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ABSTRACT

Fe-doped TiO, photocatalysts of different Fe/Ti molar ratios were successfully prepared
using wet impregnation method. Prepared Fe-doped TiO, photocatalysts were characterized
by X-ray diffraction, scanning electronic microscope and specific surface area analysis. All
the Fe-doped TiO, photocatalysts possess only anatase crystal structure with no peaks rele-
vant to iron. The activity of the Fe-doped TiO, photocatalyst for the degradation of phenol
was investigated under solar and visible lights and under different reaction conditions, e.g.
doping ratio, catalyst concentration and hydrogen peroxide concentration. The degradation
rate under solar irradiation was much higher than that under visible light irradiation. 0.05%
Fe/Ti molar ratio was the optimum doping ratio for phenol degradation under solar as well
as visible light. Photocatalyst of this doping ratio showed higher activity than P25 TiO,
under solar light irradiation and visible irradiation which might be due to electron-hole

separation by iron.
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1. Introduction

Titanium dioxide has been proved to be the most
suitable photocatalyst for widespread environmental
applications because of its biological and chemical
inertness, strong oxidizing power, non-toxicity and
long-term stability against photo and chemical corro-
sion [1,2]. However, TiO, can be activated only under
UV light of wavelengths <387 nm irradiation due to
its large band gap of 3.2eV. The solar spectrum con-
tains about 4% UV light only. Owing to this inherent
limitation, the solar energy cannot be utilized effi-
ciently in the photocatalytic process [3,4]. The photo-
catalytic activity of TiO, usually depends on a

*Corresponding author.

competition between two processes, (1) the ratio of
the transfer rate of surface charge carriers from the
interior to the surface and (2) the recombination rate
of photo-generated electrons and holes. If the recombi-
nation of photo-generated electrons and holes occurs
too fast (<0.1ns), then there is not enough time for
any other chemical reaction to occur. Compared with
other semiconductor, the surface charge carriers of
TiO, are relatively long-lived (around 250ns), allow-
ing the electrons or holes to travel to the crystallite
surface. It is on the TiO, surface that different types of
radicals are formed. The most common radicals are
the 'OH radicals, which are then free to carry out
other chemical reactions on the surface of TiO, [5]. In
order to extend its light absorption into visible-light
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region, and also to reduce the recombination of
photo-generated electrons and holes, various metal
and non-metal ions have been doped into TiO, [6].
Among various transition metal ions, Fe** was proved
as successful doping element due to its half-filled elec-
tronic configuration. It has been reported that a
proper concentration of Fe>* ions in TiO, is not only
to favour electron-hole separation, but also to narrow
its band gap [7]. The photocatalytic activity of TiO,
must be further enhanced from practical point of view
of use and commerce. In order to achieve this,
Fe-doped TiO, has attracted much attention [8].

The objective of this investigation was to synthe-
size iron-doped TiO, by wet impregnation method
with elevated activity. The photocatalytic activity of
prepared photocatalyst was assessed against phenol
degradation as phenol is an important by-product in
different industrial sectors such as pulp and paper
mill, petroleum refineries, petrochemical, textile,
leather, rubber industry, fiberglass manufacturing and
paint manufacturing [9]. Also, kinetic studies of phe-
nol degradation were carried out through this study.

2. Experimental
2.1. Preparation and characterization of iron doped TiO,

Iron-doped TiO, of different iron molar ratios
(ranging from 0 to 0.1% Fe/Ti) were prepared from
TiO, powder (Degussa Co. Ltd, Germany) and analyt-
ical grade FeCl; (Aldrich, Germany), as precursor of
iron, using wet impregnation method. At first, TiO,
powder was impregnated in aqueous solutions of
FeCl; containing the required amount of iron. The
suspension was then stirred for about 3h at 60°C and
finally dried at 100°C. The resulted powder was finely
ground in a mortar and calcined at 300°C for about
2h. As a blank sample, TiO, was also treated in the
same way but in the absence of iron.

The X-ray diffraction (XRD) patterns of prepared
samples were collected at room temperature by a Phi-
lips powder diffractometer using Cu K, radiation and
a 20 scan rate of 2°/min. Whereas, specific surface
areas were calculated using Brunauer-Emmet-Edward
(BET) equation applied on isotherms collected from
Flow Sorb 2300 apparatus (Micromeritics).

2.2. Photocatalytic efficiency tests

The photocatalytic activity of prepared samples
was evaluated by the degradation of phenol in an
aqueous solution. Pure visible light was supplied by
two general electric (GE) energy-saving 125-W indoor
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Fig. 1. Schematic diagram of the solar photocatalytic
oxidation unit.

halogen lamps “Philips” floodlight purchased locally.
The incidence of the visible light was perpendicular to
the surface of the solution. The distance between the
surface of the solution and the light source was 10 cm.
The intensity of the lamp (400-580nm wavelengths)
was nearly constant during the experiments.

2.3. Solar light experiments

All solar photocatalytic experiments were carried
out under similar conditions on sunny days of sum-
mer (July) under clear skies between 11am and 3 pm.
The photocatalytic oxidation was carried out in aque-
ous suspensions of the prepared Fe-doped-TiO, irradi-
ated by sunlight which was focused on the
photoreaction system. The mixture was continuously
fed to the solar reactor from the feed tank by means
of a peristaltic pumps batch process. The solution flow
rate, maintained constant for all of the runs, was
60L/h. The total irradiated volume was 3.5L. The
schematic diagram of the experimental set-up is
shown in Fig. 1.

3. Results and discussion
3.1. Characterization of prepared samples

XRD was used to investigate the phase structure of
prepared iron doped TiO, powders heat treated at
300°C/2h. The recorded XRD patterns are presented
in Fig. 2. It can be seen that the diffraction peaks of
all samples belong to anatase phase. It is interesting to
note that iron oxides or Fe,TiO, phases were not
detected in the patterns of XRD. One probable reason
is that the concentration of Fe-doping is so low that it
cannot be detected by XRD. The other reason might
be that the radii of Ti*" (0.68 A) and Fe** (0.64 A) ions
are very similar and all the iron ions may be inserted
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Fig. 2. XRD patterns of prepared photocatalysts of
different Fe/Ti atomic ratios.

into the structure of titania, and located at interstices
or occupy some of the titania lattice sites, forming an
iron—titanium oxide solid solution. As shown for the
(101) peak, a slight shift in the peak position (from
25.32° for Fe/Ti=0 to 25.39° of Fe/Ti=0.1) was
observed after the introduction of Fe’*, indicating the
occurrence of very slight lattice distortion in the ana-
tase structure. This observation is similar to other pre-
vious studies [10-12]. The lattice distortion was
caused by second probability stated above, i.e. the
substitution of part of the Ti site by Fe ions, which
suggests the formation of the solid solution of Fe-
doped TiO,. Since the radii of Fe** and Ti** are very
similar [13], it is easy for Fe®* ions to cooperate with
the matrix of the TiO, particles without causing a sig-
nificant crystalline distortion.

Furthermore, with the increase in Fe concentration,
peak intensities of anatase slightly decrease and the
peak width of (101) plane of anatase (20=25.3°)
becomes broader. Therefore, it is reasonable to deduce
that the larger the amount of Fe-doping, the poorer
the crystallization of the TiO, powders, and the smal-
ler the crystallite size of TiO,. The average crystallite
size, L, was estimated from the full width at half max-
imum (FWHM) of the (101) peak according to Debye-
Scherrer’s equation [14]:

L =KA4/f cosb
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Fig. 3. Effect of Fe/Ti doping ratio on the crystallite size of
TiO,.

where L is the crystallite size, 4 is the wavelength of
the XRD (Cu K,=1.5406 A), K is the shape factor
(usually taken as 0.89) and P is the line width at half-
maximum height. The calculated crystal sizes at (101)
plane were 130, 102.4, 112.2, 108.3 and 107.7nm for
Fe/Ti weight ratios 0, 0.005, 0.01, 0.05 and 0.1%,
respectively (Fig. 3). This result shows that the
increasing amount of doped Fe retards the crystal
growth of the anatase TiO, during heat treatment
which is consistent with Wang et al. [15] work; the
larger the amount of Fe**-doping, the wider the width
of the diffraction peaks, the worse the crystallization,
and the smaller the grain size of TiO, powders.

The specific surface areas of the samples were
measured using BET method by N, adsorption and
desorption at 77 K. There was not much difference in
surface areas since the prepared samples showed a
specific surface areas of 33.07, 38.21, 33.94, 33.51 and
34.73m?/g of Fe-doped concentration (0, 0.005, 0.01,
0.05 and 0.1% weight Fe) respectively.

3.2. Effect of Fe/Ti weight ratio on photocatalytic oxidation
of phenol under solar and visible light

It is necessary to separately irradiate visible and
UV lights to illustrate the response of prepared photo-
catalysts to these sources of lights and to compare the
response with that of commercially available TiO,. In
Fig. 4 the heterogeneous mixtures of phenol with
Fe’*-doped and undoped TiO, were separately
exposed to pure visible radiation and sunlight during
sunny days. Based on the linear relationship, the
degradation of phenol followed the pseudo-order
kinetics as depicted by (Ln C;/Cy=kobs t), where kops is
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Fig. 4. Pseudo-first-order kinetics of phenol degradation using different Fe/Ti weight ratios under (a) solar radiation and

(b) pure visible light.

the observed rate constant, and Cy and C; are the con-
centrations of phenol at t=0 and tf, respectively. The
calculated k,p, are plotted against Fe/Ti doping ratio
in Fig. 5 in order to more clearly understand the effect
of doping ratio (Fe/Ti=0-0.1%). The results obviously
showed that under both pure visible and sunlight irra-
diations, the rate constant of phenol degradation
increased to attain a maximum value at 0.05% Fe/Ti
and then decreased with the increase in the Fe con-
tent, i.e. 0.05% doping ratio is the optimum. At this
optimum doping amount of Fe, the rates under pure
visible and solar light were greater than that of
undoped TiO,. Therefore, it is very characteristic that
the Fe’*-doped TiO, showed a visible light response.
It is known that the photocatalytic activity of doped
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Fig. 5. Change in pseudo-first order rate constant of
phenol degradation using different Fe/Ti doping ratios
under sunlight and pure visible light.

TiO, depends on its light absorption ability, the
amount of dopant, charge trapping by the dopant and
the recombination of electron-holes and crystallite
size.

In order to explain the enhanced visible-light-activ-
ity of the Fe-doped TiO,, several possible mechanisms
were proposed. As shown in Fig. 6, with the substitu-
tion of Ti** by Fe’* in the crystal structure of TiO,
(which was proved by peak shifting in XRD pattern),
new Fe levels are introduced between the conduction
and valence band of TiO,, then the electrons can be
promoted to the conduction band from Fe levels. The
electrons can also be promoted from the valence band
to another Fe level. Therefore, doped Fe-TiO, photo-
catalysts have narrower band gap than pure TiO, and
could increase the absorption in the visible-light
region. Subsequently, the departed electrons and holes
migrate to the surface of catalyst and react with
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Fig. 6. Schematic diagram of doped-TiO, and initial redox
process after activation by light [6,13].
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adsorbed O, and H,O, respectively, forming O; and
‘OH, the main species responsible for the degradation
of pollutants [6,13], such as phenol in our case.
Dopant concentration plays also an important role
in the activity of final product. It is known that the
electron-hole recombination rate (kyecomn) in Fe-doped
TiO, is described by equation Kkecomb/€xp (2R/ap),
where ay is the radius of the hydrogenic wave func-
tion of the trapped carriers and R is the average dis-
tance between the separated electrons and holes
[6,16,17]. Consequently, krecomp €Xponentially increases
with the Fe®" concentration in the TiO,, because R
decreases with the increasing amount of Fe’* dopant.
Concentration below the optimal value, there are
fewer trapping sites available and Fe’* serves as shal-
low trapping sites for charge carrier (e~ or h"),
thereby separating the arrival time of e~ and h" at the
surface and increasing the efficiency [8]. On the other
hand, at high concentration, these trapped e~ or h*
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might recombine together before migrating to the sur-
face, resulting in lower photocatalytic activity of TiO..
Thus, the efficiency is strongly associated with Fe*
concentration [18].

In general, the activity of Fe-doped TiO, photocat-
alyst under solar irradiations was found to be higher
than that under pure visible irradiation (Fig. 5). This
might be attributed to the fact that solar light contains
4% of UV. This portion of UV light is responsible for
the activation of titania particles that are not in contact
with iron and hence more active sites are available for
radicals production.

3.3. Effect of catalyst concentration

The effect of catalyst weight on the percentage
removal of phenol was investigated at 50-250 ppm
catalyst concentration. Pseudo-first-order kinetics is
plotted in Fig. 7 and calculated rate constants are
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]
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Fig. 7. Effect of catalyst concentration on phenol degradation using 0.05% Fe/Ti doping ratio under (a) sunlight and (b)

pure visible irradiation.

Table 1

Rate constants of pseudo-first-order reaction of phenol degradation under visible and sunlight irradiations for 0.05% Fe/

Ti doping ratio at different catalyst doses

Catalyst dose Visible irradiation

Solar irradiation

(ppm) Kapp (min~) 180"
0 0.00048 8

50 0.00156 17
100 0.00181 26
150 0.00219 33.5
200 0.00091 14.5
250 0.00185 26

R? kapp (min~") D1 R?

0.957 0.00057 9 0.969
0918 0.00772 87 0.960
0.924 0.0265 99.78 0.991
0.978 0.02866 100 0.998
0.978 0.01876 100 0.989
0.964 0.00247 100 0.993

% is the efficiency of % phenol removals at optimum reaction time.
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presented in Table 1. The results clearly showed that
the increase of catalyst weight from 50 to 150 ppm
increased the phenol removal percentage sharply from
17 to 33.5% and from 87 to 100% at 180min under
pure visible and solar irradiations, respectively. The
low phenol degradation percentage at lower TiO,
loading can be attributed to the fact that more light is
transmitted through the reactor and the transmitted
light is not utilized in the photocatalytic reaction [19].
At 150 ppm of TiO,, enhancement in percentage deg-
radation of phenol is due to (i) the increase in the
amount of catalyst weight which increases the number
of phenol adsorbed and (ii) the increase in the density
of particles in the area of illumination leading to more
active radicals. Increasing catalyst concentration to be
more than 150 ppm led to slight decrease in rate of
phenol degradation which might be due to deactiva-

(a) 0.00
©0mM
-1.00 | \ 00.116 mM
£70.233mM
200 F % 0.291 mM
% 0.349 mM
S 00.465 mM
<. -3.00 |
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Fig. 8. Effect of H,O, dose on pseudo-first order rate constant

light irradiations using 0.05% Fe/Ti doping ratio.

Table 2
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tion of activated molecules by collision with ground-
state molecules as well as shielding that may take
place by TiO,. Moreover, increment of catalyst loading
can increase the number of active sites but decrease
penetration of solar light due to shielding effect
[20,21].

3.4. Effect of hydrogen peroxide

One possible way to increase the reaction rate is to
increase the concentration of ‘OH because these spe-
cies are widely considered to be promoters of photo-
catalytic degradation. The effect of H,O, addition on
the photocatalytic oxidation of phenol was investi-
gated in Fig. 8 using different initial concentrations of
H,0, and 0.05% Fe/Ti doping ratio under visible and
solar irradiations. The calculated rate constants are

(b) 000
-0.05
-0.10

-0.15

-0.20

o
g | S0mM
£ 025} 00116 mM
[ A0.233mM
-0.30 |
| X 0.291 mM
035 F x%x0.349mM
040 | 00.465 mM
I +0.581 mM
Qo4 b
0 20 40 60 80 100 120 140 160
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of phenol degradation (a) sunlight and (b) pure visible

Effect of H,O, dose on pseudo-first-order reaction rate constant of phenol degradation under visible and solar light

irradiations for 0.05% Fe/Ti doping ratio

H,O, (mM) Visible irradiation Solar irradiation
K (x10~°min?) P150° R? ko (x10™2min™Y) Do R?

0 1.490 20.000 0.962 2.850 92.727 0.997
0.116 1.660 21.547 0.991 5.130 100.000 0.997
0.233 1.800 23.333 0.994 6.380 100.000 1.000
0.291 3.200 34.426 0.999 9.480 100.000 0.999
0.349 2.400 29.648 0.996 4.950 98.705 0.998
0.465 2.040 26.020 0.991 3.910 97.409 0.995
0.581 1.910 23.121 0.995 5.060 100.000 0.998

% is the efficiency of % phenol removals at optimum reaction time.
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presented in Table 2. The results revealed that hydro-
gen peroxide has a beneficial effect on phenol
degradation at low H,O, concentrations (up to
0.291 mM) while high concentration retards photocata-
lytic degradation of phenol. This is because hydrogen
peroxide is considered to have two functions in the
process of photocatalytic degradation since it accepts
the photogenerated electrons from the conduction
band so it promotes charge separation meanwhile; it
forms ‘OH by self-splitting under UV irradiation
[22,23]. However, more hydrogen peroxide retarded
the progress of reaction. This may be due to auto-
decomposition of H,O, to oxygen and water and the
recombination of ‘OH [24].

2H202 — ZHQO + Oz

HO' + H,0, — H,O + HO,

Since the *OH reacts with H,O,, the H,O, itself
contributes to the ‘OH scavenging [25]. Therefore,
H,0, should be added at the optimal concentration to
achieve the best degradation as the number of hydro-
xyl radicals generated in the photoreaction is directly
proportional to the hydrogen peroxide concentration.

4. Conclusions

Fe-doped TiO, photocatalysts of different Fe/Ti
molar ratios could be prepared using wet impregna-
tion method. Prepared Fe-doped TiO, photocatalysts
contain only anatase titania phase while no phase rele-
vant to iron was detected. Photodegradation of phenol
using Fe-doped TiO, photocatalysts was found to rely
on doping ratio. 0.005% Fe/Ti molar ratio exhibited
the highest activity due to successful charge separa-
tion. In general, prepared photocatalyst was more
active under sunlight than pure visible light due to
the activation of more particles that are not in contact
with iron by UV portion in solar light. Hydrogen per-
oxide was successfully used to enhance phenol photo-
degradation by Fe-doped TiO,.
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