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The photocatalyzed degradation of the 4-chlorophenol toxin (4-CP) in aqueous naked TiO2 and platinized TiO2 suspensions simultaneou
ubjected to UV light and microwave radiation was revisited to examine the fate of this toxin in the microwave-assisted photocataly
y monitoring loss of total organic carbon (TOC; mineralization), formation of chloride ions (dechlorination of 4-CP), and identific

ntermediates using HPLC and electrospray mass spectral (LC–MSD) techniques. Attempts are made to delineate microwave
onthermal factors that impinge on the degradation by comparing experimental results from microwave-generated heat versus re
onventional (externally heated) thermally-assisted process, and from results in which the thermal factors were minimized by exa
egradative process at constant ambient temperature (25◦C). Possible microwave radiation effects on the Pt co-catalyst supported o2
ere also probed through comparison of the degradation of 4-CP occurring on Pt/TiO2 and on naked TiO2 photocatalysts. Results suggest t

n a microwave radiation field, naked TiO2 and Pt/TiO2 particle surfaces interact with the microwaves. The degradation pathway ex
haracteristics of hydrolysis of reactants and intermediates. Nonthermal microwave effects play a role in the overall degradat
ccurring in platinized TiO2 dispersions. The possible nature of these unusual microwave effects is briefly discussed.
2005 Published by Elsevier B.V.
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. Introduction

Chlorophenols constitute an important class of soil and
ater pollutants arising from their wide use as pesticides,
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herbicides, and as wood preservatives. In particula
chlorophenol (4-CP), a representative of this class, is
erated as a by-product of waste incineration. Accordin
novel methodologies must be found or existing technolo
must be improved to achieve efficient and total decomp
tion of such chlorinated phenols. Past investigations into
photocatalytic degradation of 4-CP and related derivativ
TiO2 aqueous dispersions have emphasized (i) degrad
pathways[1–11]; (ii) TiO2-assisted electrochemistry[12,13];
(iii) degradative processes occurring on coupled TiO2/CdS
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systems[14], on incorporated co-catalysts as embodied by
platinized titania (Pt/TiO2) [15], and on polyoxometalates
[16], together with; (iv) exploring laboratory-scale and large-
scale applications of TiO2 photocatalysis[17]. Studies have
also been reported on reactors that saw TiO2 particles sup-
ported on optical fibers[18,19].

In earlier reports, some characteristic features of
microwave-assisted degradation reactions occurring on TiO2
and some details of photooxidations and photoreductions
were described for such systems as dyes (e.g. rhodamine-
B), polymers, and surfactants[20,21], herbicides such as
2,4-dichlorophenoxyacetic acid[22], and endocrine disrup-
tors such as bisphenol-A[23]. These reactions occurred at
the TiO2/water interface subjected to integrated UV light
and microwave radiation. Several features of the microwave
equipment were also tested. For instance, microwave radi-
ation was used to power a microwave plasma electrodeless
UV lamp [24–26].

Microwave radiation has found a niche in several synthetic
chemical applications[27,28]and in the detoxification of an
increasing number of chlorinated products[29–32]. Reports
indicate that the decomposition dynamics are mostly gov-
erned by conventional microwave-generated heating (ther-
mal) effects.

A characteristic feature of reactions that take place on
TiO originating from absorption of microwave radiation by
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examination of the possible implication of thermal (caloric)
and nonthermal (non-caloric) microwave factors in the pho-
tocatalytic degradation of 4-CP.

2. Experimental

2.1. Chemicals and materials

Titanium dioxide was Degussa P-25 grade. High-purity
grade 4-chlorophenol was purchased from Tokyo Kasei
Kogyo Co. Ltd.

Platinized titanium dioxide particulates (Pt/TiO2) were
prepared by the photocatalytic deposition method[35] as
modified by Harada et al.[36] and reported recently also by
Radoiu et al.[32]. Thus, TiO2 particles (P-25; 2 g loading)
and 2-propanol (0.5 mL) were added to a 100 mL aqueous
solution containing H2PtCl6·6H2O (0.5 vol%; 0.02 mM); the
pH of the dispersion was adjusted to pH 4.0 by addition of
sodium acetate. The suspension was pre-purged with pure
nitrogen gas and then irradiated with a 75 W low-pressure
mercury lamp for 3 h at ambient temperature. The platinized
TiO2 particulates were separated by filtration, added to a
dilute HCl solution (1 M, 200 mL), stirred for 1 h, re-filtered
and repeatedly washed with deionized water until no more
Cl− ions were detected in the supernatant liquid. The sample
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he components of the reaction system involves microw
enerated thermal effects (i.e. caloric effects) and

hermal (i.e. non-caloric) microwave effects[21–23,33]. In
his regard, electron paramagnetic resonance (EPR)
roscopic evidence showed that a greater number of•OH
adicals are produced in the microwave-assisted p
atalytic process (PD/MW) in aqueous TiO2 dispersion
34]. The dynamics of the decomposition of organic po
ants by conventional TiO2 photocatalysis were significa
nhanced under microwave irradiation. It is worth po

ng out that microwave radiation is not simply a sou
f heat that accelerates the degradation reactions.

actors that we refer to as nonthermal factors are als
lay.

The present study focused on three fundamental is
hat were examined using the decomposition of a model
ound of chlorine-containing toxins and dioxins, namel
hlorophenol, in naked TiO2 and platinized titania (Pt/TiO2)
ispersions subjected to simultaneous irradiation by UV
nd microwaves; 4-CP contains a phenolic OH group, a
ine substituent and an aromatic ring. First we examine
icrowave effects that might impact on the TiO2 photocat
lytic degradation process to provide further details on
echanism of microwave-assisted decomposition. Nex
robed the influence of Pt co-catalyst deposits supporte
iO2 on the formation of intermediates, on the nature of

ntermediates, on the dechlorination process, and on th
ation of•OH and•OOH radicals when microwave radiati

s also involved in Pt/TiO2 photocatalysis. Finally, attemp
ere made to unravel the role of microwaves by a fur
as subsequently dried for ca. 2 days in a vacuum ov
20◦C.

.2. Characterization of the photocatalyst specimen

The amount of Pt loaded onto TiO2 particles (ca
.29 wt.%) was determined with a Hitachi 4700 FE-S
lectron microscope using energy dispersive spectros
EDS) for an average set of seven EDS data points empl
n appropriate calibration method. The BET specific sur
reas of P-25 TiO2 and Pt/TiO2 specimens were, respective
1.8 and 47.6 m2 g−1. The bandgap energies were ascerta

o be 3.10 eV for P-25 TiO2 and 3.11 eV for Pt/TiO2. Note
hat the anatase content remained at 83% (by X-ray dif
ion methods) in these two specimens.

.3. Experimental devices and procedures

Continuous microwave irradiation of the dispersions
chieved using a Shikoku Keisoku ZMW-003 apparatus
isting of a 2.45 GHz microwave generator (maximal po
.5 kW) fabricated by Shibaura Mechatronics Co., Ltd.
icrowave cavity A in Fig. 1 of[33]). Some details of th
icrowave system were reported previously[20–26,33,34].
he microwave power radiated from the magnetron wa
20 W measured using a power monitor.

A 30 mL air-equilibrated aqueous 4-CP solution (0.1 m
nitial pH 6.0) containing the photocatalyst particles (lo
ng, 60 mg) was introduced into the reactor through a w
uide. Optimal low reflection of the MW radiation w
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Fig. 1. Temporal increase of temperature in an aqueous 4-chlorophenol/TiO2

dispersion subjected to UV light and a microwave radiation field.

achieved using the three-stub tuner. Unless otherwise noted,
the UV irradiation source was a Toshiba 75 W low-pressure
mercury lamp (irradiance ca. 0.3 mW cm−2), whose UV
radiation was fed to the 25 mL Pyrex cylindrical reactor
(φ = 45 mm× 290 mm; Taiatsu Techno® Co.; maximal pres-
sure, 1 MPa; maximal temperature, 150◦C) by a fiber optic
light-guide. The reactor was sealed with two Teflon rings and
a stainless steel cap. The dispersion was continually stirred
during irradiation.

2.4. Experimental degradation methodologies

Four different methodologies were examined to
achieve the decomposition of the chlorophenol toxin.
The first was photocatalytic degradation under UV light
and microwave irradiation (PD/MW) of air-equilibrated
4-CP/TiO2 or 4-CP–Pt/TiO2 dispersions. The rate of change
of temperature for the aqueous 4-CP/TiO2 dispersion under
these conditions is graphically illustrated inFig. 1. The
maximal temperature was 137◦C. The second method
entailed the photocatalytic degradation of the toxin in
4-CP/TiO2 and 4-CP–Pt/TiO2 dispersions by UV irradi-
ation alone (PD), whereas the third method involved the
thermally-assisted photocatalytic degradation of 4-CP in
naked TiO2 and Pt/TiO2 dispersions with UV light and
externally applied conventional heat (PD/TH). The last
m
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2.5. Degradation of 4-CP at constant ambient
temperature (25 ◦C)

To unravel the thermal (caloric) and nonthermal (non-
caloric) microwave factors in the degradation processes,
experiments were done at constant ambient temperature so
as to diminish the thermal component of the microwave-
generated heat. Accordingly, experiments were carried out
by the PD/MW method and for the TiO2 photocatalytic PD
degradation using the microwave cavity B (Fig. 1 of[33])
in a dry-ice/hexane bath to maintain the ambient temper-
ature of the dispersion reasonably constant at 25± 2◦C.
These experiments are referred to as PD25 and PD/MW25.
For naked TiO2 and Pt/TiO2 catalytic systems, the PD/TH
technique was compared to the PD/MW method. In the lat-
ter case, the thermal energy was supplied by the microwave
radiation[20,33]. Pertinent results are discussed later in Sec-
tions 3.2 and 3.7. Microwave power was 550± 80 W, with
the uncertainty established automatically by the amount of
dry ice, which under our conditions absorbed no microwave
radiation. Moreover, in these constant ambient temperature
experiments, the Ushio 250 W mercury light source was used;
it was located on top of the microwave oven emitting a
light irradiance of 18 mW cm−2 that was fed to the reac-
tor through the light wave-guide (fiber optic). The stronger
light source was used for this occasion to enhance degra-
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ethod involved irradiation of the 4-CP/TiO2 dispersion
ith microwaves only (MW). For the thermally-assis
D/TH method, external heat was supplied by coating
art of the cylindrical photoreactor with a metallic fi
MOCVD technique) on one side at the bottom of the rea
applied voltage≤100 V). The uncoated side was used
ermit the 4-CP/TiO2 or 4-CP–Pt/TiO2 dispersions to b
V-irradiated. The rate of increase of temperature (e
±1◦C) and the pressure in the MW and PD/TH meth
ere maintained at the levels otherwise identical to th
sed for the PD/MW method.
ation and minimize temperature fluctuations during
xperiments.

.6. Analytical procedures

The time profiles of the disappearance of 4-chloroph
nd the intermediates produced during the degradation
ess were obtained by monitoring concentration cha
sing a JASCO liquid chromatograph (HPLC) equipped
JASCO UV-2070 UV–vis diode array multi-wavelen

etector and a JASCO Crestpak C-18S column; the e
onsisted of a mixed solution of CH3CN and H2O (1:4, v/v
atio) and 1.7 vol% of H3PO4 (pH 3.3). Because the U
bsorption spectra of the degraded chlorophenol sol
ight easily be altered by intermediates produced du

he decomposition process, the components of the rea
olution (irradiated or not) were timely separated by HP
ethods; the extent of disappearance of 4-CP and the
ation and decay of intermediate species were establ

rom the appropriate absorbance signals in the HPLC c
atograms.
The temporal changes in total organic carbon (TOC

he degradation of 4-CP were assayed with a Shimadzu
000A analyser.

Carboxylic acid intermediates were detected emplo
JASCO HPLC chromatograph and a Shodex OA Sy

hat comprised a RSpak KC-811 column and a Shodex
it for analysis of organic acids. The methodology incor
ated a post-column derivatization procedure; spectros
etection was done at a wavelength of 445 nm.
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The intermediates were also identified by direct injection
into the mass spectral detector of an Agilent Technologies
1100 LC–MSD (electrospray ionization: API–ESI) system
operated in the positive- and negative-ion modes (capillary
voltage, 2800 V; dry gas temperature, 300◦C). The injected
10�L volume of the sample solution was loaded using an
Agilent Technologies 1100 auto-sampling device. The elu-
ent was a solution of acetonitrile/water (1:1, v/v). The mass
spectra were recorded by scanning the spectrometer from
m/z = 50 to 400 at 0.3 mL min−1.

3. Results and discussion

3.1. Overall photodegradation in TiO2 dispersions

Aqueous solutions of 4-CP display absorption bands at
194 nm, 223 nm and 279 nm.Fig. 2a illustrates the tempo-
ral disappearance of 4-CP monitored at 279 nm by HPLC
techniques that resulted from the four degradation meth-
ods employed to degrade the chloro-phenol (note that the
rates of loss of the chlorophenol assayed at all three wave-
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lengths were identical in all cases). The inset inFig. 2a shows
the HPLC pattern of 4-CP (retention time, RT = 16.4 min)
and of the intermediates after 120 min of irradiation by
the PD/MW method. A control experiment confirmed the
16.4 min HPLC signal to be that of 4-chlorophenol. Loss
of UV absorption intensity in the HPLC chromatogram by
the PD/MW method was more pronounced than by the PD
and PD/TH methods indicating that ring opening of the aro-
matic ring was more prominent in the microwave-assisted
photocatalyzed reaction. Conventional heating had no par-
ticular accelerating effect on the photocatalyzed PD degra-
dation. Microwave irradiation (MW) of the 4-CP solution
was inconsequential in the degradation of the chlorophenol.
Except for the MW method, the extent of degradation of
4-CP after a 120 min irradiation period was 55% (PD/TH),
65% (PD) and 90% (PD/MW); this order roughly correlates
with the approximate dynamics: PD/TH (k ∼ 0.01 min−1).
PD (k ∼ 0.01 min−1) < PD/MW (k ∼ 0.02 min−1). Compar-
ison of these data suggests that nonthermal effects of the
microwave radiation are most likely responsible in promot-
ing ring opening[21–23,33].

The temporal formation of Cl− ions through dechlori-
nation of 4-CP and the temporal loss of total organic car-
bon (TOC) on irradiation by the MW, PD, PD/TH and
PD/MW methods are illustrated inFig. 2b and c, respectively.
Microwave irradiation alone had no effect on dechlorina-
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ig. 2. (a) Temporal decrease of 4-chlorophenol concentration using UV
bsorption loss at 279 nm in the HPLC chromatogram; (b) time profiles of the

ormation of chloride ions, i.e. dechlorination of 4-CP; and (c) temporal loss
f total organic carbon (TOC) during the degradation of a 4-chlorophenol
olution by microwave irradiation (MW), photocatalyzed oxidation (PD),
hermally-assisted photocatalyzed oxidation (PD/TH), and by an integrated
icrowave-assisted photocatalyzed degradation (PD/MW) in naked aqueous
iO2 dispersions.
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ion of 4-CP and on the loss of TOC. Although the ex
f dechlorination was complete, (100%) for PD/MW a
20 min, and nearly so for PD and PD/TH methods (92

he first-order formation of Cl− ions was identical for all thre
rradiation methods (k ∼ 0.025 min−1). For the loss of TOC
i.e. evolution of CO2; mineralization) the PD/MW and P
ethods displayed nearly identical behavior with ca. 5
f 4-CP mineralized compared to ca. 35% for the PD
oute; zero-order dynamics were also identical in all t
ases (k ∼ 0.04 mg L−1 min−1). The distinctive loss of TO
as similar to that observed earlier in the photocatal
ecomposition of 2,4-dichlorophenoxy-acetic acid (2,4

22]. Moreover, as in the dechlorination of 2,4-D, microw
rradiation has relatively little impact on the dechlorinat
rocess.

The response of microwave radiation to the photo
lyzed reduction or photo-catalyzed oxidation of reduc
nd oxidizable substrates (e.g. 4-CP) by electron at
ent or attack of•OH radicals, respectively, can origina

rom either or both thermal and nonthermal factors of
icrowave radiation field. Regardless of these effects,

ver, subjecting aqueous TiO2 dispersions to microwave rad
tion alone (no UV) had no effect on the breakup of
romatic ring of 4-CP, and no impact on the loss of TOC
n the dechlorination of the chlorophenol toxin (see MW

n Fig. 2).
The quantities of carboxylic acids produced in the de

ation of 4-CP at various irradiation times are summarize
able 1for PD, PD/TH, and PD/MW. The signal with rete
ion time 3.5 min in the HPLC chromatogram (inset toFig. 2a)
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Table 1
Temporal evolution of the formation of carboxylic acid intermediates and benzoquinone during the degradation of 4-CP by the PD, PD/TH and PD/MW methods

PD PD/TH PD/MW

30 min 60 min 90 min 30 min 60 min 90 min 30 min 60 min 90 min

Formic acid (mM) 2.6 4.3 4.2 6.4 5.6 0 0 0 0
Acetic acid (mM) 1.3 1.7 6.3 4.4 9.9 28 8.2 19 27
Succinic acid (mM) 3.2 3.0 5.0 4.6 0 3.7 3.3 0 7.7
Benzoquinone (�M) 3.4 1.6 3.4 1.7 5.6 1.9 0 5.9 0

was attributed to the benzoquinone intermediate identified
against a standard sample. Other intermediates with other
retention times were not identified by the HPLC technique
(see Section2).

Formation of formic acid was confirmed for the PD
and PD/TH methods: maximal quantities were ca. 4.3 mM
and 6.4 mM, respectively, after 60 min (PD) and 30 min
(PD/TH) of irradiation. No formic acid was produced (or
at least detected) by the microwave-assisted photocatalytic
PD/MW method. Smaller quantities of acetic acid formed
through the PD route relative to the larger quantities pro-
duced by the PD/TH and PD/MW methodologies after
a 90 min illumination period. Formation of succinic acid
(HOOC CH2 CH2 COOH) was slower in all cases (not
shown) requiring irradiation of the dispersion for at least
30 min. Both formic and acetic acid probably resulted from
the degradation of succinic acid.

Differences observed in the formation and decay of formic
and acetic acids by similar irradiation methods in the degra-
dation of other substrates were earlier attributed to a fea-
ture(s) originating with the microwave radiation[20,22,33].
To examine the root of such differences further we determined
the dielectric loss coefficientε′′ of formic acid, acetic acid,
and water using an Agilent Technologies HP-85070B Net-
work Analyzer.{Note thatε′′ = ε′ tanδ, whereε′ is the specific
inductive capacity of the dielectric substance and tanδ is the
d
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of a greater amount of microwave radiation may have led
to faster degradation through microwave thermal effects –
that is, through thermal degradation initiated by microwave
caloric heating[38]; (c) the microwave radiation field some-
how impacted on the interaction(s) between formic acid and
the TiO2 surface (•OH radicals) to such an extent that it
caused formic acid to degrade faster.

Formation and subsequent degradation of the benzo-
quinone intermediate followed no particular trend with irra-
diation time for all three methods. The question of benzo-
quinone is considered in more detail below.

3.2. Probing the microwave nonthermal effect(s) in TiO2

dispersions

To assess the influence (or lack thereof) of microwave
nonthermal (again we emphasize non-caloric) effects on the
cleavage of the aromatic ring of 4-CP, on dechlorination,
on the loss of TOC, and on the formation of intermediates
in the MW-assisted photocatalyzed degradation appropriate
experiments were carried out at constant ambient tempera-
ture (25± 2◦C). For this purpose, we used the microwave
oven applicator reported earlier (see the microwave cav-
ity B in Fig. 1 of ref. [33]). This procedure can delineate
microwave nonthermal from thermal effects more appropri-
a nce
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4-
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ielectric power factor of the dielectric substance[37]}. The
′′ coefficient of all three above substrates was determ
t three different temperatures: 25◦C, 50◦C and 100◦C. The
alues ofε′′ at a microwave frequency of 2.45 GHz decrea
n the order: formic acid (27.0) > water (9.58) > acetic a
1.82) at 25◦C; formic acid (22.7) > water (4.75) > acetic a
1.87) at 50◦C; and formic acid (13.5) > water (3.85) > ace
cid (1.65) at 100◦C (values interpolated from a frequen
f 2.4 GHz and 2.5 GHz). Note that the dielectric loss c
cients refer to the pure substances. Similar considera
f the dielectric loss coefficient were reported earlier[33].
learly, the greater dielectric loss coefficient of formic a
ver acetic acid and water, suggests that formic acid abs
icrowave radiation to a greater extent at all three t
eratures, thus generating more heat than either H2O or
cetic acid. Consequently, we hypothesize that the abse

ormic acid in the PD/MW method has three possible orig
a) formic acid is not formed during the degradation o
P by the integrated MW/UV irradiation method; (b) form
cid did form as an intermediate in PD/MW, but absorp
f

tely without the conventional thermally-assisted influe
n the reaction by examining the differences between
D and PD/MW methods, since the impact of microwa
enerated heat on the degradation processes is mini
onsiderably, if not suppressed at the constant am
emperature.

In Table 2, we have summarized the quantity of the
P toxin (initially 0.10 mM) remaining in the dispersi

HPLC-UV absorption), formation of intermediates assa
y the HPLC technique during irradiation for 15 and 30
y the PD25 and PD/MW25 methods at constant ambie

emperature (25◦C), as well as the percent yield of TO
oss and percent dechlorination yield after 30 and 60
he HPLC chromatograms displayed only signals for 4
ydroquinone (HQ), benzoquinone (BQ) and catechol (C
ll of which were confirmed from available standards:
RT = 2.5 min), BQ (RT = 3.5 min), and CC (RT = 4.2 mi
uitable calibration curves converted the signal amplit
nto concentrations.

Degradation of 4-CP showed only some minor dif
nces between the PD25 and PD/MW25 methods for simila
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Table 2
Summary of 4-CP (0.10 mM) remaining in the TiO2 dispersion (UV absorption), formation of intermediates assayed by the HPLC technique during irradiation
of 4-CP for 15 and 30 min by the PD25 and PD/MW25 methods at a constant ambient temperature of 25◦C, and the percent yield of TOC loss and percent
dechlorination yield after 30 and 60 min irradiation

Substrate/intermediates (λ monitored by HPLC) PD25 PD/MW25

15 min 30 min 15 min 30 min

4-chlorophenol (279 nm)/mM 0.040 0.015 0.037 0
Hydroquinone (288 nm)/�M – – – 9.1
Benzoquinone (245 nm)/�M 15.4 17.1 7.8 36.6
Catechol (274 nm)/�M 19.2 24.4 21.4 18.4

Process PD25 PD/MW25

30 min 60 min 30 min 60 min

% Mineralization (TOC loss) 46 59 42 62
% Dechlorination 70 100 70 100

Light source used was the 250 W Hg lamp; light irradiance, 18 mW cm−2.

irradiation periods, except for the quantity of benzoquinone
produced where differences were more significant.

No hydroquinone (HQ) was detected for the PD25 method
at all irradiation times, whereas the PD/MW25 method led to
the formation of HQ albeit at the longer irradiation time. For
benzoquinone, formation by the PD/MW25 method increased
rapidly with increasing decomposition time originating from
hydroquinone. Catechol was produced by dechlorination
of the 4-chlorocatechol (4-CC) intermediate (reaction a1),
whereas HQ was likely generated from the dechlorination of
4-CP either by photoreduction (i.e. by electron attachment to
the 4-CP substrate) or by oxidation through attack by•OH
radicals (reaction a2) in accord with earlier studies[1,5,6].
We deduce that formation of 4-chlorocatechol involved•OH
radical addition to the 4-CP positioned near the TiO2 surface
[7], but within reacting distance of the

4-CP + •OH → 4-chlorocatechol→ catechol (a1)

4-CP+ e−
cb(or•OH attack; or h+vb) → HQ → BQ (a2)

•OH radicals on the surface (Scheme 1). Since chemisorp-
tion is an exothermic process, microwave-generated (caloric

S ermal
e and
4
s

effect) heat lessens chemisorption interactions between the
phenolic end of 4-CP and the metal-oxide particle surface. By
contrast, in the absence of thermal effects, electron reduction
(not shown) and/or attack by•OH radicals at the CCl car-
bon position lead to formation of HQ and to dechlorination
of chemisorbed 4-CP[6]. Identification of the precise nature
of microwave non-caloric (that is, nonthermal) factors con-
tinue to be a challenging task. Nonetheless, they do play a
non-insignificant role.

The slight difference (ca. 3–4%;Table 2) in the extent of
mineralization between the PD25 and the PD/MW25 methods
may be due to slight variations in the dynamics of decom-
position of the photogenerated intermediates. By contrast,
microwave effects (thermal and nonthermal) have no role in
the dechlorination process under these conditions. Despite
the small magnitude of the microwave effects witnessed in
the data ofTable 2, the non-caloric factors of the microwave
radiation field can influence the degradation of intermediates
and thus the overall decomposition of the chlorophenol toxin.

3.3. Detection and identification of intermediates by the
ESI–MS mass spectral method

Detection and identification of intermediates produced in
the degradation of 4-CP were carried out by electrospray mass
s H+
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m
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o ev-
e
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i k at
m The
n d
1 ) or
cheme 1. Proposed mechanism of the role of microwave nonth
ffect versus thermal effect in the formation of hydroquinone (HQ)
-chlorocatechol (4-CC) by the PD/MW25 method in aqueous TiO2 disper-
ions.
pectral techniques by both the positive-ion (pos: M +
r M + Na+) and negative-ion (neg: M− H+) modes. Th
ass numbersm/z of species formed are listed inTable 3.
he initial 4-CP substrate was seen atm/z = 127 and 12

n the negative-ion mode{two peaks consistent with a su
tance bearing a chlorine substituent; mass ratio of the tw
sotopes is 100:32} as ascertained from standards data
f the LC–MSD manufacturer (Agilent Technologies). S
ral LC-MS spectral intermediates were produced (Fig. 3)
y the PD, PD/TH and PD/MW methods after 60 min

rradiation. To emphasize the smaller peaks, the pea
/z = 127 (4-CP) was deleted from the mass spectra.
egative-ion mode signals atm/z = 93, 109, 123, 125 an
43 are, respectively, those of phenol, hydroquinone (HQ
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Table 3
Positive and negative ion ESI mass spectral numbers in the decomposition of 4-CP after 30, 60 and 120 min of irradiation by the PD, PD/TH and PD/MW routes

PD PD/TH PD/MW

Positive (m/z) Negative (m/z) Positive (m/z) Negative (m/z) Positive (m/z) Negative (m/z)

30 min – 93, 109, 123, 125,
127/129 (Cl), 173

– 93, 109, 117, 123, 127/129
(Cl), 143, 163, 173

143 59, 93, 127/129 (Cl)

60 min 143 93, 117, 123, 127/129
(Cl), 143 (Cl)

145 (Cl) 199 (Na) 93, 127/129 (Cl), 143, 163,
173, 254/256/258 (2Cl)

143 103, 109, 127/129
(Cl), 163, 254/256/258
(2Cl)

120 min – 103, 109, 125, 127/129
(Cl), 143 (Cl), 173

145 (Cl) 59, 93, 109, 117, 123, 127/
129 (Cl), 143, 173

223 (Na) 59, 93, 103, 109, 117,
127/129 (Cl), 143,
143/145 (Cl), 157,
254/256/258 (2Cl)

(Cl) indicates a substance having one chlorine substituent, whereas 2Cl indicates a substance with two chlorine functions; (pos): positive ion mode; (neg):
negative ion mode. Light source used was the 75 W Hg lamp; light irradiance, 0.3 mW cm−2.

catechol, hydrobenzoquinone (HBQ), hydroxyhydroquinone
(HHQ), and 4-chlorocatechol (4-CC); the signals atm/z = 223
(positive) and 254 (negative) belong to the intermediates
4-hydroxyphenylbenzoquinone and 2-(4′-chlorophenyl)-4-
chlorocatechol.

Bahnemann and coworkers[1] previously reported gen-
eration of these intermediates in aqueous alkaline media
(pH > 7). Our current results show these substances to be
formed by the PD/MW route in acidic media at pH < 7 (ini-
tial pH of 4-CP solution was 6.0), albeit under different

F
i

ig. 3. Electrospray mass spectra (negative-ion mode) recorded during the
rradiation. The peak atm/z = 127 (4-CP) was removed in order to emphasize t
decomposition of 4-CP by the PD, PD/TH and PD/MW methods after 60 min of
he weaker peaks.
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experimental conditions. The above results suggest various
primary degradative mechanistic steps for the degradation of
4-chlorophenol that we examine below.

3.4. Nature of the intermediates and proposed
degradation mechanisms

Comparison of the intermediates detected in the
microwave-assisted photocatalytic degadation of 4-CP from
those obtained from the photocatalytic method alone is rather
instructive[1–3]. The various intermediates produced from
the PD/MW, PD/TH, and PD methods and possible relevant
steps are summarized inScheme 2a–c, respectively.

For the PD/MW irradiation method, four initial elemen-
tary channels are postulated on the basis of the data ofTable 3
andFig. 3. Channel 1 involves attack of the•OH radical on

the C Cl carbon position to yield the radical intermediate (a),
followed by dechlorination to give the HQ(g)/BQ(h) species,
and the cyclic propoxide intermediate (b), which hydrolyzes
to the ring-opened species (c). Continued hydrolysis of (c)
yields intermediates (d) and (e) followed by further degrada-
tion to give succinic acid, malonic acid (identified by HPLC)
and acetic acid (note: no formic acid was detected – see above
discussion) on their way to CO2. Channel 2 involves electron
reduction of 4-CP to yield phenol (f). Hydrolysis of the pre-
cursor hydroxylphenyl radical also leads to HQ (g) and BQ
(h), which on continued hydroxylation by•OH radicals forms
the inferred (but not detected by the ESI–MS method) HBQ
and HHQ intermediates followed by ring opening (interme-
diate o) and subsequent formation of the carboxylic acid
species. Channel 3 is thought to involve addition of•OH
to 4-CP to produce 4-chlorocatechol (i), which upon dechlo-

S
P
b
4

cheme 2. (a) Gross overview of some of the mechanistic steps based on in
D/MW method. (b) Gross overview of some of the mechanistic steps base
y the PD/TH method. (c) Gross overview of some of the mechanistic steps
-CP by the PD method.
termediates identified by the ESI–MS technique in the degradation of 4-CP by the
d on intermediates identified by the ESI-MS technique in the degradation of 4-CP
based on intermediates identified by the ESI–MS technique in the degradation of
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Scheme 2. (Continued )

rination yields catechol (k) followed by species (l) and (o),
as well as intermediates (m) and (n). The last channel (step
4) suggests that the dichlorodihydroxybiphenyl intermedi-
ate (n) forms from reaction between 4-chlorophenol and
4-chlorocatechol.

Peculiar hydrolytic features are inferred in the degradation
of 4-CP when using the PD/TH (path 1 inScheme 2b) and the
PD/MW method (channel 1 inScheme 2a) that were not seen
in the PD method (Scheme 2c). The thermal effect, whether
from conventional or microwave-generated heat, was respon-
sible in part for the formation of intermediates (b) and (c) – no
equivalent was discerned in the photocatalytic (PD) method
alone. For path 2 (Scheme 2b), the HQ (g) intermediate is
formed subsequent to formation of phenol (intermediatef)
through a photoreductive path involving the hydroxyphenyl
radical precursor. Formation of BQ, observed by HPLC
(RT = 3.5 min; inset inFig. 2a), originates from HQ. Forma-
tion of BQ and the hydroxyphenyl radical by the PD/MW and
PD/TH methods (channel 2 inScheme 2a and b) explains the

formation of the 4-hydroxyphenylbenzo-quinone intermedi-
ate (i) seen by the PD/MW method inScheme 2a but not by
the thermally-assisted PD/TH method (Scheme 2b), nor by
the photocatalytic PD method alone (Scheme 2c).

In the TiO2-photocatalyzed degradation, BQ and HQ
are mineralized by further irradiation through intermediates
HBQ{q; m/z = 123 (neg);Scheme 2b}and HBQ and HHQ{q
ands; m/z = 123 (neg) and 125 (neg);Scheme 2c}. Curiously,
the PD/MW method failed to produce these two intermediates
q ands. We infer that either the microwave radiation affected
their formation, or else the microwave nonthermal factors
increased the rate of secondary reactions (ring opening) such
that they went undetected. Note that in the thermally-assisted
PD/TH method, intermediates HBQ and HHQ were detected
(Scheme 2b) inferring that microwave-generated heat (ther-
mal effect) played no role for their absence in the PD/MW
method.

Formation of 4-CC (intermediatej) takes place through
previous formation of the adduct between 4-CP and the
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Scheme 2. (Continued ).

•OH radicals in all three methods examined. Dechlorina-
tion of 4-CC yields catechol (intermediatek) which sub-
sequent to ring opening leads to succinic, malonic, acetic,
and formic acids, and ultimately to complete mineraliza-
tion to CO2 through both PD/TH and PD. In channel 4 of
Scheme 2a and path 3 ofScheme 2b, intermediaten {2-
(4′-chlorophenyl)-4-chlorocatechol} can also originate from
reaction(s) between two 4-CP molecules or between 4-CP
and 4-CC. Clearly, with minor exceptions, the same interme-
diates formed, whether by conventional thermally-assisted
photocatalytic degradation or by a photocatalytic reaction
subjected to a microwave radiation field. The major differ-
ence between the PD/MW and the PD/TH methods lies in

the apparent absence of HBQ and HHQ species. Moreover,
the intermediates 4-hydroxyphenylbenzoquinone and 2(4′-
chlorophenyl)-4-chlorocatechol, originally detected in TiO2
dispersions in alkaline solution[1], were also produced by
the PD/MW method.

3.5. Photodegradation of hydroqinone (HQ) in TiO2

dispersions

Since hydroquinone was an important intermediate in the
degradation of 4-CP, an original sample of HQ was also sub-
jected to the three photocatalytic methods to assess the fate
of HQ under these conditions, and perhaps provide addi-
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Fig. 4. (a) Time profiles of the degradation of hydroquinone (HQ) using loss
of UV absorption in the HPLC chromatogram, and (b) of the loss of total
organic carbon (TOC) in the decomposition of HQ (0.1 mM) in aqueous
media by photocatalyzed oxidation (PD), thermally-assisted photocatalyzed
oxidation (PD/TH) and by the integrated microwave-assisted photocatalyzed
degradation (PD/MW) using a 250 W mercury lamp to provide the UV radi-
ation.

tional details to an otherwise complex pathway. The temporal
decrease of UV absorption in the HPLC chromatogram of HQ
(RT = 2.5 min) in the photocatalyzed degradation of hydro-
quinone is illustrated inFig. 4a. Irradiation was carried out
using the Ushio 250 W mercury lamp since degradation of
HQ tended to be rather slow with the 75 W light source.
The extent of degradation of HQ followed the order PD/TH
(93%)≈ PD/MW (92%) > PD (63%) after 60 min of irradia-
tion with the PD/MW and PD/TH methods displaying nearly
identical temporal profiles. By contrast, loss of TOC (Fig. 4b)
was greatly influenced by the method chosen to degrade HQ.

The initial quantity of TOC (7.35 mg L−1; 0.10 mM)
decreased to 0 mg L−1 for the PD/MW method (100% loss),
and dropped to 2.0 mg L−1 for PD (ca. 73% loss) and to
2.8 mg L−1 for the PD/TH method (ca. 62% loss) on irradia-
tion for 120 min. The variations observed inFig. 4b suggest
that, subsequent to total cleavage of the HQ aromatic ring,
conventional and microwave-generated thermal effects pro-
moted further degradation of the intermediates as compared
to the PD method. Moreover, it is also evident that non-caloric
(nonthermal) microwave factors also play a role: compare for
example the PD/MW and PD/TH data inFig. 4b.

Formation of hydroxyhydroquinone (HHQ) was probed
by the mass spectral technique (negative-ion mode) for all
three PD, PD/TH and PD/MW methods. The mass peak at
m/z = 125 (neg) in the PD method seen after 120 min of irradi-
a cted
i ust
u ulti-

Fig. 5. Time profiles of the degradation of 4-CP (loss of UV absorption in
the HPLC chromatogram) (a), of the formation of Cl− ions (b), and of the
loss of TOC in the degradation of 4-CP by the MW, PD, PD/TH and PD/MW
irradiation of aqueous Pt/TiO2 dispersions.

mate mineralization by the latter two methods, in accord with
the notions summarized inScheme 2a and b.

3.6. Photocatalyzed degradation of 4-CP in platinized
TiO2 dispersions

Fig. 5compares the results of the degradative process for
4-CP taking place through the PD, PD/TH and PD/MW meth-
ods in Pt/TiO2 dispersions and monitored (a) by loss of UV
absorption at 279 nm in the HPLC chromatogram; (b) by
dechlorination; and (c) by loss of TOC. The most signifi-
cant difference with naked TiO2 dispersions (seeFig. 2) is
the relatively faster degradation of 4-CP by the PD/MW and
PD methods. The kinetic data ofTable 4indicate that degra-
dation of 4-CP followed the order PD/MW > PD > PD/TH,
paralleling the trend in naked TiO2 dispersions. Evidently,
conventional heating of the photocatalytic process (PD/TH)
is the least effective in ring opening of the 4-CP structure.

The greater acceleration of the process by the Pt co-
catalyst on the TiO2 surface through PD/MW, relative to
PD/TH, must implicate nonthermal factors of the microwave
radiation field. Photomineralization of 4-chlorophenol (TOC
loss) through the microwave-assisted photocatalytic pro-
cess is favored over the conventionally heated PD/TH
method; relevant ratios are PD/MW:PD:PD/TH = 3:2:1. By
contrast, photomineralization of 4-CP on naked TiOparti-
tion is that of the HHQ intermediate, which was not dete
n the PD/TH and PD/MW methods. This infers that HQ m
ndergo very fast degradation through ring cleavage to
 2
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Table 4
Approximate kinetics (k) in the degradation of 4-CP for 120 min of irradi-
ation by the PD, PD/TH and PD/MW methods in naked TiO2 (P-25) and
Pt/TiO2 dispersions

Kinetics of degradation of
4-CP and of TOC loss

Kinetics of
dechlorination

kdegradation(min−1) kTOC (min−1) kCl− (min−1)

TiO2

(PD) 0.01 (1)a 0.005 0.025
(PD/TH) 0.01 (1) 0.005 0.025
(PD/MW) 0.02 (2) 0.005 0.025

Pt/TiO2

(PD) 0.02 (3) 0.02 (2) 0.030
(PD/TH) 0.006 (1) 0.01 (1) 0.025
(PD/MW) 0.03 (5) 0.03 (3) 0.025

a Normalized ratios to the PD/TH value.

Table 5
Percent degradation, mineralization (TOC loss) and dechlorination during
the degradation of 4-CP in naked TiO2 and Pt/TiO2 aqueous dispersions
after 120 min of irradiation by the PD, PD/TH and PD/MW methods

System Percent
degradation

Percent
mineralization

Percent
dechlorination

TiO2 (PD) 65 60 87
(PD/TH) 55 36 87
(PD/MW) 90 60 100

Pt/TiO2 (PD) 76 26 68
(PD/TH) 70 66 83
(PD/MW) 100 77 100

cles (Table 4) seems indifferent on whether the photoprocess
is microwave-assisted or thermally-assisted. In comparison,
dechlorination of 4-CP occurred under otherwise identical
kinetics (within experimental error) indicating that platiniza-
tion of titania had no particular effect on the kinetics of
dechlorination.

Table 5 compares the extent (in %) of degradation,
mineralization, and dechlorination of 4-CP in naked TiO2
and Pt/TiO2 aqueous dispersions after a 120 min irradiation
period. Clearly, platinization of the titania photocatalyst led
to greater degradation (100% by the PD/MW method) and to
greater mineralization of 4-CP than was the case for naked
TiO2 photocatalyic processes. By contrast, platinization was
rather inconsequential on the extent of dechlorination of 4-
CP. In fact, platinization of TiO2 was less efficient in the
dechlorination by the PD method than was otherwise the case

for naked TiO2 alone. Similar observations are evident in the
mineralization of 4-CP, whereby naked TiO2 appears advan-
tageous in the evolution of CO2 (i.e. decaying TOC). Differ-
ences between the three photocatalytic methods caused by
the presence of the Pt co-catalyst on the TiO2 surface, accom-
panied by irradiation with microwaves, are most prominent
in the degradation of the intermediates produced (Table 6).
The degradation of 4-CP produced three intermediates within
120 min of irradiation by the PD method, identified by HPLC
as HQ, BQ and catechol (CC). The PD/TH method led to
formation of BQ and CC, whereas only BQ was seen after
60 min of irradiation by the PD/MW method indicating that
this method leads rapidly to further degradation of the inter-
mediates. Thus, the most suitable method of degradation of
4-CP is clearly the PD/MW method using platinized-TiO2
photocatalysis.

3.7. Probing the microwave thermal and nonthermal
effect(s) in Pt/TiO2 dispersions

The relevance of microwave-generated caloric (thermal)
effects against microwave nonthermal effects was exam-
ined for the photodegradation of 4-CP under ambient
constant temperature (25◦C) by comparing the photocat-
alyzed process (PD method) against the microwave-assisted
P tant
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Table 6
Summary of formation of intermediates detected by the HPLC technique d the Pt/TiO
photocatalyst at the indicated monitoring wavelengths

PD

60 min 120 min in

Hydroquinone (288 nm)/�M 0.011 0.0080
Benzoquinone (245 nm)/�M 0.31 0.37
Catechol (274 nm)/�M 0.011 0.013
a None was detected.
D/MW method. Maintaining the temperature cons
hows whether thermal or nonthermal (or both) microw
ffects influence the decomposition of the chloroph

oxin. The experimental conditions were otherwise iden
o those used to obtain the results summarized inTable 2.

Both degradation and mineralization (Table 7) were no
ffected when microwave irradiation was coupled to UV
ination of the Pt/TiO2 photocatalyst. This infers that t

hermal component of the microwave radiation field is hig
elevant to these two processes and explains the results
rated inFig. 5(see alsoTable 5). By contrast, dechlorinatio
f 4-CP was more effective after 30 min of irradiation

he PD/MW relative to PD photocatalysis at constant t
erature demonstrating that dechlorination is to some e

nfluenced by nonthermal effects of the microwave radia
his contrasts the results obtained in the degradation
P carried out in naked TiO2 dispersions (Table 2), whereby

he nonthermal component of the microwave radiation
layed no role in the dechlorination process.

uring the irradiation of 4-CP for 60 and 120 min, in the presence of2

PD/TH PD/MW

60 min 120 min 60 min 120 m

0.00050 nda nd nd
0.064 0.047 0.014 nd
0.012 0.010 nd nd
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Table 7
Degradation, loss of TOC, formation of Cl− ions and the intermediates 4-CC,
HQ and BQ in the mineralization of 4-CP by the PD25 and PD/MW25 meth-
ods with Pt/TiO2 photocatalysis at constant ambient temperature (25◦C).
Light source used for irradiation was the 250 W Hg lamp; light irradiance,
18 mW cm−2

Process PD25 PD/MW25

15 min 30 min 15 min 30 min

% Degradation (HPLC; 279 nm) 81 78 79 82
% Mineralization 52 96 48 96
% Dechlorination 86 86 90 100

Intermediates
4-Chlorocatechol (283 nm)/�M 0.017 0.024 0.011 0.011
Hydroquinone (288 nm)/�M 0.016 0.008 0.009 0.010
Benzoquinone (245 nm)/�M 0.170 0.019 0.380 0.270

Degradation of 4-CP occurring either by oxidative attack
of •OH radicals or by the photoreductive path through pho-
togenerated electrons trapped on the Pt co-catalyst led to
formation of three intermediates[5,6] on naked TiO2 albeit
under different conditions. Formation of 4-CC is governed
by attack of•OH radicals, whereas both a photooxidative
(through hydroquinone) and photoreductive path can lead to
formation of BQ. Formation of HQ can also involve both
pathways, either through•OH-radical displacement of the
4-chloro substituent or through hydrolysis of the hydrox-
yphenyl radical (•OH radicals or H2O). The greater quantity
of BQ produced by the PD/MW method (Table 7) is due to
photoreduction of the chlorophenol[6] on the UV-irradiated
Pt/TiO2 under a microwave radiation field. The data also
demonstrate that thermal effects bear significantly on the
cleavage of the benzene ring, contrasting our earlier find-
ings with other substrates[21,23,33]. In the present instance,
nonthermal factors have their greatest influence on dechlori-
nation. A role of both thermal and nonthermal factors is also
evident in the generation and decay of the type of intermedi-
ates produced.

3.8. Oxidative radicals

A key factor that affects the efficient photodegradation of
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in oxidations although its precise role remains a matter of
further study. Accordingly, we consider photooxidation of 4-
CP to take place through either•OH and/or•OOH radical
attack on the positions of highest electron density in the 4-
CP molecules (reaction b5). For Pt/TiO2, conduction band
electrons (ecb

−) trapped on the Pt co-catalyst accentuate the
reduction of oxygen molecules (reaction b7) in competition
with

TiO2 + hνλ<388nm→ TiO2(e−
cb + h+

vb) (b1)

h+
vb + OH−(H2O) → •OH(H+) (b2)

e−
cb + O2 → O−

2
• (b3)

O2
−• + H+ → −•OOH (b4)

•OH (or•OOH) + 4-CP → Intermediates

→ CO2 + H2O + Cl− (b5)

h+
vb + 4-CP→ 4-CP+• →→ CO2 + H2O + Cl− (b6)
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TiO2
→ Pt−

TiO2

O2−→ O2
−• (b7)
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rganic pollutants using TiO2 photocatalysis is the depe
ence on the concentration of oxidizing radicals. Tita
articles (anatase) absorb UV light at energies greater
.10 eV for naked TiO2 and > 3.11 eV for Pt/TiO2 to gener
te electron/hole pairs (reaction b1). Valence band holes+

vb)
re subsequently trapped by surface-bound HO− ions (or by
orbed H2O) to yield •OH radicals (and H+; reaction b2)
oncomitantly, the conduction band electrons (e−

vb) are scav
nged by adsorbed O2 molecules to yield superoxide radic
nions, O2

−•, in competition with surface Ti4+ ions to give
he corresponding Ti3+ trapped-electron surface states. P
onation of O2

−• yields•OOH radicals (reactions b3 and b
ecombination of trapped electrons in the superoxide
al anions with hvb

+ yields singlet oxygen (1O2) [39], also a
owerful reactive oxygen species, which cannot be precl
4−CP−→ Dechlorinated intermediates and products

echlorination of 4-CP (reaction b8). Note that the di
nitial photodegradation of 4-CP by h+

vb (stage b6) on th
iO2 surface, though not precluded by our present da
eemed unlikely[40].

Formation of •OH and •OOH radicals during TiO2-
hotocatalyzed oxidations driven by simultaneous UV
icrowave radiation was probed by electron spin reson

echniques employing a novel set-up in which the EPR s
le (contained the DMPO spin-trap agent and naked TiO2 or
t/TiO2 in aqueous media) could be irradiated by both

ight and microwaves. The output power of the microw
adiation was ca. 2 W incident on the sample in the pl
uartz cell located in the EPR cavity. The UV irradiat
ource was an Ushio 250 W mercury lamp whose UV l
rradiated the sample from a diagonally lower position
he sample through a fiber optic light-guide. Air-equilibra
queous dispersions (2.5 mL; pH 5.8) containing TiO2 and
t/TiO2 particles (loading, 5 mg) and the DMPO spin-t

5,5-dimethyl-1-pyrrolidine-N-oxide; 50�L) were sonicate
or ca. 30 s in the dark, and then introduced into the sa
lanar cell also under dark conditions, subsequent to w

rradiations and scanning the spectra were initiated sim
eously. Other features of the microwave/UV set-up and
PR system were reported previously[34]. The EPR spec

ral peak intensities were obtained automatically relativ
standard Mn2+ marker using the appropriate software

he JEOL JESTE200 ESR spectrometer. The ratios rep
n the in the EPR spectra (Fig. 6) of the DMPO−•OH and
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Fig. 6. ESR spectral features of the DMPO–•OH and DMPO–•OOH spin-
adducts formed upon irradiation of water alone, aqueous TiO2 dispersions,
and Pt/TiO2 aqueous dispersions by UV light alone (PD method) and by the
combined UV light and MW radiation (UV/MW method).

DMPO–•OOH spin-adducts produced in the various TiO2
and Pt/TiO2 heterogeneous systems under UV irradiation,
and/or coupled MW/UV irradiation, represent values cor-
rected for the small number of radicals produced on soni-
cation.

The naked TiO2 system displayed the classical though
slightly non-symmetrical 1:2:2:1 spectral signature of DMPO
spin-trapped•OH radicals. The lack of symmetry in the
four-line ESR signature of DMPO–•OH adducts may be
caused either by variations in the environmental microvis-
cosity about the spin probe or by changes in the interactions
of the spin probe with the TiO2 particle surface[41]. The pla-
tinized TiO2 system displayed mixed signals for the DMPO
spin-trapped•OH and•OOH radicals in accord with previ-
ous observations by Noda and coworkers[42]. The number
of •OH radicals produced on naked TiO2 by the PD/MW
method was nearly 30% greater than by the PD method,
whereas, smaller quantities of•OOH and•OH radicals were
produced on irradiated Pt/TiO2 by the PD/MW method. We
attribute the decrease in the number of these oxygen rad-
icals accompanying microwave irradiation to the photore-
duction of oxygen and its subsequent binding to platinum
from microwave-generated heating the Pt co-catalyst. How-

ever, in the presence of another reducible substrate, such as
4-CP, the trapped electrons on platinum favor reduction of
this reducible chlorophenol to produce BQ[6] at the expense
of oxygen reduction, as evidenced from the data reported
in Table 7for the PD/MW25 method involving the Pt/TiO2
system.

3.9. The nature of microwave nonthermal effects in
photocatalysis

Microwave nonthermal effects implicated in the overall
degradation of 4-chlorophenol were also considered earlier
in relation to the photodecomposition of other substrates
[21,22]. To obtain further information on the nature of these
nonthermal factors, we assessed the dielectric loss coeffi-
cient ε′′ of naked TiO2 and Pt/TiO2 pellets, prepared using
a press operated under high pressures (ca. 1000 kg cm−2) so
as to eliminate air between the particles asε′′ is dependent
upon the form of the substrate being examined. Note that the
crystalline structure of the photocatalyst in pellet form is not
modified under high pressures. The measured dielectric loss
coefficient of naked TiO2 was ε′′ = 0.20; for the platinized
titania, Pt/TiO2, pellet ε′′ = 0.29 at a microwave frequency
of 2.45 GHz. The level of microwave radiation absorbed by
TiO2 and Pt/TiO2 powders (800 mg) under dark conditions
was monitored by temperature increase of the two specimens.
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The TiO2 particles had previously been treated at 14◦C
n an electric furnace for ca. 30 min; this heat treatm
id not remove the ubiquitous chemisorbed water pre
n the TiO2 surface. Initially at 25◦C, each sample reach
a. 100◦C after being microwave-irradiated for about 18
naked TiO2) and 135 s (Pt/TiO2), with the rate of increase
emperature being, respectively, 0.41◦C s−1 and 0.56◦C s−1.
he Pt co-catalyst in the Pt/TiO2 sample was inductive
eated, acting subsequently as a heat conductor, m

nduction heating of Pt/TiO2 particles occur faster than f
aked TiO2 particles.

Formation of localized hot micro-/nano-scale doma
o-called “hot spots”, on the TiO2 surface by microwave irra
iation, or selective heating of photocatalytic active site

he photocatalyst may also lead to microwave effects s
ar to those attributed to microwave nonthermal factors
resume that such localized hot domains have plasm
roperties in certain parts of the TiO2 surface. Various work
rs have invoked the role of hot spots in chemical reac
ccurring under a microwave radiation field[43–47]. Tsai
t al. [48] emphasized the role of hot spots in their e

rochemical studies with Pt electrodes. Unfortunately,
emperature of these hot spots over such a small fracti
he TiO2 particle surface cannot be estimated. In addi
he platinum deposits on the TiO2 surface may also genera
olarized domains on the metal-oxide particle surface u

he microwave radiation field. Consequently, the degr
ion of 4-CP through the PD/MW method may be enhan
hen occurring at or near hot localized domains or po

zed domains. Enhancement of metal-support-interac



S. Horikoshi et al. / Journal of Photochemistry and Photobiology A: Chemistry 177 (2006) 129–143 143

between the Pt deposits and the metal-oxide surface by the
microwave radiation field can also modify the activity of the
Pt co-catalyst on the support. It would also not be unlikely for
the microwave radiation field to restructure the metal-oxide
particle surface so as to increase the number of catalytically
active sites. Certainly, the greater number of•OH radicals
produced in naked TiO2 specimens attests to the role that
microwave nonthermal factors may have in photocatalysis.

Regardless, whatever the precise origin/nature of
microwave nonthermal factors, they nonetheless do cause
changes to occur in the overall degradative process that can-
not be ascribed to simple conventional heating or microwave-
generated heating of the dispersions.
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