
CHAPTER II 
LITERATURE SURVEY

The basic principles about the plasmas and the electric discharges 
environment, particularly in parts that deal with the chemical reaction of 
methane, are described within this chapter. Beginning with some basic 
knowledge about the chemical properties of the methane molecule, few 
aspects about the plasmas will then be introduced to eventually describe how 
the plasma can be generated for activating methane molecules in order to 
initiate the direct methane conversion. Along with these, some practical 
studies on the direct methane conversion process under the different types of 
the electric discharges will be mentioned so as to be the evidence on the 
advances of the work in this field. Finally, the aspects of the dielectric-barrier 
discharge reactor saved for the purpose of generating those plasmas for the 
present work will be discussed in details. It is necessary to point out that the 
present knowledge and insights about the electrical discharges environment 
and its plasma chemistry are very complicated and so much of those 
information will not be presented in here. Some literature (Nasser, 1971) is, 
however, recommended as good descriptive sources whenever the higher 
levels of the knowledge on the subjects of the plasmas are necessary.

2.1 Physical and Chemical Properties of Methane

Methane is commercially well-known as a very inexpensive and 
environmentally safe feedstock of fuel supplies. It is, in a chemical point of 
view, the smallest molecule in the entire hydrocarbon series, which consists of 
only one carbon atom surrounded by four hydrogen atoms. The most abundant 
and unique source of methane is the natural gas reserves, which are located in 
many different parts of the world. With its low molecular weight and non
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polar nature, the boiling point of methane is extremely low (-164°C) and can 
only be found in the gaseous state under ambient conditions. This property, 
coupled with the fact that many natural gas deposits are now located in very 
remote areas, which makes this resource somewhat expensive to transport.

The fact that methane is very flammable when presents in the oxygen 
atmosphere makes some people confused that methane is one o f the very 
reactive molecules. Indeed, methane is a somewhat unreactive compound by 
its nature. Tables 2.1 and 2.2 compare the average bond energy of C-H bond 
inside the methane molecule and its first ionization potential with some of 
those other common gases, respectively.

Table 2.1 Average chemical bond energy of some covalent bonds (Perry, 
1996)

Bond Bond Energy(kJ/ mol) Bond Bond Energy(kJ/ mol)
C-H 463 H-H 436
c-c 344 O-H 463
c=c 615 0 - 0 142
C-0 350 0=0 539

Table 2.2 The first ionization potential of some common gases (Perry 5 1996)
Gas Ionization Energy (eV) Gas Ionization Energy (eV)
CH4 12.5 02 12.2
H2 15.6 CO 14.1
N2 15.51 C02 14.4
Li 5.39 Na 5.138
K 4.339 Cu 7.7

1 eV=1.6xlO'19J
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Based upon these data, although the ionization potential o f the 
methane molecule is in the same order of magnitude with those of other 
common gases, its bond energy between C-H is markedly high compared to 
other covalent bonds.

In almost all cases, methane can be made reactive only by using very 
reactive species such as radicals and so the radical chemistry is among the few 
effective techniques that has been traditionally applied for reaction with 
methane. At present, the oxidation of methane with oxygen is one o f the most 
well known radical reaction which thermally converts the methane molecule 
into wide range of products depending upon the reaction conditions used but, 
thermodynamically, this application favors for the production of C 0 2, CO and 
H20  (Poonphatanapricha, 1997).

2.2 Gaseous Plasmas for Activating Methane Molecules

Since the gaseous plasma is an effective good source of active species 
formation including the electrons, ions and radicals, then a number of studies 
on the methane reactions using such plasma to initiate the reaction have been 
carried out intensively.

2.2.1 Fundamental Properties of Plasmas
In its simplest definition, gaseous plasma is a mixture of the 

negatively and positively charged particles in an otherwise neutral gas. The 
positively charged particles are, in all cases, the cations but negatively charged 
particles can be either the electrons or the anions. The neutral species may be 
the mixture of free radical species with stable neutral gases. Two important 
properties are known to be possessed by the plasma.

(1) Quasi-Neutral Property
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The total density of negative charge carriers must be equal 
to the total density of positive charge carriers.

(2) Interaction with Electromagnetic Fields
The plasma can have some interactions upon the applying 

of an electromagnetic field due to fact that they consist of charged particles. In 
general, plasma can occur in all states (Nasser, 1971). The plasma in solid is 
called solid-state plasma while the plasmas generated in the liquid and gaseous 
states don’t have any specific names. From this point, only the gaseous 
plasmas (i.e., shortly called as “plasmas”) will be discussed along with the 
chemical reaction.

Unlike gases, plasmas differ greatly in many aspects 
according to which they are usually classified. These aspects include the 
pressure, the distributions of charged-particle density in the entire plasma 
volume and temperature.

2.2.2 Generation of Plasmas
There are several means of generating charged particles to 

produce plasmas. The collisions between the cosmic rays and the gases in 
atmospheric layers can, for example, cause the electrons in those gaseous 
molecules liberated out and thus produce the charged species. This process of 
liberating electrons from gas particles with the creation of positive ion charge 
is termed ionization. On the other hand, the process of liberating electrons 
from a solid is called electron emission. Both of these processes are o f equal 
importance for the generation of the plasmas. The electrons and charged 
particles produced in the gaseous boundaries may be induced by the 
electromagnetic waves to collide with the solid surfaces to emit other 
electrons. These electrons, in turn, can collide with other gaseous particles to 
cause ionization. Various common ways of creating the charged particles can 
be classified schematically as shown in Figure 2.1 (Nasser, 1971). From figure
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2.1, the formation of negative ions can take place when free electrons are 
available and attach themselves to neutral atoms or molecules, negative ions 
are then formed. Gases with one or two electrons filling the outer shell of the 
atom form a charged negative ion. These gases, such as oxygen are usually 
known as “electronegative” gases. However, the electrons do not attach only 
to single atoms but they can also attach to the molecules of two (or more) 
atoms, such as O2 and thus form the negative charged particles as well. There 
are several ways for producing the ions and electrons. Each type of generation 
has each mechanism to release the ions and electrons such as Negative ions 
can be occurred in gases by the radiative attaching or surface of metal by 
electron emitting when electrons are activated.

Figure 2.1 Alternative methods of charged particles generation (Nasser, 
1971)

In the present study, the plasma was first generated by the 
collisions between the neutral molecules (e.g., methane) and the electrons 
emitted from the surface of metal electrodes. This process of plasma 
generation is commonly known as the “field” emission process. In this type of 
process, an externally intense electric field is applied across the metal
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electrodes to cause the reduction in its “potential barrier” and thus the energy 
that each electron requires for leaving the metal surface. A most interesting 
phenomena that occurs on the metal surface under the applying of an 
extremely high electric field is that many electrons can leak from the surface 
despite its less kinetic energy to overcome the potential barriers. This 
phenomena is known as “ tunnel effect”

The electrons liberated from the metal surface will immediately 
be accelerated to move corresponding to the direction of the electric field and 
then can collide with any neutral gaseous particles in their vicinity to form the 
ionized gases with an additional set of electrons. Accordingly, all of these 
electrons can further move and collide with other species. As a result, a large 
quantity of electrons and plasma including the excited atoms and molecules, 
ions and radicals can be formed in the bulk of the gases within a very short 
period of time after the application of electric field has been started. Various 
numbers o f collision mechanisms can be occurred simultaneously in the 
gaseous space for which many of those can initiate the chemical reactions 
leading to the production and destruction of the chemical species. Some 
important collision mechanisms occurred in the gases are typically shown in 
Table 2.3.

The combined steps of the field emission process among these 
plasma species and the collisions between the species and the electrode 
surfaces are referred to as “electric discharges” phenomena. The plasma 
produced by this discharge phenomenon can be divided into two types. The 
first type is “thermal plasma”, which is characterized by high gas temperature 
and an approximately equal gas and electron temperature.
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Table 2.3 Collision mechanisms in the gases (Nasser, 1971)
Collisions

Elastic Collision e + A -------►  e + A
Excitation e + A -------►  e + A*
Ionization e + A ►  2e + A
Attachment e + A -------►  A'
Dissociative Attachment e + B2 ^ B + B
Recombination e + B2 -'' ►  B2
Detachment e + B2 2e + B2
Ion Recombination A '+  B+-------►  AB
Charge Transfer A* + B -------►  B* + A
Electronic Decomposition e + A B -------►  A + B + e
Atomic Decomposition A* + B2-------►  AB + B

This type of plasma can also be referred to as plasma in 
equilibrium. Typical examples of such plasma are those produced in the arcs 
and plasma torches. The second type of plasma is termed “low-temperature” 
or “non-thermal” (cold-) or “non-equilibrium” plasma. This type of plasma is 
characterized by low gas temperature and high electron temperature. In other 
words, the non-equilibrium plasma consists of the electrons, which have much 
higher energy than the neutral gas particles. Those typical energetic electrons 
may have energy ranged from 1 to 10 eV. Which correspond to the 
temperature of about 10,000 to 100,000 K. (Rosacha et a l ,  1993)

The first implementation of the electric discharges generation 
technique as a tool for activating the chemical reaction can be tracked back to 
Siemens’s experiments (Siemens, 1857) with the “silent discharge” (presently 
known as dielectric-barrier discharge) for the ozone generation in 1857. Even 
though the larger installations of such ozone generating systems for the
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d r i n k i n g  w a t e r  t r e a t m e n t  p l a n t s  w e r e  s e t t l e d  i n  m a n y  c o u n t r i e s  s i n c e  t h e  e a r l y  

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

p r o d u c t i o n  h a v e  s t i l l  b e e n  c o n t i n u e d  t o  t h e  l a s t  d e c a d e s .  ( M o r i n a g a ,  1 9 6 1 ;  

M o r i n a g a ,  1 9 6 2 ;  E l i a s s o n ,  1 9 8 7  a n d N o m o t o ,  1 9 9 5 )

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

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

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

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

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

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

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

m a t e r i a l s  ( N a s s e r ,  1 9 7 1 ) .

O n l y  t h e  n o n - e q u i l i b r i u m ,  v o l u m e  c h e m i s t r y  p l a s m a  i n  t h e  s p a c e  

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

s t u d y .

2.2 Types of Non- Equilibrium Plasmas

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

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

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

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

v e l o c i t i e s  t h a n  t h o s e  o f  h e a v i e r  i o n s  i n  t h e  t i m e  a v a i l a b l e  b e t w e e n  c o l l i s i o n s .  

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

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

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

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

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

( E l i a s s o n  et al., 1 9 8 7 )

2 . 3 . 1  R a d i o  F r e q u e n c y  D i s c h a r g e

T h e s e  h i g h  f r e q u e n c y  d i s c h a r g e s  a r e  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 .  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  i s  g e n e r a t e d  

i n s i d e  b y  t h e  i n d u c t i o n  t e c h n i q u e .  T h i s  c a n  h e l p  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 .  R p  

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

p r e s s u r e  i n  w h i c h  a  t h e r m a l  p l a s m a  c a n  s o m e t i m e s  o c c u r  ( N a s s e r ,  1 9 7 1 ) .

2 . 3 . 2  M i c r o w a v e  D i s c h a r g e

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

p r e s e n t l y  i s  t h e  m i c r o w a v e  d i s c h a r g e ,  i n d u c e d  b y  a  m i c r o w a v e  ( 0 . 3 - 1 0  G H z )  

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

u s i n g  a  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 .  A s  t h e  d i m e n s i o n s  o f  t h e  

c a v i t i e s  d i m i n i s h  w h e n  t h e  f r e q u e n c y  i n c r e a s e s ,  t h e  m a x i m u m  m i c r o w a v e  

f r e q u e n c i e s  u s e d  f o r  d i s c h a r g e  a p p l i c a t i o n s  a r e  u s u a l l y  b e l o w  3  G H z .

2 . 3 . 3  G l o w  D i s c h a r g e

T h i s  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  u s u a l l y  o c c u r r i n g  

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

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

t o  t h e  i n d u s t r i a l  p r o d u c t i o n  o f  c h e m i c a l s  ( N a s s e r ,  1 9 7 1 ) .

2 . 3 . 4  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 .  T h i s ,  

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

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

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

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

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

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

2 . 3 . 5  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

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  d e f i n e d  b y  t h e  d i s c h a r g e  

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

a n n u l a 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  b y  a  d i e l e c t r i c  l a y e r  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 .  M a n y  

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

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

p l a s m a  c h e m i c a l  r e a c t i o n s  ( T h a y a c h o t p a i b o o n  et al., 1 9 9 6 ) .

2.2 Related Research Work

Numerous studies of methane conversion using microwave plasma
have been reported. Huang et al. (1994) reported methane dimerization to
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e t h a n e  a n d  e t h y l e n e  v i a  m i c r o w a v e  p l a s m a .  C o n v e r s i o n  o f  m e t h a n e  v a r i e d  

f r o m  0  t o  1 1 %  u n d e r  l o w  p r e s s u r e s  r a n g i n g  f r o m  1 0  t o  1 0 0  m m H g .  T h e  

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

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

d r i v i n g  t h e  m e t h a n e  d i m e r i z a t i o n  r e a c t i o n  w a s  o n l y  2 - 8 % .

S u i b  a n d  Z e r g e r  ( 1 9 9 3 )  i n c l u d e d  t h e  u s e  o f  c a t a l y s t s  t o  e n h a n c e  t h e  

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

r e a c h e d  l e v e l s  a s  h i g h  a s  7 7 %  e t h y l e n e ,  2 5 %  e t h a n e ,  a n d  2 5 %  a c e t y l e n e .  

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

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

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

c a t a l y s t .  T h e  o p e r a t i n g  p r e s s u r e s  w e r e  q u i t e  l o w  r a n g i n g  f r o m  1 0  t o  5 0  T o r r .

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

o u t  i n  t h e  p r e s e n c e  o f  a i r .  T h e  m a i n  o b j e c t i v e  w a s  t o  c o n v e r t  m e t h a n e  i n t o  c  2 
h y d r o c a r b o n s  a n d  s y n t h e s i s  g a s .  T h e  m i c r o w a v e  p o w e r  v a r i e d  f r o m  3 5 0  t o  6 5 0  

w a t t s  w i t h  a  m i c r o w a v e  f r e q u e n c y  o f  2 . 4 5  G H z .  P r e s s u r e  v a r i e d  f r o m  1 0  t o  6 0  

m b a r .  A b o u t  9 0  t o  9 5 %  o f  o x y g e n  w a s  c o n s u m e d  i n  t h e  d i s c h a r g e  r e a c t i o n s .  

c 2 h y d r o c a r b o n  y i e l d  o f  2 2  %  w a s  a c h i e v e d  w i t h  8 0 %  m e t h a n e  c o n v e r s i o n  a n d  

s y n t h e s i s  g a s  w a s  a l s o  p r o d u c e d  ( O u m g h a r  et al,  1 9 9 5 )

I n  1 9 8 5 ,  a  s t u d y  w a s  c o n d u c t e d  b y  F r a s e r  a n d  c o w o r k e r s  t o  i n v e s t i g a t e  

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

p r e s s u r e  a n d  6 0  H z .  T h e  A C  e l e c t r i c  d i s c h a r g e  o p e r a t e d  c a p a c i t i v e l y  u s i n g  a  

p y r e x  c o n d e n s e r  w i t h  s i l v e r  c o a t i n g  e l e c t r o d e s .  A  h i g h  v o l t a g e  A C  p o w e r  

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

d e s t r u c t i o n  e f f i c i e n c y  r e a c h e d  6 7 %  a t  a  f e e d  m e t h a n e  c o n c e n t r a t i o n  o f  1 2 0  

p p m .  H i g h e r  i n l e t  o x y g e n  c o n c e n t r a t i o n s  i n  t h e  n i t r o g e n  s t r e a m  w e r e  s h o w n  t o  

i n c r e a s e  t h e  p r o d u c t i o n  o f  C 0 2 .

I n  1 9 8 6 ,  M a l l i n s o n  a n d  S l i e p e c v i c h  r e p o r t e d  t h e  f i r s t  p r e l i m i n a r y  

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

a p p l i e d  A C  v o l t a g e .  S e v e r a l  e x p e r i m e n t s  w e r e  c o n d u c t e d  t o  d e v e l o p  a n  

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

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

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

m a j o r  e f f e c t  o n  t h e  d i s c h a r g e  r e a c t i o n .

B h a t n a g e r  ( 1 9 9 3 )  a l s o  s t u d i e d  t h e  p a r t i a l  o x i d a t i o n  o f  m e t h a n e  u s i n g  

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

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

m e t h a n o l  s l i g h t l y  i n c r e a s e d .  A l c o h o l s  a n d  e t h a n e  w e r e  i n t e r m e d i a t e s  i n  t h e  

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

f o r m a t i o n  o f  e t h a n e  o r  m e t h a n o l .

L o b b a n  et al. ( 1 9 9 6 )  i n v e s t i g a t e d  t h e  o x i d a t i v e  c o u p l i n g  o f  m e t h a n e  

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

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

t h a t  t h e  r a t e  o f  c2 f o r m a t i o n  b e l o w  4 5 0  0 c w a s  v e r y  s l o w  a n d  t h e  c o m p l e t e  

c o n s u m p t i o n  o f  o x y g e n  o c c u r r e d  a t  8 7 5  0 c. T h e  p o s i t i v e  c o r o n a  p r o d u c e d  

h i g h e r  c2 y i e l d s  g r e a t e r  t h a n  t h e  n e g a t i v e  c o r o n a .  I t  w a s  c o n d u c t e d  t h a t  

s t r e a m e r s  o f  t h e  p o s i t i v e  c o r o n a  w e r e  m o r e  f a v o r a b l e  f o r  O C M  t h a n  t h e  p u l s e s  

o f  t h e  n e g a t i v e  c o r o n a .  H o w e v e r ,  w i t h  n o  a p p l i e d  e x t e r n a l  h e a t  t h e  A C  c o r o n a  

p r o d u c e d  a  m a x i m u m  c2 y i e l d  o f  2 1 % .  E x p e r i m e n t s  w e r e  c o n d u c t e d  w i t h  t h e  

A C  c o r o n a  t o  d e t e r m i n e  t h e  e f f e c t  o f  f r e q u e n c y ,  v o l t a g e ,  r e s i d e n c e  t i m e ,  a n d  

o x y g e n  p a r t i a l  p r e s s u r e .  T h e y  a l s o  s u g g e s t e d  a n  O C M  d i s c h a r g e  m e c h a n i s m .

A  s i m i l a r  s t u d y  t o  d e m o n s t r a t e  t h e  e f f e c t s  o f  a  S r / L a 20 3 c a t a l y s t  o n  

O C M  i n  a  D C  c o r o n a  d i s c h a r g e  r e a c t o r  w a s  c a r r i e d  o u t  b y  L o b b a n  et a l, 
( 1 9 9 7 ) .  T h e y  s h o w e d  t h a t  t h e  o p e r a t i n g  t e m p e r a t u r e  o f  t h e  c o r o n a  d i s c h a r g e  

w i t h  S r / L a 20 3 c a t a l y s t  w a s  m u c h  l o w e r  ( < 2 0 0  ° C )  t h a n  t h e  r e q u i r e d  

t e m p e r a t u r e  i n  t h e  a b s e n c e  o f  a  d i s c h a r g e .  T h e y  f o u n d  t h a t  a n  i n c r e a s e  i n  t h e
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o x y g e n  p a r t i a l  p r e s s u r e  i n c r e a s e d  t h e  m e t h a n e  c o n v e r s i o n  a n d  t h e  y i e l d  o f  c 2 
p r o d u c t s .  T h e  h i g h e s t  c2 y i e l d  a c h i e v e d  w a s  1 1 % .

H i l l  ( 1 9 9 7 )  s t u d i e d  t h e  o x i d a t i v e  c o u p l i n g  o f  m e t h a n e  u s i n g  A C  

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

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

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

c o n v e r s i o n  i n c r e a s e d  c a u s e d  t h e  c2 s e l e c t i v i t y  t o  d e c r e a s e  a n d  s o  t h e  c2 y i e l d  

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

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

c o n v e r s i o n .  T h e  C O  s e l e c t i v i t y  r e m a i n e d  h i g h  i n  a l l  t h e  e x p e r i m e n t a l  

c o n d i t i o n s  b u t  t h e  C 0 2 s e l e c t i v i t y  w a s  u s u a l l y  c o n s t a n t  a n d  v e r y  l o w  c o m p a r e d  

t o  t h e  C O  s e l e c t i v i t y .

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

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

a b o u t  2 . 5  t i m e s  a t  t h e  d i l u t i o n  r a t i o  o f  2 . 5  a n d  g r a d u a l l y  d e c r e a s e d  a s  t h e  

d i l u t i o n  r a t i o  f u r t h e r  i n c r e a s e d  a n d  t h e  p a r t i a l  p r e s s u r e  o f  0 2 d e c r e a s e d  

( M i z u n o  et al,  1 9 9 8 ) .

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

o f  p u l s e .  A  h i g h  v o l t a g e  p u l s e  o f  1 - 2  p s  r i s e  t i m e  a n d  4 - 5  p s  p u l s e  w i d t h  c o u l d  

b e  g e n e r a t e d  a t  f r e q u e n c y  o f  1 0  k H z .  T h e  p u l s e  g e n e r a t o r  w a s  u s e d  f o r  t h e  

m e t h a n o l  s y n t h e s i s .  M e t h a n o l  w i t h  c o n c e n t r a t i o n  o f  u p  t o  0 . 7  %  w a s  

s y n t h e s i z e d  a t  5  k H z  p u l s e  f r e q u e n c y  a n d  6 . 7  ร o f  g a s  r e s i d e n c e  t i m e ,  w h e n  

C H 4 +  0 2 ( 9 6 : 4 )  m i x t u r e  w a s  u s e d  a t  r o o m  t e m p e r a t u r e  ( M i z u n o  et a i,  1 9 9 2 ) .

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

o x y g e n  w a s  i n v e s t i g a t e d  e x p e r i m e n t a l l y  a n d  t h e o r e t i c a l l y  i n  a  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 B D ) .  T h e  p r e d o m i n a n t  p a r a m e t e r s  o f  s p e c i f i c  e l e c t r i c  

e n e r g y ,  o x y g e n  c o n t e n t ,  f l o w  r a t e ,  t e m p e r a t u r e  a n d  g a s  p r e s s u r e s  w e r e  

d e t e r m i n e d  i n  b o t h  C H 4/ 0 2 a n d  C H 4/ a i r  m i x t u r e s .  O p t i m u m  m e t h a n o l  

s e l e c t i v i t y  w a s  f o u n d  a t  a n  o x y g e n  c o n c e n t r a t i o n  o f  a b o u t  1 5 %  i n  b o t h  f e e d



17

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

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

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

c o n v e r s i o n s .  T h e  h i g h e s t  m e t h a n o l  y i e l d  o f  3 %  a n d  t h e  h i g h e s t  m e t h a n o l  

s e l e c t i v i t y  o f  a b o u t  3 0 %  w e r e  a c h i e v e d  i n  C H 4/ O 2 m i x t u r e .  F o r  t h e  C H 4 /  a i r  

m i x t u r e ,  a s  h i g h  a s  2  % m e t h a n o l  y i e l d  w a s  a l s o  o b t a i n e d .  I n  a d d i t i o n ,  o t h e r  

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

E x p e r i m e n t s  a n d  n u m e r i c a l  s i m u l a t i o n s  s h o w e d  t h a t  t h e  f o r m a t i o n  o f  H 20  a n d  

C O  h a d  a  s t r o n g  n e g a t i v e  i n f l u e n c e  o n  m e t h a n o l  f o r m a t i o n  ( Z h o u  et al. 1 9 9 8 ) .

R e c e n t l y  a t  t h e  U n i v e r s i t y  o f  O k l a h o m a ,  m e t h a n e  c o n v e r s i o n  u s i n g  

m e t h a n e  /  h y d r o g e n  f e e d  w i t h  o x y g e n  a s  a n  a d d i t i v e  a n d  h e l i u m  a s  a  d i l u e n t  

w a s  s y s t e m a t i c a l l y  i n v e s t i g a t e d  ( L i u  et a l,  1 9 9 6 ) .  T h e  C H 4/ H 2/ O 2 s y s t e m  w a s  

f o u n d  t o  b e  m o r e  s e l e c t i v e  f o r  t h e  p r o d u c t i o n  o f  c2 h y d r o c a r b o n s  c o m p a r e d  t o  

t h e  C H 4/ O 2, C H 4/ H 2O ,  a n d  C H 4/ C O 2 s y s t e m s .  A  h i g h e r  h y d r o g e n  f e e d  

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

y i e l d  o f  c2 h y d r o c a r b o n s  w e r e  r e l a t e d  t o  t h e  h y d r o g e n  f e e d  r a t e ,  g a s  

t e m p e r a t u r e ,  c o n c e n t r a t i o n  o f  o x y g e n ,  a n d  f l o w  r a t e .  T h e  h i g h e s t  y i e l d  o f  c2 
h y d r o c a r b o n s  ( 3 2 % )  w a s  o b t a i n e d  a t  t h e  l o w e s t  f l o w  r a t e  u s e d  ( 1 0  c m 3/ s ,  

r e s i d e n c e  t i m e  ~  2 . 3 s ) .

O k u m o t o  et al. ( 1 9 9 8 )  s t u d i e d  d i r e c t  m e t h a n o l  s y n t h e s i s  f r o m  C H 4 a n d  

0 2 b y  u s i n g  p u l s e d  d i s c h a r g e  p l a s m a  i n  c o n c e n t r i c - c y l i n d e r - t y p e  r e a c t o r s .  A  

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

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

A b o u t  2  %  o f  C H 4 c o u l d  b e  c o n v e r t e d  i n t o  o t h e r  h y d r o c a r b o n s ,  a n d  a  m e t h a n o l  

y i e l d  o f  a r o u n d  0 . 5 %  a n d  s e l e c t i v i t y  o f  3 8 %  c o u l d  b e  o b t a i n e d  w h e n  a  c a t a l y s t  

o f  v205 +  S i 0 2 w a s  c o m b i n e d  w i t h  t h e  p u l s e d  d i s c h a r g e  p l a s m a .

O k a z a k i  et al. ( 1 9 9 8 )  d e v e l o p e d  a  n e w  t e c h n i q u e  f o r  s y n t h e s i z i n g  

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

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

r e a c t i o n  s e l e c t i v i t y  w e r e  c l a r i f i e d .  R e l a t i v e l y  h i g h  v a l u e s  o f  0 . 5 %  a n d  1 0 %  f o r  

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

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

y i e l d .

T h a n y a c h o t p a i b o o n  ( 1 9 9 6 )  f o u n d  t h a t  h i g h e r  s e l e c t i v i t y  o f  c 3 a n d  c 4 

h y d r o c a r b o n s  c o u l d  b e  o b t a i n e d  b y  t h ç  a d d i t i o n  o f  e t h a n e  i n  f e e d  b y  u s i n g  A C  

e l e c t r i c  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  r e a c t o r )  i n  a m b i e n t  c o n d i t i o n .

L e e t h o c h a w a l i t  ( 1 9 9 8 )  f o u n d  t h a t  m e t h a n e  c o n v e r s i o n  i n c r e a s e d  

r e m a r k a b l e  w i t h  i n c r e a s e s  i n  C 0 2 : C H 4 r a t i o ,  v o l t a g e ,  h e l i u m  c o n c e n t r a t i o n  

a n d  s p a c e  t i m e  b y  u s i n g  A C  e l e c t r i c  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  

r e a c t o r ) .

S u t t h i r u a n g w o n g  ( 1 9 9 9 )  p e r f o r m e d  e x p e r i m e n t  w i t h  c a t a l y s t  a n d  

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

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

c o n s i s t e d  o f  c 2 h y d r o c a r b o n s .
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