), but doping with Fe gradually enhances the transformation
to rutile (- - -) and formation of amorphous content.

feasible during the bottom-up FSP synthesis given the
similarity in their ionic radii. No Fe segregation or formation
of a new crystallite phase could be observed from the XRD
spectra (Fig. 4). All the XRD peaks corresponded well with
anatase and rutile phases, for Fe/Ti < 0.05. It is believed that
the short residence time coupled with high quenching rate [42]
during the flame synthesis prevents phase segregation once Fe*
is incorporated into Ti**. It can be seen from Figs. 4 and 5 that
increasing Fe loading greatly promotes the formation of rutile.
This is consistent with Al-doping of TiO, in hot-wall [43] or
vapour-fed flame reactors [44] with APP* (0.53 10\) substituting
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Fig. 5. XRD-determined anatase (d) and rutile (dgr) crystallite sizes and the
corresponding rutile fraction of FSP-made bare and Fe-doped TiO, (Fe/
Ti <0.1). The Cu Ka was used as the radiation source.
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Ti** and creating oxygen vacancies that enhance the anatase to
rutile transformation as observed here also. Wang et al. [45]
claimed the smaller ionic radius of Fe** resulted in the
compaction of TiO, lattice and hence the formation of a denser
rutile phase (0;uile = 4.26 g/cm3 compared t0 Panatase = 3.84 g/
cm’). Besides, it has also been reported that calcination of Fe-
impregnated TiO, could catalyse the transformation of anatase
to rutile at above 550 °C [46]. Further, it can be seen from Fig. 5
that doping with Fe decreases both the anatase and rutile
crystallite sizes.

As shown in the XRD spectra in Fig. 4, a gradual shift from
the TiO, rutile (1 1 0) peak of 20 = 31.9° was observed for Fe-
doped TiO, with high Ti/Fe ratios of 0.10 (32.4°), 0.20 (33.0°)
and 0.30 (33.6°) consistent with Al-doped TiO, [43]. The

shifted peak did not match any of the Fe-based crystallite
phases such as magnetite (Fe;0,4, PDF:003-0862), maghemite
(y-Fe,03;, PDF:004-0755), hematite (a-Fe,Os;, PDF:003-
0800), psudobrookite (Fe,TiOs, PDF:009-0182), pseudorutile
(Fe,Ti309, PDF:013-0326), ilmenite (FeTiOs;, PDF:003-0781)
to ulvospinel (Fe,TiO4, PDF:018-0658). The shift at high Fe-
dopant content does not only coincide with the broad band
observed in the UV-vis spectra (Fig. 2a) as described earlier,
but is also accompanied by the formation of XRD amorphous
band at 20 = 21-43° (Fig. 4). The formation of an amorphous
hump is consistent with other previously reported work at high
Fe-dopant content [28,45]. It is believed that excessive Fe
doping disturbs the arrangement of the TiO, basic octahedral
units [47] and hence distorts the overall crystallite structure.

Fig. 6. TEM micrographs of FSP-made (a) TiO,, (b) Fe/Ti = 0.05 and (c) 0.30 at different magnifications.
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Fig. 7. The ratio of Fe/Ti measured by XPS on the surface of Fe-doped TiO, as
a function of the nominal Fe/Ti loading. The inset shows the profile for Fe/
Ti < 0.05.

The amorphous phase is in excellent agreement with that
observed under TEM (Fig. 6). Bare TiO, particles (Fig. 6a) with
well-defined lattice fringes could be seen. By contrast, at Fe/Ti
ratio of 0.05 (Fig. 6b), lattice fringes are still visible but less
obvious than bare TiO, (Fig. 6a) indicating a limited extent of
crystal modification. At Fe/Ti =0.3 (Fig. 6¢), mainly amor-
phous structures with very little lattice fringes could be seen.

Despite the consistency of various characterisation techni-
ques as discussed above, the solubility limit of FSP-made Fe-
TiO, remains rather ambiguous. Formation of a new Fe phase
could not be detected from XRD even at high Fe/Ti ratio,
presumably due to the well dispersed and small segregated Fe
grains. Hence, an alternative and more sensitive XPS technique
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Fig. 8. Specific surface area of as-prepared pure and Fe-doped TiO, photo-
catalyst samples as a function of metal loading.

was employed. From Fig. 7 (inset), it is evident that there exists
good agreement between nominal (bulk) Fe/Ti and XPS-
determined surface Fe/Ti for ratios of <0.05, corroborating a
homogeneous mixing at the atomic scale. As Fe loading is
increased (Fe/Ti > 0.10), the surface Fe/Ti becomes smaller
than the nominal Fe/Ti, indicating phase segregation. Hence the
solubility limit of Fe in TiO, is reached at an Fe/Ti ratio of
approximately 0.05. Further doping of TiO, with Fe resulted in
the appearance of an optical band centred at 490 nm, formation
of amorphous structure, shift in rutile peak (26 =31.9°) and
decrease in surface area (Fig. 8). As a comparison, the XRD
spectra of the vapour-fed flame synthesised Fe-TiO, reported
by Wang et al. [45] showed the formation of Fe phase at Fe/Ti
ratio of 0.10. The conventional wet-preparation technique such
as co-precipitation followed by high temperature calcination,
however, gave much lower Fe solubility limit in TiO,.
Cordischi et al. [48] reported a solubility limit of around
1 at.% Fe (equivalent to Fe/Ti > 0.01) in anatase but only
~0.1 at.% (Fe/Ti~ 0.001) in similarly prepared rutile but
calcined at much higher temperature (>600 °C). Li et al. [26]
also found a solubility limit of ~1 at.% Fe in anatase prepared
by a sol-gel process followed by annealing at 450 °C for 2 h.
Hence it can be deduced that the gas-to-particle FSP approach
may give a higher Fe solubility limit in TiO, compared to that
produced in conventional wet technique followed by high
temperature calcinations. This is conceivably due to short
residence time and high quenching rate of FSP. As shown in
Table 1, the Fe oxidation state of the as-prepared photocatalysts
exists predominantly of Fe(III), with the remaining being made
up of Fe(Il).

3.3. Photocatalytic mineralisation of oxalic acid

The dissociation constant of oxalic acid were previously
reported as pK; = 1.25 and pK, = 4.28 [49]. Hence at the present
experimental condition of pH 3.25 + 0.25, more than 98% of the
oxalic acid exists in its ionic form with at least 85% forming
HC,0, . Inthe absence of photocatalyst and light source, neither
mineralisation of the parent oxalic acid nor its dissociated ions
could be detected, reconfirming the observation by Navio et al.

Table 1
Ratio of Fe/Ti and Fe(IlI)/Fe(total) on the surface of FSP-made bare TiO, and
Fe-doped TiO, determined by XPS analysis before photocatalytic reactions

Fe/Ti ratio Reaction Fe/Ti ratio Fe(IIl)/Fe
(nominal) runs (surface) (total) (%)
0.000 0 0 0

0.005 0 0.006 100

0.050 0 0.051 91

0.100 0 0.084 93

0.200 0 0.164 100

0.300 0 0.218 100

0.050 1 0.051 86

0.050 5 0.036 82

Also shown are the Fe/Ti and Fe(IlI)/Fe(total) ratios (for the Fe-doped TiO,
with nominal Fe/Ti ratio of 0.05) after 1 and 5 repeated runs of photocatalytic
mineralisation of oxalic acid. Binding energy Fe(IIl) ~ 711.1 and 713.0 eV.
Binding energy Fe(Il) ~ 709.3 eV.
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[40]. Under visible light irradiation (A > 400 nm), relatively
slow but comparable mineralisation kinetics could be observed
for Degussa P25 and FSP-made TiO, (Fig. 9). This is not
surprising considering the many similarities shared between the
two photocatalysts as described earlier. In fact, it was recently
found that the photocatalytic activity of both catalysts was
similar in mineralising a range of carboxylic acids under near-
UV illumination [35]. The observed mineralisation under visible
light in this work for undoped TiO, is attributed to the excitation
of rutile (absorption threshold ~414 nm). It is worth pointing out
as well that despite inactivation of anatase (absorption threshold
~388 nm) under visible light, it does not rule out the possibility
of photogenerated charge transfer between the two crystallite
phases, hence allowing for photocatalytic reaction to take place
on anatase surface [50].
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Fig. 10. Initial rates of photocatalytic mineralisation of 10 ppm (as carbon) of
oxalic acid by bare and Fe-doped TiO, at different dopant levels. The initial
rates were determined over the first half hour.
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Fig. 11. Leaching dynamics of Fe by different concentrations of oxalic acid
with and without visible light irradiation. Unless otherwise stated, the Fe-doped
TiO, samples have Fe/Ti ratio of 0.05.

As shown in Figs. 9 and 10, doping TiO, with Fe for Fe/Ti
ratio of up to 0.05 drastically improves the mineralisation of
oxalic acid under visible light irradiation. No dark mineralisa-
tion could be observed even for the most active photocatalyst,
ie. for Fe/Ti ratio of 0.05, confirming the observed
mineralisation of oxalic acid is mainly due to photoreaction.
Although the dependencies of reaction rates on Fe loading
coincides well with the specific surface area profile shown in
Fig. 8, it is unlikely that the 6.4-fold improvement in
photocatalytic activity is solely the result of the slight 1.12-
fold increase in surface area. In order to gain more in-depth
understandings on the photocatalytic activity enhancement, it is
essential to inspect the role of Fe in the reaction. Fig. 11 reveals
a unique initial Fe dissolution and re-adsorption at the end of
oxalic acid mineralisation under visible light. Such behaviour
was first reported by Araiia et al. [51,52] during the degradation
of formic, maleic and acetic acids under UV illumination by Fe-
TiO, synthesised by impregnation and sol-gel synthesis. It is
interesting to note from the current work that the unique
leaching characteristic is extended to visible light irradiation.
The amount of Fe(Ill) leached out during the photocatalytic
reaction was found to be strongly dependent on Fe loading and
the amount of oxalic acid in aqueous suspension (Fig. 11).

In order to extract Fe(III) from the photocatalyst surface, it is
envisaged that oxalic acid would have to firstly adsorb onto the
photocatalyst surface (Eq. (2)). The zeta potential dynamic
studies on Fe-doped TiO, sample Fe/Ti = 0.05 revealed a strong
negatively charged zeta potential of —22 mV upon addition of
oxalic acid (see Fig. 12), compared to +18 mV for the same
particle in the absence of oxalic acid. The shift to a negatively
charged zeta potential has been previously reported to be
caused by the adsorbed carboxylic acid [35,53]. Given the
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Fig. 12. Zeta potential dynamics of Fe-doped TiO, particles (Fe/Ti = 0.05) and
the corresponding solution pH during photocatalytic mineralisation of 10 ppm
(as carbon) of oxalic acid.

abundance of negatively charged dissociated oxalate ions and
positively charged photocatalyst surface, the adsorbed species
are most likely a mixture of HC,0O,~ and C20427.

The continuous Fe-leaching in the absence of illumination
(Fig. 11) confirmed that adsorption and leaching of Fe(IIl) by
oxalic acid do not require visible light irradiation. The
following scheme shows the reaction that might occur in the
dark and under illumination:

Fe(IID), ;, + oxalicys - Fe (III)-oxalate )
Fe(IIl)-oxalate” " —5 ""Fe(II) + CO, 3)
Fe-TiO, ™ Fe-TiO,* (e~ +h*) 4)
Fe(H)ads + h+vmble/j}_TlozFe(IH)ads (5)
Fe(Il) + Oy — Fe(Ill) + 0,°~ 6)
Oxalic + h*"" ™o, %)
_ visible/Fe-TiOy __ o _
O; +e — O, (®)

Upon irradiation with visible light, the Fe(IlI)-oxalate
complex is easily photolysed to CO, [54], presumably by
photoinduced intrinsic charge transfer between Fe(IIl) and
oxalate ions (Eq. (3)). This resulted in free Fe(Il) which is
unable to take part in subsequent reactions [52] without first
being re-oxidised. However, the decreasing trend of Fe-
leaching under illumination in comparison to the continuous
Fe dark leaching (Fig. 10) implies that Fe(Il) is quickly re-
adsorbed back onto photocatalyst surface. The adsorbed Fe(II)
is subsequently re-oxidised by visible light induced photo-
generated holes (Eq. (4) and (5)) or dissolved O, (Eq. (6)) to
form Fe(IIl) where it could then further take part in the
photoreaction. This is a crucial step to ensure sustainability of

Fe in the mineralisation of oxalic acid. However under the
present experimental condition, regeneration of Fe(Il) by
dissolved O, (Eq. (6)) is somewhat less efficient than that by
photogenerated holes, as will be discussed later in Section 3.4.
Formation of H,0, via photoexcitation of Fe(Il) is also
unlikely especially at acidic pH [55] hence ruling out the
possibility of Fenton or photo-Fenton reactions. Analysis of
the as-prepared and used Fe-TiO, by XPS revealed only a slight
decrease (5%) of Fe(IIl) content in the latter after the first
reaction run (Table 1). Despite repeating the reaction for 5
consecutive runs, only a further decrease of 4% Fe(I1I) could be
detected (Table 1), implying that most Fe(II) were converted
back to Fe(IIl) upon re-adsorption. It should be stressed here
that in all cases, direct oxidation of oxalic acid to CO, by
photogenerated holes (Eq. (7)) must not be ruled out.
Nevertheless, it is rather difficult to distinguish between the
direct hole oxidation and Fe(IIl)-mediated photoreaction. In
fact, Quici et al. [33] also pointed out that the concurrent
homogeneous process complicates the heterogeneous reac-
tions. Additionally, the complex Fe dissolution and re-
adsorption properties make differentiation between the two
oxidation mechanisms difficult.

Excellent agreement between the trend of oxalic acid
mineralisation and zeta potential can be seen from Figs. 9 and
12, respectively. Continuous oxalic acid mineralisation for the
first 4 h of irradiation was well reflected in the progressive
positive shift in zeta potential, indicating a decreasing amount
of organic compounds. Likewise, as little CO, evolution was
detected after 4 h, the particle zeta potential also remained
constant indicating insignificant change in the amount of
surface organics. Analysis of the filtered suspension after 5 h
using the conventional total organic carbon (TOC) analyser
did not detect any significant amount of carbon in the solution.
A careful interpretation should be adopted here as total
removal of carbon from aqueous phase does not mean total
mineralisation of organic substrate. In fact the low carbon
content in the aqueous could be simply due to the strong
adsorption of oxalic acid or its intermediate products on the
photocatalyst surface. This is possible considering their
charge attractions and the high photocatalyst surface area.
Although not shown here, irradiation with UVA lamp at the
end of visible light illumination to burnoff remaining carbon
on the photocatalyst surface revealed further CO, evolution
and restored the photocatalyst zeta potential to its original
value of +18 mV.

To further elucidate the interaction between dissolved Fe
and the modified photocatalyst, Fe-leaching during oxalic acid
mineralisation by Fe/Ti = 0.20 was also investigated. Fig. 11
showed that despite the higher amount of Fe dissolved when
using this photocatalyst, it did not result in a similar increase in
oxalic acid mineralisation rate. In fact, the mineralisation rate
was lower than that of Fe/Ti =0.05. This can be explained as
due to excessive charge recombination and non-photoactive
amorphous formation, thus lowering the efficiency of Fe(II)
reoxidation. The same reasons could also be applied to explain
the decreasing trend in photocatalytic activity of the other
samples Fe-doped TiO, with Fe/Ti > 0.1.
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Fig. 13. Mineralisation of 10 ppm (as carbon) of oxalic acid by bare TiO,
and dissolved Fe(Ill) as perchlorate under visible light irradiation
(A > 400 nm).

3.4. Oxalic acid mineralisation by dissolved Fe(Ill)/TiO»

As a comparison with the Fe-doped TiO, sample,
mineralisation of oxalic acid was carried out in the same
way, but using 5 and 35 ppm Fe(IlI) in the form of Fe(ClO,);3
coupled with FSP-made bare TiO,. The amount of 5 ppm
Fe(IIl) is approximately the amount of Fe present on the
photocatalyst surface with Fe/Ti ratio of 0.05, while the latter
amount is equal to the Fe concentration if all the Fe on surface
and bulk is leached out. As can be seen clearly in Fig. 12, the
initial rate of oxalic acid mineralisation at high Fe concentra-
tion was much faster than that of Fe-doped samples. This is due
to the efficient homogeneous reaction of dissolved Fe(IIl) and
oxalic acid, compared to heterogeneous reactions, in over-
coming mass transfer limitation. Previously reported work also
found that addition of Fe(Ill) to TiO, suspension under UVA
illumination drastically improves the initial rates of oxalic and
maleic acids mineralisation [33,56].

However with only the presence of TiO,, Fe(II) could not be
regenerated efficiently even in the presence of dissolved O,
(Eq. (5)), as all suspension was air-equilibrated prior to
irradiation. This is evident in Fig. 13 in which the extent of
photocatalytic mineralisation in the presence of dissolved Fe
concentrations (40% and 50% for 5 and 35 ppm dissolved Fe,
respectively) were lower than that of Fe-doped TiO, (70%
mineralisation, Fe/Ti = 0.05). Moreover, since dissolved Fe(III)
is unable to photosensitise TiO, [11], Fe(I) regeneration could
only be carried out by the visible light inefficient TiO,. The
result in this work correlates well with the findings by Catastini
et al. [55], who reported very slow Fe(Il) reoxidation by
dissolved O, (Eq. (5)) at pH 3 even in the presence of aeration
and UV illumination (125 W).

1
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C/Co
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Time (h)

Fig. 14. Repeated mineralisation of 10 ppm (as carbon) of oxalic acid by Fe-
doped TiO, (Fe/Ti = 0.05) under visible light irradiation (A > 400 nm).

In terms of practical application, the addition of Fe(III) into
the solution presents yet another great difficulty in recovering
the dissolved Fe after the reaction and reusing the catalyst as
will be demonstrated more clearly in the next section. The Fe-
modified TiO, on the other hand has the unique capability of re-
adsorbing most of the dissolved Fe at the end of reaction
(Fig. 10).

3.5. Durability of Fe-doped TiO,

To demonstrate the durability and reusability of the Fe-
doped TiO,, sample with Fe/Ti=0.05 was subjected to
repeated cycles of oxalic acid mineralisation under visible
light. At the end of each run, the supernatant was replaced with
fresh deionised water adjusted to pH 3.25 &+ 0.25 with the aim
of discarding any leached and non-adsorbed Fe ions. It can be
seen from Figs. 14 and 15 that the rate of oxalic acid

12
@
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-@-Fe/Ti 0.05
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- 8 g-
3 =
= 0.6 o
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Fig. 15. Normalised initial rates of photocatalytic mineralisation of 10 ppm (as
carbon) of oxalic acid (solid symbols) by Fe-doped TiO, (Fe/Ti =0.05) and
dissolved 35 ppm dissolved Fe(Ill) + TiO,, and the corresponding loss of Fe
(open symbols) at every repeated run. All initial rates were normalised with
respect to the initial rate of the 35 ppm Fe(III) + TiO, in the first run.
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Fig. 16. Comparison of Kubelka—Munk absorption of as-prepared FSP TiO,
(A0) and Fe-doped TiO, (Fe/Ti=0.05) (BO) with the recovered 35 ppm
Fe(III) + TiO, (AS) sample and Fe/Ti = 0.05 (BS), respectively, after 5 repeated
runs of oxalic acid mineralisation.

mineralisation by Fe-doped TiO, remained fairly consistent
throughout the 5 repeated runs. This can be attributed to the
minimal Fe-leaching at the end of each run. Although the
surface Fe/Ti ratio (Table 1) depleted from 0.051, for both the
unused photocatalyst and the photocatalyst after 1 run, to 0.036
for the photocatalyst after 5 runs, it did not significantly affect
mineralisation of oxalic acid. The Fe depletion is only restricted
to that from the particle surface while the bulk photocatalyst
remains visible light-active. Hence the photocatalytic activity
was not significantly affected throughout the 5 repeated runs.
Additionally, it can be seen from Fig. 9 that the sample with Fe/
Ti = 0.02, which has only 40% of the bulk Fe concentration of
the sample Fe/Ti=0.05 still shows considerable activity.
Further studies are needed to study the activity of the
photocatalyst in longer runs. The mixture of 35 ppm dissolved
Fe(II) and FSP-made bare TiO,, on the other hand, shows
deteriorating reaction rates after each run. The drastic
deactivation can be attributed to the massive loss of unadsorbed
Fe at the end of each run. As discussed earlier, pure TiO, has
limited capability of re-adsorbing and re-generating Fe(II).
Hence it is not surprising that on the fifth run, as 80% of the
initial dissolved Fe has been leached out and removed from the
suspension, the rate of reaction decreased by 90% and less
active than the FSP-made Fe-TiO,.

Fig. 16 shows the absorbance spectra of the recovered
photocatalysts at the end of 5 repeated runs. The optical
bandgap of sample Fe/Ti = 0.05 remains unaltered before and
after the repeated runs. This gives concrete evidence that the
bandgap of Fe-modified TiO, is photo and chemically stable
even after repeated usage. On the other hand, addition of
dissolved Fe(IIl) to pure TiO, did not significantly affect the
bandgap of the photocatalyst. The slight red-shift observed in

the used catalyst was likely due to adsorbed residue Fe. Franch
et al. [56] also found chemisorbed Fe ions on TiO, surface
carrying over to subsequent repeated run despite washing and
partial drying after the first run. Unfortunately, no quantifica-
tion of the remaining amount of chemisorbed Fe was reported
after washing.

4. Conclusions

The use of a one-step FSP technique to synthesise visible
light-active Fe-doped TiO, photocatalyst has been demon-
strated. Introduction of Fe into TiO, matrix by flame synthesis
was effective in extending the particle photoresponse to the
visible regime (A >400nm). At the same time, it also
enhances transformation to rutile. Being a bottom-up
approach, the short residence time coupled with a high
quenching rate during the FSP process was found to be an
excellent method in synthesising homogeneous Fe-doped TiO,
solid solutions with high Fe solubility. The reported solubility
of up to Fe/Ti = 0.05 in this work is significantly higher than
the Fe/Ti ~ 0.01 commonly found for particles synthesised by
wet techniques followed by high temperature calcination.
Doping Fe above its solubility limit was accompanied by
formation of amorphous structure and a UV-vis optical band
centred at 490 nm. A slight shift in the XRD rutile (1 1 0) peak
and a decrease in specific surface area were also observed at
high Fe loadings.

The Fe-TiO, sample was able to mineralise oxalic acid under
visible light. This is also accompanied by a unique Fe-leaching
and re-adsorption properties. Extraction of Fe(Ill) from
photocatalyst surface was found to take place even in the dark
to form an Fe(IlI)-oxalate complex. The complex is photolysed
under visible light irradiation leaving behind Fe(II) ions. Here,
the presence of visible light-active Fe-TiO, is important to re-
oxidise the adsorbed Fe(II) to Fe(II) to sustain the photoreac-
tion under visible light. A high extent of oxalic acid
mineralisation (70%) for 10 ppm (as carbon) of oxalic acid
was observed for Fe-doped TiO, with Fe/Ti ratio of 0.05
compared to just 50% for the same bulk amount of aqueous
Fe(III) and TiO,. In addition, most dissolved Fe ions are re-
adsorbed back on the Fe-TiO, particles at the end of the oxalic
acid oxidation reaction, thereby minimizing the loss of Fe and
rendering its re-usability. On the other hand, a mixture of
dissolved Fe(IIl) and bare TiO, resulted in significant loss of
unadsorbed Fe after each run. Hence it is not surprising that the
Fe-doped TiO, particles exhibited reproducible mineralisation
rates even after 5 repeated runs whereas the latter saw
deteriorating rates after every run. The UV-vis absorption
spectrum of Fe-doped TiO, was also found to be unchanged
despite repeated photocatalytic runs.
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