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bstract

A novel microwave discharge electrodeless lamp (MDEL) has been developed for wastewater treatment with Advanced Oxidation Processes
AOPs) using environment risk-free gases (e.g., xenon, nitrogen, helium, oxygen, hydrogen and argon alone or a mixture thereof) that provide
he needed light plasma source when microwave irradiated. The MDEL was optimized through an examination of the light intensity of the
mitted radiation in the UV–visible spectral region at controlled pressures and gas-mixture ratios and to test whether the gases self-ignite on
rradiation with microwaves. The usefulness of the MDEL was assessed by examining the degradation of aqueous 2,4-dichlorophenoxyacetic acid
2,4-D) in the absence and presence of TiO2 particles irradiated simultaneously by both microwave (MW) and by UV radiation emitted from
he microwave-triggered (2.45 GHz) electrodeless lamp. The decomposition efficiencies for the disposal of the 2,4-D herbicide are compared
ith the MDEL in close contact (inside) with the 2,4-D solution or the 2,4-D/TiO2 dispersion and with the MDEL located outside the reactor.
egradation of 2,4-D with the MDEL was monitored spectroscopically and by the loss of total organic carbon (TOC) using no less than seven
ifferent protocols, namely (i) MW irradiation alone, (ii) MDEL (outside), (iii) Hg lamp/TiO2, (iv) Hg lamp/MW/TiO2, (v) MDEL (outside)/TiO2,

vi) MDEL (inside), and (vii) MDEL (inside)/TiO2. Most efficient in the degradation of 2,4-D were the MDEL/TiO2 systems with the MDEL lamp
nside the reactor in contact with the 2,4-D/TiO2 aqueous dispersion followed closely by the MDEL alone (no TiO2) also in contact with the 2,4-D
olution.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Ever since the early studies by Gedye et al. [1] and Giguere
t al. [2] in the use of microwave radiation (MW) in organic
yntheses, several additional chemical reactions have been pro-
oted by microwaves as witnessed by two recent monographs

3,4]. The location of the heat source resulting from microwave

rradiation is an essential feature in these MW-assisted chem-
cal reactions. Several studies have been reported in the last
ew years on the enhanced efficiency of photo-assisted degrada-
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ions of organic substrates using a combination of UV light and
icrowave radiation in the treatment of aqueous wastewaters

ontaining a rhodamine B dye [5,6], 2,4-dichlorophenoxyacetic
cid [7], bisphenol A [8], 4-chlorophenol [9] and other model
ompounds [10].

Microwave radiation provides not only a heat source (the ther-
al effect) but also a specific effect (the non-thermal effect),

s suggested by Marken and coworkers [11,12], that lead to
nhanced photo-assisted degradation of several substrates. A
ecent study on the photo-assisted TiO2 degradation of bisphenol

carried out at near-ambient temperatures (21 ◦C) confirmed

he significant role of this microwave non-thermal effect [13],
hich can lead to increased number of charge carriers on the
etal oxide TiO2 as well as induced formation of trap sites that

an prolong carrier lifetimes and lead to additional quantities
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f •OH radicals produced in the TiO2 photo-assisted oxida-
ion of water [14]. Thus, microwave radiation is not merely a
eat source. Accordingly, microwave radiation effects on metal-
xide photomediators such as TiO2 can be very effective in the
eld of environmental abatement technologies.

Our earlier studies told us that introducing UV radiation in
hoto-assisted processes through a port in the microwave appli-
ator or through fiber optics was rather inefficient. Accordingly,
e proposed [7,15–17] the use of a microwave discharge elec-

rodeless mercury lamp as the UV light source that should have
ignificant advantages in wastewater treatments. They are (a) the
elatively long lifetime of the electrodeless lamp, (b) no compli-
ations in lamp shape because it is electrodeless, (c) no variations
n light intensity, (d) the ignition time to lighting is shorter than
or a typical electrode lamp, (e) the energy can be supplied
xternally with the reactor absorbing no microwave radiation,
f) facile lamp replacement, and (g) both UV and MW radia-
ions are available simultaneously by using microwave energy
lone.

Research with microwave discharge electrodeless lamps have
ad their impetus pointed mostly toward solar-simulation lamps
18], as an energy source in photosynthesis [4,19] and in
isinfections [20–22], and most recently in wastewater treat-
ents involving TiO2-assisted processes [23–25]. Mercury has

enerally been used as principal element in electrode and
lectrodeless light sources. However, concerns with released
ercury that gets converted into organic mercury and inorganic
ercury in the environment along with increased demands that
ercury be eliminated from end products so as to attenuate

nvironmental contamination necessitates the development of a
g-free UV light source that will be environmental friendly and
seful.

In the development of a novel microwave discharge elec-
rodeless lamp (MDEL) system that could be used in Advanced
xidation Processes (e.g., in photo-assisted or photocatalyzed
egradations) and become an integral part of the microwave
echnology, it was necessary that the device (a) have a simple
tructure, (b) contribute significantly to the overall efficiency of
egradation processes, and (c) be of relatively low cost (capital
nd operating). Note that no detailed cost analysis was done in
he present study. A metallic electrode lamp device would not be
uitable in the presence of microwave radiation in the microwave
pplicator.

Our strategy was then to develop a MDEL device that
ould use environmental risk-free gases that can self-ignite

no trigger needed) and that can generate suitable UV and
isible wavelengths for photo-assisted and/or photocatalytic
eactions in the presence of appropriate mediators or photo-
atalysts. The performance of the MDEL so developed was
xamined using the photodegradation of the agrochemical
ollutant 2,4-dichlorophenoxyacetic acid (2,4-D) as the test
rocess, which is driven by coupled microwave/UV radia-
ion (the microwave/photo-assisted process) or by UV light

lone (the photo-assisted degradation). The highly toxic syn-
hetic phytohormone (toxin) [26] 2,4-dichlorophenoxyacetic
cid (2,4-D) is a typical and widely used agrochemical herbi-
ide.

f

t
s

ig. 1. (a) Experimental setup for the examination of optimized conditions for
microwave discharge electrodeless lamp (MDEL); (b) photograph of nitro-

en/argon mixed plasma light with the source of the MW radiation.

. Experimental

.1. Preparation of the microwave discharge electrodeless
amp (MDEL)

Optimized conditions to obtain the best gas mixture ratios
nd internal gas pressures in the MDEL system were exam-
ned using the device illustrated in Fig. 1a. A quartz ampoule
Ichikawa Pressure Industrial Ltd.) was connected to vacuum
nd was then arranged in the microwave waveguide. The size
f the MDEL was 145 mm (length) × 18 mm (diameter). The
nitial internal pressure in the ampoule was set at 10−3 Torr (or
a. 0.13 Pa) using the turbo molecular pump assisted by a rotary
ump. Subsequently, the target gas (Xe, N2, He, O2, H2, and
r, or a binary gas mixture thereof) was introduced into the

mpoule with the amount adequately adjusted by the mass con-
roller. The pressure inside the ampoule was monitored with a
apacitance manometer. The gas-mixture ratios were calculated

rom the volume ratio of each gas.

The UV–visible spectra of the emitted light plasma and
he corresponding light intensities for each gas (and mixture)
ubjected to microwave irradiation were monitored through a
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Fig. 2. (a-i) Experimental details of the setup of the microwave discharge elec-
trodeless lamp (MDEL) used in the photo-assisted decomposition of 2,4-D in
aqueous TiO2 dispersions; (a-ii) actual photograph of the N20/Ar80 MDEL lamp
in the TiO2 dispersed 2,4-D solution (subscripts refer to ratio of gases); (b-i)
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ber optic connected to a UV–visible spectrophotometer. The
ost suitable gas and gas-mixture ratio and gas pressure for

he MDEL device was determined using three criteria: (1) light
ntensity, (2) spectral pattern and (3) self-ignition of the gases by

W irradiation alone. Microwave radiation was generated using
n ARIOS Inc. generator (Model MP-201; frequency, 2.45 GHz;
aximal power, 200 W), which together with the waveguide
ere connected through a coaxial cable. The applied power of

he microwave was 80 W for all experiments, unless noted other-
ise. Fig. 1b displays a photograph of the luminescence emitted
y the MDEL subsequent to MW irradiation.

.2. Chemical reagents

Titanium dioxide was Degussa P-25 (specific surface area,
3 m2 g−1 by the BET method; particle size, 20–30 nm by TEM
icroscopy; composition 83% anatase and 17% rutile by X-

ay diffraction). Reagent grade 2,4-dichlorophenoxyacetic acid
purity >98%) was supplied by Wako Pure Chemicals Co. Ltd.
ll other chemicals were of reagent grade quality.

.3. Degradation procedures

Continuous microwave irradiation of the dispersions was
chieved using the ARIOS MP-201 apparatus. A 30-mL air-
quilibrated aqueous 2,4-D solution (0.050 mM) containing the
iO2 particles (loading, 50 mg) was introduced into the cylin-
rical high-pressure reactor. A suitable 2,4-D/TiO2 aqueous
ispersion was achieved by sonication for ca. 30 s followed by
nsertion of the MDEL lamp into the cylindrical reactor con-
ected to the top side of the multimode MW applicator. It was
hen sealed with two Teflon rings and a stainless steel cap.
he dispersion was continually stirred during the microwave
nd/or UV irradiations. The increase in pressure inside the reac-
or was monitored using the pressure gauge connected to the
tainless steel cap. Microwave power was continuously 200 W in
he degradation experiments involving the 2,4-D herbicide (see
ig. 2a and b). Degradation of the 2,4-D herbicide was followed
y UV spectroscopy. When TiO2 dispersions were examined,
he TiO2 particles were removed by centrifugation followed
y filtration with a 0.2 �m filter/syringe prior to spectroscopic
nalysis.

. Results and discussion

.1. Preparation of the MDEL lamp

Typical UV–visible spectra of the light plasma generated
rom Xe gas are displayed in Fig. 3(i) with the internal pressure
f the lamp controlled in the range 18–186 Pa (0.14–1.40 Torr);
he figure reports spectra at 18 (0.14), 41 (0.31) and 58 (0.44) Pa
Torr). The light intensity of the light plasma for Xe was greatest
t pressures from 40 to 60 Pa (0.30–0.45 Torr). Of import, the

e light plasma was observed under microwave irradiation only
etween 30 and 60 Pa (0.23–0.45 Torr) pressures. At other pres-
ures it was necessary to use a Tesla coil (atmospheric discharge
oil) to trigger the light plasma. Also significant is the spectral

t
A
t
i

xperimental image of MDEL degradation system on the location of outside;
b-ii) photograph of the outside setup of MDEL and the aqueous 2,4-D/TiO2

ispersion.

hape of the Xe-loaded MDEL emitted radiation that resembles
losely that from a traditional Xe electrode lamp. The tendency
f the spectral intensity to decrease is caused by the increased
ressure inside the lamp above the threshold of 60 Pa (0.45 Torr)
s a result of self-quenching above this threshold.

UV–visible spectra of the light plasma generated from the N2-
oaded MDEL device using microwave radiation were observed
n the pressure range 47–1130 Pa (0.35–8.50 Torr). Spectral pat-
erns at three selected pressures (102, 401 and 1130 Pa; i.e.,
.77, 3.02 and 8.50 Torr) are illustrated in Fig. 3(ii). No sig-
ificant variations in the spectral patterns were seen at these
ressures. Emitted wavelengths for the nitrogen plasma were
ainly concentrated in the UVB/UVA range of 300–400 nm.
ith the absorption edge of TiO2 at ca. 387–400 nm, the N2-

oaded MDEL is most adapted to photo-activate this metal-oxide
hotocatalyst in advanced oxidation processes. The light inten-
ity below 400 nm of the N2 gas light plasma was greater than
hat emitted by the Xe gas under otherwise similar conditions.

oreover, the cost of N2 gas is definitely more economical than
e gas. Based on these two criteria then, it is evident that a
DEL purged with N2 gas is the more suitable one. This con-
rasts a recent study by Jinno et al. [27] who report that a pure
r discharge and a pure N2 discharge are both unstable and

hus require a small amount of nitrogen to improve the stabil-
ty of the Ar discharge. Details of the physical mechanism of
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ig. 3. UV and visible wavelengths emitted by the MDEL lamp at applied MW
ixed Xe/N2 gases, (iv) H2 gas and O2 gas, (v) Ar gas, and (vi) He gas. For (i)
ere measured every 10 Pa.

W-excited N2 and N2/Ar gas discharges have been reported
ecently by Ferreira and coworkers [28,29]. It appears that N2

+

ons dominate over a wide range of Ar content, a consequence of

harge transfer processes between Ar+ and N2 and of the effec-
ive associative ionization from the N2(A3�u

+) metastable state.
owever, details of the Xe/N2 plasma discharge remain elusive

nd were not a goal of this study.

a
r
s
o

rs of 80 W: lamp purged at the pressures noted with (i) Xe gas, (ii) N2 gas, (iii)
a were measured at 5 Pa steps, whereas for cases (ii), (iii), (v), and (vi) spectra

The UV–visible spectral patterns of the emitted light plasma
rom a gas mixture composed of various volume ratios (20:80,
0:50 and 80:20) of Xe and N2, respectively, were examined

t various pressures; total pressure inside the quartz ampoule
anged from 25 to 812 Pa (0.19–6.11 Torr). Typical spectra are
hown in Fig. 3(iii) in which the principal peaks are mostly
f nitrogen origins {compare with patterns in Fig. 3(ii)}. No
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ight plasma spectral patterns from the Xe gas are evident as no
attern commensurate with Xe emission appears in the vicinity
f 400–500 nm. Contrary to the case of pure nitrogen, the mixed
e/N2 gas mixture did not self-ignite when the lamp device was

ubjected to microwave radiation. Ignition again required a Tesla
oil at all the pressures examined. Even if Xe gas were mixed
ith N2 in the MDEL it would not be a suitable candidate as a

ight source because of the latter factor and the increased cost
f the Xe gas.

Spectral patterns across the UV–visible region for the H2 gas
P = 270 Pa; 2.03 Torr) and O2 gas (P = 253 Pa; 1.90 Torr) light
lasma are summarized in Fig. 3(iv). Plasma lines for H2 gas
re mostly concentrated at wavelengths 200–400 nm, and are
ppropriate to activate the TiO2 photocatalyst. However, both
2 and O2 gases failed to self-ignite under microwave radiation
ecessitating the Tesla coil to ignite and emit the light plasma.
he intensity of the O2 light plasma was rather low and thus not
ery useful when compared to the nitrogen plasma.

The above data and discussion clearly indicate nitrogen gas
s the most suitable medium to provide a light plasma source
n the MDEL device because of low cost, UV-light spectral
atterns and self-ignition under microwave radiation. However,
hen the MDEL device was tested in treating a wastewater con-

aining a pollutant it became necessary to examine self-ignition
ore closely. Thus, microwave irradiation of the N2-purged
DEL in wastewater treatment at N2 pressures similar to

hose of Fig. 3(ii) proved ineffective (no self-ignition) because
f the non-insignificant absorption of the microwaves by the
astewater. Accordingly, argon and helium gases were mixed
ith nitrogen because these gases are easily self-ignited by
icrowaves.
Results of low, middle and high Ar and He gas pressures

re typical and are shown in Fig. 3(v) and (vi), respec-
ively. In both cases, the light intensity is greater at low
ressures owing to self-quenching events at the higher pres-
ures. UV–visible spectral patterns of the Ar-loaded lamp were
etermined at pressures from 83 to 1014 Pa (0.62–7.62 Torr).
elf-ignition of the MDEL device by microwave irradiation
lone occurred in all instances, with light wavelengths concen-
rated mostly at 300–400 nm. Thus the argon plasma in itself
ould be suitable for TiO2 photocatalyst activation. By contrast,

xperiments with He gas in the pressure range 20–14,532 Pa
0.15–109.3 Torr) showed that self-ignition of the He plasma
ccurred only within the range of pressures 298–805 Pa
2.24–6.05 Torr). Accordingly, argon gas was used to assist in the
elf-ignition of a N2-loaded MEDL lamp device for wastewater
reatment.

.2. Optimization of the N2/Ar-loaded MDEL

Various gas ratios of nitrogen and argon were examined
or self-ignition and light plasma intensity in optimizing the
onditions for a N2/Ar-loaded MDEL. Ratios of nitrogen and

rgon were N2:Ar = 75:25, 50:50 and 25:75 the results of which
re portrayed in Fig. 4(i–iii). The pressure inside the MDEL
uartz ampoule was adjusted to between 54 and 10,000 Pa
0.41–75.2 Torr). Note that the data reported in Fig. 4 were

a
(
T
w
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btained by placing a pinhole attachment between the fiber optic
nd the light source so as to reduce the light intensity of the emit-
ed light plasma {see, e.g. Fig. 3(iii)}. Consequently, the data in
ig. 3 cannot be compared to the results displayed in Fig. 4 for
hich the ideal pressure for each of the N2/Ar ratios examined

anged between 700 Pa (5.26 Torr) and 5000 Pa (37.6 Torr). Sig-
ificant Ar light plasma lines are seen mostly above 600 nm [27]
nd are not reported in Fig. 4. The MDEL device with a nitrogen-
o-argon ratio of 25–75% at 682 Pa (5.13 Torr) self-ignited under

W radiation emitting light plasma with the highest intensity
nder these conditions.

The nitrogen content in the N2/Ar gas mixture was adjusted
o 10%, 1%, 0.1%, 0.05%, 0.025% and 0.01% and subsequently
xamined. The result from the 1% nitrogen content is shown in
ig. 4(iv). Although self-ignition improved by increasing the
uantity of argon, the light intensity decreased substantially
compare data of Fig. 4(iii and iv)}.

The condition of 10–30% nitrogen in the gas mixture was
uitable from the points of view of light intensity of the emit-
ed light plasma and of self-ignition. Considering the changes in
ight intensities at each pressure examined for a 10–30% nitro-
en content, it is evident from the results displayed in Fig. 4(iii)
hat the most suitable pressure was ca. 700 Pa (5.26 Torr). This
ressure region fits very nicely with the required self-ignition
y the microwave radiation alone. The UV spectral patterns for
he 10–30% nitrogen content and for a pressure at ca. 700 Pa
5.26 Torr) are illustrated in Fig. 5. Clearly, the most suitable
atio of nitrogen-to-argon is 20% N2 and 80% Ar on the basis
f higher light intensities and on the observation that the gas
ixture in the quartz ampoule can undergo self-ignition by
icrowave irradiation.
The UV spectral lines emitted by a mercury lamp at 297, 303,

13, and 365 nm are depicted in Fig. 5f for comparison. The
avelengths emitted by the self-ignited N2/Ar gas mixture (see

bove) in the MDEL device are seen at 296, 315, 336, 353 and
57 nm emanating mostly from nitrogen. It is also evident that
he UV light generated by the MDEL subjected to microwave
adiation is concentrated in the range 300–400 nm. Conse-
uently, we deduce that the N20/Ar80-loaded MDEL device is
s suitable a light source for a photo-assisted reaction as is a Hg
amp. This nitrogen-to-argon gas ratio was thus used to exam-
ne the practicality and efficiency of degrading the test 2,4-D
ubstrate.

.3. Surface temperatures of N2/Ar-loaded MDEL

Because microwave radiation produces heat as does the emit-
ed light, it was imperative we also measure the temperature at
he surface of the MEDL at several microwave input power.
or this purpose we used other microwave generators with
igher MW powers and a N20/Ar80-loaded MDEL arranged
n a multimode cavity. The surface temperatures at the various

icrowave power input were measured outside the cavity 1 min

fter self-ignition of the lamp using an infrared thermometer
Model R-160; Anritsu Meter Co. Ltd.). They are summarized in
able 1. The surface temperature reached 120 ◦C on irradiation
ith microwaves at 200-W power.
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ig. 4. Ultraviolet and visible wavelengths emitted by the microwave discharg
0 W. The gas mixture ratio of N2 and Ar were (i) 75: 25, (ii) 50: 50, (iii) 25: 7

.4. Degradation of 2,4-D using the N2/Ar-loaded MDEL
ight source

The photodegradation of an air-equilibrated 2,4-di-

hlorophenoxyacetic acid (2,4-D; 0.050 mM) aqueous
ispersion in the presence of TiO2 was carried out using the
20/Ar80 MDEL light source and a traditional Hg electrode

amp. The photodecomposition of 2,4-D in the absence of

a
a
i

trodeless lamp with Xe and N2 mixed gases at applied microwave powers of
(iv) 1: 99. For cases (i–iii) spectra were measured in 100 Pa pressure steps.

iO2 was also examined with the same MDEL source under
therwise identical conditions. Degradation rates of 2,4-D were
ompared by arranging the MDEL to be inside or outside the
ylindrical reactor.
The spectrum of an aqueous solution of 2,4-D displays
bsorption bands at 285, 230 and 204 nm. Loss of UV absorption
t 204 nm for the decomposition of 2,4-D solution was converted
nto concentration loss reported in Fig. 6a. It was remarkable to
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Fig. 5. Ultraviolet and visible wavelengths emitted by the microwave discharge
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Fig. 6. (a) Temporal variations in the concentration of 2,4-D during its degra-
dation in aqueous 2,4-D solutions (0.050 mM) using various protocols: (1) MW
alone, (2) MDEL (outside), (3) Hg Lamp/TiO2, (4) Hg lamp/MW/TiO2, (5)
MDEL (outside)/TiO2, (6) MDEL (inside), and (7) MDEL (inside)/TiO2 after
i
(
t

d
t
d
a
l
b
o
M
a

lectrodeless lamp with a gas mixture of N2 and Ar at an applied microwave
ower of 80 W. The N2 to Ar gas ratios were (a) 10:90, (b) 15:85, (c) 20:80, (d)
5:75, and (e) 30:70; (f) light emitted by a traditional 100-W Hg electrode lamp.

bserve that in the absence of TiO2, the direct photodegradation
f the 2,4-D herbicide using the MDEL lamp inside the reactor
as nearly complete (ca. 90%).
The following points are worth noting on the degradation of

,4-D irradiated by the MDEL system alone in the absence of
iO2: (a) photodegradation of 2,4-D also takes place through

irect irradiation by the short UV wavelengths from the MDEL
ight source, and (b) some thermal degradation of 2,4-D may
lso occur through the infrared light also emitted by the MDEL

able 1
emperatures measured at the MDEL surface at various MW power using the

nfrared thermometer (see text)

W input power (W) Temperaturea (◦C)

00 120
80 160
50 210
50 250
40 260
30 310
09 400
95 >500
81 >500

a Error margin about ±8 ◦C.

a
t
I
t
(
a

t
w
M
2
p
u
w
1
T
e
d

rradiation for 2, 5 and 10 min. (b) Temporal decrease of total organic carbon
TOC) during the mineralization of the 2,4-D solution (initial TOC concentra-
ion, 5.34 mg L−1).

evice. With the MDEL located outside the cylindrical reac-
or, the degradation of 2,4-D is slower probably owing to a
ecrease of the thermal component (infrared radiation is less)
nd because the UV wavelengths of the MDEL light plasma
ess than 320 nm are attenuated/screened through absorption
y the Pyrex cylindrical reactor. The extent of decomposition
f 2,4-D was 40% in the presence of TiO2 with the outside
DEL source, compared to less than 5% by outside MDEL

lone without TiO2. Also, microwave irradiation of the 2,4-D
queous solution had no effect with the pressure inside the reac-
ion cylinder being 1.7 MPa after MW irradiation for 10 min.
rradiation by light emitted from a traditional Hg lamp and by
he Hg lamp/MW coupled system was also rather ineffective
34% and 44%, respectively) even in the presence of TiO2 after
10-min period.

The pressure in the closed reactor was also monitored during
he degradation of 2,4-D. As expected, the pressure increased
ith increase in temperature. For instance, in the case of the
DEL/TiO2 system, the pressure increased from an initial 0.1 to

.0 MPa after only 10 min of microwave irradiation, whereas the
ressure increased to 2.2 MPa when the MDEL system alone was
sed without TiO2. However, when the MDEL (outside) setup
as used for the degradation of 2,4-D the pressure increased to

.8 MPa in the presence of TiO2 but was 2.0 MPa without TiO2.
he increase in temperature of the solution was due to some
xtent to the emitted infrared light; however, heating was mostly
ue to microwave dielectric heating. Regardless, the surface
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Table 2
Rates of degradation and mineralization (as TOC loss) of 2,4-dichlorophenoxyacetic acid in aqueous media

Protocols Curves in Fig. 6 R(degr) 10−3 mM min−1 R(TOC) mg L−1 min−1

MW 1 0.16 ± 0.07 0.035 ± 0.011
Hg lamp/TiO2 3 1.50 ± 0.22 0.016 ± 0.004
Hg lamp/MW/TiO2 4 2.00 ± 0.24 0.114 ± 0.005
MDEL (outside) 2 0.13 ± 0.04 0.024 ± 0.007
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DEL (inside) 6
DEL (outside)/TiO2 5
DEL (inside)/TiO2 7

emperature of the lamp was only about 120 ◦C (see above and
able 1) so that thermal degradation of 2,4-D is an insignificant
actor of the overall pathway to degradation.

When the MDEL was in contact with the aqueous 2,4-D solu-
ion or with the aqueous 2,4-D/TiO2 dispersion the degradation
fficiency was substantial as witnessed by the complete degra-
ation of 2,4-D for the MDEL (inside)/TiO2 system (Fig. 6a)
fter a 10-min period, and the 90% degradation in the absence
f TiO2. The results on the loss of total organic carbon are even
ore revealing as illustrated in Fig. 6b. With the MDEL (inside)

nd MDEL (inside)/TiO2 arrangements, about 84% of TOC was
ost after only 10 min of irradiation; the dynamics of the latter
re somewhat faster (see Table 2). Evidently, mineralization of
he 2,4-D and other by-products to carbon dioxide was nearly
uantitative in very short time. No attempt was made in this
tudy to examine the nature of the intermediates that formed
uring the photo-assisted degradation of the 2,4-D herbicide, as
his was dealt with in an earlier study [7].

Results reported in Table 2 also indicate that although the
inetics of degradation of 2,4-D by the Hg lamp/MW/TiO2
nd the MDEL (outside)/TiO2 protocols are nearly identical,
he mineralization rate of 2,4-D by the latter setup is nearly an
rder of magnitude faster, as also appears to be the case when
omparing the mineralization rates of the Hg lamp/TiO2 system
ith the Hg lamp/MW/TiO2 arrangement. Nonetheless, most

mportant to note is that the arrangement in which the MDEL is
n close contact with the 2,4-D solution is to be preferred. This
otwithstanding, however, a possible disadvantage of the MDEL
inside) setups is that the conversion rate of the microwave radi-
tion to light emitted may decrease as a result of absorption of
he microwaves by the solution/dispersion. By contrast, with the

DEL (outside) setup, light intensity from the plasma source
s greater and constant. In the latter case, however, the short
V wavelengths (<320 nm) are also screened by the Pyrex glass

eactor. With the MDEL (inside) setup, all the UV wavelengths
re available in causing a direct (no TiO2) or indirect (with TiO2)
hotodegradation of the 2,4-D herbicide. Clearly, there are mer-
ts and demerits on the location of the MDEL light source with
espect to the reactor. However, the experimental results defi-
itely demonstrate that the MDEL (inside) setups are the more
uitable arrangements.
. Concluding remarks

A novel microwave discharge electrodeless lamp (MDEL)
evice has been developed and its characteristic features deter-
6.52 ± 1.02 0.46 ± 0.01
2.08 ± 0.25 ∼0.92
9.68 ± 0.33 1.02 ± 0.30

ined as a function of the nature of the gas and gas mixtures,
ressure ranges within which the light plasma emitted was most
ntense, and whether the gases or gas mixtures can be self-ignited
n application of microwave radiation alone. The most suitable
ight plasma with lines concentrated in the 300–400 nm spectral
ange under our conditions was obtained with a nitrogen-to-
rgon ratio of 20–80% by volume at a pressure around 700 Pa.
uch a system was then used to test the usefulness of such a

ight source that embodies UV radiation, microwave radiation
nd some thermal energy toward the degradation of the herbi-
ide 2,4-dichlorophenoxyacetic acid. The degradation process
as examined with the MDEL light source inside the reactor and
utside the reactor, and with and without the presence of TiO2
ell known to assist in the photodegradation of a large class
f organic pollutants. The arrangement in which the MDEL is
ocated inside the reactor proved most efficient in degrading 2,4-

completely (100%) within a 10-min period in the presence of
iO2; when no TiO2 was present the degradation was also near
ompletion at 90%. Significant mineralization of the herbicide
as also evident from the loss of total organic carbon (TOC),
hich after 10 min showed that the MDEL (inside) arrangement

ccounted for ca. 85% loss of TOC with and without the TiO2
hotomediator, with the dynamics of degradation of the former
eing somewhat faster. Clearly, the MDEL device so developed
hould prove to be an attractive additional tool in the attenuation
nd disposal of environmental contaminants.
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