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Abstract

Advanced oxidation processes have emerged as potentially powerful methods to transform organic pollutants in aqueous solutions int
non-toxic substances. In this work, a comparison of degradation dynamics of five aromatic compounds (phenol, chlorobenzene, nitrobenzen
4-chlorophenol, and pentachlorophenol) in aqueous solutions by non-catalytic UV, MW, and combined MW/UV remediation techniques in the
presence of KO, is presented. Relative degradation rate constants have been monitored and the major products were identified. The combine
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
an overall efficiency increase is essentially based on a thermal enhancement of subsequent oxidation reactions of the primary photoreactic
intermediates. Optimizations revealed that this effect was particularly significant in samples with a low concentraiog dbitever, a
larger excess of kD, was essential to complete the destruction in most experiments. The absence of heterogeneous catalysts was in no doul
an additional advantage of the technique applied.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction and Knapp proposed a novel MW/UV, high-temperature,
high-pressure digestion procedure for the decomposition of
interfering dissolved organic carbon as a part of the trace
element analysis of industrial or municipal wastewg8&r
Photodegradatiofi9] and microwave thermolysiglO] of
pollutants and toxic agents in wastewater are two important

methods for their removal, often in combination with a solid

Photochemistry in the microwave (MW) fieldl]
provides an opportunity to combine chemical activation
by two distinctive kinds of electromagnetic radiation.
While low-energy MW radiation K=0.4-40Jmot?;
v=1-100GHz) is typically responsible for dielectric
heating causing thermally initiated reactid2s3], UV—-vis catalyst (e.g., TiQ). Results from the first environmentally
radiation =600-170kJmoil; » =200-700 nm) initiates  relevant studies already appeared in the scientific literature
the excited-state transformations. In the past 5 years, weand the topic is also covered by several patefit} &nd
have reported on an original photochemical reactor that references therein). Campanella et H1] reported on
takes advantage of an electrodeless discharge lamp (EDL)minor but positive enhancements of the photodegradation

which generates UV radiation when placed into the MW
field inside a reaction mixturgl—7]. There have been first

successful attempts to use combined MW/UV irradiation
for an efficient degradation of various samples prior to
application of a subsequent analytical method. Florian
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efficiency of o- and p-chlorophenol aqueous solutions by
microwave heating. Those model systems served for exten-
sion of the application to other environmentally interesting
compounds, such as sodium dodecylbenzenesulfonate or
organophosphosphate pesticides. Heterogeneous catalytic
degradation of humic acid in aqueous titanium dioxide sus-
pension under MW/UV conditions was studied by Chemat
et al.[12] for the first time. An enhancement in this case was
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reported as higher than a simple addition of both effects. this simultaneous MW/UV technique is superior in the
In the past 3 years, Horikoshi, Hidaka, and Serpone havedegradation than a simple photooxidation or MW-assisted
published a series of studies on environmental remediationoxidation. The combination of the conventional degrada-
of various aqueous solutions by simultaneous MW/UV tion techniques could be promising strategy for drinking
irradiation in the presence of TyJ13-15] It was proved water treatment or environmental remediation of polluted
that this integrated illumination technique is superior in the wastewaters.
degradation of various organic compounds than a simple
photocatalysis.

In recent years, advanced oxidation processes (AOP)2. Experimental
have emerged as potentially powerful methods, which are
capable of transforming organic pollutants in aqueous solu- 2.7. Equipment
tions into non-toxic substances. Such a remediation usually
relies on the generation of reactive free radicals, especially The experiments were accomplished in a modified MW
hydroxy! radicals (HO) [16]. These radicals react rapidly oven Whirlpool M401 (900 W), operating at 2450-MHz fre-
and usually non-selectively with most organic compounds, quency, as described elsewhfi®,19], which had a window
either by addition to a double bond or by abstraction of for UV irradiation from a conventional high-pressure Hg
a hydrogen atom from organic molecules, resulting in a discharge lamp (400W). The external irradiation guaran-
series of degradation oxidation reactions ultimately lead to teed identical irradiation conditions for all experiments. The

mineralization products, such as g@nd HO [17]. AOP limit on the safe stray leakage of microwave power density
have been studied in many variation, including UY®4, was kept below 5mW cr? at 2450 MHz measured in the
O3/H20;, O3/H202/UV, H,02/F€?* (Fenton reaction); and  50-mm distance from the equipment. The equipment was
UV/H,0,/Fe* (Photo-Fenton reaction). checked for leaks especially around the modified §@a

In the present study, we wished to compare degradationThe experimental system in the microwave oven consisted
dynamics of five model aromatic compounds (phenol, of a quartz (allowing irradiation at > 254 nm) vessel con-
chlorobenzene, nitrobenzene, 4-chlorophenol, and pen-taining an aqueous solution (50 ml), equipped with a reflux
tachlorophenol) in aqueous solutions by non-catalytic UV, condenser. A typical sample concentration was®i@iol I=1
MW, and combined MW/UV techniques in the presence of (except pentachlorophenol with=6 x 10~%molI~1). All
H20,, where the MW field has been used solely as a simple experiments, with MW heating or in its absence, were car-
heating technique. This study focused on (a) examining ried out in this set-up to guarantee the same experimental
the effect of MW radiation on the photolytic non-catalytic conditions. The concentration of the solutes was monitored
oxidative degradation under UV irradiation to obtain some by HPLC during the course of irradiation. The dark controls
evidence for the initial mechanistic steps; (b) on optimiz- were done for all chemical systems with the highesOpl
ing the degradation process; and (c) on finding whether concentrations in the time scale of the experiments 4€20

Table 1

Relative initial pseudo first-order rate constahtsfor phenol ¢ =10-2 molI=1) degradation and the major products

Conditions HO, concentration (moH?) krel (min~—1) Main degradation products
MW; reflux 5x 1073 0.0018+0.0001 Hydroquinone; benzoquinone
MW; reflux 1 0.102H-0.0090

uV; 20°C 5x10°3 0.0022+0.0001

uV; 20°C 1 0.0109t+ 0.0013

MW/UV; reflux 0 0.0014+ 0.0001

MW/UV; reflux 5x 1073 0.0857+ 0.0032

MW/UV; reflux 1 0.1489%+ 0.0089

@ The products listed were found in all experiments.

Table 2

Relative initial pseudo first-order rate constalgtsfor chlorobenzenec(= 10-2 mol I-1) degradation and the major products

Conditions HO, concentration (moH?) krel (min—1) Main degradation products

MW; reflux 5x 1073 0.0154+ 0.0005 4-Chlorophenol; 2-chlorophenol; phenol
MW; reflux 0.5 0.0576 0.0044

uVv; 20°C 0 0.0112+0.0001

uV; 20°C 5x 1073 0.0129+ 0.0002

uVv; 20°C 0.5 0.1162+ 0.0060

MW/UV; reflux 5x 1073 0.1634+ 0.0004

MW/UV; reflux 0.5 0.357G£ 0.0131

@ Chlorophenols were identified in all experiments with®4; phenol was the major photoproduct.
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Table 3

Relative initial pseudo first-order rate constalgfor nitrobenzeneq= 103 molI~1) degradation and the major products

Conditions HO, concentration (moH?) krel (Min~1) Main degradation products
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

@ The products listed were found in all experiments.

Table 4

Relative initial pseudo first-order rate constahtsfor 4-chlorophenold=10-2 moll~1) degradation and the major products

Conditions H0; concentration (moH?) krel (Min~1) Main degradation producs

MW; reflux 1x 102 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 1x 102 0.016+ 0.001

uV; 20°C 1 0.043+ 0.005

MW/UV; reflux 1x 102 0.076+ 0.004

MW/UV; reflux 1 0.131+ 0.006

a Phenol, hydroquinone, and benzogquinone were found in all experiments. The coupling products, such as 5-chlorobipHetylw2 formed only by
photolysis.

no chemistry was observed in all cases within the error of the 3. Results and discussion
measurements.
Aqueous solutions of phenol, chlorobenzene, nitroben-
2.2. Chemicals zene, 4-chlorophenol, and pentachlorophenol have been sub-
jected to various degradative methods: microwave-assisted
Water was purified by the reverse osmosis process on andestruction (MW), microwave-assisted destruction in the
Aqua Osmotic 03 and its quality complied with US Phar- presence of KO, (MW/H,0,), photolysis (UV), photoly-
macopaial Standards (USP). Hydrogen peroxide (p.a., 30%)sis in the presence ofd®, (UV/H20,), microwave-assisted
and acetonitrile (HPLC quality) were purchased from Fluka. photolysis (MW/UV), and microwave-assisted photolysis in
The exact concentration of 0, was determined by an the presence of $0, (MW/UV/H,0,). The degradation
iodometric titration. Phenol, chlorobenzene, nitrobenzene, 4- dynamics has been monitored to estimate the rate of dis-
chlorophenol, and pentachlorophenol were purchased fromappearance of the starting material and, in addition, some
Lachema Co. and they were purified by distillation or recrys- photoproducts were identified. All compounds used display
tallization to a <99% quality. Products listed Tables 1-4 strong absorption bands at 254, therefore, a quartz win-
were identified by HPLC analysis comparing the retention dow and reaction vessel have been employed. The combined
times of the authentic compounds, which were either obtainedMW/UV reactor consisted of a MW cavity, which had a win-
in our previous studigR0,21](their identification was based  dow for an external UV irradiation. The vessel containing

on GC-MS analyses) or purchased from Aldrich. the reaction solutions was irradiated always in the same posi-
tion and distance from the UV source, even in cases that
2.3. Analysis the MW source was off. This guaranteed identical irradiation

conditions in all experiments. All samples were analyzed by

The samples were analyzed on a Shimadzu LC-10AD HPLC during the course of irradiation in the corresponding
HPLC apparatus equipped with a UV detector Shimadzu time intervals. The initial relative rate constants of degrada-
SPD-10A (. =220-300nm) and columns SGC C-8 or C- tion presented here are valid for the experimental conditions
18 (150x 3mm), with mobile phases for phenol: acetoni- used only.
trile/water (1:1, v/v), flow rate of 0.8 mImin'; chloroben- Hydrogen peroxide is a safe, efficient, and easy-to-use
zene: acetonitrile/water (7:3, v/v), flow rate of 1.2 ml mtn chemical oxidant suitable for wide usage on contamination
nitrobenzene: acetonitrile/water (1:1, v/v), flow rate of prevention. Itwas firstused to reduce odor in wastewater, and
1.0 mImin1; 4-chlorophenol: acetonitrile/water (1:1, v/v), from then on, it became widely employed. However, since
flow rate of 0.8 mImirm®; and pentachlorophenol: acetoni- hydrogen peroxide itself is not an excellent oxidant for many
trile/water (3:1, v/v), flow rate of 1.0 ml mirt. Methyl ben- organic pollutants, it must be combined with UV light, salts of
zoate was used as an internal standard. Concentrations of thgarticular metals, or ozone to produce the desired degradation
analyzed compounds were calibrated on authentic samplesresults[16]. Photolysis in the presence ob8; is based on
The relative standard deviation for triplicate measurements the formation of HO radicals by means of the-@ bond
was below 7% in all analyses. cleavage (HO+hv— 2HO®) and the subsequent propa-
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Fig. 1. (a) Microwave-assisted degradation of pheaa! 10-3 molI~1) in the presence of $D> (the concentrations are shown in the inset) in water. (b)
Photolysis of phenol«(=10-3 mol =) in the presence of 30, (the concentrations are shown in the inset) in water &2Qqc) MW-assisted photolysis of
phenol ¢ =103 molI~1) in the presence of 40, (the concentrations are shown in the inset) in water.

gation reactiong22]. The molar absorptivity of hydrogen the starting compound and lower concentrations left a large
peroxide at 253.7 nm is low~20 M~ cm™1) and HO rad- portion of the starting compound unreacted. A MW@
icals are formed per incident photon absorbed. If there aredestruction was very responsive to ofBp]—raising the
other strong UV absorbers different than hydrogen peroxide, concentration from 5 102 to 1 mol -1 corresponded to
such as organic aromatic compounds, an internal filter effectthe initial pseudo-first-order reaction rate constaritg)(

is observed. In addition, the degradation of organic chro- equal to 0.0018 and 0.1021 mih respectively, that is an
mophores can simultaneously proceed by direct photolysis,increase by a factor of 59éble J). Photolysis (UV/HO»)

and if MW heating is introduced, thermal effects on all chem- of the same solutions at 2C revealed that the phenol
ical processes are anticipated. The combined MW/WOH consumption is significantly less sensitive to >{Bp]
treatment of the solutions must thus reveal a complex chem-compared to thermal degradatiohid. 1b; Table 1. The

istry. photodegradation curves were also fitted to a first-order
reaction law as was also observed elsewli2g. A com-
3.1. Phenol bined remediation technique (MW/UVA,) proved to be

very successfulig. 1c); samples with a very low peroxide
Phenol aqueous solutions$10-3moll~1) containing  concentration =5 x 10-3moll~1) were degraded with
hydrogen peroxide were subjected to MW heating and the the same reaction efficiency as those using MyY@OH at
degradation profiles were fitted to monoexponential curves high peroxide concentrationdTgble 1. Further addition
(Fig. 1a). A high concentration of $0, was essential: onlya  of peroxide had only minor effect on the rate constants.
large excess:(= 1 mol I"1) enabled an efficient destruction of 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 (Anmax=270). The rationalization must be in efficient photore-
and 1.3 at 5< 103 and 1 molt? peroxide concentrations, ductive dechlorination and aryl free radical coupling reac-
respectively. Phenol was not expected to provide any efficienttions commonly observed in all H-donating solve4], in
photochemical degradation other than oxidation bypklor addition to photosubstitution, the major pathway in methanol
oxygen. The internal filter effect of phendlfax=270) will or aqueous solution®5]. The main product of hydrolysis
definitely become substantial when only small amount of was phenol, identified in all irradiated samples, but forma-
H>0O2 molecules are present in the samples. The oxidation tion of 4-chlorophenol and 2-chlorophenol was also relatively
products identified, hydroquinone and benzoquinone, rep- efficient in samples containingJ®,. Fig. 2a andTable 2
resent typical primary adducts of the hydroxyl radicals with show that chlorobenzene is destroyed by MW@ with

phenol. the pseudo-first-order reaction rate constaktg)(equal to
0.0154 and 0.0576 mit, for H,O» concentrations 1
3.2. Chlorobenzene and 0.5 molt?1, respectively. Degradation of chlorobenzene

using various photoinduced oxidation processes, such as

Chlorobenzene solutions€ 103 mol 1) were exposed  direct ultraviolet light-induced photolysis, has been investi-
to the same degradation techniques as those of phenolgated under aerobic and anaerobic conditions by Dilmeghani
While thermal degradation of the phenol solutions was more and Zahir, and a UV/bO, process was found superior to sim-
efficient than that of photolysis, chlorobenzene was more ple photolysig26]. The same findings were apparent in our
sensitive to the UV irradiation comparing to phenol. The experiments, inwhich photolysis (UV4®,) of the solutions
molar absorption coefficient of chlorobenzené. g = 264 (Fig. 2b) displayed an efficient and complete degradation
is about one order or magnitude lower than that of phenol only at higher peroxide concentrations, with curves fitted
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Fig. 2. (a) Microwave-assisted degradation of chlorobenzerd @2 mol1~1) in the presence of 3O, (the concentrations are shown in the inset) in water.
(b) Photolysis of chlorobenzene£10-3 molI~1) in the presence of }0, (the concentrations are shown in the inset) in water &i2qc) MW-assisted
photolysis of chlorobenzene £ 103 mol 1) in the presence of $D, (the concentrations are shown in the inset) in water.
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to a first-order reaction law again. A combined technique ophilic substitution[7], thus subsequent oxidation by the
(MW/UV/H205) proved to be very successflif. 2c). The hydroxyl radicalg27,28] produced photochemically should
process efficiency, expressed by the relative rate constantsiot be the exclusive degradation pathway, despite the fact
(Table 2, at [H,O»] equal to 5x 103 mol -1 was~6 times that 4-nitrophenol and 2-nitrophenol were found to be exclu-

higher than the sum of those of UV4B, or MW/H20,, sive oxidation products at low conversiongable 3. A

while only by a factor of 2 at a higher peroxide concentration combined effect of MW and UV did barely increase the

(c=0.5mol I'1). degradation efficiencykfe; =~1.4) but still the total degra-
dation rate constant for the MW/UVA®, technique was

3.3. Nitrobenzene higher than a simple addition of those of MW/&, and
UV/H20s,.

Nitrobenzene solutions c€10-3moll~1) containing
hydrogen peroxide were found to be thermally very unsta- 3.4. 4-Chlorophenol
ble.Fig. 3a shows that all MW/HO, degradation processes
at the peroxide concentrations in the interval of 20~2 and Chlorophenols belong among the most widely studied
0.5 mol -1 underwent with nearly sarrige equal to~0.78 organic micropollutants. 4-Chlorophenol is used in paper,
(Table 3. In contrast, photolysis was relatively less efficient herbicide, and pesticide industries, and it has been identified
(Fig. 3v), although nitrobenzene has a significant absorption in aquatic and soil environmef&9,30] Monochlorophenols
in the region of 250-400 nmi f,ax=280), but still reaching  in neutral aqueous solutions absorb significantly in the region
a 100% conversion. Nitroaromatic compounds are known of 250—290 nm; the absorption maximum of the para deriva-
to be photoreactive, for instance, via photoinduced nucle- tive is at 278 nm[31]. In the present study, a MWA®,
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Fig. 3. (a) Microwave-assisted degradation of nitrobenzerel 03 mol1=1) in the presence of O, (the concentrations are shown in the inset) in water. (b)
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technique was found to be significantly less efficient than radicals prevails in heated solutions over bimolecular cou-
pling reactions of the radical intermediates produced by
est enhancement in the combined technique was observegbhotolysis.

that of UV/H,O> (Fig. 4a and b;Table 4 and again, a mod-

(Fig. 4c, Table 4. The degradation profiles of chlorophe-

nol photolysis at low HO, concentrations were practically  3.5. Pentachlorophenol

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 6 x 10-®mol|~1 solutions were prepared for the present
the corresponding techniques used, showing an optimal con-studies.Table 5and Fig. 5a and b clearly show that both
dition for complete chlorophenol destruction. Photolysis of MW/H,0, and UV/H,O, remediation techniques gave com-
this compound in agueous solution is known to give a mixture parable results at the corresponding peroxide concentrations,
of primary products; the major products in degassed solutionswhich in addition had only moderate effect on the rela-
are known to be hydroquinone via the photosolvolysis mech- tive rates. The MW/UV/HO, treatment exhibited a rate
enhancement higher than a simple addition of both effects
products, form which a coupling product (chlorobiphenyl- by factors of 2.4 and 1.6 at 18 and 1 molt? peroxide
concentrations, respectively. Degradation of pentachlorophe-
and benzoquinone were found in significant amounts in all nol by some advance oxidation techniques has been stud-
experiments, which means that oxidation by the hydroxyl ied before, showing that octachlorodibenzaioxin or

anism and 5-chlorobiphenyl-2:diol [32]. Table 4lists the

diol) was formed only by UV irradiation. Hydroquinone

Due to a low pentachlorophenol solubility in water,
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Fig. 4. (a) Microwave-assisted degradation of 4-chloropharmtl0—3 molI~1) in the presence of $0, (the concentrations are shown in the inset) in water.

(b) Photolysis of 4-chlorophenat € 103 molI=1) in the presence of $0, (the concentrations are shown in the inset) in water aK20c) MW-assisted
photolysis of 4-chlorophenat & 10-3 molI~1) in the presence of 30, (the concentrations are shown in the inset) in water. (d) Degradation of 4-chlorophenol
(c=10"3molI~1) in the presence of O, (the concentrations are shown in the inset) in water under given conditions: microwave heating (MW), photolysis
at 20°C (UV), and MW-assisted photolysis (MW-UV).
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Relative initial pseudo first-order rate constakts for pentachlorophenol

(c=6x 10-8 molI~1) degradation

Conditions H 0, concentration (moH?) krel (Min~1)

MW; reflux 2x 1072 0.065+0.002
MW; reflux 0.5 0.13G:0.015
uV; 20°C 0 0.058+ 0.002
uVv; 20°C 2x 1072 0.0674+0.004
uvV; 20°C 0.5 0.110:0.014
MW/UV; reflux 2x 1072 0.51440.044
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
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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[4,5]). In such a

molecules may affectthe course of reactions by various mech-case, individual effects of both types of electromagnetic radi-
anisms at each step of the transformafiidnFrom many pos-

ation simultaneously influence a single chemical step, in
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Fig. 5. (a) Microwave-assisted degradation of pentachloropherdh & 10-6 mol1~1) in the presence of $0, (the concentrations are shown in the inset)
in water. (b) Photolysis of pentachlorophenot( x 10-¢ molI~1) in the presence of 0, (the concentrations are shown in the inset) in water a2qc)
MW-assisted photolysis of pentachlorophenct 6x 10-% molI=1) in the presence of O, (the concentrations are shown in the inset) in water.
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which the ground state molecules (MW-heated molecules) 4. Conclusion

are being excited. Naturally, if the intermediates react with

different rate constants, the total observed rate constant of Oxidation of organic pollutants dissolved in water is an

the reaction is proportional to the sum of all individual rate attractive method of treatment resulting in the conversion of

constants. organic compounds into innocuous materials, such as carbon
For example, we can assume that 4-chlorophenol under-dioxide and water. The results presented in this work show

goes two basic reactions when its aqueous solution con-that the simultaneous MW/UVAD, remediation technique

taining HO5 is simultaneously irradiated by MW and UV: offer an attractive alternative to conventional oxidation or

radical substitutions and a coupling reacti@®clieme 1 photocatalytic degradation methods for environmental reme-
Thus, a competition between the reaction of the OH radi- diation of polluted wastewaters. The absence of heteroge-
cals created either photochemically or thermally froaO neous catalysts is in no doubt an important advantage of

[16,28,34,35pnd other photoreactions in their absence must this technigue. Non-catalytic remediation of aqueous solu-
be observed. The electrophilic OH radicals can cause con-tions by MW-assisted photolysis in the presence Db
tinuing oxidation of all intermediates present, which even- which takes advantage of thermal enhancement of the pro-
tually leads to the formation of benign final products. In cesses initiated or followed by absorption of light, was found
addition, photochemically formed intermediates may react to be very efficient. Optimization revealed that the simul-
with HO® to form more complex side-products. A homolytic taneous effect is particularly significant in samples with a
C—Cl bond cleavage producing free phenolic radicals may low concentration of HO,, however, a large excess 0p€;

lead to the dimer formation due to radical electrophilic- may be essential to complete the destruction. It was real-
like or electrophilic (when electron transfers from®Ao ized that each system requires a specific approach to find
CI*) substitution[20]. A higher temperature must influ- ideal destruction conditions and that the partition between
ence kinetic barriers of all elemental steps. Therefore, we the photochemical and thermal pathways is dependent on
should not be surprised that the combined effect of UV the ratio of the degradation rates and initial reaction condi-
and MW radiation is larger than the sum of both. It is tions. A remarkable increase in the degradation efficiency
apparent that if the same thermal reactions proceed in theunder a simultaneous MW/UVA®; treatment than would
UV irradiated samples, only equally or more efficient pho- be expected from a simple addition of the reaction efficien-
tochemical reactions can significantly compete. The over- cies was observed to be specific for a given substrate, caused
all efficiency enhancement is then based exclusively on presumably by an enhancing the probability of subsequent
an enhancement of reaction successive to a photochemthermalreactions of the primary photoreaction intermediates.
ical step (e.g., that of the phenol radical, which is the

only primary photoproduct shown iicheme }as well as

on a larger production of the hydroxyl radicals by MW- Acknowledgements

assisted photolysis of #D,. Finally, an internal filter effect

due to absorption capabilities of the organic substrates This work was supported in part by the Czech Ministry
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