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a b s t r a c t

The behavior of Fe(III) aquacomplexes in TiO2 suspensions in the degradation of phenol has been investi-
gated. The most active Fe(OH)2+ species adsorbed on the surface of TiO2 retards the conversion of Fe(OH)2+

into oligomers and therefore increases the percentage of Fe(OH)2+ with irradiation time, with a consequent
enhancement in the catalytic cycle of Fe(III)/Fe(II) and excited charge traps by Fe(III) in the iron–TiO2 sys-
tem. The influence of iron addition on TiO2 was obtained when the regeneration of [Fe(OH)2+] remained
eywords:
itanium oxide
dsorption
e(OH)2+

hotocatalyst
V light

continuous with irradiation time. In an optimum TiO2 suspension (0.5 g/L) with the addition of 0.1 mM
Fe(III), the measured kobs values for phenol degradation were enhanced for the higher adsorption of
Fe(OH)2+ on the reactive surface of TiO2 at a specified irradiation time.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Despite its favorable photochemical efficiency, the stability
f Fe(OH)2+ is kinetically limited in aqueous media because of
ts rapid polymerization properties. The complexity of acidic
e(III) solutions and their properties are well documented in
he literature[1–5]. The predominant complex ionic species,

onomeric Fe[(OH)(H2O)5]2+ (abbreviated as Fe(OH)2+), has been
eported to possess the highest quantum yield [2,3]. The percent-
ge of Fe(OH)2+ ions strongly depends on the inorganic anionic
igand content [6,7], the age of the ferric solution [8], and on
he starting concentration [3]. Nahar et al. [3] determined that
he rate of phenol disappearance increased when the percent-
ge of the monomeric species of Fe(III) in the solution increased.
ased on acid–base thermodynamic equilibrium, the monohydroxy
omplex Fe(OH)2+ would be a predominant form of Fe(III) in aque-
us solution between the pH values of 3.0–4.5 [2]. However, the
oncentration of monomeric species rapidly decreases after the dis-

olution of ferric perchlorate in water and converted into less active
ligomers [3,8]. Therefore, it is very important to control the aggre-
ation of reactive Fe(OH)2+ species with irradiation time. Degussa
25 is a very active catalyst in its mixed phase [9] and several inves-

∗ Corresponding author. Tel.: +81 76 445 6665; fax: +81 76 445 6549.
E-mail address: msnahar@yahoo.com (Mst.S. Nahar).
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igators have compared the kinetics of the Fe(III)–TiO2 combined
ystem with the degradation rate of the pollutant [8,10–13]. To
ur knowledge, there are no detailed reports on the aggregation
tates of Fe(OH)2+ species for various Fe(III) concentrations in the
e(III)–TiO2 combined system. This is the first time we have suc-
essfully investigated and applied the adsorption properties of TiO2
ith the purpose of retarding the aggregation of Fe(OH)2+ species

n the Fe(III)–TiO2 combined system.
The main objectives of this research are to retard the polymer-

zation of Fe(OH)2+ species without using any electrolytes and to
ptimize the conditions to keep the highest concentration of reac-
ive Fe(OH)2+ species on the TiO2 surface. This improved process has
een used to stabilize the predominant state of Fe(OH)2+ species
uring the irradiation time.

. Experimental

.1. Materials

Degussa P25 TiO2 was obtained from Nippon Aerosil Co.,
-hydroxyquinoline-5-sulfonic acid was obtained from Tokyo

aseikogyo Co. Ltd. and iron(III) perchlorate Fe(ClO4)3. H2O was
btained from Aldrich chemical company, USA. Phenol, benzene,
odium acetate, 1,10-phenanthroline, monohydrate and acetoni-
rile (HPLC grade) were purchased from Wako pure chemical
ndustries Ltd.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:msnahar@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2008.05.046
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.2. Apparatus

Photoirradiation was performed onto a cylindrical Pyrex reac-
ion cell (100 mL: 50 mm i.d. × 51 mm length) with a WACOM
X-500Q [14]. For light of � = 365 nm, Pyrex (� > 290 nm) and
oshiba UV-35 (� > 350 nm) cutoff filters, and a Toshiba UV-D36A
and-pass filter (300 nm < � < 380 nm) were used. The amount of

ight (I0) entering the reaction cell was measured with potas-
ium tris(oxalato)ferrate(III) actinometry. I0 (photons mL−1 s−1)
as estimated to be 2.14 × 1015 for UV light (� = 365 nm).

.3. Analysis

.3.1. Fe(III) measurement (HQSA method)
Fe(III) concentration was measured by the HQSA method, 1 mL

f 0.05 mol L−1 8-hydroxyquinoline-5-sulfonic acid (HQSA) and
mL of acetic buffer (pH 4.6) were poured into a 10 mL volumet-

ic flask. Eight milliliters of sample was added to the solution and
apidly mixed. Within 30 s of mixing, the absorbance of the triscom-
lex of 8-hydroxyquinoline-5-sulfonate acid (HQS) with Fe(III),
e(HQS)3, was measured at � = 572 with a Shimadzu UV-1600 spec-
rophotometer. The same mixture of HQSA and acidic buffer with
mL of water was used as a blank sample [15].

.3.2. Fe(II) measurement
The Fe(II) concentration was determined by complexometry

ith ortho-phenanthroline [10].

.3.3. Measurement of OH• radical
The concentration of •OH was monitored by following the

ppearance of phenol (HPLC) from the •OH mediated oxidation of
dded benzene [16].

.4. Photocatalytic degradation of phenol

Titanium dioxide (P25) catalyst (0.05 gm) was added into
00 cm3 phenol solution (100 �M) and the suspension was magnet-
cally stirred in the dark for 30 min to reach adsorption equilibrium.
fter that, different concentrations (0.05, 0.1, 0.3, 0.5 mM) of iron
olution (Fe(ClO4)3·6H2O) were added with stirring for 2 min at
atural pH 3.5. The irradiation started immediately at room tem-
erature and the remaining concentration of phenol was measured
y HPLC. According to our experimental results using P25 TiO2, the
ifference in kobs between pH 3.0 and 4.4 is less than 5%. The nat-
ral pH value was 3.5 for the mixture of 0.1 mM Fe(III) solution in
.5 g/L TiO2 suspensions and this value was maintained during the
ntire experiment.

. Results and discussion
.1. Adsorption percentages of Fe(OH)2+ species on TiO2 surface

In this study, Fe(ClO4)3 has been selected, as it acts more
fficiently in aqueous solutions containing weakly coordinating

f
2
l
t
t

able 1
dsorption percentage of Fe(OH)2+ species on the TiO2 (0.05 g/l00 mL) surface for differen

e aquacomplexes Iron–

Fe(ClO4)3] (mM) Initial concentration (mM) Color (30 min aging) Rem

[Fe(OH)2+] %Fe(OH)2+ [Fe(O

.05 0.0416 83.2 Light brown 0.00

.10 0.082 81.5 Brown 0.00

.30 0.2487 82.0 Deep brown 0.057

.5 0 0.444 88.0 Reddish brown 0.234
s Materials 162 (2009) 351–355

nionic ligands (ClO4
−), and the dominant ion pair (FeOH)2+

emains in the suspension [6,7]. The four hydrolytic specia-
ions of Fe(III) can be represented by the following equilibrium,
e3+ + H2O → Fe(OH)2+ + H+ [2].

Before irradiation, the adsorption percentage of Fe(OH)2+ was
easured for Fe(III) concentrations in TiO2 suspensions after mix-

ng for a period of 2 min. Table 1 represents the initial percentage of
e(OH)2+ for various concentrations of Fe(III) salt and is correlated
ith the disappearance of Fe(OH)2+ species and with the adsorp-

ion of monomeric species on TiO2, which enabled the durability
f Fe(OH)2+ in iron–TiO2 suspensions. The additional concentra-
ion of Fe(III) in TiO2 (0.5 g/L) suspensions increased as follows:
.05 mM > 0.1 mM > 0.3 mM > 0.5 mM, where the adsorption per-
entage of Fe(OH)2+ was 95% > 94% > 74% > 47%, respectively. The
olor change of the suspensions depended on the concentration of
e(III) and also on aging time [8]. The amount of TiO2 (0.5 g/L) cata-
yst has a particular adsorption capacity for Fe(OH)2+ species on its
urface for a continuous redox reaction and the remaining Fe(OH)2+

pecies in suspensions (0.3, 0.5 mM) rapidly changed to form solu-
le, less active aggregates or were adsorbed onto the TiO2 surface.
he color of suspensions changed from white to brown to reddish
rown and this was attributed to the polymerization of Fe(OH)2+

onomer. The adsorption percentage and the oligomerization of
e(OH)2+ by aging proved that the aggregation starts at 0.3 mM to
oncentrations above that of Fe(III) in 0.5 g/L TiO2 suspensions.

.2. UV–vis absorption spectra of Fe(III) solutions, with and
ithout TiO2

To confirm the aggregation we measured the UV–vis absorption
pectra of irradiated and non-irradiated solutions using the sin-
le (0.1 mM Fe(III)) and mixed catalyst (0.1 mM Fe(III) with 0.5 g/L
iO2) system. Aging of the reactive Fe(OH)2+ species for Fe(III)
olution caused a red shift into the visible region, as shown in
ig. 1a; this spectral change depended primarily on the forma-
ion of iron(III) aggregates and oligomers [1,8]. Spectra line D-1
hifted to D-30 for 30 min aging under dark and spectra line L-
shifted to L-30 for 5 and 30 min irradiation time, respectively.

hese lines show a difference in visible absorption for irradiated
olutions (L-5 to L-30), which are smaller than the difference of
isible absorption of iron(III) solutions under dark conditions (D-
to D-30), because Fe(OH)2+ takes part in the reaction and is

ble to decrease the aggregation rate compared with the iron(III)
olution under dark. Fig. 1b represents the spectra lines for C-1
nd C-2, which are obtained for the iron–TiO2 combined system
or irradiation times of 5 and 30 min, and C-3, which is for dark
onditions, where the 94% Fe(OH)2+ was adsorbed on the TiO2
urface before irradiation. Fe(OH)2+ shows an absorption maxi-
um at 295 nm for spectra lines D-1, D-30, L-5, L-30 and even
or lower absorption of C-3, but there is no absorption peak at
95 nm for C-1 and C-2, as it mainly contains Fe(II). The spectra

ines C-1, C-2 and C-3 give clear evidence that visible absorp-
ion has not occurred for long irradiation times, ensuring that
he maximum percentage of Fe(OH)2+ species was continuously

t concentration of Fe(ClO4)3 (0.05–0.5 mM) before irradiation

TiO2 suspensions, adsorption time 2 min

ain in suspensions (mM) Adsorption, %Fe(OH)2+ Color (30 min aging)

H)2+] %Fe(OH)2+

21 5.2 95.0 White
4 4.5 94.0 White
1 19 74.0 Brown
3 28.8 47.0 Deep brown
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Fig. 1. (a) UV–vis absorption spectra of 0.1 mM Fe(ClO4)3 in water at natural pH
aged for 30 min, D-l: aging time 1 min, D-2: aging time 30 min, L-l: irradiation 5 min,
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photoexcited electrons on the surface of TiO2 and the reoxidation
of Fe(II) to Fe(III) by holes would be reduced, due to the rapid des-
orption of the resultant Fe(II) ions [17]. The acceleration of Fe(II)
formation (Fig. 3 line A) for 0.1 mM Fe(III), combined with TiO2,
increases the photocatalytic cycle Fe(III)/Fe(II) [10], allowing the
-2: irradiation 30 min; (b) UV–vis absorption spectra of 0.1 mM Fe(ClO4)3 in TiO2

uspensions at the time of irradiation, C-l: 5 min irradiation, C-2: 30 min irradiation,
-3: 2 min adsorption in dark.

eactive on the TiO2 surface through the Fe(III)/Fe(II) cycle, and
hat oligomerization had not proceeded in the irradiated solution

edium. The stability of monomeric iron species corresponds to
he adsorption of Fe(OH)2+ on the surface of TiO2 and moreover,
hen Fe(OH)2+ converts to Fe(II) by e−(TiO2), Fe(II) dissolves into

olution from the TiO2 surface, because the reoxidation of Fe(II) by
+(TiO2) is unlikely [17] and a new regenerated Fe(OH)2+ species

rom Fe(II) with •OH will take this vacant area on the TiO2 surface
ery quickly.

.3. Influence of Fe(OH)2+ concentration in irradiated iron
quacomplexes

Fig. 2 represents the photoirradiation rate of Fe(III) species
ccording to the following reaction, Fe(OH)2+ + h� → Fe2+ + •OH,
nd the reaction rate increases from higher concentration to
ower concentration of Fe(ClO4)3 and the rate was as fol-
ows: 0.1 mM > 0.3 mM > 0.5 mM for iron alone. Here, the reaction

ate for lower concentrations of Fe(III) (0.1 mM) is higher in
olution.

The conversion rate of Fe(OH)2+ to Fe(II) gradually decreases
ith aggregation (Fig. 1a).

F
u
F
F

ig. 2. The aging of the Fe(OH)2+ for various concentration of Fe(ClO4)3 under
V light irradiations: (�) %Fe(OH)2+, 0.1 mM Fe(ClO4)3; (�) %Fe(OH)2+, 0.3 mM
e(C1O4)3; (�) %Fe(OH)2+, 0.5 mM Fe(ClO4)3.

.4. Time dependence of the concentration of Fe(III) ions in
uspensions of TiO2 (0.5 g/L) with 0.1 mM of Fe(III) under dark and
nder UV light irradiation

Fig. 3 represents the time dependence of the Fe(II) ion concen-
ration for two photocatalytic systems under dark and UV light
rradiation conditions. Upon continuous irradiation of the com-
ined system, the concentration of Fe(II) quickly rose within 5 min

rradiation, then reached a constant value (Fig. 3, line A). After
0 min irradiation, [Fe(II)] reached a value which was (Fig. 3, line
) 4.7 times higher than without TiO2 (Fig. 3, line B). Line B is
ot enhanced as is line A for lower concentrations of Fe(II) in
ne catalytic system (iron alone) and aggregation of Fe(OH)2+. The
dsorption of Fe(III) on the surface of TiO2 is much higher than that
f Fe(II) [17]. Therefore, Fe(III) would be rapidly reduced to Fe(II) by
ig. 3. Time dependence of the concentrations of Fe(II) ions fbr two catalytic systems
nder dark and under UV light irradiations. (�) A: [Fe(II)], under light with TiO2 and
e(C1O4)3; (�) B: [Fe(II)], under light with Fe(ClO4)3; (�) C: [Fe(II)], under dark with
e(ClO4)3.
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Fig. 4. Dependence of kobs of the phenol degradation on various Fe(III) concentra-
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ions without TiO2 and on adsorption percentage of Fe(OH)2+ on TiO2 surface under
V irradiation: (�) k1

obs
(TiO2 + Fe(ClO4)3), (�) k2

obs
(Fe(ClO4)3) and (�) adsorption %

e(OH)2+.

ontinuous formation of •OH radicals. Line C shows the absence of
e(II) in the suspensions under dark conditions.

.5. Relation between adsorption and photoirradiation

Fig. 4 shows the relation between the adsorption of Fe(OH)2+

nd the photoirradiation of phenol by a two catalyst system.
he kobs values in the UV photodegradation by iron and the
ron–TiO2 combined system were plotted versus the Fe(III) con-
entration. An increase in the Fe(III) concentration from 0.05 to
.5 mM significantly enhanced the degradation rate (linearly) in
he absence of TiO2, reaching a maximum value at 0.5 mM and
he phenol degradation rate for 0.5 mM Fe(III) was about 96 times
reater than for 0.05 mM Fe(III). The degradation rates for the het-
rogeneous mixture of phenol with the iron–TiO2 system were
lso evaluated in Fig. 4 by the observed rate constant (k1

obs).
he Fe concentration in the Fe(III)–TiO2 system is increased as
.05 mM < 0.1 mM < 0.3 mM < 0.5 mM, and the increased adsorption
oncentrations of Fe(OH)2+ species for the corresponding solutions
oncentration are as follows, 0.0396 mM (95%), 0.076 mM (94%),
.1916 mM (74%), 0.209 mM (47%). On the other hand, the k1

obs val-
es increase in the order 0.104 (0.05 mM) < 0.118 (0.1 mM) < 0.142
0.3 mM) < 0.190 (0.5 mM), respectively. Therefore, the Fe(III) con-
entration increases up to 10 times from lower concentration
0.05–0.5 mM), whereas the reaction rate increases only 1.8 times
or 0.5 mM than for 0.05 mM under optimum TiO2 concentrations.
n the case of Fe(III) alone, the k2

obs values for phenol degrada-
ion increase linearly (0.0025 < 0.05 < 0.12 < 0.24) according to the
e(III) concentrations from 0.05 to 0.5 mM. As compared to the k1

obs
nd k2

obs, the degradation rate of phenol (Fig. 4) in the Fe(III) and
e(III)–TiO2 combined system is entirely dependent on increasing
oncentrations of Fe(OH)2+ species by the reoxidation of higher
oncentrations of Fe(II) at the irradiation time (Fig. 3). The degrada-
ion rate is not dependent on the initial concentration of Fe(OH)2+

efore irradiation, but that is possible only for optimal adsorption of
e(OH)2+ onto TiO2 surfaces. The decreasing activity of 0.3–0.5 mM
e(III) in TiO2 suspensions is related to two things, one being over
dsorption of Fe(III) aquacomplexes shaded and deactivated on the

eactive surface of TiO2, and the second being the large amount
f Fe(OH)2+ remaining in the suspension which aggregates rapidly
nd produces less photoactive oligomers. The total degradation rate
ecreases for high concentrations of Fe(III) in the combined system.

h

F

ig. 5. Comparison of OH radical formation for three photocatalysts under UV 1ight
rradiation: (�) 0.l mM Fe(ClO4)3, (�) TiO2 and (�) 0.1 mM Fe(ClO4)3 + TiO2.

.6. Comparison of the hydroxyl radical formation from various
atalysts

Three catalysts of potential interest as photocatalysts were mea-
ured in terms of their production of •OH radicals. Fig. 5 shows a
omparison of the •OH formation from different catalysts under
V light irradiation. Differences in their reaction cycles produce
different amount of hydroxyl radicals and the rates are as fol-

ows: combined system > TiO2 > Fe(ClO4)3. The amount of •OH for
he combined system was 21 and 1.5 times greater than the values
or Fe(ClO4)3 and TiO2, respectively.

.7. Reaction mechanism

The photolysis of iron alone leads to the following process:

e(OH)2+ + h� → Fe(II) + •OH

e(OH)2+ + aging → oligomer(lessactive)

ligomer(Fe2(H2O)8(OH)2
4+dimmer + polymer) + h�

→ Fe(II) + •OH

or the iron–TiO2 combined system, aggregation is retarded by the
dsorption of Fe(OH)2+ species on the surface of TiO2. Fig. 6 illus-
rates that electrons are transferred from rutile to anatase in P25
TiO2) particles, which hints at a synergistic effect between rutile
nd anatase particles in the reaction. For mixed phases, electron
nd hole separation increases by rutile excitation in TiO2 (P25). In
he combined system (Fig. 6), Fe(III) reduces the recombination rate
f electron and holes in TiO2 (P25) by the following mechanism:

iO2(Rutile) + h� → TiO2(rutile)(e
− + h+) → e−

→ interfacialarea → TiO2(anatase)surfacearea

e(III) + e−(TiO2) → Fe(II)
+(TiO2) + OH(surf)− → •OH

e(OH)2+ + aging → retardthisreactionstepbyadsorption
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Fig. 6. Reaction cycle of iro

he regeneration reaction in the suspensions can be expressed as:
e(II) + (•OH, HO2, H2O2) → Fe(III) monomer. The overall reaction
epresents the increasing catalytic activity influenced by one other
n the combined system. The counter anions (ClO4

−) used the •OH
adical and produced the less active ClO4

• radical [18], but this effect
as smaller for lower concentrations of Fe(ClO4)3.

. Conclusions

Aggregation of Fe (OH)2+ species was prevented by adsorption
f Fe (III) onto TiO2. On the TiO2 surface, the Fe(III) ions are rapidly
onverted to Fe(II) by the photogenerated electron (e−) of TiO2,
he recombination rate of electrons and holes is reduced, as is the
OH radical formation rate by the holes of TiO2. Over loading Fe
OH)2+ species shade the TiO2 surface and also increases the aggre-
ation percentage while decreasing the photodegradation rate for
he combined system.
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