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Microwave Photochemistry and Photocatalysis. Part 1: Principles and Overview
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Abstract: The coupled activation of photochemical and photocatalytic reactions by using of two different types of radiation, microwave
and UV/Vis, is covered by the new discipline called microwave photochemistry and photocatalysis. Such a connection might have a syn-
ergic effect on reaction efficiencies or, at least, enhance them by summing up the individual effects. The objective of this discipline is
frequently, but not necessarily, connected to the electrodeless discharge lamp (EDL) as a novel light source which generates efficiently
UV/Vis radiation when placed into a microwave field. This review article is focused on the general principles of microwave photochem-
istry and photocatalysis, i.e. generation of UV/Vis discharge in EDL (theory of the microwave discharges, construction of EDL, prepara-
tion of the thin titania films on EDL, spectral characteristics of EDL, and performance of EDL). Likewise, the various microwave photo-
chemical and photocatalytic reactor types (batch with external or internal light source, flow-through with external light source, annular
flow-through with internal EDL, and cylindrical flow-through surrounded with EDL) with different arrangement of the lamps are de-
scribed. The concept of microwave photochemistry and photocatalysis as an important issue in synthetic chemistry and material science

is presented in several tables.

Keywords: Batch and flow-through photoreactor, electrodeless discharge lamp, microwave, photocatalysis, photochemistry, thin titania

films.

1. INTRODUCTION

Photochemistry is intrinsically an interdisciplinary field pertain-
ing to all natural sciences and many technical disciplines [1]. Many
synthetic chemists shy away from using key photochemical steps
[2] that might substantially reduce the number of reaction steps
required to synthesize a desired product. The great potential of syn-
thesis lies in many cases when photochemistry achieves what
ground-state chemistry cannot. However, the photoinduced reac-
tions are only slowly accepted by the synthetic organic community
(only about 1% of the procedures in Organic Syntheses and in Or-
ganic Reactions dealt with photochemistry) [3]. This effect results
from two major problems: first, photochemistry is always linked to
photophysical aspects of excited states, and second, photochemical
processes require an appropriate expensive equipment.

In the meanwhile, the interdisciplinary chemical research be-
came more and more essential. Therefore, a featured application of
microwave (MW) energy on photochemical or photocatalytic reac-
tions enables to solve the above mentioned problems. MW radiation
is a non-classical energy source, with photoactivation, ultrasound,
high pressure, mechanical activation, supercritical fluids, electro-
chemistry, or plasma discharge. MW activation increases the effi-
ciency of many processes and can simultaneously reduce formation
of the byproducts obtained from conventionally heated reactions.
Since first reports of the use of MW heating to accelerate organic
chemical transformations [4], numerous articles and books have
been published on the subject of MW-assisted synthesis and related
topics, microwave chemistry, has certainly became an important
field of modern organic chemistry [5-9]. Chemical processes per-
formed under the action of MW radiation are believed to be af-
fected in part by superheating, hot-spot formation, and polarization
[10]. The existence of a specific non-thermal MW effect has been a
matter of controversy during the past years [5,11].
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Coupled activation of photochemical and photocatalytic reac-
tions by using two different types of radiation, MW and UV/Vis, is
covered by the discipline called Microwave Photochemistry or Mi-
crowave Photocatalysis. The energy of MW radiation (E = 0.98 J
mol™ at v = 2.45 GHz) is considerably lower than that of UV/Vis
radiation (E = 600-170 kJ mol™ at A = 200-700 nm), thus insuffi-
cient to disrupt the bonds of common organic molecules. We there-
fore assume that, essentially, UV/Vis is responsible for a photo-
chemical or photocatalytic change, and MW radiation subsequently
affects the course of the subsequent reaction [12].

Microwave chemistry has been also utilized in combination
with some other non-conventional activation processes. Such a
connection might have a synergic effect on reaction efficiencies or,
at least, enhance them by summing up the individual effects. Appli-
cation of MW radiation to ultrasound (US)-assisted chemical proc-
esses has been recently described [13-14]. There have also been
attempts to affect electrochemical [15], photochemical [16] and
photocatalytic reactions [17].

An earlier comprehensive review on Microwaves in Photo-
chemistry [12] was reported by Klan and Cirkva, and it covers the
literature up to 2006 and gives a complete picture of current knowl-
edge of microwave-assisted photochemistry and photocatalysis.
This pioneer work provides the necessary theoretical background
and some details about synthetic, analytical, environmental and
technical applications. Cirkva and Zabova have published a review
[18] that is limited to the thin titania films on the EDLs. It demon-
strates outstanding improvement of degradative efficiency in mi-
crowave photocatalysis. Two other reviews [19,20] from Horikoshi
deal with the application of EDLs on the advanced oxidation proc-
esses (AOPs) in the photocatalytic environmental remediation of
actual pollutants (2,4-D herbicide, bisphenol-A, acetaldehyde, tolu-
ene, and dioxins).

This review article about Microwave Photochemistry and Pho-
tocatalysis is focused on principles and overview in theory of the
microwave discharge in EDLs, their construction, spectral charac-
teristics, preparation of titania-coated films, and their performance.

© 2011 Bentham Science Publishers Ltd.
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Table 1. Research Groups Concerning with the Microwave-Assisted Photochemistry and Photocatalysis

Head Name, E-Mail Address Country, Town Institute Area?
Christofi, Nick Scotland, UK, School of Life Sciences, EDLs
n.christofi@napier.ac.uk Edinburgh Napier University
Cirkva, Vladimir Czech Republic, Institute of Chemical Process Fundamentals, Academy of Sci- EDLs, MWP,
cirkva@icpf.cas.cz Prague ences MWPC
Dong, Wen-Bo China, Institute of Environmental Science, EDLs,
whdong@fudan.edu.cn Shanghai Fudan University photolysis
Ferrari, Carlo; Longo, Iginio Italy, Institute for Chemical and Physical Processes, National Research MWP
ferrari@ipcf.cnr.it; longo@ipcf.cnr.it Pisa Council
Horikoshi, Satoshi Japan, Research Institute for Science and Technology, Tokyo University MWPC
horikosi@rs.noda.tus.ac.jp Noda of Science
Jou, C.-J. G. Taiwan, China, Dept of Safety, Health and Environmental Engineering, National MWPC
george@ccms.nkfust.edu.tw Kaohsiung Kaohsiung First University of Science and Technology
Klan, Petr Czech Republic, Department of Organic Chemistry, MWP
klan@sci.muni.cz Brno Faculty of Science, Masaryk University
Leadbeater, Nicholas E. USA, CT, Department of Chemistry, MWP
nicholas.leadbeater@unconn.edu Storrs University of Connecticut
Leveque, Jean-Marc France, Le Bourget du Laboratoire de Chimie Moléculaire et Environnement, University us MWP
Jean-Marc.Leveque@univ-savoie.fr Lac of Savoie
Lu, Xiaohua China, Environmental Science Research, Huazhong University of Sci- MWP, MWPC
Ixh@hust-esri.com Wuhan ence and Technology
Matusiewicz, Henryk Poland, Department of Analytical Chemistry, MWPC
Henryk.Matusiewicz@put.poznan.pl Poznan Politechnika Poznanska
Meyer, Andreas Germany, UMEX GmbH EDLs, MWP
ame@umex.de Dresden
Qu, Jiuhui; Zhang, Xiwang China, Research Center for Eco-Environmental Sciences, Chinese Acad- MWP, MWPC
jhqu@rcees.ac.cn; Beijing emy of Sciences
xiwangzhang@126.com
Skudra, Atis; Revalde, Gita Latvia, Institute of Atomic Physics and Spectroscopy, University of EDLs
askudra@latnet.lv; gitar@latnet.lv Riga Latvia
Sun, Darren D.; Zhang, Xiwang Singapore, School of Civil and Environmental Engineering, Nanyang Tech- MWPC
ddsun@ntu.edu.sg; xwzhang@ntu.edu.sg Singapore nological University
Yang, Shao-Gui; Sun, Cheng China, School of the Environment, MWP, MWPC
ghhh@nju.edu.cn; envidean@nju.edu.cn Nanjing Nanjing University
Wang, Peng China, School of Municipal and Environmental Engineering, Harbin MWPC
pwang73@vip.sina.com Harbin Institute of Technology
Zeng, Qing-Fu China, Engineering Research Center, Wuhan University of Science and MWPC
qfzeng@wuse.edu.cn Wauhan Engineering

® see Abbreviations

Novel microwave photochemical and photocatalytic reactors with tific branch is now dynamically developing and the number of pub-

different arrangement of the lamps in the batch and the flow-
through experimental set-up will be described. The presented pho-
tochemical and photocatalytic reactions are indexed into several
tables, and their detailed description will be the subject of an up-
coming review article.

2. MICROWAVE PHOTOCHEMISTRY AND PHOTO-
CATALYSIS IN THE WORLD

Microwave photochemistry and photocatalysis is a new and
young scientific interdisciplinary branch. The investigation in this
field includes the knowledge of microwave chemistry, photochem-
istry and photocatalysis, which are intensified by informations from
plasma chemistry, electrotechnics and material sciences. This scien-

lications is exponentially increasing (2 papers in 1998, 6 papers in
2003, and 12 papers in 2008).

The research groups in the world concerning with microwave-
assisted photochemistry and photocatalysis are mentioned in Table
1. Investigations are carried out mainly in Europe (Czech Republic,
France, Germany, Italy, Latvia, Poland, UK) and Asia (China, Ja-
pan, Singapore); only one place is from North America (USA).

3. GENERATION OF UV/VIS DISCHARGE IN EDLS

The objective of MW-assisted photochemistry and photocataly-
sis is frequently, but not necessarily, connected to the electrodeless
discharge lamp (EDL) as a novel light source which generates effi-
ciently UV/Vis radiation when placed into a MW field [12].



250 Current Organic Chemistry, 2011, Vol. 15, No. 2

The EDL [21] consists of a glass envelope tube filled with an
inert gas and an excitable substance and it is sealed under a lower
pressure. MW field can trigger gas discharge causing the emission
of UV/Vis radiation. This phenomenon has been studied for many
years and was well understood in the 1960s [22]. The term “elec-
trodeless” means that the lamps lack the electrodes within the enve-
lope and as such the EDLs may be at large shaped depending on
application. The history of the scientific development and practical
application of high-frequency EDLSs as optical spectral source goes
back to the 1930s [23]. Jackson [24] began to use the radiation of a
discharge to study the hyperfine structure of the cesium, indium and
rubidium lines. A similar design of the spectral source was used by
William F. Meggers [25] to excite the spectra of various elements,
i.e. the mercury isotope **®Hg for a precise standard of length for
use in spectroscopy and metrology.

However, such light sources have not been widely used because
of technical difficulties connected with the creation of the high-
frequency field (i.e. MW), the lack of pure noble gases and metals.
The EDL is usually characterized by a higher emission intensity
than that of hollow cathode lamps, lower contamination, because of
the absence of the electrodes, and a longer lifetime [26]. The lamps
were used in various applications as light sources as well as in
atomic spectrometers.

3.1. Theory of the Plasma-Chemical Microwave Discharges

Plasma is an ionized gas, a distinct fourth state of matter. “lon-
ized” means that at least one electron is not bound to an atom, con-
verting the atoms into positively charged ions, which make plasma
electrically conductive, internally interactive, and strongly respon-
sive to MW field [27].

The theory of Hg-EDL operation is shown in Fig. (1). Free
electrons in the fill (i.e. electrons that have become separated from
the environment because of the ambient energy) accelerate as a
result of the MW field energy [12]. They collide with the argon
atoms and ionize them to release more electrons. The repetitive
effect causes the number of electrons to increase significantly over
a short period of time, an effect known as an “avalanche”. The en-
ergetic electrons collide with the heavy-atom particles (argon or
mercury) present in the plasma, exciting them from a ground state
to higher energy levels. The excitation energy is then released as
UV/Vis radiation with spectral characteristics which depend on the
composition of the envelope. The excited molecular or atomic spe-
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cies in the plasma can emit photons over very broad portion of the
electromagnetic spectrum, ranging from x-rays to the IR [28].

Mw UViVis
radiation radiation
A NN
CNP NP VAAAASE-

e MW, . (accelerated)

e + Ar —> Arf + 2e
e + Aff — Ar

*

Arr + Hg — Hg + Ar
Hg*—>Hg + hv

Fig. (1). Principle of Hg-EDL operation and the release of UV/Vis radiation
[12].

3.2. Construction of the MW-powered EDLSs

The EDL system is modular and consists of two basic parts, a
gas filled bulb and a MW power supply with magnetron. A typical
EDL is made of a quartz or Pyrex tube envelope, which contains a
noble gas and an excitable substance. The envelope material must
be impermeable to gases, an electrical insulator, and chemically
resistant to the filling compounds at the temperature of operation.

The construction of microwave-excited EDLs is relatively
straightforward but there are a number of operating parameters in
their preparation which have to be considered in order to produce
an intense light source. The desired characteristics and requirements
for EDL are high intensity, great stability, long lifetime, and to a
lesser extent, low cost and high versatility. In practice, it is very
difficult to simultaneously meet all these desired characteristics.

General procedures of EDL construction are available in the lit-
erature [29-31]. However, many minor details which are critical for
the lamp proper function are often omitted. The investigator who
wants to make an EDL is thus faced with a very large amount of
information dispersed in the literature, and finds that it is very diffi-
cult to reproduce these procedures to develop EDLs having desired
properties. An experimental vacuum system for EDL (Hg, Hgl,,
Cd, I, Kl, P, Se, and S) construction has been recently designed by
Cirkva et al. (Fig. 2) [32]. The Pyrex EDL blank was cleaned in a

— —T

Fig. (2). Vacuum system for the EDLs construction: (1) rotary vacuum pump; (2) mercury manometer; (3) tilting-type McLeod pressure gauge; (4) EDL
blank; (5) modified microwave oven; (6) glass-working burner; (7) natural gas; V1-V; are stopcocks [32].
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water-soap mixture, and then washed with distilled water, aqueous
10% hydrofluoric acid, and ethanol. 2.5 pl Hg and a stainless steel
thin wire (3 cm) were placed to the EDL blank. The system was
flushed with argon and sealed under 20 Torr vacuum. This tech-
nique is very simple and enables to prepare EDL in a common
chemical laboratory.

The EDL length was 50 mm (diameter 20 mm) and the pictures
of Hg-EDL and S-EDL are shown in Fig. (3). Testing the EDL
performance was carried out in order to prepare the lamps for spec-
tral measurements [32]. A typical experimental system for such a
testing consisted of a round-bottom flask containing n-heptane,
equipped with a fiber-optic temperature and spectral probe, a Dim-
roth condenser, and placed to a MW oven (Fig. 4).

MicroSYNTH

Fig. (4). Testing the EDL performance in a Milestone’s MicroSYNTH Lab-
station [32].
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Another novel environmental risk-free (Hg-free) EDLs were
constructed by Horikoshi et al. [33] using the device illustrated in
Fig. (5). A quartz ampoule (Ichikawa Pressure Industrial Ltd.) was
connected to vacuum and was then arranged in the MW waveguide.
The EDL length was 145 mm (diameter 18 mm), the initial internal
pressure was set at 10~ Torr (0.133 Pa), and the target gas (He, Ar,
Xe, H,, Ny, O,, or a binary gas mixture thereof) has been used.
These EDLs were examine (at the optimized conditions) for using
in AOPs (photo-assisted or photocatalyzed degradations).

Fig. (5). Experimental setup for the examination of optimized conditions in
the EDL system: (1) rotary vacuum pump; (2) turbo-molecular pump; (3)
capacitance manometer; (4) MW generator; (5) MW coaxial cable; (6) EDL
blank; (7) UV/Vis spectrometer [33].

3.3. Preparation of the Thin Titania Films on the EDLs

Photocatalysis is an efficient, attractive and clean technology
for pollution abatement in water under mild conditions [34]. Tita-
nium(IV) oxide, known as titania, is the archetypical photocatalytic
material since it is endowed with an inherent photocatalytic activ-
ity. Moreover, it is inexpensive, very chemical and thermal stable,
nontoxic and available in large amounts [35]. For better recovery
and reuse, titania can be prepared in immobilized form as a thin
film on glass substrate as a catalyst support. A major advantage
here is that the reaction products and photocatalyst do not have to
be separated unlike in the cases with powder or colloidal suspen-
sions (slurry) of the photocatalyst [36]. However, the immobilized
films produced by common sol-gel methods exhibit relatively low
photocatalytic activity because of their low surface area and small
film thickness. Also, TiO, is photoactive only under UV/Vis irra-
diation with an adsorption edge wavelength of typically less than
388 nm (i.e. 3.2 eV band gap). Likewise, the fast recombination
rate (mean e/h" lifetime is about 30 ns) of photoinduced electron-
hole pairs is leading to low photoactivity of titania. Doping TiO,
with transition metal ions [37] has been frequently attempted not
only to retard the fast charge pair recombination but also to enable
visible light absorption by providing defect states in the band gap.

Sol-gel route is one of the most successful techniques for pre-
paring nanosized metallic oxide materials with high photocatalytic
activities. By tailoring the chemical structure of primary precursor
and carefully controlling the processing variables, nanocrystalline
products with very high level of chemical purity can be achieved
[38]. In sol-gel processes, TiO; is usually prepared by the reactions:
hydrolysis and polycondensation of titanium alkoxides, Ti(OR), (R
= i-Pr, n-Bu), to form oxopolymers, which are then transformed
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into an oxide network [39]. The overall reaction is usually written
as follows: Ti(OR), + 2 H,O — TiO, + 4 ROH.

The condensation is usually accomplished by gelization and
calcination. The condensation pulls together the constitute particles
of the gel into a compact mass, thus building up the metal oxide
crystal. The calcination temperature is especially important for
removing the organic molecules from the final products. The sol-
gel derived precipitates are amorphous in nature, requiring further
heat treatment at a high temperature to induce crystallization.

The sol-gel method within templates of surfactants assemblies
organized as reverse micelles is effective strategy for generation of
uniform metal oxide nanoparticles finalized as thin films [40]. In
this process the alkoxide hydrolyses inside a reverse micelle with a
limited amount of water. Then the polycondensation step could
proceed simultaneously and is highly competitive. Compared to
other methods the surfactant mediated sol-gel provides a good con-
trol of the hydrolysis rate [41].

The titania photocatalyst on Hg-EDLSs can be prepared using a
sol-gel method:

(a) from titanium(IV) isopropoxide, Ti(i-PrO), [42]: The titania
sol was prepared by hydrolysis of Ti(i-PrO), according to the
method described by Kluson et al. [43]. The hydrolysis was carried
out in the reverse micelles of Triton X-100 in cyclohexane. The
molar ratios of initial compounds were 1:1:1 (water/Triton X-100/
Ti(i-PrO),) and volume ratio Triton X-100/cyclohexane was 0.45.

(b) from titanium(IV) butoxide, Ti(n-BuO), [44]: Ti(n-BuO),
was dissolved in acetylacetone and ethyl alcohol in volume ratio
1:1:1. Then the water used for hydrolysis was added dropwise (mo-
lar ratio Ti(n-BuO)4/water was 0.1) under mechanical stirring to
form sol and gel.

As in the case of all surface-finishing techniques, it is also im-
portant to maintain a high level of surface cleanliness to ensure
good adhesion between the substrate and the surface coating [42].
Prior to the film deposition, the support (EDL) was thoroughly
cleaned in a water-soap mixture, rinsed with distilled water, soaked
in a solution of HCI (1.0 mol I'l), rinsed with water and ethanol,
respectively. In this method the support is slowly dipped into and
withdrawn from a tank containing the gel (by dip-coating machine),
with a uniform velocity (6 cm min™), in order to obtain a uniform
coating. The films were then dried at room temperature for one
hour and finalized by thermal treatment at 500 °C for 2 h
(2 °C/min) [42,44] to form the titania-coated Hg-EDLSs (Fig. 6).

Fig. (6). Prepared titania-coated Hg-EDL.

Transition metals titania-doped (M/TiO,) thin films have been
also prepared [44] by sol-gel method using Ti(n-BuO), and transi-
tion metal acetylacetonate as precursors. For the preparation of
M/TiO, sol, transition metal acetylacetonate (0.1-0.95 g) was dis-

Cirkva and Relich

solved in a 10 ml of acetylacetone. After that, Ti(h-BuO), was
added followed by the addition of 0.1 ml of concentrated nitric acid
and 10 ml of ethanol. Finally, 4 ml of water was added dropwise. In
order to obtain a homogeneous mixture of M/TiO,, the solution was
stirred vigorously for 2 h. Fig. (7) shows the flow chart for the
preparation of transition metals titania-doped thin films. Typical sol
was prepared for various transition metals (M = Zr, V, Cr, Mn, Fe,
Co, Ni, and Ag) [44] and various wt.% of transition metal concen-
trations (1, 3, 5, and 9 wt.%).

titanium(lV) acetylacetone
butoxide ethanol I I
‘ ‘ transition
metal (M)
i acetylacetonates
solution

M=2Zr, V, Cr, Mn,

hydrolysis and H
polycondensation ‘ H0 Fe, Co, Ni, Ag

sol
polycondensation‘ 2h
gel
drying
thermal
treatment TiO
U2
xerogel * M/TiO3
500°C
2°C/min

Fig. (7). Flow chart for the sol-gel processing of titania-doped thin films
[18,44].

The prepared titania and titania-doped (M/TiO,) thin films were
characterized [18,44] by several techniques: X-ray diffraction
(XRD), Raman spectroscopy, X-ray photoelectron spectroscopy
(XPS), scanning electron microscopy (SEM), atomic force micros-
copy (AFM), and UV/Vis absorption spectroscopy. Also, the pho-
tocatalytic activity of titania films was examined by the decomposi-
tion test of Rhodamine B (RhB) [18,44].

3.4. Spectral Characteristics of the EDLs

The knowledges of spectral characteristics of EDL [45,46] are
clearly essential for planning the microwave-assisted photochemi-
cal and photocatalytic experiments. The suitable choice of EDL
envelope and fill material can be very useful in planning an effi-
cient course of the photochemical or photocatalytic process without
necessity of filtering off the undesirable part of the UV/Vis radia-
tion by other tools, such as glass, solution filters or monochroma-
tors.

The total emission output of Hg-EDL in the region of 200-700
nm is approximately the same as that of the electrode lamp with the
same power input [47]. The distribution of radiation is, however,
markedly different, as a result of a much higher Hg pressure and the
greater number of atoms that are present in the plasma. EDL emits



Microwave Photochemistry and Photocatalysis

Hg

300 400 500 600 700

300 400 500 600 700

300 400 500 600 700

Current Organic Chemistry, 2011, Vol. 15, No.2 253

Cd

300 400 500 600 700

300 400 500 600 700

Se

300 400 500 600 700

Fig. (8). Emission spectra of Hg-, Cd-, I-, P-, S-, and Se-EDL (Pyrex; 5 Torr of Ar) [32,46].

over three times as much UV and over a half as much IR as a con-
ventional lamp.

The spectral measurements were accomplished in MW oven
(such as in Fig. 4) described elsewhere [45], which had a window
for UV/Vis radiation coming from EDL to a spectrometer. Its
power was adjusted to the maximum in order to guarantee a contin-
ual MW irradiation. Every liquid is immediately boiling since EDL
produces a considerable amount of infrared radiation. Spectral
measurements of prepared EDLs (light intensity in pW.cm™) were
carried out on the spectrometer AVS-S2000 with AvaSoft software
package and the spectrometer USB2000 with an optical fiber probe
and operating software package OOIlrrad-C (Ocean Optics)
[32,45.,46].

Miiller, Klan, and Cirkva have reported [46] the emission char-
acteristics of various EDL containing different fill material (such
as, Hg, Hgl,, Cd, I, KL, P, Se, or S) in the region of 250-650 nm.

While distinct line emission peaks were found for the mercury,
cadmium, and phosphorus fills (Fig. 8), the iodine-, selenium-, and
sulfur-containing EDL (Fig. 8) emitted continuous bands. Sulfur-
containing EDL has been proposed to assist phototransformations
that are of environmental interest because the emission flux is com-
parable to solar terrestrial radiation.

Another novel Hg-free EDL has been developed by Horikoshi
et al. [33] using only gases (He, Ar, Xe, Hy, N,, O,, or a binary gas
mixture thereof). This EDL was optimized through an examination
of the light intensity at controlled pressures and gas-mixture ratios.
The most suitable EDL with lines (296, 315, 336, 353, and 357 nm)
concentrated in the 300-400 nm spectral range was obtained with a
N,/Ar ratio of 20/80 by volume at pressure around 5 Torr (700 Pa).

In addition, the EDL spectra could be easily modified by the
choosing a suitable EDL envelope glass material, fill material, na-
ture and pressure of the inert fill gas, temperature, MW output
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power, and solvent polarity according to the needs of a photo-
chemical or photocatalytic experiment [45] (see also chap. 3.5).

3.5. Performance of the EDLS

The performance of EDLs depends strongly on many prepara-
tion and operating parameters:

a) Envelope Material of the EDL

High quality quartz is the most widely used lamp envelope ma-
terial but early EDL manufacturing used glass, Vycor, or Pyrex
[29]. In addition, the envelope glass material is filtering off the part
of the UV/Vis radiation from EDL. Fig. (9) shows a comparison of
the emission spectra of quartz and as Pyrex Hg-EDLs [45,48]. The
Pyrex glass completely removed the 254 and 297 nm bands, how-
ever, the intensity of the remaining bands was the same.

Pyrex

200 300 400 500 600

Fig. (9). Emission spectra of quartz and Pyrex Hg-EDLSs in hexane [45].

Table 2. Fill Material and Emission Wavelength of EDLs
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b) Fill Material

The choice of the fill material initiating the discharge is very
important. Together with a standard mercury fill it is often desirable
to incorporate an additive in the fill material that has a low ioniza-
tion potential and a sufficient vapor pressure (Cd, S, Se, Zn)
[50,51]. One category of low-ionization-potential materials is the
group of alkali metals or their halides (Lil, Nal) but some other
elements, such as Al, Ga, In, Tl [52,53], Be, Mg, Ca, Sr, La, Pr, or
Nd [54-56], can be used. Other metal-containing compounds have
been utilized to prepare EDL, including amalgams of Cd, Cu, Ag,
and Zn. Multi-element EDL have been prepared using combinations
of elements (e.g., Li-Na-K, As-Sb, Co-Ni, Cr-Mn, Bi-Hg-Se-Te,
Cd-Zn, Ga-In, Se-Te) [57]. The spectral output from each individ-
ual element is very sensitive to temperature [58]. It has been found
that no inter-element interferences occur in the lamp.

The EDLs filled with a variety of compounds and the corre-
sponding EDL emission wavelengths reported in the literature are
summarized in Table 2.

c¢) Nature and Pressure of Inert Fill Gas:

The arc chamber contains a buffer noble gas (usually Kr, Xe, or
Ar) which is inert to the extent that it does not adversely affect the
lamp operation. Helium has a higher thermal conductivity than
other noble gases and, therefore, higher thermal conduction loss is
observed [83]. The inert gas easily ionizes at low pressure but its
transition to the thermal arc is slower and the lamp requires a longer

Fill Material (inert gas) Excited Species Emission Wavelength, A [nm] Refs
AIBr; (Ne) AIBr" 278 [59]
AICI; (Ne) AICT', Al 261, 308, 394, 396 [60,61]

Ar (Ar) Ar, 126, 107-165, 812 [28,62]
Br, (Xe) XeBr" 282 [82]
Cd (Ar) Cd 229, 327, 347, 361, 468, 480, 509, 644 [46,63-65, 106-108]
Cl, (Ar) ArCl’ 175 [28,62]
Cl, (Xe) XeCI" 308 [28,62]
CuCl (Ar) Cu 325, 327 [63]
FeCl, (Ar) Fe 248, 272, 358, 372-376 [63]
Gals (Ar) Ga 403, 417, 380-450 [66,67]
Hg (Ar) Hg 185, 254, 297, 313, 365, 405, 436, 546, 577, 579 [46,49,63,64, 66,68-70]
Hgl, (Ar) Hg, Hgl” Hg lines + 440 [46]
1 (Ar) 1 342 [46]
1 (Kr) 1+1, 178, 180, 183, 184, 188, 206, 342 [81,118]
Inl; (Ar) In 410, 451 [67]
Mg, H, (Ar) MgH" 518, 521, 480-560 [71]
N (Ar) N, 296, 315, 336, 353, 357 [33]
Nal (Xe, Kr) Na 589 [72,73]
P (Ar) P 325,327, 343 [46]
S (An) S 320-850, 525 [46,52,74-76]
Se (Ar, Xe) Se 370-850, 545 [46,75-78]
Snl, (Ar) Sn 400-850, 610 [79,80]
Te (Ar) Te 390-850, 565 [75,76,78]
TH (Ar) Tl 277,352, 378, 535 [63,67]
Zn (Ar) Zn 214, 330, 468 [63,64,67]
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Fig. (10). Dependence of the Hg-EDL and S-EDL intensity on the argon pressure according to spectral area [84].

warm-up time. lonization is more difficult at higher pressures and it
requires a higher input power to establish the discharge.

In general, the pressure of filling gas was recommended to hold
between 2-20 Torr (0.266-2.66 kPa), at the operating temperature is
usually much higher (10 atm) than that of a conventional electrode
lamp. Utilizing argon was considered to be the best compromise
between high EDL radiance and long lifetime. Air cannot be used,
due to the quenching properties in microwave plasma just like wa-
ter vapors. To focus the MW field efficiently into EDL, a special
Cd low-pressure lamp with a metal antenna (a molybdenum foil)
was developed for experiments in MW-absorbing liquids [64].

The emission intensities of Hg-EDLs and S-EDLs have been
scaled according to spectral area (300 - 450 nm) in dependence on
pressure of argon in the range 0.1-20 Torr (13-2660 Pa) (Fig. 10).
Also, the effect of spiral (resistance wire steel, tantalum) on the
EDL intensity was studied [84]. The best results were obtained for
Hg-EDL with pressure 20 Torr (2.5 pl Hg, steel spiral) and S-EDL
with pressure 0.1 Torr (5 pg S, tantalum spiral).

The EDLSs can be evaluated on photochemical cis-trans photoi-
somerization of trans-stilbene (Fig. 11). This method [84] makes
possible to compare the various EDL (Hg vs S) at different pres-
sures (5 vs 20 Torr) and it’s now under investigation.

d) Temperature of the EDL

Operation at a high power or high temperatures can increase the
emission intensity but, at the same time, reduce the lamp lifetime
and lead to a broadening of the atomic line profile due to self-
absorption and self-reversal effects. It was found that the optimum
operating temperature for the mercury filling is 42 °C (for 254 nm
line, 6'So-6P,) [63]. The output is reduced when the temperature is
beyond optimum [45].

The relative intensities of the mercury emission peaks in EDL
were found [45] to be very dependent on temperature (35-174 °C,
in various hydrocarbons); the 254 nm short-wavelength band was
suppressed with increasing temperature, however, the 366 nm line
was enhanced (Fig. 12).
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Fig. (11). EDL evaluation on photoisomerization of trans-stilbene (¢ Hg-
EDL, o S-EDL) [84].
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Fig. (12). Emission spectra of quartz Hg-EDL in pentane and decane [45].
e) Effect of the MW Output Power

20 400 500 600

The frequency and intensity of electromagnetic energy is de-
termined by the type of a device. MW energy is widely used for the
excitation of EDL because it is generally more efficient than radiof-
requency energy for the generation of intense light. MW radiation
for the excitation of gas discharges is usually generated by a fixed
frequency (2.45 GHz) magnetron oscillator. The effect of the MW
reactor output power on the relative peak intensities was also inves-
tigated [45,84] (Fig. 13). It was found that the EDL intensity in-
creased with increasing MW power (30 and 300 W).

200 300 400 500 600

Fig. (13). Emission spectra of quartz Hg-EDL at the 30 and 300 W output
power in hexane [45].

f) Solvent Polarity

Solvents absorbing MW radiation significantly reduced the
EDL intensities of all emission bands since it reduces the amount of
MW energy that powers the lamp [45]. The EDL spectrum in
methanol is compared to that in hexane in Fig. (14). Likewise, the

Cirkva and Relich
solvent can be also used as an internal UV filter; benzene signifi-

cantly suppressed the wavelengths below 280 nm. Therefore, hex-
ane is ideal in case a short-wavelength irradiation (254 nm) experi-

Hg

methanol
jeossosm—  1-5'¢:1, V-3

Lk L

200 300 400 500 600
Fig. (14). Emission spectra of quartz Hg-EDL in methanol and hexane [45].

It is concluded that the right choice of the EDL envelope mate-
rial (quartz, Pyrex) and reaction conditions (temperature, solvent
polarity) is essential for an efficient course of a photochemical and
photocatalytic processes in this experimental arrangement.

4. MICROWAVE PHOTOCHEMICAL AND PHOTOCATA-
LYTIC REACTORS

Over the past decade, considerable experiences [85-87] have
been obtained concerning the construction of the microwave photo-
chemical and photocatalytic reactors [12]. The various lamp con-
figurations in the microwave photoreactors are shown in Fig. (15).
Three different arrangements of the lamp (external vs two internal
UV/Vis source) and their location in MW field (outside vs inside)
are possible, which lead for batch and flow-through mode to six
fundamental types of photoreactors, A1-A3, B1-B3.

The simplest types of microwave photoreactors are a batch
flask (Fig. 15, Al) or flow-through tube (B1) in MW field, which
are irradiated by a light beam from an external UV/Vis source
(classical lamp or EDL). This type of equipment makes possible to
study effect of microwave radiation on the course of photoreaction.
However, for practical reasons, the batch photoreactors (A2, A3)
with EDL inside of MW oven has been widely applied.

The flow-through reactor types can be subdivided into annular,
with EDL centered parallel to the axis of the reactor vessel (Fig. 15,
B2), and into cylindrical photoreactor (B3) with a coaxial radiation
field that is generated by surrounded EDL. The many microwave
photoreactor units are based on these designs.

The microwave photocatalytic reactors can be also divided for
batch and flow-through mode to six fundamental types of photore-
actors, A1-A3, B1-B3, Fig. (15), moreover, the type and variation
of photocatalyst (slurry vs thin film) needs to be further considered.

4.1. Batch Photochemical Reactors

Chemat et al. [88] have proposed the simplest type of micro-
wave photoreactor as a batch flask (Fig. 15, Al) in MW field,
which is irradiated by a light beam from an external UV/Vis source
(classical medium-pressure mercury lamp).

The batch photochemical reactor with internal EDL (Fig. 15,
A2) used for MW-assisted experiments is an essential tool for ex-
perimental work [12]. In this set-up the simultaneous irradiation of
the solution with both MW and UV/Vis radiation is utilized. Cirkva
and Hajek [16] have proposed a simple application of a domestic
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¢
g

B1

Fig. (15). Cross-sectional view of various microwave photoreactor types
with different arrangement of the lamps: (Al) batch with external UV/Vis
source (classical lamp or EDL); (A2) batch with internal EDL; (A3) batch
with EDL inside of double wall; (B1) flow-through with external UV/Vis
source (classical lamp or EDL); (B2) annular flow-through with internal
EDL; (B3) cylindrical flow-through surrounded with EDL.

MW oven for MW-assisted photochemical experiments. In this
arrangement (Fig. 16), EDL was placed in a reaction vessel located
in the cavity of MW oven. The MW field generated a UV/Vis dis-
charge inside the lamp that resulted in simultaneous UV/Vis and
MW irradiation of the sample.

Klan, Literak et al. published a series of papers that described
the scope and limitation of this reactor [48,89-91]. In a typical de-
sign (Fig. 16), two holes were drilled into the walls of a domestic
MW oven, one for a condenser tube in the oven top and second in
the side for a fiber optic spectral probe. Part of the oven bottom was
replaced with an aluminum plate to enable magnetic stirring. The
certain amount of a MW-absorbing solid material (dummy load:
basic Al,03, molecular sieve, etc.) was inserted when a small quan-
tity of a non- or poorly absorbing sample was used. The material
removed excess MW power and prevented the magnetron from
being destroyed by overheating.

The MW batch arrangement provided the unique possibility of
studying photochemical and photocatalytic reactions under extreme
thermal conditions [89]. However, technical difficulties occur when
the MW photochemical experiments are to be performed at tem-
perature below the boiling point of the solvent. Therefore a simple
low-pressure operating MW photoreactor (Fig. 17) has been con-
structed and applied [92].

Another novel quartz EDL photochemical reactor has been de-
veloped by Ferrari et al. [104] using an immersed coaxial dipole
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Fig. (16). MW batch photochemical or photocatalytic reactor: (A) reaction
mixture with EDL and a magnetic stir bar; (B) Dimroth condenser; (C)
aluminum plate; (D) magnetic stirrer; (E) fiber optic spectral probe; (F)
dummy load inside the oven cavity [89].

Fig. (17). Low-pressure batch microwave photoreactor [92].

antenna and producing a plasma discharge inside the bulb without
the need of a MW oven. The advantages over other experimental
procedures, like reduced consumption of chemicals, energy saving
and simpler setup are highlighted.

In Table 3 are depicted the most important advantages and dis-
advantages of EDL in photo-applications [12].
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Table 3. Advantages and Disadvantages of EDL in Photo-Applications
[12]

Advantages

Simultaneous UV/Vis and MW irradiation of the sample

Simplicity of the experimental set-up (use of a commercially MW oven, “wireless”
EDL operation)

Low cost of EDL (easy method of EDL preparation in lab)
Possibility of performing photoexperiments at high temperatures
Good photo-efficiency: EDL is “inside” the sample

Choice of the EDL material (Hg, S) might modify its spectral output

Disadvantages

Technical difficulties of performing experiments at temperatures below the solvent
b.p.
Intensity of EDLs strongly depends on given experimental conditions:

a) b.p., polarity, and transmittance of solvent

b) output and sort of MW equipment

¢) type and intensity of cooling

Table 4. Batch MW Photochemistry

Cirkva and Relich

Microwave photochemistry in a batch reactor has been investi-
gated over the past decade (see Table 4) and can be implemented if
external or internal lamps (classical UV lamp vs EDL) are used.
The combination of given variables may lead to the following four
types of techniques (see Table 4) for batch set-up in a MW field:

a) external classical UV lamp (Fig. 15, A1)

b) external EDL (Fig. 15, A1)

c) internal EDL (Fig. 15, A2)

d) internal EDL inside of double wall (Fig. 15, A3)

4.2. Flow-through Photochemical Reactors

The MW flow-through photochemical reactors consisted either
of an external UV/Vis source irradiating the sample placed inside
the MW field (Fig. 15, B1), or of an internal EDL in the MW field
and powered by microwaves. This last type can be subdivided into
annular (Fig. 15, B2) and into cylindrical photoreactor (B3).

Horikoshi et al. [113] have proposed a flow-through quartz
photoreactor for photoremediation of aqueous solutions using either
conventional lamp (type B1) or cylindrical EDL (type B3) as
sources of UV/Vis radiation.

Type Lamp (envelope) Reaction Refs
Al class. Hg-MP 0-CH3CO-C¢H,-OCOPh — 0-HO-C¢H,-COCH,COPh [88]
p-MeO-CgH,-NO, + OH — p-MeO-CgH,-OH + p-HO-CsH,-NO, [93]
class. Hg-HP p-R-CsHs-COCH,CH,CHR’ (R,R’ = H,Me; Me,Me; H,C/H15) — [94]
p-R-CsH4-COCHj; + R’-CH=CH, + cyclobutanols
phenol, 4-chlorophenol, PCP, chlorobenzene, nitrobenzene + H,0, [95]
A2 Hg-EDL (quartz) THF + CH,=CH-C4F13 — THF-CH,CH,-CcFy3 [16]
valerophenone, 4-nitroanisole in high-temperature water [96]
CeHiz + CsD1 — CoHus-CoHus + CoHiy-CeDis + CeD1i-CoDy [97]
CsHi2 + (CH3),CHOH — CgHj;3-CgHi; + CeH11-C(CH3),0H + pinacole
4-chlorophenol (H,0,) — 4-chlorocatechol, hydroquinone, benzoquinone [98,99]
o-tert-butylphenol — C-C dimers [100]
p-tert-butylphenol — C-C and C-O dimers + o-tert-butylphenol [101]
1,4-dihydropyridines + O, — pyridines [102]
acid orange 7 + (H,O,) — degradation [104]
Hg-EDL (quartz, Pyrex) valerophenone — acetophenone + propene + cyclobutanols [48,91]

PhCOCH,0,CPh + (H-donor) — PhCOCH; + PhCOOH
PhCI + CH;OH — PhOCH; + HCI
PhCOCH; + (CH3),CHOH — PhCH,C(OH)-C(OH)PhCH; + CH;COCH,
PhOCOCH; — 0-HO-CgH,-COCH; + p-HO-CgH,-COCH; + PhOH

Hg-EDL (Pyrex) valerophenone — acetophenone + propene + cyclobutanols [90,91]
p-MeO-CgH,-NO, + OH" — p-MeO-CgH,-OH + p-HO-CsH4-NO, [93]
bromophenol blue — degradation [103]
atrazine — degradation [105]
Cd-EDL (quartz) chlorfenvinphos, cypermethrin + photo-Fenton (Fe?* + H,05) [106]
digestion of skimmed milk [64]
digestion of road dust (determination of Pd) [107]
digestion of serum, urine, milk [108]
A3 Hg-EDL (quartz) polyphosphate/organophosphate — orthophosphate [109]
(Na4P,05, 2-glycerophosphate, 4-nitrophenylphosphate, ATP)
(HO,CCH,),NCH,CH,N(CH,CO,H), + H,0, — CO, [110]
humic acid + H,0, — decomposition [111]

water disinfection [112]
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Cirkva et al. [92] have studied an annular flow-through MW
photoreactor (type B2), which contained the glass tube with quartz
Hg-EDLs (254 nm emission) inside a MW oven (Fig. 18). Photo-
hydrolysis of aqueous mono-chloroacetic acid into hydroxyacetic
acid and HCI has been chosen as the model reaction to evaluate
photoreactors. The photoreaction course was monitored by the pH
change in the solution. The conversion was optimized as a result of
a trade-off between the thermal dependence of the quantum yield
(which increases with increasing temperature) and the thermal de-
pendence of the EDL light intensity of 254 nm line (which in-
creases with decreasing temperature).

Fig. (18). MW flow-through photochemical or photocatalytic reactor: (A)
reaction tube with EDLs; (B) glass reservoir with magnetic stir bar; (C)
thermometer; (D) pH/chloride ion-selective electrode and/or tube for air
bubbling; (E) magnetic stirrer; (F) PTFE diaphragm pump; (G) outlet; (H)
spectrometer with a fiber-optic probe; (1) cooling condenser [92,114].

The experimental set-up for the flow-through MW photoreactor
[92] is shown in Fig. 18 and 19). The aqueous mixture has been
circulated through the photoreactor system consisting of the glass
reservoir (B) (500 mL; fitted with a thermometer (C) and a pH elec-

Table 5. Flow-through MW Photochemistry

Current Organic Chemistry, 2011, Vol. 15, No.2 259

Fig. (19). Flow-through microwave photochemical or photocatalytic reactor
[92,114].

trode (D)) connected by tubing (ISO Versinic) to a PTFE dia-
phragm pump (F), a glass tube (200 x 22 mm) with EDLs (A) in-
side a modified MW oven, and cooling condenser (I). The EDLs
emitted UV/Vis light measured by spectrometer with a fiber-optic
probe (H). The desired temperature in the flow-through photoreac-
tor has been achieved by adjustment of the pump flow speed.

Microwave photochemistry in a flow-through reactor has been
investigated over the past decade (see Table 5) and can be imple-
mented if external or internal lamps (classical UV lamp vs EDL)
are used. The combination of given variables may lead to the fol-
lowing four types of techniques (see Table 5) for flow-through set-
up ina MW field:

a) external classical UV lamp (Fig. 15, B1)

b) external EDL (Fig. 15, B1)

¢) annular reactor with internal EDL (Fig. 15, B2)

d) cylindrical reactor surrounded with EDL (Fig. 15, B3)

Type Lamp (envelope) Reaction Refs
B2 Hg-EDL (quartz) CICH,CO;H + H,0 — HOCH,CO,H + HCI [92]
phenol + H,0, — decomposition [115]

acid orange 7 + (H,O,, O3) — degradation

[104,116,117]

H,S — SO,* [118]

Hg-EDL (quartz, W wire) 2,4-dichlorophenoxyacetic acid, bisphenol-A [119]

1,-EDL (KT, quartz) H,S — SO,* [118]

B3 Hg-EDL (quartz) water disinfection [112]
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Table 6. Batch MW Photocatalysis

Cirkva and Relich

Type Lamp (envelope) Catalyst Reaction Refs
Al class. Hg-MP slurry TiO, rhodamine-B, benzoic acid, pyronin-B [17,120,121]
[122]
methylene blue
DMPO, phenol [123]
bisphenol-A [122,124,125]
benzoic acid, phthalic acid, o-formylbenzoic acid, phthalaldehyde, [126]
succinic acid, dimethyl phthalate, diethyl phthalate, phenol
methanol, ethanol, 1-propanol, ethylene glycol, glycerin, acetone, [127]
formic acid, acetic acid
2,4-dichlorophenoxyacetic acid [128]
humic acid [88]
class. Hg-MP slurry TiO, or Pt/TiO, 4-chlorophenol [122,129,130]
class. Hg-MP thin film TiO,/ZrO, ethylene [131]
A2 Hg-EDL (quartz) slurry TiO, dimethyl phthalate [132]
methylene blue [133]
bromophenol [103]
malachite green [134]
. 135
slurry TiO,/C phenol [135]
slurry TiO, nanotubes atrazine [136]
. - . [137,138]
F-Si-comodified TiO, pentachlorophenol
Hg-EDL (Pyrex) thin film TiO,, M*/TiO, CICH,CO,H [42,44]
Cd-EDL (quartz) slurry TiO, digestion of serum, urine, milk [108]
A3 Hg-EDL (Ne, quartz) slurry TiO, 2,4-dichlorophenoxyacetic acid [139]
Table 7. Flow-through MW Photocatalysis
Type Lamp (envelope) Catalyst Reaction Refs
B1 class. Hg-MP slurry TiO, rhodamine-B [140]
B2 Hg-EDL (quartz) slurry TiO, 4-chlorophenol [98,141,142]
2-chlorophenol, 4-chlorophenol, 2,4-dichlorophenol, 4-chloro-3-methylphenol, [99,143]
2,4,6-trichlorophenol, pentachlorophenol
reactive brilliant red X-3B [144,145]
acid orange 7 [146]
slurry MnO, cationic blue (X-GRL) [147]
pellets TiO, acetaldehyde [148]
Hg-EDL (Pyrex) thin film TiO, CICH,CO,H [114]
EDL thin film fluid remediation [149]
fluorescent bulb thin film ethylene [131]
TiO,/ZrO,
B3 Hg-EDL (Ne, quartz) slurry TiO, rhodamine-B [113,140]
2,4-dichlorophenoxyacetic acid [128]

4.3. Batch Photocatalytic Reactors

Microwave photocatalysis in a batch reactor has been investi-
gated over the past decade (see Table 6) and can be implemented if
external or internal lamps (classical UV lamp vs EDL) are used.
The combination of given variables, i.e. lamps and the type and
variation of semiconductor photocatalyst (slurry vs thin film), may
lead to the following four types of techniques (see Table 6) for pho-
tocatalytic batch set-up in a MW field:

a) external classical UV lamp + slurry/thin film TiO, (Fig. 15,
Al)

b) external EDL + slurry/thin film TiO, (Fig. 15, Al)
c) internal EDL + slurry/thin film TiO, (Fig. 15, A2)

d) internal EDL inside of double wall + slurry/thin film TiO,
(Fig. 15, A3).

4.4. Flow-through Photocatalytic Reactors

Microwave photocatalysis in a flow-through reactor has been
investigated over the past decade (see Table 7) and can be imple-
mented if external or internal lamps (classical UV lamp vs EDL)
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are used. The combination of given variables, i.e. lamps and the
type and variation of semiconductor photocatalyst (slurry vs thin
film), may lead to the following four types of techniques (see Table
7) for photocatalytic flow-through set-up in a MW field:

a) external classical UV lamp + slurry/thin film TiO, (Fig. 15,
B1)

b) external EDL + slurry/thin film TiO, (Fig. 15, B1)

c) annular reactor with internal EDL + slurry/thin film TiO,
(Fig. 15, B2)

d) cylindrical reactor surrounded with EDL + slurry/thin film
TiO;, (Fig. 15, B3).

5. CONCLUSION

In this review, we present a new method for carrying out photo-
chemical and photocatalytic reactions with high efficiency in the
microwave field. The objective of microwave photochemistry and
photocatalysis is frequently, but not necessarily, connected to the
electrodeless discharge lamp (EDL) as a novel light source which
generates efficiently UV/Vis radiation when placed into a micro-
wave field. This article is focused on theory of the microwave dis-
charge in EDLSs, their construction, spectral characteristics, prepara-
tion of titania-coated films, and their performance. Novel micro-
wave photochemical and photocatalytic reactors with different ar-
rangement of the lamps in the batch and the flow-through experi-
mental set-up are described. The presented photochemical and pho-
tocatalytic reactions are indexed into several tables, and their de-
tailed description will be the subject of an upcoming review article.

We have discussed how the concept of MW photochemistry
and photocatalysis is already an important issue in synthetic chem-
istry and material science. Although still in the beginning, detailed
analysis of past and present literature confirms explicitly the use-
fulness of this method of chemical activation. The application of
EDL simplifies the technical procedure, especially in the field of
organic photochemical and photocatalytic synthesis, environmental
chemistry, or analysis.
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LIST OF ABBREVIATIONS

AOPs = advanced oxidation processes

EDLs = electrodeless discharge lamps

HP = high pressure

MP = medium pressure

MW = microwave

MWP = microwave photochemistry

MWPC = microwave photocatalysis

us = ultrasound

UV/Vis = ultraviolet/visible
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