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Abstract

The oxidation of resorcinol was investigated in homogeneous solutions of ferric nitrate (photochemical) and in heterogenous suspension
of titanium dioxide (photocatalysis). At pHd 2, synergetic effects were observed for both the photochemical and photocatalytic oxidation
of resorcinol with varying ferric ion concentrations up to 5 mM. At pH2.8, the presence of ferric ion enhanced the photochemical
and photocatalytic oxidations of resorcinol at low ferric ion concentratietis iM). Above 1 mM FéT, both the photochemical and
photocatalytic oxidations of resorcinol were retarded. Spectrophotometric analysis and theoretical calculations showed that both pH an
ferric ion concentration controlled the hydrolysis and polymerisation processes, and thus the Fe(lll) speciation, for which the hydrolytic
speciation of Fe(lll) hydroxo-complexes is of vital influence on the oxidation of resorcinol. The enhancement observed in the presence
of ferric ion was attributed to the generation of hydroxyl radicals by soluble Fe(lll) hydroxo-complexes and their role as charge trapping
species. On the other hand, the negative effect observed was due to the formation of Fe(lll) as polynuclear complexes and the precipitatic
of amorphous hydroxide colloids that subsequently led to a decrease in the total concentration of photoactive iron species in solution.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction dation of organics to innocuous products such as carbon
dioxide, water and mineral acids under ambient conditions
The public concerns on resorcinol are related to its wide- [2—4]. AOPs can be divided into photochemical oxidations
spread occurrence in the environment. This compound has(H202/UV, O3/UV, Fe**/UV), semiconductor photocatal-
been listed as one of the potent endocrine disrupting chemi-ysis (TiO,/UV) and chemical oxidations (§) Os/H20p,
cals[1]. It has been found to interfere with triiodothyronine H,0,/F€*t). These processes make use of different reactive
(T3) and thyroxine (T4) metabolism and interrupt the nor- chemicals and/or catalysts. Nonetheless, they are charac-
mal functioning of thyroid system. Hence, this points to the terised by a common feature that generate highly reactive
necessity to develop efficient and cost effective methods thatradicals for the remediation process.
would destroy this refractory compound. Among the AOPs, heterogeneous photocatalysis using
To date, advanced oxidation processes (AOPS) appear torj0, and photochemical oxidations by Fehave received
be promising methods that provide almost complete oxi- 4 widespread attention. These techniques eliminate the use
of expensive oxidants such as® and &. However, TiQ
~* Corresponding author. Fax: +61-9385-5966. photocatalyst suffers from a drawback of low quantum effi-
E-mail address: r.amal@unsw.edu.gR. Amal). ciency. Several approaches have been employed to improve
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the performance of Ti@photocatalyst, including the incor-
poration of metal in the lattice or at surface of piQvhich
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was used to monitor the pH change. Samples were with-
drawn intermittently and filtered through 0.45 um PTFE fil-

could alter the rate of electron—hole recombination and/or ters prior to total organic carbon (TOC, Shimadzu ds\)

extend the light absorption into the visible range.
The use of UV/F&" has been of interest, since ¥eis

and high performance liquid chromatography (HPLC, Wa-
ters 2695) analyses. A mobile phase consisted of a mixture

one of the most ubiquitous metal ions in natural water and of methanol and 10 mM NECOOH with pH adjusted to
wastewater streams. Depending on the nature of the pollu-3.0 using HCOOH (1090, v/v) and a reverse phase C18

tant, the beneficial effect of Be& can be summarised via
different photoprocessgs]. If the pollutant is an effective
metallic complexant, F& could form a complex with the
pollutant that exhibits photoactivity under ultraviolet (UV)
and/or visible (vis) illumination. Conversely, if Be does
not form complex with the pollutant, it could coordinate with
water molecules to form hydroxy complexes that would un-
dergo photolysis, giving rise to Fe(ll) species and hydroxyl
radicals (OH). Similarly, in the presence of hydrogen perox-
ide, FE* could initiate and photocatalyse the decomposition
of hydrogen peroxide, resulting in the generation-©H.

Atlantis column (4.6x 250 mm) were used to perform the
separation. By means of a photodiode array detector (PDA,
Waters 2996), the concentration of resorcinol was measured
at 274 nm.

The photocatalytic activity of Ti@(0.1 g/I) was also in-
vestigated for pH values ranging from 1.5 to 3.3. A volume
of 500 ml TiO, suspension was dispersed in an ultrasonic
bath for 30 min before being added into the reactor. The sus-
pension was illuminated for 30 min in order to remove any
residual organic matter in the system. Subsequently the light
was turned off, and 100 ml of the resorcinol stock solution

Moreover, F&' could also act as a charge trapping species was added and mixed with the TiGuspension to give an

that retard the recombination of electron—hole pairs in a pho-

initial resorcinol concentration of 20 ppm. The slurry was

tocatalytic reaction. Hence, it is the aim of the present study circulated through the reactor for another 15 min in the dark

to investigate and compare the oxidation of resorcinol catal-

ysed by the homogeneous UVAteand the heterogenous

UV/Fe3t/TiO, reactions. From these experiments, the effect

of charge trapping species of&eon the photocatalytic ox-

to attain adsorption equilibrium followed by 4 h of photore-
action.

In order to evaluate the effect of iron on the oxidation
of resorcinol, Fe(N@)3 was added into the Ti©suspen-

idation of resorcinol in aqueous suspension of Degussa P25sion. The concentration of Pe was varied from 0.5 to

TiO, will also be addressed.

2. Experimental
2.1. Chemicals

Degussa P25 Ti®(80% anatase, 20% rutile) was used

5.0 mM. Fe(NQ@)3 was selected for the present system based
on the fact that N@~ was known to play an insignifi-
cant role on the photodissociation of Fe(lll) species to form
-OH [6]. Moreover, N@~ has been reported to adsorb
weakly onto the TiQ surface[7], thereby preserving the
active sites for photocatalytic reaction. Despite that, the ir-
radiation of N@~ could result in the formation ofOH [8].

In response to this, the involvement of Oas a source

as the photocatalyst. The BET surface area and crystal sizeof -OH was checked using an ion chromatography (Waters

of these particles were found to be 48 fg and 20-30 nm,
respectively[4]. Resorcinol, perchloric acid (HCK), fer-

ric nitrate (Fe(NQ@)3z), ammonium formate (NFHCOOH),
formic acid (HCOOH), methanol ar@phenanthroline were
of analytical grade and used without further purification.
All solutions were prepared using water from a Millipore
Milli-Q water purification system.

2.2. Photoactivity studies

The photoactivity studies were performed in a cylindri-

515) equipped with an ion exchange Dionex lorfPaS16
column (4x 250 mm) and a conductivity detector (Waters
432). It was detected that the concentration of 3NQo

be unchanged throughout the photoreactions. This pointed
to the absence of N§> photolysis in the present system.
To monitor the change in total iron concentration in solu-
tion, inductive coupled plasma (Varian, Vista AX) was used.
The concentration of P& was determined by complexom-
etry with o-phenanthroline, using an absorption constant of
es10=1.128x 10* Imol~tcm~ at 510 nm.

cal annular-type photoreactor. The light source used was2.3. Hydrolytic speciation and complexation studies of iron

a 20 W blacklight blue fluorescent tube with an emission

range of 300—400 nm and a maximum emission centered The hydrolytic speciation of Fe(N{); were analysed

at 360 nm. A volume of 600 ml prepared resorcinol so-
lution with an initial concentration of 20 ppm was circu-

from 200 to 600 nm by means of a UV-vis spectropho-
tometer (Varian, Cary 1E). The pH chosen was in a range

lated through the photoreactor. Purified air was introduced of 1.5 to 3.3 with an initial concentrations of Fe(N)@ var-

continuously into the system at the rate of 10¢/min to

ied from 0.5 to 5 mM. In order to detect the formation of

maintain a constant dissolved oxygen level. The oxidation Fe**-resorcinol complex, similar measurements were car-
of resorcinol was carried out for up to 4 h. A range of pH ried out in the presence of resorcinol. The concentration of
values, from 1.5 to 3.3 were chosen. An online pH meter resorcinol was fixed at 20 ppm.



294

2.4. Theoretical calculations on the speciation of iron

Theoretical calculations on the speciation of iron in so-
lution were carried out using WIN32-STABCAL. The spe-
ciation calculations were carried out at @5. The Fé*+
concentration was varied from 0.5 to 5.0 mM. The equilib-
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pH > 2.0, an analogous trend was observed, except that be-
yond 1 mM Fé*, the initial photochemical mineralisation
rate of resorcinol dropped despite a further increase #f Fe
concentration. As it can also be seen fréig. 1, the ini-

tial photochemical mineralisation rate of resorcinol at pH 3.3
was found to be the slowest for allFeconcentrations stud-

rium constants of iron species were obtained from the US ied.

National Bureau of Standards (NBS).

3. Resultsand discussion

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

It was found that the oxidation of resorcinol was ineffi-
cient in the presence of UV alone for the pH range of 1.5 to
3.3, indicating the absence of direct photolysis. A significant
oxidation was only observed after the addition of T7iGhe
rate of photocatalytic oxidation of resorcinol decreased in
the following sequence: pH 38 pH 2.8> pH 2> pH 1.5.
This is thought to be related to a lowe&H production on
the surface of photoexcited TiCat lower pH[2]. In addi-

The presence of Pé had also affected the initial photo-
catalytic mineralisation rate of resorcinol in a similar manner
as those observed in the UVA¥e Fig. 2 presents the influ-
ence of Fé* on the initial photocatalytic mineralisation rate
of resorcinol in the acidic pH range. At pd 2.0, the initial
photocatalytic mineralisation rate of resorcinol was found to
increase with F& concentration. At pH> 2.0, Fé* en-
hanced the initial photocatalytic mineralisation rate of re-
sorcinol, reaching an optimal concentration at 1 mMFe
Beyond the optimum point, the presence of Feetarded
the initial photocatalytic mineralisation rate of resorcinol. It
was also observed that the initial photocatalytic minerali-
sation rate of resorcinol at pH 2.8 was slower than that at
pH 3.3 in the presence of 5 mM #e

In order to get an insight into understanding of the effect
of Fe* on the kinetic of resorcinol oxidation, the photo-

tion, the better adsorption of intermediate products onto the cheémical and photocatalytic degradation of resorcinol were
TiO, surface at higher pH could also enhance the surface re-aIs0 followed. For all conditions studied, #ehad influ-

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 F& on the initial photochem-
ical mineralisation rate of resorcinol at various pH condi-
tions. The presence of Ee accelerated the photochemical
mineralisation of resorcinol extensively. At pd 2.0, the
initial photochemical mineralisation rate of resorcinol in-
creased with increasing Fe concentration. Similarly, at
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Fig. 1. Effect of ferric ion concentrationstJj 0 mM, ¢ 0.5 mM, 3

1 mM and @) 5 mM, on the photochemical mineralisation of resorcinol
at various pH conditions. Conditions: [Resorcigo# 20 ppm, air flow
rate= 100 ml/min.

enced both the photochemical and photocatalytic degrada-
tions profiles of resorcinol in an analogous manner as those
observed in the mineralisation of resorcinol, with an ex-
ception at pH 3.3Figs. 3 and b compare the influence of
Fe*t on the degradation and mineralisation of resorcinol as
a function of illumination time at pH 3.3, respectively, both
with and without the addition of Tig) The presence of P&

had affected the photochemical degradation and mineralisa-
tion of resorcinol in a similar manner: 0.5 mM1.0 mM >

5.0 mM > 0.0 mM Fé*+. Whilst the photocatalytic min-
eralisation of resorcinol was slightly enhanced for &'Fe
concentration up to 1.0 mM, the photocatalytic degradation
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Fig. 2. Effect of ferric ion concentrationzl) 0 mM, ¢4 0.5 mM, (& 1 mM
and @) 5 mM, on the photocatalytic mineralisation of resorcinol at various

pH conditions. Conditions: [Tig] = 0.1 g/l, [Resorcinol}y = 20 ppm, air
flow rate= 100 ml/min.
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Fig. 3. Effect of ferric ion concentration on the (a) degradation and (b)
mineralisation profile of resorcinol at pH 3.3 under various conditions:
UV/IFe3t (O) 0 mM, (A) 0.5 mM, (0) 1 mM and () 5 mM; and
UV/Fe3+/Ti02 (®) 0 mM, (A) 0.5 mM, @) 1 mM and @) 5 mM. Condi-

tions: [TiOy] = 0.1 g/I, [Resorcinolp = 20 ppm.

of resorcinol was retarded for all the concentrations ofFe
studied. It was also indicated Fig. 3that UV/Fé* alone

was incapable to completely degrade resorcinol.

3.3. The chemistry of ferricionsin solution

In order to elucidate the role of Be, the optical prop-
erty of the Fé+ solution was analysed spectroscopically.
The analysis was carried out in the absence of resorcinol in
order to avoid any interference which arises from its absorp-
tion in the UV region. Furthermore, theoretical calculations
were also performed to model the distribution and speciation
of Fe(lll) speciesFig. 4 presents the speciation of Fe(lll)

species as a function of pH.

Many studies have reported that3tehydrolysed in an
aqueous solution to form different Fe(lll)-hydroxo com-
plexes that are responsible for ©OHadicals generation
[3,6,9,10] However, since polymerisation—precipitation re-
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Fig. 4. Theoretical calculations on the speciation of Fe(lll) species using
WIN32-STABCAL in the presence of (a) 0.5 mM, (b) 1.0 mM and (c) 5 mM
Felt.

are FeH,0)g3t, Fe(OHY¥t and FeOH),* [6,9]. These
hydroxo complexes feature a unique characteristic of ab-

actions proceed at the same time, the monomeric complexesorption and therefore they can be easily distinguished from
slowly covert to polynuclear complexes and hydroxide col- their absorption spectr&ig. 5shows the absorption spectra
loids [3,6]. In acidic solutions, the major monomeric forms of a Fe(NQ)s solution in the pH range of 1.5 to 3.3.
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Fig. 5. UVIvis spectrophotometric analysis of different Fe(lll) species in
the presence of (a) 0.5 mM &g, (b) 1 mM Fé* and (c) 5 mM Fét at
various pH conditions:@) pH 1.5, (A) pH 2.0, (J) pH 2.8 and ) pH 3.3.

As can be seen frorfrig. 4, Fe(H,0)¢3t is the dom-
inant species at pH 2.5, which agreed to that reported
by Langford and Careyl1]. Faust and Hoigng¢l2] de-

Figs. B and b. Between pH 1.5 to 4, the predominant species
is Fe(OH¥*, which was consistent with that observed by
Faust and Hoign§l2]. Franck and Klopffe[13] detected

the absorption band of this species coincided with UV re-
gion (290-400 nm) with a major peak centered at 295 nm.
This is again in good agreement with the present observation
(seeFigs. @ and b). Another monomeric species(®El),™

was found to display an absorption spectra similar to that of
Fe(OHYt [6]. Nonetheless, ROH),* exists in low con-
centration in solution (seféig. 4). Hence, only a few studies
were emphasised on the activity of this species.

The monomeric Fe(lll)-hydroxo complexes absorbed
strongly in the UV region; this overlapped with the ab-
sorbance characteristic of NO (265—-335 nm). As a result,
the absorbances reported kig. 5 could have been influ-
enced by the presence of NO However, it was deduced
that, in the present system, NO contributed only about
1-5% of the total absorbances depending on the concentra-
tion of Fe(NQ)3 in solution. Thus, the absorbances-ig. 5
are primarily attributed to the Fe(lll) species.

The photoactivity of Fe(lll)-hydroxo complexes is in gen-
eral governed by ligand-to-metal charge transfers (LMCT)
involving the non-bonding-orbitals in a Fe atom. Among
the Fe(lll)-hydroxo complexes, Fe(Of) has been found
to possess the highest quantum yield for the photoproduc-
tion of -.OH radicals in acidic solutiorfd 2,14] On the other
hand, the absorption spectrum of(Re0)s3t does not sig-
nificantly overlap the UV region, thereby it contributes in-
significantly to theOH radicals generation.

Lopes et al[9] developed the ZINDO/S semiempirical
method to model the molecular orbital of Fe(lll)-hydroxo
complexes. They computed that upon an excitation in the
UV region, FEH,0)g3t and Fe(OH}+ generated excited
species of (F&"—H,O1)* and (Fé+—OH)*, respectively.
The generation of (Fé—H,O")* occurred via an electronic
transfer from a non-bonding-orbital centred on a water
molecule, while (F&—OH)* was produced via an elec-
tronic transfer from a non-bonding-orbital centred on a
hydroxyl ligand. It was also demonstrated in their study that
the highest occupied molecular orbital (HOMO) of Ohig-
ands had energy higher than that of® in which it gave
rise to Fe(OHJ" photoactivity towardsOH radicals gener-
ation under UV illumination. Furthermore, the removal of
-OH from (FéT—OH)* involved a lower degree of struc-
tural transformation compared to @e-H,0)*. Hence, this
explains the higher quantum yield of Fe(GH)photolysis
compared to that of Fel,0)g3.

Besides the pH effect, the hydrolytic speciation of Fe(lll)-
hydroxo complexes was also markedly influenced by the
total iron concentration. Charles and Flyfirb] found that
Fe(NG;)3 in solution was unstable and formed precipitates
at pH 2.3 and 3.0 in the presence of 10 and 1 mNiee-
spectively. It can been seen from the theoretical calculations

tected that this species exhibited a maximum absorbance ain Fig. 4 that the polynuclear complegFe(OH),*t) and

A =240 nm. In comparison, a high absorption.at 240 nm

amorphous hydroxide colloids (Fe(Of)iformed favourably

for pH < 2.0 was also seen in the present study, as shown inat pH> 2 and pH> 3, respectively. Krysova et a3] re-
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ported a red shift in the absorption of polynuclear complexes higher is the photogeneration rate offeWhen the con-
and hydroxide colloids into the visible region until 600 nm. centration of F&" is significantly low such that the forma-
A sharp absorption peak was also seen in the present systion of Fe(OH} is inhibited, the rate of photogeneration of
tem from 350 to 600 nm, as shown fig. 5c, when the Fet is found to be depended strongly on the concentration
concentration of F& was increased from 1 to 5 mM at of photoactive Fe(lll)-hydroxo complexes, mostly the con-
pH > 2.8. Therefore, the present findings confirm the occur- centration of Fe(OH)". It can be seen frorfig. 8that the
rence of polymerisation—precipitation mechanisms and they relative absorbance of B extracted at 295 nm, which cor-
provide the evidences to further support the formation of responded to the distribution of Fe(GH) agreed very well
Fex(OH)»* and Fe(OH] at higher F&t concentrations. with the initial rate of photogeneration of e This is also
Brand et al[16] reported that the RF€OH)»** possessed  consistent with the previous studies by Krysova et2,
a better absorption of energy from the photons than thoseBrand and Boltd5], Brand et al[16], Mrowetz and Selli
major monomeric Fe(lll)-hydroxo complexes. In spite of [17] and Mazellier and Bolt¢18], where the involvement
that, the FEOH),*" and Fe(OH) have very low quantum  of Fe(OH}™ in the generation ofOH for pH range of 2.8
yields for the photogeneration 6OH [6]. Consequently, ~ to 3.3 at low F&* concentrations€0.3 mM) was also re-
this contributes to an overall drop in photoactivity in the ported.Fig. 8also indicated that Fe(OR) continued to be
present system at higher pH, in particular at pH 3.3. It is the most influential species for the photoproduction@fi
clear that the efficiency of resorcinol oxidation is associated in the present system at p# 2, particularly at high F&
with the nature of Fe(lll) species that present in the solution, concentrations. Emett and Khf#9] studied the photochem-
and Fe(OHJ" is believed to be the key species in acidic so- ical oxidation of arsenic and found that Fe(GH)was an
lutions controlling the production ofOH radicals that are  effective source ofOH at pH 1.5.
responsible for the oxidation of resorcinol.

o 8
3.4. Therole of ferricion §
. . S 8

The basic step of Fe(lll) catalysed photolysis of water is =
Fé' + H,O + hv — Fé' + OH. 4+ H*. To further enhance  § &
the understanding of the role of Feduring the photochem-  § & 41
ical and photocatalytic oxidations of resorcinol, the con- g';v
centration of F&" was monitored spectroscopicalBjigs. 6 o2 5 |
and 7depict the initial photogeneration rate offebtained o 7
during the photochemical and photocatalytic oxidations of E %%
resorcinol, respectively. £ 0 .

ComparingFigs. 1 and 6a good correlation can be seen 33

between the initial photogeneration rate offand the ini-
tial photochemical oxidation rate of resorcinol. The higher

the initial photochemical oxidation rate of resorcinol, the Fi9- 7. Effect of pH and ferric ion concentratio#(0.5 mM, €3 1 mM
and @) 5 mM on the photogeneration of ferrous ion during the pho-

tocatalytic mineralisation of resorcinol. Conditions: [BO= 0.1 ¢/,

- [Resorcinolp = 20 ppm, air flow rate= 100 ml/min.
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Fig. 6. Effect of pH and ferric ion concentratid(0.5 mM, &) 1 mM and
(M) 5 mM on the photogeneration of ferrous ion during the photochemical Fig. 8. UV absorbance of Fe(lll) species extracted at 295 nm under various

mineralisation of resorcinol. Conditions: [Resorcigo# 20 ppm, air flow pH conditions and ferric ion concentrationé4) (0.5 mM, ) 1 mM and
rate= 100 ml/min. () 5 mM.
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On the contrary, the formation of F@H),*+ and Fe(OH)

at higher pH reduced the concentration of photoactive
species in the solution and caused a simultaneous decrease 08

in the photogeneration rate of &eas shown irFig. 6. Apart
from its role as a sink for Fe(ORY, the Fe(OH} may also

scatter the light and thus decrease the amount of photon
available for catalyst activation. For this reason, the quantifi-

cation of Fe(OHJ™ by absorbance measurement at higher

pH becomes inconclusive. Consequently, the absorbance of

Fe(OHY¥t at pH 2.8 in the presence of 5 mM ¥eand at
pH 3.3 was excluded frorhig. 8.

ComparingFigs. 2 and 7 a discrepancy was observed
between the initial photogeneration rate offand the ini-
tial photocatalytic oxidation rate of resorcinol, particularly
at pH 2.8 in the presence of 5 mM ¥eand at pH 3.3.
This observation pointed out that the removal efficiency of
resorcinol and its intermediate products from solution in the
presence of TiQis not ruled only by the mechanism of pho-
tolysis of F&!'/Fe! couple. It has been observed that the pH
of solution increased rapidly during the photocatalytic oxi-
dation of resorcinol at pH 2.8 in the presence of 5 mMiFe
and at pH 3.3. Since iron precipitates favourability atpi3
to form Fe(OH3, it is believed that the disappearance of the
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Fig. 9. The relation between mineralisation—time plot of resorcinol and
the photogeneration ferrous ions. Conditions:% =1 mM, [Resor-
cinol]g = 20 ppm, air flow rate= 100 ml/min, pHy = 2.

picted inFig. 9, the evolution of F&" and the mineralisation
of resorcinol increased rapidly at the beginning of irradia-
tion. At low F€ concentration<1 mM), the reduction of
Fet to FEét slowed down as time proceeded and attained
an equilibrium F&" concentration (F&) of a value that

organic matters could be governed by the adsorption mecha+oughly corresponded to the initial concentration ofFe

-

nism. The higher disappearance of organic matters at pH 3.3added (Fgk,). However, at 5 mM F&, the Fél con-

compared to pH 2.8, in the presence of 5 mMEecould

be attributed to the greater amount of hydroxide surfaces
formed at pH 3.3, which subsequently leads to higher re-
moval of organic matters via adsorption. This is proposed in

view of the greater increase in pH of solution at pH 3.3 than
pH 2.8. While Fe(OHj could have acted as an adsorbent, the
enhanced formation of Fe(Oklalso marked a higher degree
of light filtering effect during photoreactions, resulting in the
retardation effect at pH 3.3.

centration was observed to be lower than it%J{Elﬁ It was
also found that the deviation betweer@}feand F%Jﬂial be-
came more significant with increasing pH. Furthermore, at
pH 3.3, a lower Fﬁ} concentration was also detected and
it remained relatively constant (§$% 0.4 to 0.5 mM) re-
gardless of the Figgial' Since Féar is indirectly related to
the total net production ofOH, especially in UV/Fé",
this finding further reinforces the inefficiency of @H),*+

It is also noted that in the cases where the formation of and Fe(OHj in the photoproduction ofOH. It is also de-

Fe(OH),** and/or Fe(OH) is dominant (i.e., at pH 2.8 in
the presence of 5 mM Bé and at pH 3.3), the initial pho-
togeneration rate of F& was found to be similar for both
UV/Fe*t and UVITIOy/Fe*T, as revealed iffFigs. 6 and 7
On the contrary, at low pH, the initial photogeneration rate
of FE#™ was higher in the UV/FE/TiO, than UV/Fe™.
This could be ascribed to the reduction offEeto Fet

by the photoexcited electron on the TiGurface. The fact
that Fé+ has a more positive redox potentiat@.77 V)
than the flat band potential of T§¥O(—0.3 V) makes the
scavenging mechanism of photogenerated electron By Fe

tected that the total dissolved iron concentration at pH 2.8
in the presence of 5 mM R& and at pH 3.3 was below
its initial concentration. The effect was more prominent in
UV/Fe3t/TiO, than UV/FE*. As Fé has been found to
adsorb very well onto Ti@[17], the difference observed be-
tween UV/Fé+ and UV/FE*/TiO, could be caused by the
adsorption of F& onto TiOp.

It is also demonstrated ifig. 9 that the oxidation of
resorcinol continued even after £ereached its equilib-
rium. This reflects the establishment of a dynamic equilib-
rium, i.e., there is simultaneously photoreduction of Fe(lll)-

possible. Accordingly, this also suggests that the monomerichydroxo complexes into F& and reoxidation of B by

Fe(lll)-hydroxo complexes could trap electrons more effi-
ciently than the F@OH)»** and/or Fe(OH, thus enhancing

-OH and/or Q to regenerate the photoactive species of
Fe(lll) for a continuous production OH. However, when

the charge carriers’ separation and retarding the recombi-Fe?t is reoxidised byOH to Fet, this may induce a com-

nation reaction. Mest’ankova et 4R0] studied the degra-
dation of herbicide monuron in the presence of Ji@hd
Fe(CIQy)3, and also reported that Fe(OH)is an efficient
electron scavenger.

Fig. 9 presents a typical mineralisation—time plot and the
photogeneration of P& during the photoreactions. As de-

petition for -OH, which reduces the availability eOH for
oxidation of organic matters. The involvement-0H in the
reoxidation of Fé" was evidenced in the present system.
Viewing the fact that the reoxidation of Feto Fet is ac-
companied by the release of OHF&®™ + .OH — Fe&t +
OH™), this corresponded with the increase in pH of solution
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detected during the photoreactions at pH 2.8 in the presencevestigated. F& enhanced the photochemical and photocat-
of 5mM Fé* and at pH 3.3. For all the concentrations of alytic oxidations of resorcinol at pH 2 and the enhance-
Fe** added during the photochemical oxidation of resorci- ment was attributed to the role of Feas an efficient source
nol at pH 3.3, the pH of solution was observed to increase of -OH. The Fe(ll)-hydroxo complex photolysed efficiently
with illumination (pHinal &~ 3.5-4.3). A very fast increase under an irradiation of 360 nm yieldin@H for the oxida-

of the pH of solution up to a constant pH value of 5.1 was tion of resorcinol. Fe(OH)" was believed to be the most
also seen during the photocatalytic oxidation of resorcinol at photoactive species in the present system and its concentra-
pH 3.3. For longer irradiation times, the pH of solution de- tion in the solution was controlled by both pH and the total
creased slowly and reached a new plateau valuex{@-52 iron concentration. Furthermore, £ealso played a role as

to 3.72). Similar phenomenon was recurring during the pho- an efficient electron scavenger in UVAZ¢TiO, that sup-
tocatalytic oxidation of resorcinol at pH 2.8 in the presence pressed the recombination of electron—hole pairs. AtpH

of 5 mM Fet. The pH of the solution increased and gradu- the presence of & up to 1 mM improved the photochem-
ally levelled off (pHinal ~ 3.9). Furthermore, a control was jcal and photocatalytic oxidations of resorcinol, whereas at
also conducted in the absence of resorcinol and, again, th%igher concentrations of Be (=1 mM), a retardation ef-
pH of solution was observed to increase from pH 3.3 t0 3.6 fect was observed. The formation of iron as(@kl),*t,
when 1 mM F&" was irradiated for 4 h in an aqueous sus- as well as the precipitation of iron as Fe(QHpuld have
pension of TiQ. Therefore, it is believed that the drop in  reduced the concentration of photoactive iron in the solu-
activity at pH 2.8 in the presence of 5 mM ¥eand at  fion. In conclusion, it is clear that the kinetics of resorcinol
pH 3.3 could be the result of short-circuiting reaction, in gyidation is dependent on the nature of the Fe(lll) species,

which the F&*/ Fea+ couples create a cyclic process with-  po iy the aqueous phase and adsorbed onto the photocata-
out the generation ofOH. Alternatively, the reoxidation of lyst.

Fe*t could also take place in the presence ofddd HG-

of which the later was formed from the reduction of molec-

ular O, by a photogenerated electron. However, Catastini et

al.[21] reported that the reoxidation of #eby O, occurred

Vergegs!evzgu?; aﬁ;f/lg ?:Hanced the oxidation rates via the [1] C_. Groshart, P.C. Okkermann, Toward_s the Esta_blishmgnt of Priqrity
. List of Substances for Further Evaluation of Their Role in Endocrine

photo-Fenton reaction, Bé + Hy0p + hv — Fe&t + Disruption, BKH Consulting Engineers, Delft, The Netherlands, 2000,

-OH + H*. Nonetheless, it has been argued that the pro- p. 14.92.

duction of HO, formed via the reduction of oxygen on [2] R.-A. Doong, R.A. Maithreepala, S.-M. Chang, Water Sci. Technol. 42

illuminated TiG is usually insignificant. Utset et aj22] (2000) 253. _

demonstrated that oxygen alone was incapable to induce the 51 H- Krysova, J. Jirkovsky, J. Krysa, G. Mailhot, M. Bolte, Appl. Catal.

. B 40 (2003) 1.
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