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Characterization and photocatalytic activity for methylene blue
degradation of iromr deposited TiO; photocatalyst®
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Abstract: Tromr deposited TiO, was prepared by photo reducing ferric ions. The photocatalytic activity of methylene blue
degradation was enhanced after Ti0, was deposited with iron, and the optimum n(Fe)/ n(Ti) is 0.25% . TiO; and irom
deposited Ti0; are anatase and rutile, and anatase is the dominant crystalline phase. In all samples, the XRD patterns in-
dicate that there are no characteristic peaks of iron to be detected. XPS confirms that Fe** and Fe** are present on the
surface of 0. 5% iroir deposited Ti0,, however they are not susceptible to XRD detection. The thermodynamics analysis
shows that the alternative possibility of reduction from the Fe**/ Fe** couple seems plausible, but Fe** can not be reduced
to Fe. The fluorescence intensity weakens after iron is deposited on Ti0>, because iron deposited traps photo-generated

electrons and holes. The fluorescence intensity order of TiO> and irorr deposited Ti0», from strong to weak, is in good &
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greement with that of photocatalytic reactiveness Ti0, and irorr deposited Ti0,, from low to high.
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1 INTRODUCTION

Semiconductor photocatalysis has received a lot
of attention as a promising technique for the total de-
struction of organic compounds in the polluted air and
wastewater. The basic principle of semiconductor
photocatalysis involves photon-generated electrons and
holes migrating to the surface and serving as redox
sources that react with adsorbed reactants leading to
the destruction of pollutants. Titanium dioxide ap-
pears to be the most practical photocatalyst among the
semiconductors for widespread environmental applica-
tion. The photocatalytic activity depends on the sur
face charge carrier transfer rate and the electron-hole
recombination rate. Indeed Ti0», due to its bandgap
energy (for anatase = 3.2 eV, for rutile =3.0¢€V),
catalyzes the oxidation of organic pollutants in the
presence of near UV radiation more than or equal to
387 nm. In general, larger band-gap energy should
result from larger thermodynamic driving forces and
faster charge carrier transfer rates. However, high re-
combination rates of the electrorhole pairs photopro-
duced in the TiO, interface tend to limit the relative pho-
to-efficiencies. In order to enhance the photocatalytic ac-

tivity of Ti0,, extensive research is underway to modify
Ti0,, such as the binary metal oxide! !, transition metak

ions-doped'?!, precious metat deposited”’, surface sensr
tization[4], etc.

Different methods were employed to prepare
iron-deposited titanium specimens and binary mixed
oxides. The photocataclytic activity of TiO, doped
with ferric ions, prepared by wet impregnation and
coprecipitation, has been shown to be feasible in the
visible light for the dinitrogen photoreduction to am-
31 Doping of Ti0, with Fe (III) was reported

to improve photocatalytic properties and enhance visi-
[2]

monia
ble light response Fe,03/Ti0, was prepared by
impregnation method, and the photocatalytic oxida-
tion activity of phenol was improved'®. Pal et all " ®
prepared Ti02/ Fe;O3 binary mixed oxides by solgel
impregnation using metal alkoxide precursors, and
found that the sample sintered at 500 C shows high-
est activity for the degradation of aqueous solution of
O-Cresol. Coupled Fe>O3/ TiO2 nanometer pow ders
were prepared by adding TiO; in Fe( OH) 3 colloid,
and the photocatalytic activity for methamidophos
degradation was enhanced when n(Fe)/ n(Ti) was
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less than 0. 3%'".
activity of Ti0; and iron deposited TiO; for the pho-

The present study evaluates the

tocatalytic degradation of methylene blue as a model
pollutant. We tried to explore the chemical composi-
tion and electronic structure of Ti0, and iron deposit-
ed TiO2, and make a detailed investigation on elucr
dating the mechanism of the iron action on the pho-
toreactivity of TiO,.

2 EXPERIMENTAL

Chemicals and solvents were at least reagent
grade and were used as received.

2.1 Preparation

40 mL of tetrabutyl titanate was dissolved in 200
mL absolute alcohol. The transparent solution A was
formed during the first few minutes. Meanwhile the
solution B was prepared by adding 40 mL of glacial
acetic acid to 40 mL distilled water and 160 mL anhy-
drous alcohol with vigorous stirring. Then a transpar-
ent colloidal solution was obtained by adding dropw ise
solution A to the aqueous solution B with vigorous
stirring. After the solution was changed into gel,
dried it in a vacuum drying oven at 65 C. Dry gel
was milled in an agate mortar, and subsequently cal-
cined in air at 700 C for 1 h to acquire the Ti0, sam-
ple.

Ti0, deposited with iron was prepared by photo-
reducing ferric ions. The n(Fe)/ n(Ti) of the sam-
ples were 0. 15%, 0.25%, 0.5%, 1.0% and 2. 0%
respectively. The preparation of each sample was car-
ried out as follows: 400 mL distilled water, 2 g
Ti02, the required amount of glacial acetic acid and
aqueous solutions of Fe(NO3)3; were mixed and then
reduced by a 125 W high-pressure mercury lamp for
40 min with a 150 cm®/ min stream of Ny. Then it
was filtered with a microfilteration membrane and
dried at 338 K to get the final sample.

2.2 Photocatalytic activity tests
Aqueous slurry was prepared by adding 360 mg
T1i0; or Iron-deposited Ti0; to 400 mL solution con-

taining methylene blue at 10” *% respectively. Then
irradiation was performed with a 125 W high-pressure
mercury lamp to the aqueous slurries after it was
stirred and bubbled with humid oxygen for 20 min
and the lamp was warmed up for 20 min. At given ir-
radiation time intervals, the dispersion was extracted
and centrifuged to separate the TiO, particles. The
filtrate was analyzed by UV-vis spectra with a spec
trophotometer and measuring its absorbance at
664nm. All experiments were performed at room

temperature and at natural pH 6.

2.3 Characterization

The X-ray diffraction( XRD) patterns were ob-
tained at room temperature with a S/MAX IIIA
diffractometer using Nrfiltered Cu Kq radiation
( A= 0.154 18 nm). The step scans were taken over
the range 20 from 15° to 65°. The mean crystallite
diameters were estimated by application of the Scher
rer equation.

The XPS spectra were collected by a PHI Quan-
tum 2000 Scanning ESCA M icroprobe with a pass en-
ergy of 20 eV, and the excitation of the spectra was
performed by means of monochromatized Al K4 radia-
tion. Correction of the energy shifts due to static
charging of the samples was accomplished by refer-
encing to the C 1 s line from the residual pump-line
oil contamination taken at 285.0 eV.

3 RESULTS AND DISCUSSION

3.1 Photocatalytic results

The experimental results of the methylene blue
photocatalytic degradation are shown in Fig. 1. Un-
der the reported experimental conditions, the photo-
catalytic degradation reaction kinetics of methylene
blue follows first apparent order, that is lgco/ c= kt,
in which c¢g is the initial concentration of methylene
blue, ¢ is the concentration of methylene blue at any
time, k is the reaction rate constant.
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Fig. 1 Relation between lg( co/ ¢) and ¢ of
amples for methylene blue photocatalytic degradation
1 —Ti02; 2—0.15% iromr deposited TiO,;

3 —0.25% irowr deposited Ti0O»;

4—0. 5% irorr deposited T1i0,;

5 —1% irorr deposited Ti0»; 6 —2% irorr deposited Ti0,

The photocatalytic activity of all iron-deposited
Ti02 for methylene blue degradation is higher than
that of TiO2. The activity, however, does not paral-
lel with the iron content. The photocatalytic activity
increases with the amount of iron on Ti0; increasing,
and then diminishes with the amount of iron decreas-
ing. The highest photocatalytic activity was obtained
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in an iron molar concentration of 0. 25% .

3.2 Xray diffraction analysis

Table 1 shows the phase and crystal size of Ti0,
and iron-deposited TiO;. XRD results show that
Ti0; and iron-deposited Ti0, are anatase and rutile,
and anatase was the dominant phase. Anatase( 100)/
rutile( 8) is the ratio of the main peak intensity of
anatase and that of rutile. The proportion of anatase
phase in TiO; is larger than that in iron-deposited
Ti02, perhaps anatase is changed into rutile during

the photo-reduction.

Table 1 Phase and crystallite size of Ti0»
and iromr deposited T 10,

Photocatalyst Phase @Cizrg/s::rli
. anatase( 100) /

Ti0s rutile( 8) 30

0.25% irorr anatase( 100) / 32
deposited Ti0, rutile( 19)

0.5% iror anatase( 100) / 30
deposited Ti0, rutile( 18)

2% irorr anatase( 100) / 34

deposited Ti0,

rutile( 15)

The polycrystalline X-ray diffraction patterns of
Ti02 and 2% irorr deposited Ti0; are shown in Fig.
2. In all samples, the XRD patterns indicate that no
characteristic peaks of iron were detected even at the
highest iron-deposited on TiO2, i.e. 2% ironde
posited TiO».

The absence of iron X-ray diffraction peaks may
be attributed to the fact that the iron species are pre-
sent as a highly dispersed or amorphous state on the
surface of Ti0,. However, the existence possibility of
iron size less than 4 nm cannot be ruled out in the
photocatalysts, which is beyond the detection capaci-
ty of the powder X-ray diffraction technique. On the
surface of Ti0;, the iron may be present as single
particle or aggregate that is not susceptible to XRD
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Fig.2 X-ray diffraction patterns of Ti0»

and 2% iron-deposited TiO,
(a) —Ti0y; (b) —2% irorr deposited T1i0,

detection.

3.3 XPS study

Fig. 3 shows the XPS survey spectra of 0. 5%
iron-deposited Ti0,. O, C, Ti, and Fe elements are
present on the surface of 0. 5% iromr deposited Ti02,
and C element is attributed to the residual pump-line
oil contamination. The analysis result indicates that
there is 1. 5% iron on the surface of 0. 5% iron-de-
posited TiO>. There are two reasons for this result:

1) Because the amount of iron on Ti0; is small,
the Signal/ Noise ratio is not big. It is not easily to
determine exactly the amount and states of iron on
the surface of Ti0,.

2) Most of iron is present on the surface of
Ti0,.

The Fe 2p3/, core level spectra of 0. 5% iron-de-
posited Ti0; is shown in Fig. 4. The Fe 2p3» 710. 4
eV peak is assigned to Fe'* , while the Fe 2ps» 709.
6 eV peak can be attributed to Fe** . Because the sig-
nal intensity is low, it is difficult to calculate exactly
the amount on different states of iron on the surface

of Ti0,.

Q
j=7
o
3 .| E
o o
=
o
o
[*)
w =)
— w o
O SE
jo o
1 000 800 600 400 200 0
Binding energy/cV

Fig. 3 XPS survey spectra of 0. 5%
irorr deposited Ti0,
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Fig. 4 Fe 2ps3/2 core level spectra
of 0.5% irorrdeposited Ti0,
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When Ti0; is exposed to light of energy equal to or
greater than the bandgap energy, an electron is excit-
ed from the TiO; valence band into the TiO; conduc
tion band, leaving a hole behind. The photo-induced
electrons are good reductants. If a suitable scavenger
(acetic acid) is available to trap the hole, and subse
quent reduction reaction may occur. Only if the rele-
vant potential level of the acceptor species, ferric ion
(Fe™), is required to be below ( more positive than)
the conduction band potential of the semiconductor on
thermodynamics, Fe'* can be reduced to Fe** . The
resultant of reduction states of iron on TiO> may be
explained by the follow ing reactions:
Fe** + 3e” Fe @= _0.037V (1)
Fe?* + 2e” Fe @P= _0.447V (2)
Fe’* + e Fe*' @=0.771 V (3)
The oxidation potential of Fe’* (Eqn. (1)) ap-
proximately equals to the reduction potential of the

101 “s0 Fe™* is hardly reduced

photoinduction electron
to Fe. However, Fig. 4 shows that Fe is not present
on the surface of 0. 5% iromr deposited Ti02, because
the Fe 2p3/» peak at lower binding energy is situated
at about 707 eV!'"!'. The alternative possibility of re-
duction from the Fe**/ Fe couple does not seem plausi-
ble( Eqn. (2)), but Fe’* can easily be photo-reduced
to Fe** (Eqn. (3)). Therefore, the irradiation of the
light of 365 nm wavelength onto the suspensions of
T1i02 in aqueous solution of ferric salts and acetic acid

led to the evolution of the deposition of Fe* and

Fe** onto the surface of Ti0( Fig.4), and the oxida
tion of acetic acid.

3.4 Fluorescence spectra

Fig. 5 shows the fluorescence spectra ( Awc =
267.0 nm). A fluorescence band of 350 =525 nm oc-
curs. Increasing amounts of iron do not change its
spectral position. The intensity, however, changes
with increasing the amount of iron deposited on
Ti0;. Following the arguments given in reference
[ 12] that the observed fluorescence could be ascribed
to the recombination of photoproduced charge carriers
on the surface of Ti0,.

The coexistence of Fe’* and Fe** at iromde
posited Ti05 influences the photocatalytic activity by
altering the electrorrhole pair recombination rate
through the following process:

Fe* + & 7 Fe™*
Fe* + h* ~ Fe'*

Trapping either an electron or a hole alone is in-

electron trap
hole trap

effective because the immobilized charge species
quickly recombine with its mobile counterpart'?.
The trapped hole embodied in Fe**

time due to the immobilized electron in Fe*" .

has longer life-
Then
the trapped charge carriers lead to a series of photo-
catalytic reactions, so the photocatalytic activity of

300 375 450 525
Wavclength/nm

Fig. 5 Fluorescence spectra of pure Ti0, and

different n(Fe)/ n(Ti) irorrdeposited TiO,

1 —Ti02; 2—0.25% iromr deposited Ti0,;
3—0.5% iromr deposited Ti0,

ironrdeposited Ti0; are related to the iron deposited
trap amount. Fig. 5 shows that the fluorescence in-
tensity of iron-deposited Ti0; is weaker than that of
Ti0;. The weak fluorescence intensity of ironde-
posited T1i0; indicates that the recombination efficien-
cy of charge carriers is lower than that of Ti0,. This
means that the photo-excited electron-hole pair on the
surface of irorr deposited T1i0; is separated effectively.
The fluorescence intensity order of TiO, and iron-de-
posited Ti0,, from strong to weak, is in good agree-
ment with that of photocatalytic reactive Ti0O, and
iron-deposited Ti02, from low to high.

4 CONCLUSIONS

The photocatalytic activity for methylene blue
degradation was enhanced after TiO, was deposited
with iron by photo-reducing ferric ions, and the opti-
mum iron molar concentration on Ti0, is 0.25%.
Ti0; and iromrdeposited Ti0, are anatase and rutile,
and anatase was the dominant crystalline phase. In all
iron-deposited Ti0,, the iron is present as single par-
ticle or aggregate, which is beyond the detection ca-
pacity of the powder X-ray diffraction technique, on
the surface of Ti0». Fe'* and Fe’* coexist on the
surface of 0. 5% iromr deposited Ti02, and the ther
modynamics analysis shows that the alternative possi-
bility of reduction from the Fe’’/ Fe** couple seems
plausible, but Fe** can not be photoreduced to Fe.
The fluorescence intensity weakens after iron deposit-
ed on Ti0; because Fe** and Fe** at iron deposited
Ti0; act as electron and hole traps, respectively. The
fluorescence intensity order of Ti0O; and iromr deposit-
ed TiO; is in good agreement with that of photo-
catalytic reactivity Ti0, and iron-deposited Ti05.
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