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Photoinduced halophenol formation in the presence of iron(III)
species or cadmium sulfide
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Abstract

Phenol photo-induced decomposition has been investigated in the presence of iron(III) oxide or iron(III) ions at different pH, paying
particular attention to the evolution of intermediates.

The addition of halides causes a modest decrease in phenol degradation rate and starts additional transformation pathways. Chloride induces
the formation of chlorinated compounds (2- and 4-chlorophenol), whose concentrations are strongly dependent on pH. Analogously, bromide
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ons lead to the formation of bromophenols.
Similar investigations have been performed by adopting cadmium sulfide as a photocatalyst, whose valence band edge poteEVB

◦)
llows the oxidation of bromide but not chloride. The addition of chloride does not lead to chlorophenols, while bromide causes the
f bromophenols, thus confirming the possibility of obtaining selective abiotic halogenation of phenol.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Semiconductors possess a particular optical band-gap that
orresponds to the photon energy required to promote elec-
rons from the valence to the conduction band[1]. The pho-
oexcitation generates oxidative valence band holes (hVB

+)
nd reductive conduction band electrons (eCB

−). If the proper
hermodynamic conditions are fulfilled, these charge carriers
an react at the surface of the particles with organic and inor-
anic compounds[2]. The competition of interfacial charge

ransfers to adsorbed anions with surface OH− has been in-
estigated by time-resolved microwave conductivity[3]. EPR
pectra of TiO2 particles carrying adsorbed scavengers (e.g.

norganic anions) have suggested the formation of radical
pecies at the TiO2 surface.

Recently, we have observed that the addition of chlo-
ide ions inhibits the photocatalytic degradation of trichloro-
ethane on titanium dioxide and induces tetrachloromethane

∗ Corresponding author. Tel.: +39 0116707630; fax: +39 0116707615.
E-mail address:ezio.pelizzetti@unito.it (E. Pelizzetti).

formation [4]. The proposed mechanism involves the
dation of chloride, according to reaction (1), and succes
reactions of Cl• with •CCl3 (in turn originated from th
competitive reaction of CHCl3 with hVB

+ or trapped•OH).

hVB
+ ≡ TiIV − Cl− →≡ TiIV − Cl• (1)

These results on CHCl3 prompted us to investigate t
effect of chloride and bromide on the phenol phototrans
mation. This was done in the presence of naturally avai
semiconductors, in order to assess the possible format
haloaromatics.

Pulse radiolysis studies on the kinetics and mechanis
Cl2− reaction with aromatics concluded that the direct
idation by electron transfer is the most important reac
The addition to the aromatic ring may also take place b
much lower rate[5]. Moreover, the study of phenol oxidati
processes in the presence of TiO2 sols, with or without chlo
ride ions, has demonstrated the formation of phenoxy-ra
mediated by Cl2− formation through valence band hole o
dation of chloride[6]. Although the primary steps seem qu
different from micrometer particles of TiO2, where chloride
010-6030/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2004.07.003
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shows an inhibitory effect, the formation of chlorine radical
has received further confirmation[7–9]. Quantum yield for
the formation of Cl2− (and the related Br2

− and by I2−) on
TiO2 sols has been reported to be ca. 1% (and 5 and 11%) at
0.2 M of the corresponding sodium salt[7].

The results obtained with TiO2 underline the possibility
of achieving abiotic halogenation of aromatic rings. Here we
present a similar study by using Fe2O3 and CdS as semicon-
ductors. Iron oxides (for hematite the band gap equals 2.34 V,
i.e.λ < 530 nm is required for photoexcitation) and cadmium
sulfide (EBG = 2.4 V,λ < 517 nm) can be activated by adsorp-
tion of ground-level solar light[10] and are widely diffused
in nature, so that the photocatalytic halogenation may indi-
cate an important natural source of halogenated compounds
in the environment.

The photocatalytic properties of iron(III) oxides have been
extensively investigated and it was concluded that its activity
depends on the material and on the organic electron donor
[11]. In the absence of suitable electron and hole scavengers
at the Fe2O3 surface, recombination occurs within 1 ns. While
oxalate[12,13]and phenol[14] were found to be successfully
oxidised, other organic molecules such as citrate, benzoate
and chlorinated aliphatics[11], have shown only little or no
activity (quantum yield 3× 10−8 to 5 × 10−5). It may be
questionable whether such low quantum yields are relevant
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2.2. Irradiation procedures

The slurries were prepared by suspending in water the
required amount of photocatalyst powder using sonication.
Substrate aqueous solution was then added to the required
amount. Experiments were run at pH 2 and 3.6, after adjust-
ment with HNO3, and at pH 10, obtained with addition of
NaOH.

The irradiation experiments were carried out in Pyrex
glass cells, containing 5 mL of the aqueous suspension of the
photocatalyst powder and substrate. The illuminations were
performed using a 1500 W xenon lamp (CO.FO.MEGRA,
Milan, Italy) equipped with a 340 nm cut-off filter simulat-
ing AM1 solar light. The cell temperature during irradiation
was 50◦C.

2.3. Analytical determinations

After irradiation the suspension was filtered through a
0.45�m filter membrane. The disappearance of the primary
compound was followed using an HPLC system (Merck-
Hitachi L-6200 pumps), equipped with a Rheodyne injector,
a RP C18 column (Lichrochart, Merck, 12.5 cm× 0.4 cm,
5�m packing) and a UV–vis detector (Merck-Hitachi L-
4200). The disappearance of phenol is followed at 210 nm,
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enation of organic aromatics.

Cadmium sulfide possesses a band-gap requiring v
ight for excitation and has been shown to photocatalytic
xidise phenol[15]. We have investigated the photoindu

ransformation of phenol after halide addition to verify
ossibility of obtaining selective abiotic halogenation, s
VB

◦ is able to oxidise bromide but not chloride.
The phenol phototransformations induced by Fe

pecies have also been studied. Iron(III) species unde
ination in acidic media promote the photodecompositio

everal organic compounds[16,17]. Photodegradation rat
f triazine derivatives, for example, increase in the p
nce of Fe(III) salts (in concentrations of 10−4 to 10−5M)
nd is dependent on the concentration of Fe(III) invo

18].

. Experimental section

.1. Material and reagents

The photodegradations have been performed using F2O3
ematite, Fluka) and CdS (Aldrich) as photocatalyst. S
hotodegradations have been run using Fe(ClO4)3 (Merck)
s sensitizer.

Phenol (Aldrich), 2-chlorophenol (Aldrich),
hlorophenol (Aldrich), 2-bromophenol (Aldrich),
romophenol (Aldrich) and acetonitrile (Aldrich) were u
s received. Sodium chloride and potassium bromide
sed after oven drying.
sing an eluant composed by 40% acetonitrile and 60% p
hate buffer (1×10−2 M) at pH 2.8 at a flow rate of 1 mL/min

The formation of intermediates has been followed
ng MS spectrometer detector (Agilent 5973) interfa
ith a GC (Agilent 6890, serie II) equipped with a 5
henylmethylpolysiloxane column (Agilent HP-5; 30 m×
.25 mm).

The GC operating parameters were as follows: inject
00◦C, splitless injection (1 min) and volume injected 1�l.
he analysis was performed using a double gradient. Tem
ture was linearly increased at 10◦C/min from 50 to 250◦C
nd then was brought to 300◦C at a rate of 20◦C/min.

The samples for the GC-MS analysis were extracted u
ichloromethane.

. Results and discussion

.1. Photoassisted processes on Fe2O3

The photocatalytic decomposition of phenol and for
ion of intermediates have been studied by adopting Fe2O3 as
photocatalyst under different pH conditions, in the pres
r absence of halides; the calculated rates of disappea
re summarised inTable 1, while the profiles for intermed
tes evolution are presented inFig. 1.

Some halides (chloride and bromide) can be oxid
y valence band holes, thus acting as hole scavenge
hown by reaction (1). The reaction steps involved in
lectron oxidation of halides (X) lead to a fast formation
n adsorbed X• radical, followed by X•2

− radical formation
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Table 1
Rate of disappearance of phenol (2× 10−4M) on Fe2O3 alone, with 0.01M
NaCl or 0.01M KBr at different pH

M × 105 h−1 Fe2O3 Fe2O3 + Cl− (0.01M) Fe2O3 + Br− (0.01M)

pH 3.6 0.672 0.608 –
pH 7 0.186 – 0.089
pH 10 0.152 – 0.102

Fig. 1. Photocatalytic degradation of phenol (2×10−4M) and time evolution
of halophenols and hydroxyphenols in presence of Fe2O3 (100 mg L−1); (A)
without added salt at pH 3.6, (B) in presence of 0.01M NaCl at pH 3.6, (C)
in presence of 0.01M KBr at pH 7.

through the reaction with X−•. However, unlike the oxyalkyl
radicals, the formed radical could back-react with electrons,
according to reaction (2):

eCB
− + X• → X− (2)

Electron recapture by adsorbed X• and X•
2
− follows the

same mechanism.
Halide addition modifies the degradation behaviour of

phenol (Table 1) showing a diminished rate of disappearance
in all the considered cases. However, at pH 3.6 the presence of
Cl− ions causes only a slight inhibition (t1/2 increases from
23 to 24 h), in agreement with other photocatalytic processes
[4,10,19,20], while the main differences are linked to the evo-
lution of intermediates. In addition to the formation of the
same intermediates observed from phenol photodegradation
alone (cathecol, quinol and quinone,Fig. 1A), also the for-
mation of 2- and 4-chlorophenol is noted (Fig. 1B). Cathecol,
quinol and quinone still represent the main intermediates, be-
ing formed at yields 1000 times higher than chlorophenols.

Since theEVB
◦ potential for Fe2O3 is 2.8 V, the genera-

tion of surficial adsorbed•OH radicals and the consequent
hydroxyphenols formation is allowed[14]. The oxidation of
chloride could also occur according to reaction (1), beingE◦
= 2.5 V for Cl−/•Cl and 2.3 V for Cl2−/Cl− [21], and should
j • -
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de-
c hed
( evel).
ustify the chlorophenol formation.Cl radical is a chlori
ating agent, while Cl•

2
− acts as an electron transfer ag

addition rate of Cl•2
− to aromatic ring is relatively slow

107 L mol−1 s−1). •Cl radical is 60 times more reactive th
l•2

−. Similarly to the hydroxylation process, chlorinat
f phenol is regioselective too (orthoandparaorientation).

In the present experimental conditions (pH 3.6) we are
ow the pHPZCof the semiconductor (pH 8.6), so that the i
xide surface is positively charged and chloride adsorp
n the semiconductor particles is electrostatically favou
he adsorption of Cl− on Fe2O3 and the competitive oxida

ion of chloride ion to chloride radical lead to a decreas
he phenol rate of disappearance; the formation of chlorin
erivatives is in accordance with such observation.

Similarly, Br− addition causes a slight decrease in ph
egradation rate and the formation of hydroxyphenols at

lar yields (seeFig. 1B and C). Nevertheless, bromophe
ormation is favoured, 2- and 4-bromophenol being form
t concentrations 60 times higher than the correspon
hlorophenols. This is in agreement with the redox po
ial of bromide couples,E◦ = 2.0 V for•Br/Br− and 1.6 V for
r2−/Br−, so that both species may easily be formed.
At pH 7 the degradation rate of phenol is markedly

reased (t1/2 ∼ 70 h) and the concentration of the formed
ermediates are lowered (Fig. 1C). Bromide addition causes
urther inhibition to the degradation rate (diminished by a
or 2). Brominated intermediates are formed at concentra
0 times lower than in the experiments performed at pH

At pH 10, even if the degradation rate is only slightly
reased, bromoderivatives formation is strongly diminis
2- and 4-bromophenol have been detected at trace l
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This inhibition in bromophenol formation may be mainly
linked to:

(i) the electrostatic exclusion of bromide ions at the nega-
tively charged particle surface;

(ii) the reduction in the driving force.

When semiconductor oxides are concerned, valence and
conduction band edges potential follow a Nerstian behaviour
with the pH[22,23]. SinceEVB

◦ = 2.8 V, at pH 10EVB
◦ =

2.2 V; it may be at the limit for oxidation of Cl− to Cl2•−,
while it can still oxidise Br− to Br•/Br2•−.

The presented data suggest that chloride and bromide can
compete with the organics for the oxidative holes through a
direct electron transfer mechanism, since the trapped carriers
(e.g. adsorbed•OH for oxides) possess a much lower oxida-
tion potential than the valence band hole (in the case of TiO2
ca. 1.5 V[24]), preventing halogen radical formation.

3.2. Photoassisted processes in the presence of iron(III)

Different Fe(III) species co-exist in aqueous solution,
whose distribution is governed by the hydrolysis equilibria
shown in reactions 3–6:

Fe3+ + H2O → Fe(OH)2+ + H+ (3)

F
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ence of Cl− and Br− causes an inhibition in the degradation
rate.

It has been established that the degradation products
obtained when organic compounds are illuminated in the
presence of Fe(III) are similar to those achieved through a
Fenton’s reaction, in which the•OH species is responsible
for the oxidation of organic compounds[18]. Besides
reaction (7), under aerated conditions the iron(II) ions
formed react with molecular oxygen to originate H2O2, and
ultimately•OH radicals, through reactions (8–10)[27]:

Fe2+ + O2 → Fe3+ + O2
•− (8)

O2
•− + H+ → HO2

• (9)

HO2
• + Fe2+ + H+ → H2O2 + Fe3+ (10)

Fe(III) may also consume reductive species (HO2
•/O2

•−),
according to reaction (11):

Fe3+ + HO2
•/O2

•− → Fe2+ + O2(+H+) (11)

In addition to the reactions 7–11, in presence of Cl− re-
actions 12–13 could also take place[28]:

Fe3+ + Cl− → FeCl2+ (12)

FeCl2+ + hv → Fe2+ + Cl• (13)

s has
f hy-
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( s
e3+ + 2H2O → Fe(OH)2
+ + 2H+ (4)

Fe3+ + 2H2O → Fe2(OH)2
4+ + 2H+ (5)

e3+ + 3H2O → Fe(OH)2 + 3H+ (6)

Iron(III) speciation is a function of pH, so that the photo
uced process can occur in homogeneous or heteroge
hase.

Table 2summarises the rate of disappearance of the
ol in presence of iron(III) at different pH. At pH 2, iron(I

s prevalently in dissolved form so that the transforma
rocess occurs in the homogeneous phase. Under the p
onditions, monohydroxy complex Fe(OH)2+ is the more im
ortant photoactive species[25], able to produce•OH radi-
als through photochemical dissociation, according to r
ion (7), with a quantum yield of 0.14 at 313 nm and 0.01
60 nm.

e(OH)2+ + hv → Fe2+ + •OH (7)

The rate of disappearance of 2-chlorophenol at con
e(III) shows a saturative profile as a function of the in
oncentration of the organic compound[26]; both the pres

able 2
ate of disappearance of phenol (2× 10−4M) on Fe(ClO4)3 alone, with
.01M NaCl or 0.01M KBr at different pH

× 105 h−1 Fe(III) Fe(III) + Cl− (0.01M) Fe(III) + Br− (0.01M)

H 2 40.0 27.1 30.3
H 6 1.88 1.36 0.71
H 10 1.30 0.86 0.51
s

t

The simultaneous occurrence of the described step
ound support in the intermediate identification; both
roxylated intermediates, linked to the generation of•OH
adical (through reaction 7), and halogenated intermed
elated to the formation of•Cl radical (reaction 13), hav
een detected. A closer inspection of the intermediate e

ions (Fig. 2) reveals that even if halogenated intermedi
re formed either in presence of Br− or Cl− salt, Br− addi-

ion induces the formation of halogenated intermediate
oncentrations of ca. three orders of magnitude higher
hloride. Likewise, quinone, catechol and quinol have
een identified in both cases.

At pH 6 and 10, iron(III) is prevalently present und
morphous Fe(OH)3 form, and photoinduced proces
hould occur at the water/solid interface. Presumably
echanism closely resembles Fe2O3 oxide, with surficia
eneration of OH•/X• radicals.

The obtained profiles are reported inFig. 3 (pH 6) and
ig. 4(pH 10). By comparing the data at pH 2, the degrada
ates are lowered 20–30 times. The diminished degrad
fficiency confirms that Fe(OH)2+ is the most active speci

n generating•OH radicals, which at the present pH con
ions is present in negligible amount.

At pH 6 phenol shows a half-life time of 10 h, decrea
ven more after the addition of Cl− (t1/2 ∼ 12 h) or Br− (t1/2
20 h). In both cases the yields of halogenated intermed

s reduced (compareFigs. 2 and 3), above all in the case
r− (25 times lower).
At pH 10 (Fig. 4) the degradation rate is further diminish

seeTable 2); while for phenol alonet1/2 ∼ 11 h, it become
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Fig. 2. Photocatalytic degradation of phenol (2×10−4M) and time evolution
of halophenols in presence of Fe(III) (100 mg L−1) at pH 2; (A) in presence
of 0.01M NaCl, (B) in presence of 0.01M KBr.

15 h after the addition of Cl− ions and it is further increased
with Br− (t1/2 30 h). Fig. 4 also shows the formation of
halogenated intermediates.o- andp-halophenol formation is
strongly inhibited, particularly for the chlorophenols formed
at trace level (2 ng L−1). Again, the electrostatic repulsion be-
tween the surface and the halogen anion and the decrease in
the thermodynamic driving force could explain the pH effect.

3.2.1. Mechanism of phenol transformation in presence
of iron(III) species

The data presented above can be rationalised within the
framework of the mechanism proposed inScheme 1, which
accounts for the phenol transformation products observed
with Fe(III) species and iron(III) oxide. On the left side, the
different Fe3+ aqueous species and their interactions with
halides are reported, while on the right side the possible
degradation steps and the supposed intermediates are sum-
marised.

Three concomitant and competitive pathways could be
distinguished, whose extent is dependent on pH condi-
tions and on added halide. Iron(III), directly or indirectly,

Fig. 3. Photocatalytic degradation of phenol (2×10−4M) and time evolution
of halophenols in presence of Fe(OH)3 (100 mg L−1) at pH 6; (A) in presence
of 0.01M NaCl, (B) in presence of 0.01M KBr.

generates Fe(II) and•OH/•X radicals. Hydroxyl radical
rapidly reacts with phenol through dihydroxy cyclohexadi-
enyl radical, which is then transformed intoortho- andpara-
dihydroxyphenols.

The X• radical, in equilibrium with X•2
− radical (less

reactive), can react with phenol and originate the halo-
substituted phenol through the formation of a hydroxyhalo-
cyclohexadienyl radical.

When the photoprocess occurs in presence of iron ox-
ides, the photoactivation generates electron and holes as ac-
tive species. The photogenerated electrons may react with
oxygen to give a superoxide radical, while the positive holes
can generate adsorbed•OH radicals and/or X•radical. Sim-
ilarly to what was discussed for the iron(III), these radicals
react with phenol to give the hydroxy- and halosubstituted
compounds.

3.3. Photoassisted processes on CdS

The phenol photoinduced degradation has been performed
at pH 2.6 by adopting CdS as a photocatalyst, alone or in the
presence of halide ions. The use of CdS suspensions in several
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Fig. 4. Photodegradation of phenol (2× 10−4M) and time evolution of
halophenols in presence of Fe(OH)3 (100 mg L−1) at pH 10; (A) in presence
of 0.01M NaCl, (B) in presence of 0.01M KBr.

photocatalytic reactions has been previously investigated by
White et al.[29]; the ability to oxidise phenol has been shown
and confirmed under our conditions.

When a suspension of CdS (EVB
◦ = 2.1 V) is irradiated

at pH 2.6 (dependence of flat band potentialEpH = EpH0 −
0.4 pH) the phenol degradation alone occurs with a half-life
time of 2.5 h, as shown inFig. 5. In the present experimental
conditions, the pH is below the pHPZC (for CdS, pHPZC 7.5

Scheme 1. Representation of the photoredox formation of chloro- and
bromo-phenols in presence of iron oxide and iron(III) species/halides under
illumination.

Fig. 5. Photodegradation of phenol (2× 10−4M) in presence of CdS
(100 mg L−1) in presence of 0.01M NaCl or 0.01M KBr at pH 2.6. Inset:
time evolution of bromophenols in presence of KBr.

[30]), so that the catalyst surface is positively charged and it is
able to adsorb halides. Similarly to what was observed when
adopting Fe2O3, the competition between the adsorption of
Cl− on CdS and the oxidation of chloride ions leads to a
decrease in the degradation rate.

In the presence of phenol and chloride (0.01M),t1/2 be-
comes 4 h and formation of chlorophenols is not detected
[15]. The lack of chloroderivatives is thermodynamically jus-
tified; in fact,EVB

◦ is 2.0 V and the holes are not able to
promote the oxidation of chloride to chlorine radical (E◦ =
2.6 V).

Bromide ion addition induces a further decrease in the
degradation rate. Moreover, in the presence of 0.01M bro-
mide, 2- and 4-bromophenol are formed, as shown in the
inset of Fig. 5. SinceE◦ = 2.0 V for •Br/•Br− and 1.6 V
for Br2•−/Br− [21], the oxidation of bromide ions is ther-
modynamically allowed. It justifies the formation of bromo-
derivatives and confirms the hypothesis of an abiotic photo-
catalytic halogenation.

4. Conclusions

Photodecomposition of phenol in presence of bromide
or chloride on iron(III) oxides or iron(III) ions leads to
t 4-
c t the
f and
4

otic
h ld be
c nated
o tics
m nvi-
r lfide
( sses
he formation of 2- and 4-bromophenol or 2- and
hlorophenol. When employing CdS as a photocatalys
ormation of chloro-derivatives is not achieved, while 2-
-bromophenol are formed.

These results prove the possibility of obtaining abi
alogenation of aromatic rings, so that this process shou
onsidered as a possible abiotic source of natural haloge
rganic matter. The formation of chloro- and bromoaroma
ay occur under solar light in chloride- or bromide-rich e

onments in the presence of iron oxides or cadmium su
bromoderivatives only in the latter case). These proce
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are relevant not only in the aquatic environments but also in
atmospheric[31] and marine aerosols[32], naturally rich in
chloride and bromide. The possible formation of haloorganics
should also be considered in the photocatalytic purification
of polluted waters.
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