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Abstract

The electrodeless discharge lamps (EDLs) have been found to be suitable sources of UV/vis light for photochemical reactions. The EDL
usually consists of a glass tube (quartz or Pyrex) filled under a reduced pressure with argon and an excitable substance (e.g. Hg, Hgl,, Cd,
I, KI, P, Se, S), and generates UV/vis radiation when placed into the microwave field. The utilization of other filling material than mercury
is practical and environmentally safe in the EDL performance. The original equipment for easy preparation of EDLs has been described in

detail.
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1. Introduction

The field of microwave photochemistry [1] is frequently,
but not irreplaceably, focused to the electrodeless discharge
lamps (EDLs), which generates UV/vis radiation when placed
into the microwave field. The lamp is excited at frequency
2.45 GHz owing to the ready commercial availability of the suit-
able microwave generators (magnetrons).

Several original papers [2-9] describing a photochemical
reactor consisting of mercury-EDL placed directly into a reac-
tion mixture in modified microwave oven have been published
in the past 9 years. There was a great interest in EDLs as primary
light sources of narrow spectral lines covering the spectrum from
the vacuum UV to the infrared region [10,11].

The EDLs have been used in various applications as light
sources and also in scientific devices for atomic spectrome-
try [12]. Since they are used above all as the low-pressure
lamps, such discharges provide a relatively high intensity of res-
onance radiation frequencies of the substance being excited. The
spectral bands are narrowed and therefore some photochemical
applications are limited.
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Various papers [13-16] are available describing the gen-
eral procedure required to produce the EDLs. However, for
the sake of conciseness, many minor details are often omitted
which are critical in producing a lamp that will function prop-
erly. The investigator who wants to prepare an EDL is faced
with a very large amount of information dispersed in litera-
ture. Therefore, in present study, we describe the easy prepara-
tion of EDLs for photochemical applications using our original
equipment.

2. Experimental section
2.1. Equipment

Electrodeless discharge lamps (EDLs) were made (vide infra)
of 12 mm quartz (4 ml) or 20 mm Pyrex (9 ml) envelope tubing
(of approximately 1 mm thick glass) of the ca. 40 mm length,
containing the corresponding filling material (Table 1), and
sealed under 0.7 kPa argon atmosphere.

The typical experimental vacuum system for preparation
of EDLs (Fig. 1 ) is consisting of a rotary oil vacuum
pump (1) (single-stage, limiting total pressure 10Pa, type
model VR 1.5-12; Lavat, Chotutice, Czech Republic), the
mercury manometer (2) with movable scale (0-200 mmHg,
Anschiitz-type; Kavalier, Sdzava, Czech Republic), the tilting-
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Table 1
The filling and envelope material characteristics of the EDLs?*

Filling material Amount (mg) Envelope material®

Hg 10 Q
Hg 10 P
Hgl, 5 P
Cd 5 Q
Cd 5 P
I Vapor Q
I Vapor P
KI 4 P
P 1 P
P 10 P
Se 2 P
S 1 P
S 6 P
S 12 P

2 The pressure of argon was 0.7 kPa (5 Torr).
b P: Pyrex, Q: quartz.

type McLeod pressure gauge (3) with mercury (0.01-10 mmHg,
MSP Prague, Czech Republic), the EDL blank (4) tubing
(Pyrex, quartz; Kavalier, Sdzava, Czech Republic), the modi-
fied microwave oven (5) with hole in the top according to [4],
the glass-working burner (6) (type model R-1; Kavalier, Sdzava,
Czech Republic). V is three-way double oblique bore stopcock,
V3, is three-way T-bore stopcock and V3 is straight way stopcock
(all stopcocks from Kavalier, Sdzava, Czech Republic) greased
with high vacuum silicone lubricant (Dow Corning Co., Mid-
land, USA). The system units are connected each other by the
silicon rubber hose (5/15 mm).

2.2. Chemicals

Mercury (99.9999%, electronic grade), mercury(Il) iodide
(99.999%, powder), cadmium (99.9+%, foil), iodine (99.999%,
beads), potassium iodide (99.998%, beads), red phospho-
rus (99.99+%, powder), selenium (99.999%, powder), sulfur
(99.998%, powder) (all from Sigma—-Aldrich) were used as

received. Argon (4.8 grade) was purchased from Linde Techno-
plyn (Czech Republic).

2.3. Preparation of EDLs

A pattern of the vacuum system for preparation of EDLs is
shown in Fig. 1. In order to obtain high quality lamps the EDL
blank should be cleaned in water—soap mixture, then washed
with distilled water, aqueous 10% hydrofluoric acid, ethanol and
dried in a clean oven.

The corresponding amount of the EDL filling material (e.g.
Hg, Hgly, Cd, I, KL, P, Se or S) (Table 1) was placed to the EDL
blank (4) (Fig. 1), the system was flushed with argon and then
pumped down. When the mercury manometer (2) and tilting-
type McLeod pressure gauge (3) indicated that the pressure has
reached 13.3 Pa (0.1 Torr), the ice-water bath was put around
the EDL blank (4) to reduce the loss of the mercury. Then stop-
cock V1 was turned off and the system was again flushed with
argon (this operation was repeated 10 times). Finally, when the
McLeod pressure gauge (3) indicated 0.7 kPa (5 Torr) of argon,
the stopcocks Vi—V3 were closed. The EDL blank (4) was
removed from ice-water bath, inserted to the microwave oven
(5) and excited (ignited) by using a microwave field (2.45 GHz)
[14]. The extent and color of the discharge plasma indicated
the efficiency of the cleaning process. Water vapor and oxygen
were the two major impurities that they quenched the plasma.
The milky white plasma indicated extensive water vapor still on
the walls of the lamp. This scrubbing procedure was repeated
with fresh samples of argon until the light blue plasma was not
observed. Finally, the EDL blank was sealed applying a narrow
flame (natural gas-oxygen) glass-working burner (6), the lamp
was pulled off and the end was rounded.

2.4. Testing of the EDL performance

A typical experimental system for testing of the lamp perfor-
mance consisted of a round-bottom flask (500 mL) containing

Fig. 1. The vacuum system for preparation of EDLs: (1) rotary vacuum pump; (2) mercury manometer; (3) tilting-type McLeod pressure gauge; (4) EDL blank; (5)
modified microwave oven [4]; (6) glass-working burner; (7) natural gas. V{—V3 are stopcocks.



V. Cirkva et al. / Journal of Photochemistry and Photobiology A: Chemistry 179 (2006) 229-233 231

Fig. 2. Testing of the EDLs performance on Milestone’s MicroSYNTH Labstation.

n-heptane (200 mL, b.p. 98 °C), equipped with a magnetic stir-
rer, a fiber-optic temperature probe with thermowell, Dimroth
condenser, and placed to a MW oven (Fig. 2 ). Once the lamp
is started (1000 W of MW output power), it produces except
UV/vis light also the heat, and therefore the n-heptane is warmed
up. The EDL was conditioning for 10 min until no lamp blinking
occurred.

2.5. Spectral distribution of the EDLs

Spectral distribution of the lamps was examined by us [17,18]
using AVS-S2000 spectrometer with AvaSoft software package
and USB2000 spectrometer with a fiber-optic probe and operat-
ing software package OOIrrad-C (Ocean Optics). The line (Hg,
Hgl,, Cd, P) and continuous (I, KI, Se, S) emission spectra [18]
were then observed between 250 and 650 nm.

3. Results and discussion

The general method of preparation of EDL for analytical
applications is very simple [19] and makes it possible to pro-
duce the lamp in the laboratory. A search of the literature gives
many detailed procedures for EDL preparation [16]. However, in
practice it is very difficult to reproduce these methods to develop
the EDLs which have the same properties as those described in
the literature.

The preparation of EDLs for photochemical applications is
performed according to Fig. 1. The vacuum system is described
in Section 2.3. Some selected variables are optimized, i.e. the

envelope material (quartz, Pyrex), lamp dimensions and the
amount and chemical form of the filling material. These prepa-
ration parameters of EDLs are important for the investigation of
EDL performance.

3.1. The preparation parameters of EDLs

The envelope material must be impermeable to gases, an
electrical insulator, and chemically resistant to the filling com-
pounds at the temperature of operation. High quality quartz is
the most widely used lamp envelope material that has many
excellent properties: low thermal expansion, excellent elastic-
ity, temperature shock resistance, low electric conductivity, and
above all the good optical and microwave transmissions. In
preparation of the EDLs, the Pyrex is also used as envelope
material. It has advantage of absorbing most of the UV radia-
tion below 290 nm, however, the borosilicate glass is softening
at higher working temperature and the envelope implosion can
follow.

Diameter and length of the lamp are mainly dependent on
the cavity used and the volatility of the material introduced.
Early work [20] on the influence of lamp diameter on intensity
showed that the best signals were obtained with diameters in
the 8—20 mm range. Intensity dropped dramatically when diam-
eters of 20 mm were exceeded. When the lamp was too long,
the plasma did not fill the EDL completely and this resulted in
extra fluctuations of the lamp intensity. In practice, the lamps
of 8-20mm diameter, 30-45 mm in bulb length, and 1 mm
thickness are generally used and widely accepted as a com-
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promise between high intensity and acceptable lifetime and
stability.

The amount of filling material (in mg) depends on the
compound and the operating conditions. The substance must
have sufficient volatility and should not react with glass. The
decrease of the signal with increase of material in the EDL is
attributed to the increasing pressure, giving self-reversal and
line-broadening.

The chemical forms of the material that have been used in
EDL preparation are the pure element, metal halide, or other
metal compounds [15,16]. The pure metal can only be used when
sufficient vapor pressure (0.133 kPa) [15] can be obtained and
is restricted to the more volatiles such as Cd, Hg, S, Se and Zn,
although the EDLs have been prepared with slightly less volatile
elements such as Cs, [, Mg, Na, K, Rb, Sn, Pb, As, Sb, Bi, In,
Te and T1 [21].

In general, the pressure of argon as the filling gas was rec-
ommended to hold between 0.27 and 2.66 kPa (2-20 Torr) for
the best compromise between maximum lamp intensity and long
life [15]. The effect of pressure on the EDL performance [17,18]
is closely associated with the lamp and filling gas temperature.

The MW energy is used for the excitation of EDLs, the fre-
quency is 2450 MHz and the maximum power varies from 30
to 1000 W. For the coupling of the MW energy to the EDLs,
cavities (Broida-type, Evenson-type) and antennas (Raytheon)
have been used [15]. However, optimum conditions ascertained
for operation of a lamp in one type of MW cavity will by no
means be optimal for operation in another one. Therefore, the
results obtained in the MW oven do not have to be same as for
other tested cavities.

In plasma system, the photons emitted from radiative excited
states are absorbed by ground state atoms. These emission and
absorption processes may be repeated many times until the
photon finally reaches a wall and escapes the EDL. This phe-
nomenon is called the radiation trapping effect [22] and it can
change the spectrum of emitted light. In 1-10 Torr pressure
regime (a large collision frequency), the dominant energy loss
mechanism of electrons is inelastic collision with neutral gas.
As for the radiative state, resonance collision broadening is the
dominant mechanism of the radiation.

3.2. Spectral characteristics of EDLs

Testing of the EDL performance was carried out in order
to prepare the lamps for spectral measurements. For the mutual
EDLSs comparison we measured their temperature profiles during
5Smin (Fig. 3) using EasyWAVE software (Milestone). It was
observed that EDL-S (1 mg) is faster warmed up than EDL-
Hg (10 mg, Pyrex), apparently for the higher operating pressure
inside of EDL-S envelope (lower volatility of sulfur).

Spectral characteristics of EDLs are of general interest
for microwave photochemical research. Knowledge of spectral
characteristics of EDL is clearly essential for planning the pho-
tochemical experiments. The right choice of the preparation and
operation parameters can provide a desired UV/vis radiation.

The spectral measurements for prepared Hg, Hgl,, Cd, I, KI,
P, Se and S-EDLs were accomplished in a modified MW oven
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Fig. 3. Temperature profiles of the radiating EDL-S (1 mg) (@) and EDL-Hg
(10 mg, Pyrex) (A) in heptane at 1000 W MW output power.

described by us [17,18]. The EDL characteristics (filling mate-
rial, Pyrex and quartz, temperature effect, MW output power)
were measured and discussed.
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