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Abstract

The oxidation of resorcinol was investigated in homogeneous solutions of ferric nitrate (photochemical) and in heterogenous su
of titanium dioxide (photocatalysis). At pH� 2, synergetic effects were observed for both the photochemical and photocatalytic ox
of resorcinol with varying ferric ion concentrations up to 5 mM. At pH� 2.8, the presence of ferric ion enhanced the photochem
and photocatalytic oxidations of resorcinol at low ferric ion concentrations (�1 mM). Above 1 mM Fe3+, both the photochemical an
photocatalytic oxidations of resorcinol were retarded. Spectrophotometric analysis and theoretical calculations showed that bo
ferric ion concentration controlled the hydrolysis and polymerisation processes, and thus the Fe(III) speciation, for which the h
speciation of Fe(III) hydroxo-complexes is of vital influence on the oxidation of resorcinol. The enhancement observed in the
of ferric ion was attributed to the generation of hydroxyl radicals by soluble Fe(III) hydroxo-complexes and their role as charge
species. On the other hand, the negative effect observed was due to the formation of Fe(III) as polynuclear complexes and the p
of amorphous hydroxide colloids that subsequently led to a decrease in the total concentration of photoactive iron species in solut
 2005 Elsevier Inc. All rights reserved.
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ide-
has

emi-
ne
or-
the
that

ar to
oxi-

rbon
ons
ns
l-

tive
arac-
tive

sing

use
1. Introduction

The public concerns on resorcinol are related to its w
spread occurrence in the environment. This compound
been listed as one of the potent endocrine disrupting ch
cals[1]. It has been found to interfere with triiodothyroni
(T3) and thyroxine (T4) metabolism and interrupt the n
mal functioning of thyroid system. Hence, this points to
necessity to develop efficient and cost effective methods
would destroy this refractory compound.

To date, advanced oxidation processes (AOPs) appe
be promising methods that provide almost complete
* Corresponding author. Fax: +61-9385-5966.
E-mail address: r.amal@unsw.edu.au(R. Amal).

0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.06.014
dation of organics to innocuous products such as ca
dioxide, water and mineral acids under ambient conditi
[2–4]. AOPs can be divided into photochemical oxidatio
(H2O2/UV, O3/UV, Fe3+/UV), semiconductor photocata
ysis (TiO2/UV) and chemical oxidations (O3, O3/H2O2,
H2O2/Fe2+). These processes make use of different reac
chemicals and/or catalysts. Nonetheless, they are ch
terised by a common feature that generate highly reac
radicals for the remediation process.

Among the AOPs, heterogeneous photocatalysis u
TiO2 and photochemical oxidations by Fe3+ have received
a widespread attention. These techniques eliminate the

of expensive oxidants such as H2O2 and O3. However, TiO2

photocatalyst suffers from a drawback of low quantum effi-
ciency. Several approaches have been employed to improve

http://www.elsevier.com/locate/jcat
mailto:r.amal@unsw.edu.au
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the performance of TiO2 photocatalyst, including the inco
poration of metal in the lattice or at surface of TiO2, which
could alter the rate of electron–hole recombination an
extend the light absorption into the visible range.

The use of UV/Fe3+ has been of interest, since Fe3+ is
one of the most ubiquitous metal ions in natural water
wastewater streams. Depending on the nature of the p
tant, the beneficial effect of Fe3+ can be summarised vi
different photoprocesses[5]. If the pollutant is an effective
metallic complexant, Fe3+ could form a complex with the
pollutant that exhibits photoactivity under ultraviolet (UV
and/or visible (vis) illumination. Conversely, if Fe3+ does
not form complex with the pollutant, it could coordinate w
water molecules to form hydroxy complexes that would
dergo photolysis, giving rise to Fe(II) species and hydro
radicals (·OH). Similarly, in the presence of hydrogen pero
ide, Fe3+ could initiate and photocatalyse the decomposit
of hydrogen peroxide, resulting in the generation of·OH.
Moreover, Fe3+ could also act as a charge trapping spec
that retard the recombination of electron–hole pairs in a p
tocatalytic reaction. Hence, it is the aim of the present st
to investigate and compare the oxidation of resorcinol ca
ysed by the homogeneous UV/Fe3+ and the heterogenou
UV/Fe3+/TiO2 reactions. From these experiments, the ef
of charge trapping species of Fe3+ on the photocatalytic ox
idation of resorcinol in aqueous suspension of Degussa
TiO2 will also be addressed.

2. Experimental

2.1. Chemicals

Degussa P25 TiO2 (80% anatase, 20% rutile) was us
as the photocatalyst. The BET surface area and crystal
of these particles were found to be 48 m2/g and 20–30 nm
respectively[4]. Resorcinol, perchloric acid (HClO4), fer-
ric nitrate (Fe(NO3)3), ammonium formate (NH4COOH),
formic acid (HCOOH), methanol ando-phenanthroline were
of analytical grade and used without further purificatio
All solutions were prepared using water from a Millipo
Milli-Q water purification system.

2.2. Photoactivity studies

The photoactivity studies were performed in a cylind
cal annular-type photoreactor. The light source used
a 20 W blacklight blue fluorescent tube with an emiss
range of 300–400 nm and a maximum emission cent
at 360 nm. A volume of 600 ml prepared resorcinol
lution with an initial concentration of 20 ppm was circ
lated through the photoreactor. Purified air was introdu
continuously into the system at the rate of 100 ml/min to

maintain a constant dissolved oxygen level. The oxidation
of resorcinol was carried out for up to 4 h. A range of pH
values, from 1.5 to 3.3 were chosen. An online pH meter
lysis 234 (2005) 292–299 293

was used to monitor the pH change. Samples were w
drawn intermittently and filtered through 0.45 µm PTFE
ters prior to total organic carbon (TOC, Shimadzu T-VCSH)
and high performance liquid chromatography (HPLC, W
ters 2695) analyses. A mobile phase consisted of a mix
of methanol and 10 mM NH4COOH with pH adjusted to
3.0 using HCOOH (10/90, v/v) and a reverse phase C1
Atlantis column (4.6× 250 mm) were used to perform th
separation. By means of a photodiode array detector (P
Waters 2996), the concentration of resorcinol was meas
at 274 nm.

The photocatalytic activity of TiO2 (0.1 g/l) was also in-
vestigated for pH values ranging from 1.5 to 3.3. A volu
of 500 ml TiO2 suspension was dispersed in an ultraso
bath for 30 min before being added into the reactor. The
pension was illuminated for 30 min in order to remove a
residual organic matter in the system. Subsequently the
was turned off, and 100 ml of the resorcinol stock solut
was added and mixed with the TiO2 suspension to give a
initial resorcinol concentration of 20 ppm. The slurry w
circulated through the reactor for another 15 min in the d
to attain adsorption equilibrium followed by 4 h of photor
action.

In order to evaluate the effect of iron on the oxidati
of resorcinol, Fe(NO3)3 was added into the TiO2 suspen-
sion. The concentration of Fe3+ was varied from 0.5 to
5.0 mM. Fe(NO3)3 was selected for the present system ba
on the fact that NO3− was known to play an insignifi
cant role on the photodissociation of Fe(III) species to fo
·OH [6]. Moreover, NO3

− has been reported to adso
weakly onto the TiO2 surface[7], thereby preserving th
active sites for photocatalytic reaction. Despite that, the
radiation of NO3

− could result in the formation of·OH [8].
In response to this, the involvement of NO3

− as a source
of ·OH was checked using an ion chromatography (Wa
515) equipped with an ion exchange Dionex IonPac® AS16
column (4× 250 mm) and a conductivity detector (Wate
432). It was detected that the concentration of NO3

− to
be unchanged throughout the photoreactions. This poi
to the absence of NO3− photolysis in the present system
To monitor the change in total iron concentration in so
tion, inductive coupled plasma (Varian, Vista AX) was us
The concentration of Fe2+ was determined by complexom
etry with o-phenanthroline, using an absorption constan
ε510= 1.128× 104 l mol−1 cm−1 at 510 nm.

2.3. Hydrolytic speciation and complexation studies of iron

The hydrolytic speciation of Fe(NO3)3 were analysed
from 200 to 600 nm by means of a UV–vis spectrop
tometer (Varian, Cary 1E). The pH chosen was in a ra
of 1.5 to 3.3 with an initial concentrations of Fe(NO3)3 var-
ied from 0.5 to 5 mM. In order to detect the formation

3+
Fe -resorcinol complex, similar measurements were car-
ried out in the presence of resorcinol. The concentration of
resorcinol was fixed at 20 ppm.
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2.4. Theoretical calculations on the speciation of iron

Theoretical calculations on the speciation of iron in
lution were carried out using WIN32-STABCAL. The sp
ciation calculations were carried out at 25◦C. The Fe3+
concentration was varied from 0.5 to 5.0 mM. The equi
rium constants of iron species were obtained from the
National Bureau of Standards (NBS).

3. Results and discussion

3.1. Photolysis and photocatalytic oxidation of resorcinol
under various pH conditions

It was found that the oxidation of resorcinol was ine
cient in the presence of UV alone for the pH range of 1.5
3.3, indicating the absence of direct photolysis. A signific
oxidation was only observed after the addition of TiO2. The
rate of photocatalytic oxidation of resorcinol decreased
the following sequence: pH 3.3≈ pH 2.8> pH 2> pH 1.5.
This is thought to be related to a lower·OH production on
the surface of photoexcited TiO2 at lower pH[2]. In addi-
tion, the better adsorption of intermediate products onto
TiO2 surface at higher pH could also enhance the surfac
action[4].

3.2. Effect of ferric ion on the photochemical and
photocatalytic oxidation of resorcinol under various pH
conditions

Fig. 1depicts the effect of Fe3+ on the initial photochem
ical mineralisation rate of resorcinol at various pH con
tions. The presence of Fe3+ accelerated the photochemic
mineralisation of resorcinol extensively. At pH� 2.0, the
initial photochemical mineralisation rate of resorcinol
creased with increasing Fe3+ concentration. Similarly, a

Fig. 1. Effect of ferric ion concentrations: (1) 0 mM, ( ) 0.5 mM, ( )

1 mM and (2) 5 mM, on the photochemical mineralisation of resorcinol
at various pH conditions. Conditions: [Resorcinol]0 = 20 ppm, air flow
rate= 100 ml/min.
lysis 234 (2005) 292–299

pH > 2.0, an analogous trend was observed, except tha
yond 1 mM Fe3+, the initial photochemical mineralisatio
rate of resorcinol dropped despite a further increase in F3+
concentration. As it can also be seen fromFig. 1, the ini-
tial photochemical mineralisation rate of resorcinol at pH
was found to be the slowest for all Fe3+ concentrations stud
ied.

The presence of Fe3+ had also affected the initial photo
catalytic mineralisation rate of resorcinol in a similar man
as those observed in the UV/Fe3+. Fig. 2presents the influ
ence of Fe3+ on the initial photocatalytic mineralisation ra
of resorcinol in the acidic pH range. At pH� 2.0, the initial
photocatalytic mineralisation rate of resorcinol was found
increase with Fe3+ concentration. At pH> 2.0, Fe3+ en-
hanced the initial photocatalytic mineralisation rate of
sorcinol, reaching an optimal concentration at 1 mM Fe3+.
Beyond the optimum point, the presence of Fe3+ retarded
the initial photocatalytic mineralisation rate of resorcinol
was also observed that the initial photocatalytic miner
sation rate of resorcinol at pH 2.8 was slower than tha
pH 3.3 in the presence of 5 mM Fe3+.

In order to get an insight into understanding of the eff
of Fe3+ on the kinetic of resorcinol oxidation, the phot
chemical and photocatalytic degradation of resorcinol w
also followed. For all conditions studied, Fe3+ had influ-
enced both the photochemical and photocatalytic degr
tions profiles of resorcinol in an analogous manner as th
observed in the mineralisation of resorcinol, with an
ception at pH 3.3.Figs. 3a and b compare the influence
Fe3+ on the degradation and mineralisation of resorcino
a function of illumination time at pH 3.3, respectively, bo
with and without the addition of TiO2. The presence of Fe3+
had affected the photochemical degradation and minera
tion of resorcinol in a similar manner: 0.5 mM> 1.0 mM>

5.0 mM > 0.0 mM Fe3+. Whilst the photocatalytic min
eralisation of resorcinol was slightly enhanced for a F3+
concentration up to 1.0 mM, the photocatalytic degrada

Fig. 2. Effect of ferric ion concentration: (1) 0 mM, ( ) 0.5 mM, ( ) 1 mM

and (2) 5 mM, on the photocatalytic mineralisation of resorcinol at various
pH conditions. Conditions: [TiO2] = 0.1 g/l, [Resorcinol]0 = 20 ppm, air
flow rate= 100 ml/min.
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(a)

(b)

Fig. 3. Effect of ferric ion concentration on the (a) degradation and
mineralisation profile of resorcinol at pH 3.3 under various conditio
UV/Fe3+ (!) 0 mM, (P) 0.5 mM, (1) 1 mM and (E) 5 mM; and
UV/Fe3+/TiO2 (") 0 mM, (Q) 0.5 mM, (2) 1 mM and (F) 5 mM. Condi-
tions: [TiO2] = 0.1 g/l, [Resorcinol]0 = 20 ppm.

of resorcinol was retarded for all the concentrations of F3+
studied. It was also indicated inFig. 3 that UV/Fe3+ alone
was incapable to completely degrade resorcinol.

3.3. The chemistry of ferric ions in solution

In order to elucidate the role of Fe3+, the optical prop-
erty of the Fe3+ solution was analysed spectroscopica
The analysis was carried out in the absence of resorcin
order to avoid any interference which arises from its abs
tion in the UV region. Furthermore, theoretical calculatio
were also performed to model the distribution and specia
of Fe(III) species.Fig. 4 presents the speciation of Fe(II
species as a function of pH.

Many studies have reported that Fe3+ hydrolysed in an
aqueous solution to form different Fe(III)-hydroxo com
plexes that are responsible for OH· radicals generation
[3,6,9,10]. However, since polymerisation–precipitation

actions proceed at the same time, the monomeric complexe
slowly covert to polynuclear complexes and hydroxide col-
loids [3,6]. In acidic solutions, the major monomeric forms
lysis 234 (2005) 292–299 295

(a)

(b)

(c)

Fig. 4. Theoretical calculations on the speciation of Fe(III) species u
WIN32-STABCAL in the presence of (a) 0.5 mM, (b) 1.0 mM and (c) 5 m
Fe3+.

are Fe(H2O)6
3+, Fe(OH)2+ and Fe(OH)2

+ [6,9]. These
hydroxo complexes feature a unique characteristic of

ssorption and therefore they can be easily distinguished from
their absorption spectra.Fig. 5shows the absorption spectra
of a Fe(NO3)3 solution in the pH range of 1.5 to 3.3.
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(a)

(b)

(c)

Fig. 5. UV/vis spectrophotometric analysis of different Fe(III) species
the presence of (a) 0.5 mM Fe3+, (b) 1 mM Fe3+ and (c) 5 mM Fe3+ at
various pH conditions: (!) pH 1.5, (P) pH 2.0, (1) pH 2.8 and (E) pH 3.3.

As can be seen fromFig. 4, Fe(H2O)6
3+ is the dom-

inant species at pH< 2.5, which agreed to that reporte
by Langford and Carey[11]. Faust and Hoigne[12] de-

tected that this species exhibited a maximum absorbance a
λ = 240 nm. In comparison, a high absorption atλ = 240 nm
for pH � 2.0 was also seen in the present study, as shown in
lysis 234 (2005) 292–299

Figs. 5a and b. Between pH 1.5 to 4, the predominant spe
is Fe(OH)2+, which was consistent with that observed
Faust and Hoigne[12]. Franck and Klopffer[13] detected
the absorption band of this species coincided with UV
gion (290–400 nm) with a major peak centered at 295
This is again in good agreement with the present observa
(seeFigs. 5a and b). Another monomeric species, Fe(OH)2

+
was found to display an absorption spectra similar to tha
Fe(OH)2+ [6]. Nonetheless, Fe(OH)2

+ exists in low con-
centration in solution (seeFig. 4). Hence, only a few studie
were emphasised on the activity of this species.

The monomeric Fe(III)-hydroxo complexes absorb
strongly in the UV region; this overlapped with the a
sorbance characteristic of NO3

− (265–335 nm). As a resul
the absorbances reported inFig. 5 could have been influ
enced by the presence of NO3

−. However, it was deduce
that, in the present system, NO3

− contributed only abou
1–5% of the total absorbances depending on the conce
tion of Fe(NO3)3 in solution. Thus, the absorbances inFig. 5
are primarily attributed to the Fe(III) species.

The photoactivity of Fe(III)-hydroxo complexes is in ge
eral governed by ligand-to-metal charge transfers (LMC
involving the non-bondingp-orbitals in a Fe atom. Amon
the Fe(III)-hydroxo complexes, Fe(OH)2+ has been found
to possess the highest quantum yield for the photopro
tion of ·OH radicals in acidic solutions[12,14]. On the other
hand, the absorption spectrum of Fe(H2O)6

3+ does not sig-
nificantly overlap the UV region, thereby it contributes
significantly to the·OH radicals generation.

Lopes et al.[9] developed the ZINDO/S semiempiric
method to model the molecular orbital of Fe(III)-hydro
complexes. They computed that upon an excitation in
UV region, Fe(H2O)6

3+ and Fe(OH)2+ generated excite
species of (Fe2+–H2O+)∗ and (Fe2+–·OH)∗, respectively.
The generation of (Fe2+–H2O+)∗ occurred via an electroni
transfer from a non-bondingp-orbital centred on a wate
molecule, while (Fe2+–·OH)∗ was produced via an elec
tronic transfer from a non-bondingp-orbital centred on a
hydroxyl ligand. It was also demonstrated in their study t
the highest occupied molecular orbital (HOMO) of OH− lig-
ands had energy higher than that of H2O, in which it gave
rise to Fe(OH)2+ photoactivity towards·OH radicals gener
ation under UV illumination. Furthermore, the removal
·OH from (Fe2+–·OH)∗ involved a lower degree of struc
tural transformation compared to (Fe2+–H2O)∗. Hence, this
explains the higher quantum yield of Fe(OH)2+ photolysis
compared to that of Fe(H2O)6

3+.
Besides the pH effect, the hydrolytic speciation of Fe(I

hydroxo complexes was also markedly influenced by
total iron concentration. Charles and Flynn[15] found that
Fe(NO3)3 in solution was unstable and formed precipita
at pH 2.3 and 3.0 in the presence of 10 and 1 mM Fe3+, re-
spectively. It can been seen from the theoretical calculat

4+
tin Fig. 4 that the polynuclear complex(Fe2(OH)2 ) and
amorphous hydroxide colloids (Fe(OH)3) formed favourably
at pH> 2 and pH> 3, respectively. Krysova et al.[3] re-
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ported a red shift in the absorption of polynuclear comple
and hydroxide colloids into the visible region until 600 n
A sharp absorption peak was also seen in the present
tem from 350 to 600 nm, as shown inFig. 5c, when the
concentration of Fe3+ was increased from 1 to 5 mM a
pH � 2.8. Therefore, the present findings confirm the occ
rence of polymerisation–precipitation mechanisms and
provide the evidences to further support the formation
Fe2(OH)2

4+ and Fe(OH)3 at higher Fe3+ concentrations.
Brand et al.[16] reported that the Fe2(OH)2

4+ possessed
a better absorption of energy from the photons than th
major monomeric Fe(III)-hydroxo complexes. In spite
that, the Fe(OH)2

4+ and Fe(OH)3 have very low quantum
yields for the photogeneration of·OH [6]. Consequently
this contributes to an overall drop in photoactivity in t
present system at higher pH, in particular at pH 3.3. I
clear that the efficiency of resorcinol oxidation is associa
with the nature of Fe(III) species that present in the solut
and Fe(OH)2+ is believed to be the key species in acidic
lutions controlling the production of·OH radicals that are
responsible for the oxidation of resorcinol.

3.4. The role of ferric ion

The basic step of Fe(III) catalysed photolysis of wate
FeIII + H2O + hν → FeII + OH·+ H+. To further enhance
the understanding of the role of Fe3+ during the photochem
ical and photocatalytic oxidations of resorcinol, the co
centration of Fe2+ was monitored spectroscopically.Figs. 6
and 7depict the initial photogeneration rate of Fe2+ obtained
during the photochemical and photocatalytic oxidations
resorcinol, respectively.

ComparingFigs. 1 and 6, a good correlation can be se
between the initial photogeneration rate of Fe2+ and the ini-
tial photochemical oxidation rate of resorcinol. The high
the initial photochemical oxidation rate of resorcinol, t

Fig. 6. Effect of pH and ferric ion concentration () 0.5 mM, ( ) 1 mM and

(2) 5 mM on the photogeneration of ferrous ion during the photochemical
mineralisation of resorcinol. Conditions: [Resorcinol]0 = 20 ppm, air flow
rate= 100 ml/min.
lysis 234 (2005) 292–299 297

-

higher is the photogeneration rate of Fe2+. When the con-
centration of Fe3+ is significantly low such that the forma
tion of Fe(OH)3 is inhibited, the rate of photogeneration
Fe2+ is found to be depended strongly on the concentra
of photoactive Fe(III)-hydroxo complexes, mostly the co
centration of Fe(OH)2+. It can be seen fromFig. 8 that the
relative absorbance of Fe3+ extracted at 295 nm, which co
responded to the distribution of Fe(OH)2+, agreed very wel
with the initial rate of photogeneration of Fe2+. This is also
consistent with the previous studies by Krysova et al.[3],
Brand and Bolte[5], Brand et al.[16], Mrowetz and Selli
[17] and Mazellier and Bolte[18], where the involvemen
of Fe(OH)2+ in the generation of·OH for pH range of 2.8
to 3.3 at low Fe3+ concentrations (<0.3 mM) was also re
ported.Fig. 8 also indicated that Fe(OH)2+ continued to be
the most influential species for the photoproduction of·OH
in the present system at pH� 2, particularly at high Fe3+
concentrations. Emett and Khoe[19] studied the photochem
ical oxidation of arsenic and found that Fe(OH)2+ was an
effective source of·OH at pH 1.5.

Fig. 7. Effect of pH and ferric ion concentration () 0.5 mM, ( ) 1 mM
and (2) 5 mM on the photogeneration of ferrous ion during the p
tocatalytic mineralisation of resorcinol. Conditions: [TiO2] = 0.1 g/l,
[Resorcinol]0 = 20 ppm, air flow rate= 100 ml/min.
Fig. 8. UV absorbance of Fe(III) species extracted at 295 nm under various
pH conditions and ferric ion concentrations, () 0.5 mM, ( ) 1 mM and
(2) 5 mM.
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On the contrary, the formation of Fe(OH)2
4+ and Fe(OH)3

at higher pH reduced the concentration of photoac
species in the solution and caused a simultaneous dec
in the photogeneration rate of Fe2+ as shown inFig. 6. Apart
from its role as a sink for Fe(OH)2+, the Fe(OH)3 may also
scatter the light and thus decrease the amount of ph
available for catalyst activation. For this reason, the quan
cation of Fe(OH)2+ by absorbance measurement at hig
pH becomes inconclusive. Consequently, the absorban
Fe(OH)2+ at pH 2.8 in the presence of 5 mM Fe3+ and at
pH 3.3 was excluded fromFig. 8.

ComparingFigs. 2 and 7, a discrepancy was observe
between the initial photogeneration rate of Fe2+ and the ini-
tial photocatalytic oxidation rate of resorcinol, particula
at pH 2.8 in the presence of 5 mM Fe3+ and at pH 3.3.
This observation pointed out that the removal efficiency
resorcinol and its intermediate products from solution in
presence of TiO2 is not ruled only by the mechanism of ph
tolysis of FeIII /FeII couple. It has been observed that the
of solution increased rapidly during the photocatalytic o
dation of resorcinol at pH 2.8 in the presence of 5 mM Fe3+
and at pH 3.3. Since iron precipitates favourability at pH> 3
to form Fe(OH)3, it is believed that the disappearance of
organic matters could be governed by the adsorption me
nism. The higher disappearance of organic matters at pH
compared to pH 2.8, in the presence of 5 mM Fe3+, could
be attributed to the greater amount of hydroxide surfa
formed at pH 3.3, which subsequently leads to higher
moval of organic matters via adsorption. This is propose
view of the greater increase in pH of solution at pH 3.3 th
pH 2.8. While Fe(OH)3 could have acted as an adsorbent,
enhanced formation of Fe(OH)3 also marked a higher degre
of light filtering effect during photoreactions, resulting in t
retardation effect at pH 3.3.

It is also noted that in the cases where the formation
Fe(OH)2

4+ and/or Fe(OH)3 is dominant (i.e., at pH 2.8 in
the presence of 5 mM Fe3+ and at pH 3.3), the initial pho
togeneration rate of Fe2+ was found to be similar for bot
UV/Fe3+ and UV/TiO2/Fe3+, as revealed inFigs. 6 and 7.
On the contrary, at low pH, the initial photogeneration r
of Fe2+ was higher in the UV/Fe3+/TiO2 than UV/Fe3+.
This could be ascribed to the reduction of Fe3+ to Fe2+
by the photoexcited electron on the TiO2 surface. The fac
that Fe3+ has a more positive redox potential (+0.77 V)
than the flat band potential of TiO2 (−0.3 V) makes the
scavenging mechanism of photogenerated electron by3+
possible. Accordingly, this also suggests that the monom
Fe(III)-hydroxo complexes could trap electrons more e
ciently than the Fe(OH)2

4+ and/or Fe(OH)3, thus enhancing
the charge carriers’ separation and retarding the reco
nation reaction. Mest’ankova et al.[20] studied the degra
dation of herbicide monuron in the presence of TiO2 and
Fe(ClO4)3, and also reported that Fe(OH)2+ is an efficient

electron scavenger.

Fig. 9presents a typical mineralisation–time plot and the
photogeneration of Fe2+ during the photoreactions. As de-
lysis 234 (2005) 292–299
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Fig. 9. The relation between mineralisation–time plot of resorcinol
the photogeneration ferrous ions. Conditions: [Fe3+]0 = 1 mM, [Resor-
cinol]0 = 20 ppm, air flow rate= 100 ml/min, pH0 = 2.

picted inFig. 9, the evolution of Fe2+ and the mineralisation
of resorcinol increased rapidly at the beginning of irrad
tion. At low Fe3+ concentration (�1 mM), the reduction of
Fe3+ to Fe2+ slowed down as time proceeded and attai
an equilibrium Fe2+ concentration (Fe2+

eq ) of a value that

roughly corresponded to the initial concentration of Fe3+
added (Fe3+

initial ). However, at 5 mM Fe3+, the Fe2+
eq con-

centration was observed to be lower than its Fe3+
intial. It was

also found that the deviation between Fe2+
eq and Fe3+

initial be-
came more significant with increasing pH. Furthermore
pH 3.3, a lower Fe2+

eq concentration was also detected a

it remained relatively constant (Fe2+
eq ≈ 0.4 to 0.5 mM) re-

gardless of the Fe3+
intial. Since Fe2+

eq is indirectly related to

the total net production of·OH, especially in UV/Fe3+,
this finding further reinforces the inefficiency of Fe(OH)2

4+
and Fe(OH)3 in the photoproduction of·OH. It is also de-
tected that the total dissolved iron concentration at pH
in the presence of 5 mM Fe3+ and at pH 3.3 was below
its initial concentration. The effect was more prominen
UV/Fe3+/TiO2 than UV/Fe3+. As Fe3+ has been found to
adsorb very well onto TiO2 [17], the difference observed be
tween UV/Fe3+ and UV/Fe3+/TiO2 could be caused by th
adsorption of Fe3+ onto TiO2.

It is also demonstrated inFig. 9 that the oxidation of
resorcinol continued even after Fe2+ reached its equilib
rium. This reflects the establishment of a dynamic equi
rium, i.e., there is simultaneously photoreduction of Fe(I
hydroxo complexes into Fe2+ and reoxidation of Fe2+ by
·OH and/or O2 to regenerate the photoactive species
Fe(III) for a continuous production of·OH. However, when
Fe2+ is reoxidised by·OH to Fe3+, this may induce a com
petition for ·OH, which reduces the availability of·OH for
oxidation of organic matters. The involvement of·OH in the
reoxidation of Fe2+ was evidenced in the present syste

2+ 3+
Viewing the fact that the reoxidation of Fe to Fe is ac-
companied by the release of OH− (Fe2+ + ·OH → Fe3+ +
OH−), this corresponded with the increase in pH of solution
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detected during the photoreactions at pH 2.8 in the pres
of 5 mM Fe3+ and at pH 3.3. For all the concentrations
Fe3+ added during the photochemical oxidation of reso
nol at pH 3.3, the pH of solution was observed to incre
with illumination (pHfinal ≈ 3.5–4.3). A very fast increas
of the pH of solution up to a constant pH value of 5.1 w
also seen during the photocatalytic oxidation of resorcino
pH 3.3. For longer irradiation times, the pH of solution d
creased slowly and reached a new plateau value (pH≈ 3.52
to 3.72). Similar phenomenon was recurring during the p
tocatalytic oxidation of resorcinol at pH 2.8 in the presen
of 5 mM Fe3+. The pH of the solution increased and grad
ally levelled off (pHfinal ≈ 3.9). Furthermore, a control wa
also conducted in the absence of resorcinol and, again
pH of solution was observed to increase from pH 3.3 to
when 1 mM Fe3+ was irradiated for 4 h in an aqueous su
pension of TiO2. Therefore, it is believed that the drop
activity at pH 2.8 in the presence of 5 mM Fe3+ and at
pH 3.3 could be the result of short-circuiting reaction,
which the Fe2+/Fe3+ couples create a cyclic process wit
out the generation of·OH. Alternatively, the reoxidation o
Fe2+ could also take place in the presence of O2 and HO2·
of which the later was formed from the reduction of mole
ular O2 by a photogenerated electron. However, Catastin
al. [21] reported that the reoxidation of Fe2+ by O2 occurred
very slowly at acidic pH.

Fe3+ could have enhanced the oxidation rates via
photo-Fenton reaction, Fe3+ + H2O2 + hν → Fe2+ +
·OH + H+. Nonetheless, it has been argued that the
duction of H2O2 formed via the reduction of oxygen o
illuminated TiO2 is usually insignificant. Utset et al.[22]
demonstrated that oxygen alone was incapable to induc
Fenton and photo-Fenton reactions. Furthermore, the
duction of H2O2 via photoexcitation of Fe2+ was also found
to be difficult. Catastini et al.[21] also did not detect th
presence of H2O2 when they irradiated Fe2+ in acid media.
Hence, this highlights that the mechanism via photo-Fen
reaction may not be the main reaction by which the oxi
tion of resorcinol was enhanced.

The role of Fe3+ in enhancing the resorcinol oxidatio
could also be attributed to the involvement of homogene
or surface complexes. However, the preliminary study
vealed no complexation between resorcinol and Fe3+ in ho-
mogeneous solution for pH range of 1.5 to 3.3. The UV–
spectra of resorcinol and Fe3+ mixtures were equal to th
sum of the individual spectrum of resorcinol and Fe3+. De-
spite this observation, further investigations are currently
dertaken to identify the intermediate products of resorc
and the possible formation of complex between the inter
diate products of resorcinol and Fe3+.

4. Conclusion

3+
The performance of Fe in the photocatalytic oxidation
of resorcinol in the presence and absence of TiO2 was in-
lysis 234 (2005) 292–299 299

vestigated. Fe3+ enhanced the photochemical and photoc
alytic oxidations of resorcinol at pH� 2 and the enhance
ment was attributed to the role of Fe3+ as an efficient sourc
of ·OH. The Fe(III)-hydroxo complex photolysed efficient
under an irradiation of 360 nm yielding·OH for the oxida-
tion of resorcinol. Fe(OH)2+ was believed to be the mo
photoactive species in the present system and its conce
tion in the solution was controlled by both pH and the to
iron concentration. Furthermore, Fe3+ also played a role a
an efficient electron scavenger in UV/Fe3+/TiO2 that sup-
pressed the recombination of electron–hole pairs. At pH> 2,
the presence of Fe3+ up to 1 mM improved the photochem
ical and photocatalytic oxidations of resorcinol, wherea
higher concentrations of Fe3+ (>1 mM), a retardation ef
fect was observed. The formation of iron as Fe(OH)2

4+,
as well as the precipitation of iron as Fe(OH)3 could have
reduced the concentration of photoactive iron in the s
tion. In conclusion, it is clear that the kinetics of resorcin
oxidation is dependent on the nature of the Fe(III) spec
both in the aqueous phase and adsorbed onto the photo
lyst.
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