
CHAPTER I 
INTRODUCTION

1.1 General Introduction

Natural gas, of which methane is a major constituent, is an inexpensive and 
abundant resource. Conversion of methane to synthesis gas, which is a versatile 
feedstock of many chemical processes such as ammonia, methanol, and Fischer- 
Tropsch synthesis processes, can be achieved by partial oxidation, steam reforming, 
and carbon dioxide reforming. Several catalysts are active in these reactions but the 
main problem is a rapid deactivation of catalysts due to carbon deposition under the 
desired reaction conditions. Another drawback of these conventional synthesis gas 
productions is large external energy requirement due to their strongly endothermic 
reactions. Therefore, solving these problems to find ways to operate this process at 
milder reaction conditions is of great interest.

A non-equilibrium discharge is an effective tool to generate energetic 
electrons, which can initiate a series of plasma chemical processes such as ionization, 
dissociation, and excitation. Utilization of a non-equilibrium plasma as an initiation 
“catalyst” introduces no environmental problems, low cost, high selectivities, and 
energy-efficient synthesis in some cases. It is a volumetric process with high 
productivity, e.g. the interaction between accelerated charged particles and other 
chemical species takes place throughout the whole plasma volume to promote the 
reactions, that are not possible in surface catalysis technologies (Mutaf-Yardimci et 
ai, 1998). Plasma reactors are already being used to study different possible 
applications in control of toxic gases, volatile organic compounds, hazardous 
emissions, and for ozone synthesis (Eliasson et a i, 1987; Eliasson and Kogelschatz, 
1991 ; Futamura et al., 2001 ; and Huang et al., 2001).

A low temperature plasma reactor is considered to be a promising technology 
to facilitate methane reforming reaction at lower temperatures and then reduce the 
conventional problems of synthesis gas production. It can be claimed that this 
project aims to utilize our natural gas more efficiently by converting methane into
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1.2 Objectives

1. To study the effects of feed gas composition, flow rate, gap width, and electrical 
discharge, i. e. input power, input low side voltage, and input frequency, on 
steam reforming with methane, partial oxidation of methane, and carbon dioxide 
reforming with methane under the corona discharge.

2. To study the effects of Pt/ZrÛ2 and Pt/KL on synthesis gas production from 
methane under electric discharge.

3. To study combined carbon dioxide and steam reforming with methane and 
combined steam reforming and partial oxidation of methane to produce synthesis 
gas in low temperature plasma.

1.3 Scope of Work

There are three conventional reactions to produce synthesis gas from 
methane, i.e. steam reforming, carbon dioxide reforming, and partial oxidation. The 
drawbacks of these three reactions are high operating temperature and catalyst 
deactivation. The corona discharge could be an alternative novel approach to 
produce synthesis gas from methane since it can facilitate the reaction at a milder 
condition and probably reduce the cost of synthesis gas production in the industrial 
application. Therefore, these three main reactions to produce synthesis gas from 
methane have been studied under corona discharge instead of over thermal catalytic 
process.

Steam reforming with methane under electrical discharge has high tendency 
to produce carbon in the reactor. In the other word, synthesis gas cannot be produced 
by steam reforming with methane under corona discharge without carbon formation. 
The result of carbon dioxide reforming with methane in low temperature plasma is 
shown in Chapter II. The effects of CO2/CH4 feed mole ratio, input low side voltage, 
input frequency, flow rate, gap width, and waveform on methane and carbon dioxide

higher valuable products. Hence, the experimental results from this study will be
directly benefit to the development of Thai petrochemical industry.
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conversions, current, and product distribution were investigated. To study partial 
oxidation of methane in an AC electric gas discharge, air was used as a source of 
oxygen to reduce operating cost as compared to pure oxygen. The effects of CH4/O2 

ratio, residence time, input power, input frequency, adding ethane, waveform, and 
diluent gas on methane and oxygen conversions, specific energy consumption, and 
product selectivities are shown in Chapter III.

However synthesis gas can be produced from methane under corona 
discharge, methane conversion and synthesis gas selectivity are not as high as 
thermal catalytic system. To overcome the disadvantages of conventional catalytic 
process and non-equilibrium plasma process, the combination of catalyst and plasma 
could be an alternative way to improve synthesis gas production from methane. 
Chapter IV shows the result of synthesis gas production from reforming of methane 
with carbon dioxide in an AC electric discharge over Pt/ZrC>2 . Pt/KL was introduced 
in the reactor to promote synthesis gas production from methane via partial oxidation 
of methane in air and carbon dioxide reforming under corona discharge. The results 
are shown in Chapter V. In both Chapter IV and V, electrical parameters were varied 
to investigate the effects of electrical parameters on methane reforming to synthesis 
gas with and without catalyst in the reactor.

Since water is a cheap reactant and easy to handle, it would be useful to 
develop synthesis gas production using steam as a co-reactant in a methane 
reforming process. Chapter VI shows the experimental results of a combined system 
of carbon dioxide reforming and steam reforming with methane in a corona 
discharge reactor. An experimental study of synthesis gas production from 
simultaneous steam reforming and partial oxidation of methane using as AC corona 
discharge is shown in Chapter VII. Besides reducing oxygen requirement in the 
system, the benefits of the combination of the two reforming reactions is a 
substantial improvement of thermal efficiency by transferring heat between the 
exothermic and endothermic reactions.
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1.4 Chemicals Produced from Synthesis Gas

Synthesis gas, commonly abbreviated to Syngas, a mixture of hydrogen and 
carbon monoxide, is a versatile feedstock of several chemical processes as shown in 
Figure 1.1.
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Figure 1.1 Chemicals from synthesis gas (Wender, 1996).

Almost all hydrogen, consumed in large quantities for the synthesis of 
ammonia by reaction with atmospheric nitrogen in the Haber process, is 
manufactured from syngas. The demand for hydrogen continues to grow in the 
increasing use of hydrogen to produce clean fuels and chemicals. The second largest 
use of syngas is for the production of methanol which is a precursor of other 
important chemicals such as formaldehyde, acetic acid, methyl chloride and methyl 
amines. In addition, methanol production has had a remarkable growth because its 
use as a raw material for methyl Z-butyl ether (MTBE) that is used as octane enhancer 
in automotive fuels (Wender, 1996). The market of methanol for producing 
chemicals is only 24 million tons per year of methanol, which is far less than 107 

million tons of natural gas reserves. For this reason, many industrial groups pay
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attention to produce methanol from remote natural gas as a transportation fuel or 
boiler fuel (Larkin, 2000). The Fischer-Tropsch synthesis remains the third largest 
consumer of syngas, mostly for transportation fuels but also as a growing feedstock 
source for the manufacture of chemicals, including polymers. The fourth largest use 
of syngas is the hydroformylation (oxo synthesis) in which large varieties of olefins 
react with syngas, in the presence of cobalt or rhodium catalysts, to form aldehydes 
and alcohols with one carbon more than the starting olefins. The wide applicability 
of this synthesis gas resulted in its steady growth in the synthesis of plasticizers, 
pharmaceuticals and hundreds of other chemicals. A direct application of syngas as 
fuel (and eventually also for chemicals) that promises to increase is its use for 
Integrated Gasification Combined Cycle (IGCC) units of the generation of electricity 
(and also chemicals). Methanol may play a part as a peaking fuel in IGCC. If excess 
syngas is available for IGCC units, its conversion to methanol may be the best road 
to take, for methanol is a convenient storage fuel for peak use. In addition, methanol 
synthesis plants can be converted to the production of ammonia. Syngas is the 
principle source of carbon monoxide, which is used in an expanding list of so-called 
carbonylation reactions (Wender, 1996).

1.5 Synthesis Gas Production

Many processes can manufacture synthesis gas. There are three main 
reactions to produce synthesis gas from methane i.e. steam reforming, partial 
oxidation, and carbon dioxide reforming as shown in reaction 1 . 1 - 1 .3, respectively.

1.5.1 Steam Reforming
The most important route of syngas production, at the present time, is

methane steam reforming steam, which affords C0 /H2 in a molar ratio of 1:3. This

CH, +H20 (g) -> CO + 3H2 
C l\  + 1/2 0 2 -► CO + 2H2 
C0 2 +CH, -> 2CO + 2H2

( 1.2)

(1.3)

( 1.1)
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reforming reaction, which is endothermic, is thermodynamically favored by high 
temperatures and low pressure. Along with catalytic naphtha reforming, steam 
reforming is one of the most important processes to produce hydrogen. Steam 
reforming is desirable to operate at low H2O/CH4 ratios due to having lower energy 
consumption (Cancino, 2001). Typical problems of steam reforming are sulphur 
poison and carbon formation especially when natural gas with higher hydrocarbons is 
used as a feedstock. To reduce carbon formation, it is necessary to operate at higher 
H2O/CH4 ratios than stoichiometric requirements resulting in higher H2/CO, in the 
range of 3.4-5.0, than required for many synthesis processes (Zhang et a l, 2001). 
Higher contents of sulphur in the feedstock need to be removed to avoid poison to 
the nickel based reforming catalysts (Cancino, 2001).

1.5.2 Partial Oxidation
Partial oxidation of methane is an attractive way to produce synthesis 

gas since the reaction of partial oxidation is exothermic. This process has the 
advantage of energy saving and lower carbon dioxide emissions as compared to the 
other processes. The ratio of H2/CO obtained with this process is 2:1, which is ideal 
for the production of methanol and Fischer-Tropch synthesis. A great deal of 
research has been carried out on the reaction of methane with oxygen but total 
oxidation to carbon dioxide, undesirable product, must be minimized. Two 
alternative routes have been proposed to describe the reaction pathway of partial 
oxidation of methane. For the first route, the indirect scheme, total oxidation of 
methane with oxygen to produce carbon dioxide and water, followed by the 
reformation of unconverted methane with its first primary products, carbon dioxide 
and water. For the second route, the direct scheme, methane directly converts to 
synthesis gas without passing the formation of carbon dioxide and water (Elmasides 
et a l, 2001). The indirect scheme is easier to achieve than the direct scheme. Due to 
the limitation of thermodynamic equilibrium of the reforming reaction at low 
temperatures, a high temperature (>800 °C) is required to obtain high selectivities of 
hydrogen and carbon monoxide (Otsuka et a l, 1998). Several drawbacks of the 
partial oxidation are as followed:
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(1) This process requires pure oxygen as feed. Therefore, an air 
separation unit IS needed resulting in increasing the investment and 
operating cost (Cancino, 2001).

(2) When using non-catalytic partial oxidation of methane, the main 
problem is related with the methane combustion, causing high 
temperatures and soot deposition on the burner (Cancino, 2001).

(3) Even several catalysts are active for catalytic partial oxidation of 
methane, a rapid deactivation of catalyst is a big problem (Otsuka 
et a l, 1998).

1.5.3 Carbon Dioxide Reforming
Since carbon dioxide has a considerably low cost or even negative price 

gas and is one of the most important greenhouse gaseous, the use of carbon dioxide 
to react with methane to produce synthesis gas has been becoming interesting for 
both environmental and commercial reasons. Synthesis gas can be produced from 
carbon dioxide reforming with methane to yield a low H2/CO ratio, i.e. 1 or less. 
The ratio H2/C0  of 1 is ideal for the manufacture of certain chemicals such as 
alcohols via oxo-alcohol synthesis, acetic acid, polycarbonates, etc. Moreover, the 
carbon dioxide reforming ideally suited to decrease the high H2/CO ratio obtained 
with the steam reforming when both processes are used combined. Carbon dioxide 
reforming of methane also produces methane impurities at the reactor outlet as low 
as 0.05% wt. This is important especially for polycarbonate production from 
synthesis gas (Cancino, 2001). Since carbon dioxide reforming of methane is a 
highly endothermic reaction, it can be utilized to transfer and store energy from solar 
energy or electricity in the form of carbon monoxide and hydrogen (Zhou et a l,
1998). Moreover, the advantage of the carbon dioxide reforming over the partial 
oxidation is that carbon dioxide provides a source of clean oxygen, resulting in 
eliminating the need for costly separation plants (Stagg-Williams et a l, 2000). The 
obstacles preventing commercialization of carbon dioxide reforming are as follows: 1

(1) Deactivation of the catalyst due to carbon deposit (reactions 1.4 
and 1.5). For example, At a moderate temperature, 923 K, Pt/ZrC>2
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catalysts have been shown to be more stable than other catalysts. 
However, this catalyst is rapidly deactivated when operated at the 
temperature of 1,073 K to reach high conversions and CH4/CO2 

ratio greater than 1 (Zhou el al., 1998; and Stagg-Williams el al.,
2000).

CH, -> c + 2H2 (1.4)
2 CO -> c + C02 (1.5)

(2) At high temperatures used in the reactor, higher hydrocarbons 
present in the feed are thermally cracked to form carbon (Cancino,
2001).

1.6 Plasma Chemistry

1.6.1 Plasma Classification
Plasma is a gas that is partially ionized. In other word, plasma consists 

of neutral gas particles and charged particles, which follow the path of the electric 
field. They are considered to be quasi-neutral because the total density of positive 
charge carriers is roughly equal to the total density of negative charge carriers. Due 
to the high particle energy of plasmas, they can be considered as a fourth state of 
matter when compared to the particle energy of solids, liquids, and gases. At 
present, the process dealing with the plasma chemistry of electric discharges is 
classified into two types of the surface chemistry processes and the volume 
chemistry processes. Examples of the surface chemistry are etching, deposition, or 
surface modification. The ozone production in a dielectric-barrier discharge reactor 
would be an example of the volume chemistry processes. The important application 
of methane plasma in the volume chemistry process is the use of ionized methane as 
the ion source of the mass spectrometers. The preparation of diamond coatings and 
ceramic materials is the only application of methane plasma in the industrial surface 
chemistry process (Nasser, 1971; Eliasson and Kogelschatz, 1991; and Hill, 1997).
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T h e  p l a s m a  v o l u m e  c h e m i s t r y  p r o c e s s  c a n  b e  c r e a t e d  i n  a n  a p p a r a t u s  

t h a t  c o n s i s t s  o f  e l e c t r o d e s ,  p o s s i b l y  o t h e r  s u r f a c e s ,  a n d  a  d i s c h a r g e  v o l u m e  i n  w h i c h  

d i s c h a r g e s  t a k e  p l a c e .  I n t e r a c t i o n  b e t w e e n  a c c e l e r a t e d  p a r t i c l e s  c o n s i s t i n g  o f  a t o m s ,  

m o l e c u l e s ,  a n d  r a d i c a l s ,  a n d  o t h e r  c h e m i c a l  s p e c i e s  o c c u r s  i n  t h i s  d i s c h a r g e  v o l u m e .  

T h i s  i n t e r a c t i o n  l e a d s  t o  t h e  d e s t r u c t i o n  o f  c h e m i c a l  s p e c i e s .  T h e  e x t e r n a l l y  i n d u c e d  

e l e c t r i c  f i e l d  a c t s  u p o n  t h e  i o n s  a n d  e l e c t r o n s  w i t h o u t  d i r e c t l y  a f f e c t i n g  t h e  n e u t r a l  

s p e c i e s  ( E l i a s s o n  a n d  K o g e l s c h a t z ,  1 9 9 1 ) .

P l a s m a  i s  p o s s i b l e  t o  b e  c l a s s i f i e d  i n t o  t w o  t y p e s ,  i .  e .  e q u i l i b r i u m  

p l a s m a  a n d  n o n - e q u i l i b r i u m  p l a s m a ,  b a s e d  o n  t h e  t e m p e r a t u r e  o f  g a s  a n d  

t e m p e r a t u r e  o f  e l e c t r o n .  E q u i l i b r i u m  p l a s m a s  a r e  a l s o  c a l l e d  t h e r m a l  p l a s m a s .  

P l a s m a  i s  i n  e q u i l i b r i u m  w h e n  k i n e t i c  e n e r g i e s  o f  t h e  c h a r g e  p a r t i c l e s  a n d  n e u t r a l  

s p e c i e s  a r e  t h e  s a m e .  I n  o t h e r  w o r d ,  e q u i l i b r i u m  p l a s m a s  e x i s t  w h e n  t h e  t e m p e r a t u r e  

o f  t h e  g a s  e q u a l s  t h e  t e m p e r a t u r e s  o f  t h e  e l e c t r o n s .  T h i s  c a n  b e  a c c o m p l i s h e d  w h e n  

g a s  t e m p e r a t u r e s  a r e  g r e a t e r  t h a n  6 , 0 0 0  K  a t  a t m o s p h e r i c  p r e s s u r e .  H i g h  

t e m p e r a t u r e s  i n c r e a s e  t h e  n u m b e r  o f  c o l l i s i o n s  o f  a l l  p a r t i c l e s  t o  s u c h  a n  e x t e n t  t h a t  

t h e  e n e r g y  i s  e q u a l l y  d i s t r i b u t e d  a m o n g  a l l  t h e  p a r t i c l e s .  T y p i c a l  e x a m p l e s  o f  s u c h  

p l a s m a  a r e  t h o s e  p r o d u c e d  in  t h e  a r c s  a n d  p l a s m a  t o r c h e s  ( E l i a s s o n  a n d  K o g e l s c h a t z ,  

1 9 9 1 ;  a n d  G r i l l ,  1 9 9 4 ) .

N o n - e q u i l i b r i u m  p l a s m a  i s  c a l l e d  “ l o w - t e m p e r a t u r e ”  o r  “ n o n - t h e r m a l ”  

o r  “ c o l d ”  p l a s m a s .  T h i s  t y p e  o f  p l a s m a  c o n s i s t s  o f  e l e c t r o n s ,  w h i c h  h a v e  a  m u c h  

h i g h e r  k i n e t i c  e n e r g y  t h a n  t h e  i o n s  a n d  n e u t r a l  s p e c i e s  h a v e .  I n  o t h e r  w o r d ,  n o n ­

e q u i l i b r i u m  p l a s m a s  e x i s t  w h e n  t h e  t e m p e r a t u r e  o f  t h e  g a s  i s  m u c h  l o w e r  t h a n  t h e  

t e m p e r a t u r e  o f  t h e  e l e c t r o n s .  F o r  e x a m p l e ,  a p p l y i n g  s t r o n g  e l e c t r i c  f i e l d s  a t  r e d u c e d  

p r e s s u r e s  c a n  g e n e r a t e  e l e c t r o n  e n e r g i e s  in  t h e  r a n g e  o f  1 t o  1 0  e V ,  w h i c h  

c o r r e s p o n d s  t o  t h e  t e m p e r a t u r e  o f  a b o u t  1 0 , 0 0 0  t o  1 0 0 , 0 0 0  K ,  w h i l e  t h e  r e m a i n i n g  

p a r t i c l e s  e n e r g i e s  a r e  a  f e w  h u n d r e d t h s  e V .  T h i s  n o n - e q u i l i b r i u m  p l a s m a  c a n  i n i t i a t e  

c h e m i c a l  r e a c t i o n s  a t  m u c h  l o w e r  t e m p e r a t u r e s  t h a n  t h o s e  r e q u i r e d  f o r  c o r r e s p o n d i n g  

t h e r m a l  r e a c t i o n s  ( E l i a s s o n  a n d  K o g e l s c h a t z .  1 9 9 1 ;  a n d  R o s a c h a  e t  a l . , 1 9 9 3 ) .

1 .6 .2  T y p e s  o f  N o n - e q u i l i b r i u m  P l a s m a

N o n - e q u i l i b r i u m  p l a s m a  c a n  b e  c l a s s i f i e d  i n t o  s e v e r a l  t y p e s  d e p e n d i n g  

o n  t h e i r  g e n e r a t i o n  m e c h a n i s m s ,  t h e i r  p r e s s u r e  r a n g e  a n d  t h e  e l e c t r o d e  g e o m e t r y .
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1.6.2.1 Radio Frequency Discharge
T h e  r a d io  f r e q u e n c y  d i s c h a r g e s  ( R F )  i s  o p e r a t e d  a t  h i g h  

f r e q u e n c i e s  in  t h e  r a n g e  o f  2  t o  6 0  M H z  a n d  c a n  b e  o p e r a t e d  b e l o w  a t m o s p h e r i c  

p r e s s u r e ,  b u t  a t  a t m o s p h e r i c  p r e s s u r e  i t  m a y  b e c o m e  t h e  t h e r m a l  p l a s m a .  T h e  

e l e c t r o d e s  a r e  n o r m a l l y  k e p t  o u t s i d e  t h e  d i s c h a r g e  v o l u m e  w h e r e a s  t h e  p l a s m a  is  

g e n e r a t e d  i n s i d e  b y  a n  e x t e r n a l  i n d u c t i o n  c o i l / e l e c t r o d e  w r a p p e d  a r o u n d  t h e  a n n u la r  

s y s t e m .  T h i s  c a n  h e l p  t o  c o m p l e t e l y  a v o i d  e l e c t r o d e  e r o s i o n  a n d  c o n t a m i n a t i o n  b y  

t h e  p l a s m a .  S i n c e  t h e  w a v e l e n g t h  o f  t h e  e l e c t r i c  f i e l d  i s  m u c h  l a r g e r  t h a n  t h e  v e s s e l  

d i m e n s i o n s ,  h o m o g e n e o u s  p l a s m a  i s  f o r m e d .  L o w - p r e s s u r e  r a d io  f r e q u e n c y  

d i s c h a r g e s  h a v e  f o u n d  w i d e s p r e a d  a p p l i c a t i o n s  in  s e m i c o n d u c t o r  m a n u f a c t u r i n g  f o r  

e t c h i n g  p u r p o s e s .  M o r e o v e r  it  i s  u s e d  e x t e n s i v e l y  t o  p r o d u c e  p l a s m a s  f o r  o p t i c a l  

e m i s s i o n  s p e c t r o s c o p y  a n d  f o r  p l a s m a  c h e m i c a l  i n v e s t i g a t i o n s  ( N a s s e r .  1 9 7 1 ;  a n d  

E l i a s s o n  a n d  K o g e l s c h a t z ,  1 9 9 1 ) .

1.6.2.2 Microwave Discharge
M i c r o w a v e  d i s c h a r g e  s y s t e m s  a r e  o p e r a t e d  a t  h i g h  f r e q u e n c i e s  

in d u c e d  b y  m i c r o w ' a v e .  T h e  w a v e l e n g t h  o f  t h e  e l e c t r o m a g n e t i c  f i e l d  in  t h e  

m i c r o w a v e  r e g i o n  i s  0 . 3 - 1 0  G H z .  M o s t  m i c r o w a v e - i n d u c e d  p l a s m a s  a r e  p r o d u c e d  in  

t h e  w a v e g u i d e  s t r u c t u r e  o r  r e s o n a n t  c a v i t y .  T h e  p r e s s u r e  r a n g e  o f  t h e  s y s t e m  m a y  

v a r y  f r o m  b e l o w  1 m b a r  t o  a b o u t  a t m o s p h e r i c  p r e s s u r e .  D u e  t o  t h e  f a c t  t h a t  a t  t h e s e  

w a v e l e n g t h ,  o n l y  t h e  l i g h t  e l e c t r o n s  c a n  f o l l o w  t h e  o s c i l l a t i o n s  o f  t h e  e l e c t r i c  f i e l d ,  

t h e  m i c r o w a v e  d i s c h a r g e  a r e  f a r  f r o m  l o c a l  t h e r m o d y n a m i c  e q u i l i b r i u m .  T h i s  t y p e  o f  

p l a s m a s  i s  m o s t l y  u s e d  f o r  e l e m e n t a l  a n a l y s i s .  It a l s o  h a s  a  g r e a t  p o t e n t i a l  t o  a p p l y  

f o r  p l a s m a  c h e m i c a l  a p p l i c a t i o n  b e c a u s e  o f  i t s  e a s y  o p e r a t i o n  a n d  b e i n g  p o s s i b l y  

i m p o s e d  w i t h  a  g a s  f l o w  ( E l i a s s o n  a n d  K o g e l s c h a t z .  1 9 9 1  ).

1.6.2. ร Glow Discharge
G l o w  d i s c h a r g e  i s  t h e  s t a t i o n a r y  l o w - p r e s s u r e  d i s c h a r g e ,  

o p e r a t e d  a t  t h e  p r e s s u r e  l o w e r  t h a n  1 0  m b a r ,  a n d  u s u a l l y  o c c u r i n g  b e t w e e n  f ia t  

e l e c t r o d e s  e n c a p s u l a t e d  in  a  t u b e .  A  t y p i c a l  s e t u p  f o r  p r o d u c i n g  a  g l o w  d i s c h a r g e  

n e e d s  o n l y  c o m p a r a t i v e l y  l o w  e l e c t r i c a l  p o t e n t i a l  d i f f e r e n c e  ( i . e .  v o l t a g e )  a c r o s s  t w o  

m e t a l  e l e c t r o d e s  a n d  c u r r e n t  t o  r u n . T h e  p o w e r  c a n  c o m e  f r o m  e i t h e r  A C  o r  D C  

s o u r c e .  T h e  e l e c t r i c  f i e l d  g e n e r a t e d  i s  g e n e r a l l y  a b o u t  1 0  v / c m .  T h e  e l e c t r o n s  h a v e  

e n e r g i e s  b e t w e e n  0 .5  t o  2  e V  c o r r e s p o n d i n g  t o  5 . 0 0 0 - 2 0 . 0 0 0  K ,  a n d  t h e i r  d e n s i t i e s



f a l l  w i t h i n  t h e  r a n g e  1 o 8 t o  1 0 11 c m ' 3 . D u e  t o  t h e  l o w  p r e s s u r e  a n d  t h e  r e s u l t i n g  l o w  

m a s s  f l o w s  a t  w h i c h  t h e s e  s y s t e m s  h a v e  t o  b e  o p e r a t e d ,  i t  i s  n o t  s u i t e d  t o  a n y  

i n d u s t r ia l  a p p l i c a t i o n s  o f  c h e m i c a l  p r o d u c t i o n s .  E x a m p l e s  o f  p r a c t i c a l  a p p l i c a t i o n s  

o f  g l o w  d i s c h a r g e  a r e  n e o n  t u b e s  u s e d  f o r  o u t d o o r  a d v e r t i s i n g  a n d  f l u o r e s c e n t  t u b e s  

( E l i a s s o n  a n d  K o g e l s c h a t z ,  1 9 9 1 ;  a n d  L a r k in ,  2 0 0 0 ) .

1 . 6 . 2 . 4  D i e l e c t r i c - B a r r i e r  D i s c h a r g e

D i e l e c t r i c - b a r r i e r  d i s c h a r g e  i s  a l s o  r e f e r r e d  t o  “ s i l e n t  d i s c h a r g e " .  

T h i s  t y p e  o f  e l e c t r i c  d i s c h a r g e  i s  g e n e r a t e d  w i t h i n  a  u n i f o r m  g a s - f i l l e d  s p a c e  b e t w e e n  

a  p a ir  o f  m e t a l  e l e c t r o d e s  o f  h o m o g e n e o u s  g e o m e t r y ;  e . g . ,  t h e  g a p  b e t w e e n  t w o  

p la n a r  e l e c t r o d e s  o r  in  t h e  a n n u la r  s p a c e  b e t w e e n  t w o  c o n c e n t r i c  c y l i n d e r s .  E i t h e r  

o n e  o r  b o t h  e l e c t r o d e s  a r e  c o v e r e d  w i t h  a  d i e l e c t r i c  m a t e r i a l  t h a t  i s  c o m m o n l y  m a d e  

o f  g l a s s .  T h i s  g l a s s  d i e l e c t r i c  d i s t r i b u t e s  t h e  m i c r o d i s c h a r g e s  a c r o s s  t h e  e n t i r e  

e l e c t r o d e  a r e a  a n d  l i m i t s  t h e  d u r a t io n  o f  e a c h  m i c r o d i s c h a r g e .  T h e  d i e l e c t r i c  s t r e n g t h  

o f  t h e  s y s t e m  d e p e n d s  o n  g a p  w i d t h ,  p r e s s u r e ,  a n d  c o m p o s i t i o n  o f  t h e  g a s .  

D i e l e c t r i c - b a r r i e r  d i s c h a r g e  h a s  e l e c t r o n  e n e r g y  in  t h e  r a n g e  1 - 1 0  e V  a n d  t h e  e l e c t r o n  

d e n s i t y  o f  1 0 14 c m ' 3 . T h e  o n l y  c o m m e r c i a l  a p p l i c a t i o n  o f  d i e l e c t r i c - b a r r i e r  d i s c h a r g e  

i s  f o r  t h e  o z o n e  g e n e r a t i o n .  H o w e v e r ,  t h i s  t y p e  o f  d i s c h a r g e  h a s  b e e n  s t u d i e d  f o r  

d e s t r u c t i o n  o f  t o x i c  s p e c i e s  ( E l i a s s o n  e t  a l . , 1 9 8 7 ;  T h a y a c h o t p a i b o o n  e t  a l .  1 9 9 6 ;  

a n d  E l i a s s o n  a n d  K o g e l s c h a t z ,  1 9 9 1  ).

1 . 6 . 2 . 5  C o r o n a  D i s c h a r g e

W h e n  t h e  p r e s s u r e  i s  i n c r e a s e d  d u r i n g  o f  t h e  g l o w  d i s c h a r g e ,  t h e  

a p p l i e d  e l e c t r i c  f i e l d  w i l l  h a v e  t o  b e  i n c r e a s e d  a c c o r d i n g l y .  C o n s e q u e n t l y  t h e  g l o w  

d i s c h a r g e  i s  v e r y  u n s t a b l e  a n d  u s u a l l y  t u r n s  i n t o  a  h i g h  c u r r e n t  a r c  d i s c h a r g e  w h i c h  is  

r a r e ly  c o n t r o l l a b l e .  T h e  u s e  o f  i n h o m o g e n e o u s  e l e c t r o d e  g e o m e t r y  i s  a n o t h e r  w a y  t o  

s t a b i l i z e  d i s c h a r g e  a t  h i g h  p r e s s u r e  f o r  e x a m p l e  n e e d l e - p l a t e  e l e c t r o d e  a n d  w i r e -  

p la t e  e l e c t r o d e .  T h e  d i s c h a r g e  g e n e r a t e d  f r o m  t h i s  k in d  o f  e l e c t r o d e  c o n f i g u r a t i o n  is  

t u r n e d  a  c o r o n a  d i s c h a r g e .  In  c o r o n a  d i s c h a r g e  e n e r g i e s  a n d  d e n s i t i e s  c a n  b e  a r o u n d  

5  e V  a n d  1 0 13 c m ' 3 , r e s p e c t i v e l y .
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B u r s t  P u l s e  C o r o n a  S t r e a m e r  C o r o n a G l o w  C o r o n a

r
T

S p a r k

1 1À
T T

T r i c h e l  P u l s e  C o r o n a  P u l s e l e s s  C o r o n a  S p a r k

Figure 1.2 P l a s m a  e n v i r o n m e n t  w i t h  c o r o n a  d i s c h a r g e s  ( C h a n g  e t  a l ,  1991).

T h e  c o r o n a  d i s c h a r g e  e x i s t s  i n  m a n y  f o r m s  a s  s h o w n  in  F i g u r e

1. 2 ,  d e p e n d i n g  o n  t h e  p o l a r i t y  o f  t h e  f i e l d  a n d  t h e  e l e c t r o d e  g e o m e t r i c a l  

c o n f i g u r a t i o n s .  T h e r e  i s  a n  i n c e p t i o n  v o l t a g e  t h a t  h a s  t o  b e  r e a c h e d  b e f o r e  a  c o r o n a  

d i s c h a r g e  c a n  t a k e  p l a c e .  T h i s  i n c e p t i o n  v o l t a g e  d e p e n d s  o n  t h e  g a p  s p a c i n g  a n d  t h e  

r a d iu s  o f  t h e  p o i n t .  F o r  p o s i t i v e  c o r o n a  i n  t h e  n e e d l e - p l a t e  e l e c t r o d e  c o n f i g u r a t i o n ,  

d i s c h a r g e s  s t a r t  w i t h  b u r s t  p u l s e  c o r o n a  a n d  p r o c e e d  t o  t h e  s t r e a m e r  c o r o n a ,  g l o w  

c o r o n a ,  a n d  s p a r k  d i s c h a r g e  w i t h  a  s t e a d y  i n c r e a s e  in  a p p l i e d  v o l t a g e .  F o r  a  w i r e -  

p i p e  o r  w i r e - p l a t e  e l e c t r o d e  c o n f i g u r a t i o n ,  c o r o n a  g e n e r a t e d  a t  p o s i t i v e  w i r e  

e l e c t r o d e  a p p e a r s  e i t h e r  a s  a  t i g h t  s h e a t h  a r o u n d  t h e  e l e c t r o d e  o r  a s  a  s t r e a m e r  

m o v i n g  a w a y  f r o m  t h e  e l e c t r o d e .  F o r  n e g a t i v e  c o r o n a  i n  t h e  n e e d l e - p l a t e  e l e c t r o d e  

c o n f i g u r a t i o n ,  o n c e  i n c e p t i o n  v o l t a g e  i s  r e a c h e d ,  T r i c h e l  p u l s e  c o r o n a  i s  g e n e r a t e d  

b e t w e e n  t h e  e l e c t r o d e s  f o l l o w e d  b y  p u l s e l e s s  c o r o n a  a n d  s p a r k  d i s c h a r g e  a s  t h e  

a p p l i e d  v o l t a g e  i n c r e a s e s  s t e a d i l y .  F o r  a  w i r e - p i p e  o r  w i r e - p l a t e  e l e c t r o d e  

c o n f i g u r a t i o n ,  c o r o n a  d i s c h a r g e d  a t  n e g a t i v e  e l e c t r o d e s  m a y  t a k e  t h e  f o r m  o f  a
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g e n e r a l ,  r a p i d l y  m o v i n g  g l o w  o r  i t  m a y  b e  c o n c e n t r a t e d  i n t o  s m a l l  a c t i v e  s p o t s  c a l l e d  

'" tu fts"  o r  “ b e a d s "  ( E l i a s s o n  a n d  K o g e l s c h a r t z ,  1 9 9 1 ;  a n d  C h a n g  et al., 1 9 9 1 ) .

1 . 6 . 3  C o r o n a  D i s c h a r g e  A p p l i c a t i o n

B e c a u s e  c o r o n a  i s  e a s y  t o  e s t a b l i s h ,  it  h a s  h a d  w i d e  a p p l i c a t i o n  in  a  

v a r i e t y  o f  p r o c e s s e s  s u c h  a s  e l e c t r o s t a t i c  p r e c i p i t a t o r s ,  e l e c t r o p h o t o g r a p h s ,  c l e a n  

r o o m  i o n i z e r s  f o r  s t a t i c  c o n t r o l ,  a n d  a t m o s p h e r i c  p r e s s u r e  i o n i z a t i o n  s o u r c e s  ( C h a n g  

et al., 1 9 9 1 ) .

1.6.3.1 Electrostatic Precipitators
E l e c t r o s t a t i c  p r e c i p i t a t o r s  a r e  u s e d  in  b u i l d i n g  a n d  h o m e  

v e n t i l a t i o n  s y s t e m s  f o r  c o n t r o l  o f  p a r t i c l e s  i n  t h e  i n d o o r  e n v i r o n m e n t  a n d  w i d e l y  

u s e d  in  i n d u s t r i e s  f o r  c o l l e c t i n g  p a r t i c u l a t e  e m i s s i o n s  in  t h e  u t i l i t y ,  i r o n / s t e e l .  p a p e r  

m a n u f a c t u r i n g ,  a n d  c e m e n t  a n d  o r e - p r o c e s s i n g  i n d u s t r i e s .  E l e c t r o s t a t i c  p r e c i p i t a t o r s  

c o n s i s t  o f  r o u n d  w i r e  e l e c t r o d e s  w h i c h  a r e  c e n t e r e d  b e t w e e n  f l a t  c o l l e c t i n g  p l a t e s .  

T h e  c o r o n a  o c c u p i e s  o n l y  a  s m a l l  v o l u m e  n e a r  t h e  h i g h  v o l t a g e  w i r e  e l e c t r o d e s .  

C h a r g i n g  a n d  m o v e m e n t  o f  p a r t i c l e s  t a k e  p l a c e  i n  i n t e r e l e c t r o d e  s p a c e  w h i c h  i s  f i l l e d  

w i t h  i o n s  f r o m  t h e  c o r o n a .  W h e n  d u s t  i s  c a r r i e d  b y  g a s  t h o u g h  t h e  e l e c t r o s t a t i c  

p r e c i p i t a t o r ,  t h e  i o n s  f r o m  t h e  c o r o n a  c h a r g e  i n d i v i d u a l  d u s t  p a r t i c l e s .  A t  t h e  s a m e  

t i m e ,  t h e  e l e c t r i c  f i e l d s  i n d u c e  t h e  p a r t i c l e s  t o w a r d  t h e  f i a t  c o l l e c t i n g  p l a t e s .  T h e  

in d u s t r ia l  p r e c i p i t a t o r  g e n e r a t e s  n e g a t i v e  c o r o n a  t o  a v o i d  t h e  f o r m a t i o n  o f  s t r e a m e r s  

a n d  t h e  l o w e r  s p a r k i n g  p o t e n t i a l  a s s o c i a t e d  w i t h  t h e m ,  w h i l e  t h e  i n d o o r  a ir  c l e a n e r  

h a s  p o s i t i v e  c o r o n a  t o  r e d u c e  t h e  p r o d u c t i o n  o f  o z o n e  ( C h a n g  et al., 1 9 9 1  ).

1.6.3.2 Electrophotography s
T h i s  c o r o n a  d e v i c e  i s  u s e d  a s  a  s u r f a c e  c h a r g e r  in  t h e  

e l e c t r o p h o t o g r a p h y s  a n d  e l e c t r o g r a p h i c  p r i n t e r s .  T h e  d i m e n s i o n s  o f  t h e  c o r o n a  

c h a r g e r  a r e  s m a l l ,  u s u a l l y  a  f e w  c e n t i m e t e r s  in  c r o s s  s e c t i o n .  S i n c e  t h e  o p e r a t i n g  

v o l t a g e  i s  p r o p o r t i o n a l  t o  t h e  d i m e n s i o n s ,  t h e  c o r o n a  c h a r g i n g  o c c u r s  a t  o n l y  a  

h u n d r e d  v o l t s .  T h e  p h o t o c o n d u c t i v e  d r u m  o f  a  c o p i e r / p r i n t e r  m u s t  b e  g i v e n  a  

u n i f o r m  c h a r g e  t o  e x p o s u r e  t o  t h e  l i g h t  i m a g e .  T h e  l i g h t  l e a d s  t o  e x p o s u r e  d i s c h a r g e  

t h e  s u r f a c e ,  l e a v i n g  p a t t e r n s  o f  c h a r g e  o n  t h e  d r u m  w h i c h  c a n  a t t r a c t  o p p o s i t e l y -  

c h a r g e d  t o n e r  p a r t i c l e s .  T h e  t o n e r  i s  t h e n  t r a n s f e r r e d  t o  t h e  p a p e r  w i t h  t h e  i n f l u e n c e
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o f  a  c h a r g e r  o n  t h e  b a c k  s i d e  o f  t h e  p a p e r .  T h e  t o n e r  t r a n s f e r  i s  e n h a n c e d  b y  a n  

e l e c t r i c  f i e l d  w h i c h  i s  p r o d u c e d  b y  c o r o n a  c h a r g e r s  ( C h a n g  et a l. 1991).
1.6.3.3 Clean Room Ionizers for Static Control

C o n t r o l l i n g  s t a t i c  c h a r g e s  in  t h e  h a n d l i n g  o f  t h e  w a f e r s  i s  

im p o r t a n t  f o r  t h e  s e m i c o n d u c t o r  c h i p s  m a n u f a c t u r e  b e c a u s e  e l e c t r o s t a t i c  a t t r a c t i o n  o f  

p a r t i c l e s  in  t h e  a ir  m a y  e n h a n c e  t h e i r  d e p o s i t i o n  o n  t h e  w a f e r s  l e a d i n g  t o  d e f e c t s  in  

s u b s e q u e n t  o p e r a t i o n s .  C o r o n a  i s  u s e d  t o  n e u t r a l i z e  s u r f a c e  c h a r g e s  b y  d e l i b e r a t e l y  

i n t r o d u c i n g  i o n s  o f  o n e  o r  b o t h  p o l a r i t i e s  n e a r  t h e  c e i l i n g s  o f  t h e  c l e a n  r o o m s  a n d  

a l l o w i n g  t h e  a ir  f l o w  t o  c a r r y  t h e m  t o  t h e  s u r f a c e s  b e l o w  ( C h a n g  et al., 1 9 9 1  ).

1.6.3.4 Atmospheric Pressure Ionization Sources
A t m o s p h e r i c  p r e s s u r e  i o n i z a t i o n  s o u r c e s ,  a  s p e c i a l i z e d  g a s  

a n a l y s i s  t e c h n i q u e ,  h a v e  c o r o n a  a s  t h e  p r i n c i p l e  s o u r c e  o f  i o n s  in  a  c h a i n  o f  

i o n i z a t i o n  e v e n t s .  A t m o s p h e r i c  p r e s s u r e  i o n i z a t i o n  s o u r c e s  h a v e  t w o  o p e r a t i n g  s t e p s  

o f  t h e  i o n i z a t i o n  a t  a t m o s p h e r i c  p r e s s u r e  a n d  t h e  a n a l y s i s  in  v a c u u m .  F o r  n e g a t i v e  

i o n s  f r o m  c o r o n a ,  t h e  e x t r a  e l e c t r o n  i s  e x c h a n g e d  w i t h  m o r e  e l e c t r o n e g a t i v e  

m o l e c u l e s  u n t i l  t h e  m o s t  a c i d i c  m o l e c u l e s  ( h i g h e s t  e l e c t r o n e g a t i v i t y )  b e c o m e  t h e  

f i n a l  i o n s  t h a t  r e a c h  t h e  a n a l y s i s  s e c t i o n .  W i t h  p o s i t i v e  i o n s  f r o m  c o r o n a ,  p o s i t i v e  

i o n s  m a y  c a p t u r e  e l e c t r o n s  f r o m  l e s s  e l e c t r o n e g a t i v e  m o l e c u l e s ,  b u t  t h e  i o n  t r a n s f e r  

i s  h i g h l y  m e d i a t e d  b y  t h e  p r e s e n c e  o f  n e u t r a l  m o l e c u l e s  c l u s t e r i n g  a r o u n d  t h e  

p o s i t i v e  c o r e ,  p a r t i c u l a r l y  w a t e r  m o l e c u l e s .  T h e  c l u s t e r e d  m o l e c u l e s  s h i e l d  t h e  c o r e  

f r o m  d ir e c t  c h a r g e  e x c h a n g e s  a n d  t h u s  s t a b i l i z e  t h e  i o n  ( C h a n g  et a l. 1 9 9 1 ) .
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