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Abstract

Advanced oxidation processes have emerged as potentially powerful methods to transform organic pollutants in aqueous solutions into
non-toxic substances. In this work, a comparison of degradation dynamics of five aromatic compounds (phenol, chlorobenzene, nitrobenzene,
4-chlorophenol, and pentachlorophenol) in aqueous solutions by non-catalytic UV, MW, and combined MW/UV remediation techniques in the
presence of H2O2 is presented. Relative degradation rate constants have been monitored and the major products were identified. The combined
degradation effect of UV and MW radiation was found larger than the sum of isolated effects in all cases studied. It is concluded that such
a hotoreaction
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n overall efficiency increase is essentially based on a thermal enhancement of subsequent oxidation reactions of the primary p
ntermediates. Optimizations revealed that this effect was particularly significant in samples with a low concentration of H2O2, however, a
arger excess of H2O2 was essential to complete the destruction in most experiments. The absence of heterogeneous catalysts was
n additional advantage of the technique applied.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Photochemistry in the microwave (MW) field[1]
rovides an opportunity to combine chemical activation
y two distinctive kinds of electromagnetic radiation.
hile low-energy MW radiation (E = 0.4–40 J mol−1;

= 1–100 GHz) is typically responsible for dielectric
eating causing thermally initiated reactions[2,3], UV–vis
adiation (E = 600–170 kJ mol−1; λ = 200–700 nm) initiates
he excited-state transformations. In the past 5 years, we
ave reported on an original photochemical reactor that

akes advantage of an electrodeless discharge lamp (EDL),
hich generates UV radiation when placed into the MW
eld inside a reaction mixture[4–7]. There have been first
uccessful attempts to use combined MW/UV irradiation
or an efficient degradation of various samples prior to
pplication of a subsequent analytical method. Florian
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and Knapp proposed a novel MW/UV, high-temperat
high-pressure digestion procedure for the decompositio
interfering dissolved organic carbon as a part of the t
element analysis of industrial or municipal wastewater[8].
Photodegradation[9] and microwave thermolysis[10] of
pollutants and toxic agents in wastewater are two impo
methods for their removal, often in combination with a s
catalyst (e.g., TiO2). Results from the first environmenta
relevant studies already appeared in the scientific liter
and the topic is also covered by several patents ([1] and
references therein). Campanella et al.[11] reported on
minor but positive enhancements of the photodegrad
efficiency of o- and p-chlorophenol aqueous solutions
microwave heating. Those model systems served for e
sion of the application to other environmentally interes
compounds, such as sodium dodecylbenzenesulfona
organophosphosphate pesticides. Heterogeneous ca
degradation of humic acid in aqueous titanium dioxide
pension under MW/UV conditions was studied by Che
et al.[12] for the first time. An enhancement in this case
010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2005.05.008
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reported as higher than a simple addition of both effects.
In the past 3 years, Horikoshi, Hidaka, and Serpone have
published a series of studies on environmental remediation
of various aqueous solutions by simultaneous MW/UV
irradiation in the presence of TiO2 [13–15]. It was proved
that this integrated illumination technique is superior in the
degradation of various organic compounds than a simple
photocatalysis.

In recent years, advanced oxidation processes (AOP)
have emerged as potentially powerful methods, which are
capable of transforming organic pollutants in aqueous solu-
tions into non-toxic substances. Such a remediation usually
relies on the generation of reactive free radicals, especially
hydroxyl radicals (HO•) [16]. These radicals react rapidly
and usually non-selectively with most organic compounds,
either by addition to a double bond or by abstraction of
a hydrogen atom from organic molecules, resulting in a
series of degradation oxidation reactions ultimately lead to
mineralization products, such as CO2 and H2O [17]. AOP
have been studied in many variation, including UV/H2O2,
O3/H2O2, O3/H2O2/UV, H2O2/Fe2+ (Fenton reaction); and
UV/H2O2/Fe2+ (Photo-Fenton reaction).

In the present study, we wished to compare degradation
dynamics of five model aromatic compounds (phenol,
chlorobenzene, nitrobenzene, 4-chlorophenol, and pen-
tachlorophenol) in aqueous solutions by non-catalytic UV,
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this simultaneous MW/UV technique is superior in the
degradation than a simple photooxidation or MW-assisted
oxidation. The combination of the conventional degrada-
tion techniques could be promising strategy for drinking
water treatment or environmental remediation of polluted
wastewaters.

2. Experimental

2.1. Equipment

The experiments were accomplished in a modified MW
oven Whirlpool M401 (900 W), operating at 2450-MHz fre-
quency, as described elsewhere[18,19], which had a window
for UV irradiation from a conventional high-pressure Hg
discharge lamp (400 W). The external irradiation guaran-
teed identical irradiation conditions for all experiments. The
limit on the safe stray leakage of microwave power density
was kept below 5 mW cm−2 at 2450 MHz measured in the
50-mm distance from the equipment. The equipment was
checked for leaks especially around the modified area[6].
The experimental system in the microwave oven consisted
of a quartz (allowing irradiation atλ > 254 nm) vessel con-
taining an aqueous solution (50 ml), equipped with a reflux
condenser. A typical sample concentration was 10−3 mol l−1
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as the
W, and combined MW/UV techniques in the presenc
2O2, where the MW field has been used solely as a sim
eating technique. This study focused on (a) exami

he effect of MW radiation on the photolytic non-cataly
xidative degradation under UV irradiation to obtain so
vidence for the initial mechanistic steps; (b) on optim

ng the degradation process; and (c) on finding whe

able 1
elative initial pseudo first-order rate constantskrel for phenol (c = 10−3 mo

onditions H2O2 concentration (mol l−1)

W; reflux 5× 10−3

W; reflux 1
V; 20◦C 5×10−3

V; 20◦C 1
W/UV; reflux 0
W/UV; reflux 5× 10−3

W/UV; reflux 1
a The products listed were found in all experiments.

able 2
elative initial pseudo first-order rate constantskrel for chlorobenzene (c = 1

onditions H2O2 concentration (mol l−1)

W; reflux 5× 10−3

W; reflux 0.5
V; 20◦C 0
V; 20◦C 5× 10−3

V; 20◦C 0.5
W/UV; reflux 5× 10−3

W/UV; reflux 0.5
a Chlorophenols were identified in all experiments with H2O2; phenol w
except pentachlorophenol withc = 6× 10−6 mol l−1). All
xperiments, with MW heating or in its absence, were
ied out in this set-up to guarantee the same experim
onditions. The concentration of the solutes was monit
y HPLC during the course of irradiation. The dark cont
ere done for all chemical systems with the highest H2O2
oncentrations in the time scale of the experiments at 2◦C;

egradation and the major products

krel (min−1) Main degradation productsa

0.0018± 0.0001 Hydroquinone; benzoquino
0.1021± 0.0090
0.0022± 0.0001
0.0109± 0.0013
0.0014± 0.0001
0.0857± 0.0032
0.1489± 0.0089

l l−1) degradation and the major products

rel (min−1) Main degradation productsa

.0154± 0.0005 4-Chlorophenol; 2-chlorophenol; phe
0.0576± 0.0044
.0112± 0.0001
.0129± 0.0002

0.1162± 0.0060
.1634± 0.0004
.3570± 0.0131

major photoproduct.



26 P. Klán, M. Vavrik / Journal of Photochemistry and Photobiology A: Chemistry 177 (2006) 24–33

Table 3
Relative initial pseudo first-order rate constantskrel for nitrobenzene (c = 10−3 mol l−1) degradation and the major products

Conditions H2O2 concentration (mol l−1) krel (min−1) Main degradation productsa

MW; reflux 0.5 0.778± 0.023 2-Nitrophenol; 4-nitrophenol
UV; 20◦C 0 0.071± 0.003
UV; 20◦C 0.5 0.195± 0.026
MW/UV; reflux 0.5 1.369± 0.072

a The products listed were found in all experiments.

Table 4
Relative initial pseudo first-order rate constantskrel for 4-chlorophenol (c = 10−3 mol l−1) degradation and the major products

Conditions H2O2 concentration (mol l−1) krel (min−1) Main degradation productsa

MW; reflux 1× 10−2 0.00039± 0.00001 Phenol; hydroquinone; benzoquinone; coupling products
MW; reflux 1 0.0031± 0.0001
UV; 20◦C 0 0.013± 0.001
UV; 20◦C 1× 10−2 0.016± 0.001
UV; 20◦C 1 0.043± 0.005
MW/UV; reflux 1× 10−2 0.076± 0.004
MW/UV; reflux 1 0.131± 0.006

a Phenol, hydroquinone, and benzoquinone were found in all experiments. The coupling products, such as 5-chlorobiphenyl-2,4′-diol, were formed only by
photolysis.

no chemistry was observed in all cases within the error of the
measurements.

2.2. Chemicals

Water was purified by the reverse osmosis process on an
Aqua Osmotic 03 and its quality complied with US Phar-
macopaial Standards (USP). Hydrogen peroxide (p.a., 30%)
and acetonitrile (HPLC quality) were purchased from Fluka.
The exact concentration of H2O2 was determined by an
iodometric titration. Phenol, chlorobenzene, nitrobenzene, 4-
chlorophenol, and pentachlorophenol were purchased from
Lachema Co. and they were purified by distillation or recrys-
tallization to a <99% quality. Products listed inTables 1–4
were identified by HPLC analysis comparing the retention
times of the authentic compounds, which were either obtained
in our previous studies[20,21](their identification was based
on GC–MS analyses) or purchased from Aldrich.

2.3. Analysis

The samples were analyzed on a Shimadzu LC-10AD
HPLC apparatus equipped with a UV detector Shimadzu
SPD-10A (λ = 220–300 nm) and columns SGC C-8 or C-
18 (150× 3 mm), with mobile phases for phenol: acetoni-
trile/water (1:1, v/v), flow rate of 0.8 ml min−1; chloroben-
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3. Results and discussion

Aqueous solutions of phenol, chlorobenzene, nitroben-
zene, 4-chlorophenol, and pentachlorophenol have been sub-
jected to various degradative methods: microwave-assisted
destruction (MW), microwave-assisted destruction in the
presence of H2O2 (MW/H2O2), photolysis (UV), photoly-
sis in the presence of H2O2 (UV/H2O2), microwave-assisted
photolysis (MW/UV), and microwave-assisted photolysis in
the presence of H2O2 (MW/UV/H2O2). The degradation
dynamics has been monitored to estimate the rate of dis-
appearance of the starting material and, in addition, some
photoproducts were identified. All compounds used display
strong absorption bands atλ > 254, therefore, a quartz win-
dow and reaction vessel have been employed. The combined
MW/UV reactor consisted of a MW cavity, which had a win-
dow for an external UV irradiation. The vessel containing
the reaction solutions was irradiated always in the same posi-
tion and distance from the UV source, even in cases that
the MW source was off. This guaranteed identical irradiation
conditions in all experiments. All samples were analyzed by
HPLC during the course of irradiation in the corresponding
time intervals. The initial relative rate constants of degrada-
tion presented here are valid for the experimental conditions
used only.

Hydrogen peroxide is a safe, efficient, and easy-to-use
c tion
p , and
f ince
h any
o s of
p ation
r n
t
c a-
zene: acetonitrile/water (7:3, v/v), flow rate of 1.2 ml min−1;
nitrobenzene: acetonitrile/water (1:1, v/v), flow rate
1.0 ml min−1; 4-chlorophenol: acetonitrile/water (1:1, v/
flow rate of 0.8 ml min−1; and pentachlorophenol: aceto
trile/water (3:1, v/v), flow rate of 1.0 ml min−1. Methyl ben-
zoate was used as an internal standard. Concentrations
analyzed compounds were calibrated on authentic sam
The relative standard deviation for triplicate measurem
was below 7% in all analyses.
hemical oxidant suitable for wide usage on contamina
revention. It was first used to reduce odor in wastewater

rom then on, it became widely employed. However, s
ydrogen peroxide itself is not an excellent oxidant for m
rganic pollutants, it must be combined with UV light, salt
articular metals, or ozone to produce the desired degrad
esults[16]. Photolysis in the presence of H2O2 is based o
he formation of HO• radicals by means of the OO bond
leavage (H2O2 + hν → 2HO•) and the subsequent prop



P. Klán, M. Vavrik / Journal of Photochemistry and Photobiology A: Chemistry 177 (2006) 24–33 27

Fig. 1. (a) Microwave-assisted degradation of phenol (c = 10−3 mol l−1) in the presence of H2O2 (the concentrations are shown in the inset) in water. (b)
Photolysis of phenol (c = 10−3 mol l−1) in the presence of H2O2 (the concentrations are shown in the inset) in water at 20◦C. (c) MW-assisted photolysis of
phenol (c = 10−3 mol l−1) in the presence of H2O2 (the concentrations are shown in the inset) in water.

gation reactions[22]. The molar absorptivity of hydrogen
peroxide at 253.7 nm is low (∼20 M−1 cm−1) and HO• rad-
icals are formed per incident photon absorbed. If there are
other strong UV absorbers different than hydrogen peroxide,
such as organic aromatic compounds, an internal filter effect
is observed. In addition, the degradation of organic chro-
mophores can simultaneously proceed by direct photolysis,
and if MW heating is introduced, thermal effects on all chem-
ical processes are anticipated. The combined MW/UV/H2O2
treatment of the solutions must thus reveal a complex chem-
istry.

3.1. Phenol

Phenol aqueous solutions (c = 10−3 mol l−1) containing
hydrogen peroxide were subjected to MW heating and the
degradation profiles were fitted to monoexponential curves
(Fig. 1a). A high concentration of H2O2 was essential: only a
large excess (c = 1 mol l−1) enabled an efficient destruction of

the starting compound and lower concentrations left a large
portion of the starting compound unreacted. A MW/H2O2
destruction was very responsive to [H2O2]—raising the
concentration from 5× 10−3 to 1 mol l−1 corresponded to
the initial pseudo-first-order reaction rate constants (krel)
equal to 0.0018 and 0.1021 min−1, respectively, that is an
increase by a factor of 55 (Table 1). Photolysis (UV/H2O2)
of the same solutions at 20◦C revealed that the phenol
consumption is significantly less sensitive to [H2O2]
compared to thermal degradation (Fig. 1b; Table 1). The
photodegradation curves were also fitted to a first-order
reaction law as was also observed elsewhere[23]. A com-
bined remediation technique (MW/UV/H2O2) proved to be
very successful (Fig. 1c); samples with a very low peroxide
concentration (c = 5× 10−3 mol l−1) were degraded with
the same reaction efficiency as those using MW/H2O2 at
high peroxide concentrations (Table 1). Further addition
of peroxide had only minor effect on the rate constants.
It is apparent from the table that such an enhancement is
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higher than a simple addition of both effects by factors of 21
and 1.3 at 5× 10−3 and 1 mol l−1 peroxide concentrations,
respectively. Phenol was not expected to provide any efficient
photochemical degradation other than oxidation by H2O2 or
oxygen. The internal filter effect of phenol (λmax= 270) will
definitely become substantial when only small amount of
H2O2 molecules are present in the samples. The oxidation
products identified, hydroquinone and benzoquinone, rep-
resent typical primary adducts of the hydroxyl radicals with
phenol.

3.2. Chlorobenzene

Chlorobenzene solutions (c = 10−3 mol l−1) were exposed
to the same degradation techniques as those of phenol.
While thermal degradation of the phenol solutions was more
efficient than that of photolysis, chlorobenzene was more
sensitive to the UV irradiation comparing to phenol. The
molar absorption coefficient of chlorobenzene atλmax= 264
is about one order or magnitude lower than that of phenol

(λmax= 270). The rationalization must be in efficient photore-
ductive dechlorination and aryl free radical coupling reac-
tions commonly observed in all H-donating solvents[24], in
addition to photosubstitution, the major pathway in methanol
or aqueous solutions[25]. The main product of hydrolysis
was phenol, identified in all irradiated samples, but forma-
tion of 4-chlorophenol and 2-chlorophenol was also relatively
efficient in samples containing H2O2. Fig. 2a andTable 2
show that chlorobenzene is destroyed by MW/H2O2 with
the pseudo-first-order reaction rate constants (krel) equal to
0.0154 and 0.0576 min−1, for H2O2 concentrations 10−2

and 0.5 mol l−1, respectively. Degradation of chlorobenzene
using various photoinduced oxidation processes, such as
direct ultraviolet light-induced photolysis, has been investi-
gated under aerobic and anaerobic conditions by Dilmeghani
and Zahir, and a UV/H2O2 process was found superior to sim-
ple photolysis[26]. The same findings were apparent in our
experiments, in which photolysis (UV/H2O2) of the solutions
(Fig. 2b) displayed an efficient and complete degradation
only at higher peroxide concentrations, with curves fitted

F
(
p

ig. 2. (a) Microwave-assisted degradation of chlorobenzene (c = 10−3 mol l−1) in
b) Photolysis of chlorobenzene (c = 10−3 mol l−1) in the presence of H2O2 (the
hotolysis of chlorobenzene (c = 10−3 mol l−1) in the presence of H2O2 (the conce
the presence of H2O2 (the concentrations are shown in the inset) in water.
concentrations are shown in the inset) in water at 20◦C. (c) MW-assisted
ntrations are shown in the inset) in water.
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to a first-order reaction law again. A combined technique
(MW/UV/H2O2) proved to be very successful (Fig. 2c). The
process efficiency, expressed by the relative rate constants
(Table 2), at [H2O2] equal to 5× 10−3 mol l−1 was∼6 times
higher than the sum of those of UV/H2O2 or MW/H2O2,
while only by a factor of 2 at a higher peroxide concentration
(c = 0.5 mol l−1).

3.3. Nitrobenzene

Nitrobenzene solutions (c = 10−3 mol l−1) containing
hydrogen peroxide were found to be thermally very unsta-
ble.Fig. 3a shows that all MW/H2O2 degradation processes
at the peroxide concentrations in the interval of 2× 10−2 and
0.5 mol l−1 underwent with nearly samekrel equal to∼0.78
(Table 3). In contrast, photolysis was relatively less efficient
(Fig. 3b), although nitrobenzene has a significant absorption
in the region of 250–400 nm (λmax= 280), but still reaching
a 100% conversion. Nitroaromatic compounds are known
to be photoreactive, for instance, via photoinduced nucle-

ophilic substitution[7], thus subsequent oxidation by the
hydroxyl radicals[27,28]produced photochemically should
not be the exclusive degradation pathway, despite the fact
that 4-nitrophenol and 2-nitrophenol were found to be exclu-
sive oxidation products at low conversions (Table 3). A
combined effect of MW and UV did barely increase the
degradation efficiency (krel =∼1.4) but still the total degra-
dation rate constant for the MW/UV/H2O2 technique was
higher than a simple addition of those of MW/H2O2 and
UV/H2O2.

3.4. 4-Chlorophenol

Chlorophenols belong among the most widely studied
organic micropollutants. 4-Chlorophenol is used in paper,
herbicide, and pesticide industries, and it has been identified
in aquatic and soil environment[29,30]. Monochlorophenols
in neutral aqueous solutions absorb significantly in the region
of 250–290 nm; the absorption maximum of the para deriva-
tive is at 278 nm[31]. In the present study, a MW/H2O2
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ig. 3. (a) Microwave-assisted degradation of nitrobenzene (c = 10−3 mol l−1) in th
hotolysis of nitrobenzene (c = 10−3 mol l−1) in the presence of H2O2 (the concen
f nitrobenzene (c = 10−3 mol l−1) in the presence of H2O2 (the concentrations a
e presence of H2O2 (the concentrations are shown in the inset) in water. (b)
trations are shown in the inset) in water at 20◦C. (c) MW-assisted photolysis
re shown in the inset) in water.
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technique was found to be significantly less efficient than
that of UV/H2O2 (Fig. 4a and b;Table 4) and again, a mod-
est enhancement in the combined technique was observed
(Fig. 4c, Table 4). The degradation profiles of chlorophe-
nol photolysis at low H2O2 concentrations were practically
linear, following nearly zero-order kinetics, which suggests
that a direct not-assisted photolysis was a dominant process.
Fig. 4d displays a comparison of the degradation profiles of
the corresponding techniques used, showing an optimal con-
dition for complete chlorophenol destruction. Photolysis of
this compound in aqueous solution is known to give a mixture
of primary products; the major products in degassed solutions
are known to be hydroquinone via the photosolvolysis mech-
anism and 5-chlorobiphenyl-2,4′-diol [32]. Table 4lists the
products, form which a coupling product (chlorobiphenyl-
diol) was formed only by UV irradiation. Hydroquinone
and benzoquinone were found in significant amounts in all
experiments, which means that oxidation by the hydroxyl

radicals prevails in heated solutions over bimolecular cou-
pling reactions of the radical intermediates produced by
photolysis.

3.5. Pentachlorophenol

Due to a low pentachlorophenol solubility in water,
6× 10−6 mol l−1 solutions were prepared for the present
studies.Table 5and Fig. 5a and b clearly show that both
MW/H2O2 and UV/H2O2 remediation techniques gave com-
parable results at the corresponding peroxide concentrations,
which in addition had only moderate effect on the rela-
tive rates. The MW/UV/H2O2 treatment exhibited a rate
enhancement higher than a simple addition of both effects
by factors of 2.4 and 1.6 at 10−2 and 1 mol l−1 peroxide
concentrations, respectively. Degradation of pentachlorophe-
nol by some advance oxidation techniques has been stud-
ied before, showing that octachlorodibenzo-p-dioxin or
Fig. 4. (a) Microwave-assisted degradation of 4-chlorophenol (c = 10−3 mol l−1) i
(b) Photolysis of 4-chlorophenol (c = 10−3 mol l−1) in the presence of H2O2 (the
photolysis of 4-chlorophenol (c = 10−3 mol l−1) in the presence of H2O2 (the conc
(c = 10−3 mol l−1) in the presence of H2O2 (the concentrations are shown in th
at 20◦C (UV), and MW-assisted photolysis (MW-UV).
n the presence of H2O2 (the concentrations are shown in the inset) in water.
concentrations are shown in the inset) in water at 20◦C. (c) MW-assisted

entrations are shown in the inset) in water. (d) Degradation of 4-chlorophenol
e inset) in water under given conditions: microwave heating (MW), photolysis
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Table 5
Relative initial pseudo first-order rate constantskrel for pentachlorophenol
(c = 6× 10−6 mol l−1) degradation

Conditions H2O2 concentration (mol l−1) krel (min−1)

MW; reflux 2× 10−2 0.065± 0.002
MW; reflux 0.5 0.130± 0.015
UV; 20◦C 0 0.058± 0.002
UV; 20◦C 2× 10−2 0.067± 0.004
UV; 20◦C 0.5 0.110± 0.014
MW/UV; reflux 2× 10−2 0.514± 0.044
MW/UV; reflux 0.5 0.549± 0.067

2-hydroxy nonachlorodiphenyl ether were formed as primary
products[33]. Several products detected by HPLC in this
work, however, remained unidentified due to their very low
concentrations.

A simultaneous UV irradiation and MW heating of
molecules may affect the course of reactions by various mech-
anisms at each step of the transformation[1]. From many pos-

sibilities, one is a bimolecular photoreaction starting with a
ground state molecule, which is electronically excited, trans-
formed into an intermediate (or a transition state), and finally
yields a product. Virtually each step may be complicated by
a parallel microwave-assisted reaction offering a different
chemical history. Microwave radiation in MW-transparent
media may affect electronically excited molecules or short-
lived transition states, however, the lifetime of the species
must be long enough to provide a sufficient time for the
interaction with this low-frequency radiation. Another path-
way becomes important when MW dielectric heating initi-
ates “dark” (thermal) chemical reactions, especially in polar
solvents, competitive or exclusive to a photochemical path-
way and yielding same or different products. The efficiency
of photoreaction can be also altered by microwave induc-
tion when the excitation energy of the starting ground state
molecule is temperature dependent (e.g.,[4,5]). In such a
case, individual effects of both types of electromagnetic radi-
ation simultaneously influence a single chemical step, in

F
i
M

ig. 5. (a) Microwave-assisted degradation of pentachlorophenol (c = 6× 10−6 mo
n water. (b) Photolysis of pentachlorophenol (c = 6× 10−6 mol l−1) in the presen

W-assisted photolysis of pentachlorophenol (c = 6×10−6 mol l−1) in the presen
l l−1) in the presence of H2O2 (the concentrations are shown in the inset)
ce of H2O2 (the concentrations are shown in the inset) in water at 20◦C. (c)
ce of H2O2 (the concentrations are shown in the inset) in water.
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Scheme 1.

which the ground state molecules (MW-heated molecules)
are being excited. Naturally, if the intermediates react with
different rate constants, the total observed rate constant of
the reaction is proportional to the sum of all individual rate
constants.

For example, we can assume that 4-chlorophenol under-
goes two basic reactions when its aqueous solution con-
taining H2O2 is simultaneously irradiated by MW and UV:
radical substitutions and a coupling reaction (Scheme 1).
Thus, a competition between the reaction of the OH radi-
cals created either photochemically or thermally from H2O2
[16,28,34,35]and other photoreactions in their absence must
be observed. The electrophilic OH radicals can cause con-
tinuing oxidation of all intermediates present, which even-
tually leads to the formation of benign final products. In
addition, photochemically formed intermediates may react
with HO• to form more complex side-products. A homolytic
C Cl bond cleavage producing free phenolic radicals may
lead to the dimer formation due to radical electrophilic-
like or electrophilic (when electron transfers from Ar• to
Cl•) substitution [20]. A higher temperature must influ-
ence kinetic barriers of all elemental steps. Therefore, we
should not be surprised that the combined effect of UV
and MW radiation is larger than the sum of both. It is
apparent that if the same thermal reactions proceed in the
UV irradiated samples, only equally or more efficient pho-
t ver-
a on
a hem
i the
o
o W-
a t
d rates
m res
a

4. Conclusion

Oxidation of organic pollutants dissolved in water is an
attractive method of treatment resulting in the conversion of
organic compounds into innocuous materials, such as carbon
dioxide and water. The results presented in this work show
that the simultaneous MW/UV/H2O2 remediation technique
offer an attractive alternative to conventional oxidation or
photocatalytic degradation methods for environmental reme-
diation of polluted wastewaters. The absence of heteroge-
neous catalysts is in no doubt an important advantage of
this technique. Non-catalytic remediation of aqueous solu-
tions by MW-assisted photolysis in the presence of H2O2,
which takes advantage of thermal enhancement of the pro-
cesses initiated or followed by absorption of light, was found
to be very efficient. Optimization revealed that the simul-
taneous effect is particularly significant in samples with a
low concentration of H2O2, however, a large excess of H2O2
may be essential to complete the destruction. It was real-
ized that each system requires a specific approach to find
ideal destruction conditions and that the partition between
the photochemical and thermal pathways is dependent on
the ratio of the degradation rates and initial reaction condi-
tions. A remarkable increase in the degradation efficiency
under a simultaneous MW/UV/H2O2 treatment than would
be expected from a simple addition of the reaction efficien-

aused
uent
ates.

try
the
ochemical reactions can significantly compete. The o
ll efficiency enhancement is then based exclusively
n enhancement of reaction successive to a photoc

cal step (e.g., that of the phenol radical, which is
nly primary photoproduct shown inScheme 1) as well as
n a larger production of the hydroxyl radicals by M
ssisted photolysis of H2O2. Finally, an internal filter effec
ue to absorption capabilities of the organic subst
ust play an imperative role in optimization procedu
s well.
-

cies was observed to be specific for a given substrate, c
presumably by an enhancing the probability of subseq
thermal reactions of the primary photoreaction intermedi
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