
BACKGROUND AND LITERATURE REVIEW
CHAPTER II

2.1 Basic Principles of Plasma

Plasma is normally referred to the forth state of the matter. As temperature 
increase, molecules becom e‘more energetic and transform in the sequence: 
solid, liquid, gas, and plasma. In the letter states, molecules in the gas dissoci­
ate to form a gas of atoms and then gas freely moving charge particle, elec­
tron, and positive ions. This stage first identified by Sir William Crookes in 1879 
and named "plasma" by Irving Langmuir in 1928. This plasma stage is characterize 
by a mixture of electrons, ions, and neutral particles moving in random directions 
which is electrical neutral (ne=nj). (Fridman and Kennedy, 2004).

Figure 2.1 Phase of matter consists of solid, liquid, gas, and the forth state named 
“plasma”.

Generally, plasma can occur in natural. For example, lightning and auroras 
borealis which are the most common natural plasma. (Fridman and Kennedy, 2004). 
Flowever, plasmas can be generated in laboratory to study for improve in many in­
dustries. They are commonly generated and sustained using in electrical energy form 
and named them ‘discharges’. Figure 2.2 shows the schematic of a simple discharge.
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It is comprised of a voltage source to drive the current through a low-pressure gas 
between two parallel electrodes. Subsequently, the gas “breaks down” and forms 
plasma, usually weakly ionized which is a small fraction of the neutral gas density 
(Lieberman and Lichtenberg, 2005).
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Figure 2.2 Schematic view of a discharge.

Gaseous plasma consists of negatively and positively charged particles in an 
otherwise neutral gas. The positively charged particles are mostly cations but the 
negative charge particles can be either electrons or anions. The neutral species may 
be the mixture of free radical species and stable neutral gases. Normally, plasma pos­
sesses two significant properties (Eliasson and Kogieschatz, 1991).

1 ) Quasi-neutral property
The total density negative charges carriers must be equal to the total density 

of positive charges carriers because of low degree of ionization.
2) Interaction with electromagnetic fields
Plasma can have some interactions upon applying an electromagnetic field 

due to they consist of charged particles.
Normally, plasma can occur in all states (Nasser, 1971). Plasma in solid is 

called solid-state plasma while plasma generated in the liquid and gaseous states 
does not have any specific names. Only gaseous plasma is called as “plasma”. There 
are many differences between plasmas and gases. Their differences include pressure, 
distributions of charged-particle density in the entire plasma volume, and 
temperature
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2.1.1 Generation of Plasma
There are several ways for generating charged particles to generate 

plasmas, for example, collisions between cosmic rays and gases in atmospheric lay­
ers. However, in the present study, an externally intense electric field is applied for 
metal electrodes in order to reduce its “potential barrier” and thus the energy that 
each electron requires for leaving the metal surface. The most interesting phenome­
non on the metal surface under 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 phenomenon is known as “tunnel effect”. And then, the plasma is first­
ly generated by the collisions between the electrons emitted from the surface of metal 
electrodes and the neutral molecules. This process of plasma generation is normally 
known as the “field” emission process.

The electrons liberated from the metal surface will immediately be 
accelerated to move corresponding to the direction of electric field, and then can col­
lide with any neutral gaseous particles in their vicinity to form the ionized gases with 
an additional set of electrons. Therefore, these electrons can further move and collide 
with other species. As a result, a large quantity of electrons, as well as the excited 
atoms and molecules, ions and radicals can be formed in the bulk of the gases within 
the very short period of time after of electric field has been applied. Many active 
species can further initiate several chemical reactions, leading to the production and 
destruction of the chemical species (Kruapong, 2000). Table 2.1 shows some im­
portant collision mechanisms.

The combined steps of the field emission process among these plasma 
species and the collision between the species and the electrode surfaces are referred 
to as “electric discharges” phenomena.
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Table 2.1 Collision mechanisms in the plasma (Nasser, 1971)

Collision Reaction
Elastic Collision e + A ---- ► e + A
Excitation e' + A ----*• e‘ + A*
Ionization e‘ + A ---- ► 2e‘ + A+-
Attachment e' + A ---- «- A'
Dissociative Attachment e + ร 2 ---- ► B + B
Recombination e + ร 2 ---- ► ร 2

Detachment e + ร 2 ----*■ 2e + ร 2

Ion Recombination A" + B+ ---- * AB
Charge Transfer A* + B ----* A + B±
Electronic Decomposition e" + A B---- ► e' + A + B
Atomic Decomposition A + ร2 ---- ► AB + B

Plasma is divided into two types. The first type is “thermal plasma” or 
“equilibrium plasma”. In this type, the temperature between gas and electron - 
is approximately equal, which is close to thermodynamic thermal state 
(Hamdumrongsak, 2002). A crucial condition for the formation of this plasma type is 
sufficiently high working pressure. An example of this plasma is arc discharge.

The second type is “non-thermal plasma” or “non-thermal plasma” or 
“non-equilibrium plasma”, which is characterized by low gas temperature and high 
electron temperature. Those typical energetic electrons may have energy ranged from 
1 to 10 eV, which corresponds to the temperature of about 10,000 to 100,000 K 
(Rosacha et al., 1993). This plasma can be classified into several types depending 
upon their generation mechanism, their pressure range, and the electrode geometry 
(Eliasson et al., 1987). Examples of this plasma are radio frequency discharge, 
microwave discharge, gliding arc discharge, glow discharge, corona discharge, and 
dielectric-barrier discharge, where the latter will be used in this study.
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2.1.2 Type of Plasma
2.1.2.1 Thermal Plasma

Thermal plasma or “hot plasma” is close to thermodynamic 
equilibrium. It has a uniform temperature for all particles and a very high tempera­
ture in the discharge region. For important point of this, a condition for the happen­
ing thermal plasma is a sufficiently high pressure. The large number of collision be­
tween particles leads to rapid redistribution of energy so that equilibrium is reached. 
An example of this plasma is arc discharge.

For example, the advantage of thermal plasma technology is 
the one of alternative waste management solutions. Owing to it generates the very 
high temperatures, changing the state of wastes to destroy hazards. This technique is 
also highly flexible and easy to control, "with a low effect on environment. In addi­
tion, it enables to the production of a valuable vitrified slag that may be used in con­
struction and other applications.

With thermal plasma treatment forming the core of the pro­
cess, the scientists try also to develop pre- and post-treatment processes to minimize 
the extent of any secondary effluent streams.

2.1.2.2 Non-thermal Plasma
Non-thermal plasma or “cold plasma”, in contrast, is not in 

thermodynamic equilibrium. Typically, electrons in this method have very much 
higher temperature than the heavy ions and neutral species particles. Its applications 

- depend chiefly on the reactivity of ions or radicals generated in the plasma for gas 
_ phase or surface reaction (Kroschwitz et al., 1998). To illustrate removal hazardous 

materials in waste water, surface improvement and synthesis chemicals. This tech­
nique includes radio frequency, microwave, glow, gliding arc, dielectric-barrier, and 
corona discharges.

2.1.2.2.1 Type o f Non-thermal Plasmas
Non-thermal plasmas can be divided into distinctive 

groups depending on their mechanism used for their generation, their used pressure 
range, or the electrode geometry. In figure 2.3, the discharges are grouped according 
to their temporal behavior, pressure range, and appearance.
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The most eminent characteristics of six non-thermal discharges are 
listed as follows (Eliasson and Kogieschatz, 1991).

1) Glow discharge
2) Microwave discharge
3) Radio frequency discharge
4) Gliding arc discharge
5) Corona discharge
6) Dielectric barrier discharge

Non-stationary

Stationary

Figure 2.3 The various types of discharge classified according to temporal behavior, 
pressure, and geometric electrode (Eliasson and Kogeischatz, 1991).

1) Glow discharge
The glow discharge 'is the self-sustained continuous DC discharge having a 

cold cathode, which emits electrons as a result of secondary emission mostly induced 
by positive ions. Importance outstanding features of a glow discharge are large posi­
tive space charge and strong electric field. The thickness of the cathode surface is 
inversely proportional to gas density and pressure. The distance between electrodes 
is sufficiently large, Quasi-neutral plasma with a low electric field, the so-called pos­
itive column, is formed between the cathode and anode layers. (Fridman and Kenne­
dy, 2004).

Homogeneous Electrode Inhomogeneous Electrode
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Figure 2.4 General structure of a glow discharge (Fridman and Kennedy, 2004).

Glow discharge is popular because it uses low voltage and current needed to 
run it. Its applications are used as laboratory tool for chemical investigation, and the 
neon tubes used for outdoor advertising and the fluorescent tubes. However, the too 
low pressure and the resulting low mass flow, the glow discharge has not been used 
for industrial production of chemicals.

2) Microwave discharge
The plasma is occurred by microwave that has frequency range of 300 MHz 

to 10 GHz in a dielectric tube and plasma column. This machine can be operated 
over a large frequency and pressure range and produce large-volume non-equilibrium 
plasmas that result in plasma homogeneity. Hence, plasma columns can be scaled up 
to 4-m length. The most applications are similar glow discharge used in elemental 
analysis and plasma display or plasma television. For important advantages, it is easy 
to operate and possible for imposing a gas flow to make these discharges attractive 
also for plasma chemical investigations.
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Figure 2.5 Schematic drawing of Microwave discharge.

3) Radio Frequency discharge
The radio frequency (RF) discharges are generated for optical emission 

spectroscopy in laboratory and plasma chemical researches. They can be divided into 
two types that are capacitive coupling and inductive coupling according to the 
method of coupling the RF power with the load. Condition of RF discharges is low 
pressure (10-200 Torr), but are used also at atmospheric pressure and frequency 
higher than 10 MHz (Raizer et. al., 1995). Low-pressure RF discharges can be used 
in many industries such as steel, automotive, and agricultural industries. In addition, 
they can be used for etching purposes in semiconductor manufacturing. If the colli­
sion frequency is higher than the frequency of the applied field, the discharge will be 
similar to a DC discharge. This implies that non-equilibrium can be confirmed at low 
pressures, whereas thermal plasmas are generated at about atmospheric pressure.
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Figure 2.6 Schematic of various types of radio frequency discharge: (a) and (b) con­
tain capacitive coupling, normally used at low pressure, (c) use inductive coupling 
instead of capacitive coupling, which can be operated at pressure up to 1 bar.

4) Gliding arc discharge
The gliding arc discharge has least two diverging knife-shape electrode. 

These electrodes are immersed in a fast flow of feed gas. A high voltage and 
relatively low current discharge are generated across the fast gas flow between the 
electrodes (Fridman, 1999). During the gliding arc evolution, Phase of plasma will be 
divided into three parts following to Figure 2.7.

Figure 2.7 Phases of gliding arc evolution: (A) initial gas break-down; (B) equilib­
rium heating phase; (C) non-equilibrium reaction phase.
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In part A: The initial break-down, Gas is injected into the system and then, 
the high voltage generator supplies the necessary electric field to break down the gas 
between the electrodes. The discharge starts at the shortest distance (1-2 mm) 
between the two electrodes (Fridman et al., 1999).

The equilibrium stage (B) happens after generation of a stable plasma. The 
velocity of gas flow about 10 m/s and the length of the arc column increase together 
with voltage (Fridman et al., 1999).

In the last state (C), when the length of the gliding arc surpasses its critical 
value, heat losses from the plasma column-begin to exceed the energy supplied by 
the source; therefore, the plasma in the state of thermodynamic equilibrium 
disappears. As a result, the discharge plasma cools rapidly to the gas temperature 
(about To = 2000 K) while the plasma conductivity is maintained by a high value of 
the electron temperature Te = 1 eV (about 11,000 K). After the decay of the 
non-equilibrium discharge, there is new breakdown at the shortest distance between 
electrodes and the cycle repeats (Fridman et al., 1999).

5) Corona Discharge
One type of discharge can operate at both extremely low and high pres­

sure. This type of discharge is generally constructed with inhomogeneous electrode 
geometries; e.g. a pointed electrode and a plane electrode (or pin and plate), as shown 
in Figure 2.13. The discharge generated by this kind of electrode is called corona 
discharge.

Electrode Electrode

a  Discharge vol-Av.’..;;....umeV-t

Power Supply

Figure 2.8 The corona discharge generated by inhomogeneous electrodes.
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Types of Corona Discharge:
Corona discharges exist in several forms, depending on the polarity of 

the field and the electrode geometrical configurations.
a) Positive Corona
For positive corona in the pin-plate electrode configuration, there is a 

corona inception voltage, which depends on the radius of the point and the gap 
spacing. Discharges start with burst pulse corona, and when the voltage is increased, 
streamers are produced, leading to the typical corona phenomenon named streamer 
corona followed by glow corona. By increasing the voltage further, breakdown 
occurs, and a spark bridges the gap, as depicted in Figure 2.14. Unlike Hermstein’s 
positive sheath (Herrnstein, 1960) or Hermstein’s glow, the positive streamer corona 
is a discharge confined to a narrow channel, which originates at the electrode. It 
produces an unsteady current (because the streamer is repetitive), is quite noisy, and 
is the direct precursor to a spark.

Positive corona depends more on photoionization for its propagation. The 
positive streamer, for example, may advance at as much as one percent of the speed 
of light. In either case, the ultraviolet photon flux from ion-electron recombination is 
quite large (Chang, 1991).

b) Negative Corona
For negative corona in the same geometry, once voltage is increased, the 

so-called Trichel pulses are generated. Short current pulse or pulseless corona is 
observed with a frequency proportional to the applied voltage, and also depends on 
the radius of the point. As the voltage is increased further, a glow develops before 
complete breakdown occurs.

Negative corona generally propagates by impact ionization of the gas 
molecules, which is in slightly different manner from positive corona. Due to 
space-charge phenomena in the neighborhood of the point, the negative corona is less 
sensitive to the radius of curvature of the point than the positive corona. It is the 
small radius of curvature of the point that leads to the high fields necessary for 
ionizing the neutral molecules. The field drops rapidly as one move away from the 
point toward the other electrode. It is very important that the applied voltage is not 
too high; otherwise the corona might bridge the gap, produce a spark, and finally
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break down. In this sense, the corona discharge can be considered a partial 
breakdown.
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Figure 2.9 Schematic of various forms of corona discharge depending upon applied 
voltage at constant electrode geometrical configuration (Chang, 1991).

The characteristic of corona discharge is that the generated-plasma volume 
excited is nearly smaller than the total discharge volume. This tends to be not suita­
ble for large quantities of chemical species production. There are, however, applica­
tions where only very small concentrations of excited or charged species are needed. 
The outstanding example is electrostatic precipitators, which are operated at industri­
al scales for collecting the particulate emissions in the utility, steel, paper 
manufacturing, and cement and ore-processing industries.
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6 )  D ie le c t r ic  B a r r ie r  D is c h a r g e
D ie le c t r ic - b a r r ie r  d i s c h a r g e s  ( D B D )  a re  o p e ra te d  in  th e  a tm o s p h e r ic  

p r e s s u r e  ra n g e . T h e  f e a tu r e  o f  D B D  is  d i e le c t r i c  la y e rs  th a t  h e lp  th e  g e n e ra te d  
m ic r o d is c h a r g e s ,  w h ic h  a re  w e a k ly  io n iz e d  p l a s m a s  w ith  p r o p e r t i e s  r e s e m b l in g  th o s e  
o f  t r a n s i e n t  h ig h  p r e s s u r e  g lo w  d is c h a r g e s ,  in  g a s  to  r e a c h  th e  e le c t r o d e  s u r fa c e s .  
D ie le c t r i c  b a r r ie r  m a y  u s e  g la s s ,  q u a r tz ,  c e r a m ic s ,  p la s t ic  f i lm s ,  s i l ic o n  r u b b e r ,  a n d  
T e f lo n  p la te s .  T h e  a d v a n ta g e s  o f  th e  d ie le c t r ic  b a r r ie r  a r e  l im i ta t io n  th e  a m o u n t  o f  
c h a r g e  a n d  e n e rg y  d e p o s i te d  in  a n  in d iv id u a l  m ic r o d is c h a r g e ,  p r e v e n t io n  fo rm a t io n  
o f  s p a r k s  a n d  d i s t r ib u t io n  th e  m ic r o d i s c h a r g e s  e v e n ly  o v e r  th e  e n t ir e  e le c t ro d e  
s u r fa c e .

T h e  lo w  c h a r g e  m o b i l i ty  o n  th e  d ie le c t r ic  n o t  o n ly  c o n t r ib u te s  to  th is  
s e l f - a r r e s t in g  o f  f i l a m e n ts  a n d  l im i ts  th e  s id e w a y s  r e g io n , b u t  a ls o  th e  g a p  v o l ta g e  is  
d im in i s h e d ,  th e re b y  a l lo w in g  p a r a l l e l  f i la m e n ts  to  e a s i ly  f o rm  c lo s e n e s s  to  o n e  a n ­
o th e r .  F ro m  th is  r e a s o n ,  th e  s p a c e  b e tw e e n  p a r a l l e l  e le c t ro d e s  u n i f o r m ly  c o v e r s  b y  
d i s c h a r g e  f i la m e n ts ,  e a c h  ro u g h ly  0 .1  m m  in  d i a m e te r  a n d  la s t in g  o n ly  a b o u t  10  n s . 
In  a d d i t io n ,  h ig h  v o l ta g e  a n d  lo w  f r e q u e n c y  o p e ra t io n  a re  l ik e ly  to  e x p a n d  th e  
m ic r o d is c h a r g e s ,  w h i le  lo w  v o l ta g e  a n d  h ig h  f r e q u e n c y  o p e r a t io n  a re  l ia b le  to  ig n ite  
th e  o ld  m ic r o d is c h a r g e  c h a n n e ls  e v e r y  h a l f  p e r io d  a g a in .

F o r  th e  m e c h a n is m  o f  g e n e r a te d  d i s c h a r g e s  in  D B D  (F ig u re  2 .1 0 .1 - 2 .1 0 .4 ) ,  
th e  v o l t a g e  is  a p p l ie d  a c r o s s  th e  g a s  e x c e e d s  f o r  b r e a k d o w n  a n d  th e  g e n e r a t io n  o f  
n a r r o w  d is c h a r g e  f i l a m e n ts  in i t i a te s  th e  c o n d u c t io n  o f  e le c t r o n s  to w a r d  th e  m o r e  p o s ­
i t iv e  e le c t r o d e  ( f ig u r e  2 .1 0 .1 ) .  W h e n  th e  c h a r g e  c o l le c t s - o n  th e  d ie le c t r ic  la y e r , th e  
v o l ta g e  d r o p  a c r o s s  th e  f i la m e n t  d e c r e a s e s  b e lo w  th e  s u s ta in in g  le v e l o f  d is c h a r g e s ,  
th e s e  th in g s  m a k e  d i s c h a r g e  e x t in g u i s h  ( f ig u r e  2 .1 0 .4 )  ( R a in e r  et. al., 2 0 0 8 ) .
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Figure 2.10 T h e  m e c h a n is m  o f  g e n e r a te d  d i s c h a r g e s .  ( R a in e r  et. al., 2 0 0 8 ) .

D u e  to  r e s id u a l  p l a s m a  c h a n n e ls  o n  th e  d ie le c t r ic  r e d u c e  e le c t r i c  f ie ld s  
w h e r e  m ic r o d is c h a r g e s  h a v e  a l r e a d y  o c c u r r e d , w h e n  th e  g iv e n  v o l ta g e  is  in c re a s e d ,  
th e  a d d i t io n a l  m ic r o d is c h a r g e s  w i l l  b e g in  a t  n e w  lo c a t io n s  a n d  th e n , w h e n  th e  
v o l ta g e  is  in v e r te d , th e  n e x t  m ic r o d is c h a r g e s  w i l l  e a s i ly  fo rm  a t  o ld  m ic r o d is c h a r g e  
lo c a t io n s .  T h e  c h a r a c te r i s t ic  o f  D B D  w h ic h  th e  c h a r g e s  a c c u m u la te  o n  d i e le c t r i c  is  
c a l le d  m e m o r y  e f fe c t  ( R a in e r  et. al., 2 0 0 8 ) .

W h e n  s in u s o id a l  v o l ta g e  is  a p p l ie d  ( t i )  in s te a d  o f  D C  e le c t r i c i ty ,  in d u c in g  
o f  a n  o c c u r r e d  e le c t r ic  f ie ld  w ill  s im u l ta n e o u s ly  g e n e ra te  m ic r o d i s c h a r g e s  c o v e r  th e  
w h o le  d ie le c t r ic  la y e r  ( t2). N e x t ,  th e  m ic r o d is c h a r g e s  e x t in g u i s h  w h ic h  r e s u l t in g  
v o l ta g e  b e tw e e n  e le c t r o d e  a n d  d ie le c t r ic  a p p r o x im a te s  to  z e ro . A t  th e  s a m e  t im e ,  in  
th e  g a s  g a p , r e s id u a l  p l a s m a  c h a n n e ls  a re  s t i l l  in  p a r t  a n d  th e i r  c o n d u c t iv i ty  d e c r e a s e s  
c o n t in u o u s ly .  T h e s e  c h a n n e ls  r e s u l t  to  ig n i te  n e w  m ic r o d is c h a r g e s  e a s i ly ,  i f  th e  
a p p l ie d  v o l ta g e  is  r e v e r s e d .  A t  t3, m e m o r y  e f f e c t  r e s u l t s  to  th e  v o l ta g e  a c r o s s  th e  g a s  
g a p , a n d  th e n , th e  n e w  in v e r s e  m ic r o d i s c h a r g e s  a re  o c c u r r e d  th r o u g h  r e s id u a l  
c h a n n e ls  o f  p r e v io u s  m ic r o d i s c h a r g e s  ( R a in e r  et. al., 2 0 0 8 ) .



17

T im e

I
□ L E E

\  V

• พ ’T
il e le c tr ic  l ie  Kl I

T f m 4 -

- K lcc tro ü c  
-D is c h a rg e  g a p
- D ie le c tr ic  

b a rr ie r
' F .lcelrtx le

-M ic o rd is c h a rg c s
■ พ ร .  I

a )  Ig n itio n  ,

c h a n n e l  
S u r fa c e  c h a rg e

[ 1. Developcnient of parallel micrmlischari'csj

h T ....... ..
[1 F leetIC  fie ld  d e te rm in e d  

hv  su rfac e  c h a rg e s

I t, Ign ition o f  new
เฑ ri*iTwl!U*hr»ri*p<

Figure 2.11 T h e  m e c h a n is m  o f  g e n e ra te d  d i s c h a r g e s  b y  a p p ly in g  s in u s o id a l  v o l ta g e  
in  D B D . ( R a in e r  et. al., 2 0 0 8 ) .

T h e  D B D  w h ic h  c o m b in e s  b e tw e e n  n o n - e q u i l ib r iu m  a n d  q u a s i - c o n t in u o u s  
b e h a v io r  is  u s e d  in  o z o n e  in d u s tr ie s  f o r  o z o n e  g e n e ra t io n .  T o  th is  e n d ,  e x p e r im e n ta l  
D B D  s tu d ie s  h a v e  e x p lo r e d  d i f f e re n t  r a t io  o f  g a s  m ix tu r e s ,  o p t im iz a t io n  o f  a p p l ie d  
v o lta g e  a n d  f re q u e n c y  a n d  s u r fa c e  g e o m e tr ie s .  R e la te d  w o rk  h a s  f o c u s e d  o n  
m a x im iz in g  th e  u l t r a v io le t  r a d ia t io n  f ro m  e x c im e r  m o le c u le s  p r o d u c e d  in  D B D . 
S e v e ra l  g r o u p s  h a v e  m o d e le d  s in g le - f i la m e n t  d y n a m ic s  in  o rd e r  to  a c c o u n t  f o r  m a n y  
tw o -  a n d  th re e - b o d y  r e a c t io n s  in v o lv in g  e le c t ro n s ,  io n s ,  n e u tra l  a to m s ,  a n d  p h o to n s .  
T h e s e  e f f o r t s  h a v e  b e e n  m o d e ra te ly  s u c c e s s f u l  in  e x p la in in g  a n d  p r e d ic t in g  th e  
c h e m ic a l  a n d  r a d ia t iv e  p r o p e r t ie s  o f  v a r io u s  D B D  s y s te m s .  O n  a n o th e r  r e s e a rc h  f ro n t ,  
i t  h a s  b e e n  s e e n  th a t  th e  tr a n s v e r s e  s p a t ia l  d i s t r ib u t io n  o f  d is c h a r g e  f i la m e n ts  in  2 D  
p a r a l l e l - p la te  D B D  c a n  ta k e  th e  fo rm  o f  s ta b le  a n d  la r g e - s c a le  p a t te r n s  r e m in is c e n t  o f  
th o s e  a s s o c ia te d  w i th  m a g n e t ic  d o m a in s  o r  R a y le ig h - B é n a rd  c o n v e c t io n .  T h e s e  
p a t te r n s  h a v e  b e e n  m o d e le d  w i th  s o m e  s u c c e s s  u s in g  m e th o d s  th a t  a p p ly  g e n e ra l ly  to  
p a t te r n  f o r m a t io n  in  n o n l in e a r  d y n a m ic a l  s y s te m s . T h u s ,  th e  d y n a m ic  in te r a c t io n s
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b e tw e e n  f i la m e n ts ,  a s  w e l l  a s  th e  c h e m ic a l  a n d  e le c t ro n ic  in te r a c t io n s  w i th in  
f i la m e n ts ,  h a v e  p ro v e n  in te r e s t in g .  T h e  s c h e m a t ic  f o r  d ie le c t r ic  b a r r ie r  d i s c h a r g e  r e ­
a c to r  is  s h o w n  in  F ig u re  2 .1 2 .

Figure 2.12 S c h e m a tic  f o r  d ie le c t r ic  b a r r ie r  d is c h a r g e  r e a c to r .

D B D  p la s m a s  a r e  n o rm a l ly  o p e ra te d  in  o n e  o f  th e  p a r a l l e l - p la te  (F ig u re  
2 .1 3 )  o r  c y l in d r ic a l  (F ig u re  2 .1 4 )  c o n f ig u ra t io n s .  T h e  p a r a l l e l - p la te  c o n f ig u r a t io n  is  
u s e d  to  s u r f a c e  t r e a t  f a s t - m o v in g  w e b s  a n d  f i lm s , a n d  th e  a n n u la r  v o lu m e  o f  th e  c y ­
l in d r ic a l  c o n f ig u r a t io n  is  u s e d  to  t r e a t  a i r f lo w s  f o r  o z o n e  p r o d u c t io n .  A t le a s t  o n e  
e le c t ro d e  o f  th e s e  g e o m e tr ie s  is  c o v e re d  w i th  a n  in s u la t in g  d ie le c tr ic .

H.v.

^ 5 5 3 5 5 ^
H.v.

KXXXXX33

Figure 2 .1 3  S c h e m a tic  d ia g r a m s  o f  p a r a l l e l - p la te  D B D  p la s m a  s o u r c e  c o n f ig u r a ­
t io n s .
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2.1.2.2.2 Initiation o f Chemical Reactions in Non-Thermal 
.. Plasma
F o r  in i t i a t io n  o f  c h e m ic a l  r e a c t io n s  in  n o n - th e rm a l  

p la s m a , th e  e n e r g y  is v e ry  o f te n  t r a n s f e r r e d  s o le ly  b y  th e  e le c tro n s . F ir s t ly ,  th e  a c c e l ­
e r a te d  e le c t r o n s  a r e  c r e a te d  b y  d i s c h a r g e  m e c h a n is m . S e c o n d ly , s u c h  e le c t r o n s  c o l l id e  
w i th  n e u tr a l  g a s  a n d  e x c i te  th e m  to  h ig h e r  e n e rg y  s ta te .  F in a l ly ,  th e  e x c i te d  g a s  m o l e ­
c u le s  c a n  e i t h e r  d is s o c ia te  o r  in i t ia te  to  th e  n e w  c h e m ic a l  s p e c ie s  b e c a u s e  o f  th e i r  
h ig h  e n e r g y  le v e l .  T h e  s a m e  c a n  a ls o  b e  a p p lie d  to  io n s . F o r  e x a m p le ,  th e  r e a c t io n  
s c h e m a t ic  is  d e m o n s tr a te d  b e lo w  ( M c Q u a r r ie  et al., 1 9 8 7 ).

e ' +  A  — ►  A *  +  e"
A *  +  B  — ► C +  D

w h e re  A , B  a re  r e a c ta n t .
c, D  a re  p r o d u c t .
A *  is th e  e x c i te d  r e a c ta n t  m a rk e d  b y  a n  a s te r is k  (* ) .

N o r m a l ly ,  th is  r e a c t io n  A  +  B  — ►  C  +  D  m a y  o n ly  t a k e  p la c e  a t  h ig h  
te m p e r a tu r e s ,  b u t  in  th is  c a s e ,  th e  p r o d u c t  c a n d  D  c a n  ta k e  p la c e  a t a  lo w e r  
te m p e r a tu r e  in d u c e d  b y  n o n - th e r m a l  p la s m a .

B e s id e s  tr a n s f e r r in g  e n e rg y  to  g a s  m o le c u le s  v ia  fa s t  e le c t r o n s  a n d  io n s , 
p h o to n  c a n  a ls o  in v o lv e  w i th  in i t i a t in g  th e  n e w  c h e m ic a l  s p e c ie s  i f  it is  e n e r g e t ic
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e n o u g h . T h e  p h o to n  is  t a k e n  p la c e  b y  e m i t t in g  e n e rg y  o f  e x c i te d  m o le c u le s  to  lo w e r  
s ta te . T h e  c h a r a c te r i s t ic s  o f  e le c t r o n  a n d  p h o to n  a re  q u i te  d i f fe re n t.

2.2 Applications of Non-Thermal Plasma

T h e  n o n - th e rm a l  p l a s m a  h a s  b e e n  w id e ly  u s e d  in  m a n y  in d u s t r i a l  
a p p l ic a t io n s .  T h e  f ir s t  u s e  o f  c h e m ic a l  s y n th e s is  v ia  s i le n t  d i s c h a r g e  is  o z o n e  
g e n e ra t io n  b y  S ie m e n . O z o n e  c a n  b e  u s e d  fo r  d e c o m p o s in g  c o m p o u n d s  in  
w a s te w a te r  ( H o r v a th ,  1 9 8 0 ) . U n d e r  s e le c t iv e  e x p e r im e n ta l  c o n d i t io n s ,  o r g a n ic  
p l a s m a  c h e m is t r y  c a n  b e  a  v a lu a b le  s y n th e t ic  m e th o d . M a in  a re a s  o f  a p p l i c a t io n s  a re  
th e  g e n e r a t io n  o f  r e a c t iv e  s p e c ie s ,  i s o m e r iz a t io n s ,  e l im in a t io n s ,  c y c l iz a t io n s ,  
c o n d e n s a t io n s ,  a n d  m u l t i s te p  r e a c t io n s  ( S u h r ,  1 9 8 3 ).

F o r  th e  in d u s tr ia l  p r o d u c t io n  o f  e p o x id e s ,  e th y le n e  o x id e , w h ic h  is  th e  m o s t  
im p o r ta n t  e p o x id e  in- in d u s tr i a l  p r o c e s s e s ,  is  m a d e  b y  c o n v e n t io n a l  m e th o d s  u s in g  
c a ta ly s ts .  T h e r e  a r e  a lso  s o m e  s tu d ie s  o n  p l a s m a  o r g a n ic  s y n th e s e s , s u c h  a s  o x ­
id a t io n s  o f  a r o m a t ic ,  l iq u id  h y d r o c a r b o n s ,  a n d  o le f in s  u s in g  o x y g e n  p l a s m a  ( P a t i ­
n o  et al, 1 9 9 5 ; S u h r  et al., 1 9 8 4 ; S u h r  et al., 1 9 8 8 ; T e z u k a  a n d  Y a j im a ,  1 9 9 6 ). F u r ­
th e rm o r e ,  th e  s e le c t iv i ty  o f  p r o d u c t  f o rm a t io n  is  fa r  s u p e r io r  to  p l a s m a  o x id a t io n s  in  
th e  g a s  p h a s e ,  m a k in g  th e s e  te c h n iq u e s  a t t r a c t iv e  fo r  p r e p a r a t iv e  c h e m is t r y  ( S u h r  et 
a h ,  1 9 8 4 ).

T h e  p r e v io u s  s tu d ie s  o n  p la s m a  o x id a t io n  a t lo w  p re s s u re  s u g g e s te d  th a t  th e  
m o s t  im p o r t a n t  s p e c ie s  in  th e  p l a s m a  p a r t i a l  o x id a t io n  w a s  0 ( 3P )  ( P a t in o  et al., 1 9 9 6 ; 
P a t in o  et al., L 9 9 5 ;-S u h r  et al., 1 9 8 8 ; S u h r ,  1 9 8 3 ; P a t in o  et al., 1 9 9 9 ; a n d  S u g a  a n d  
S e k ig u c h i ,  2 0 0 5 ) .  T h e  f o l lo w in g  r e a c t io n  w a s  p r o p o s e d  fo r  th e  e p o x id a t io n  o f  th e  
c a r b o n  d o u b le  b o n d :

+  0 ( 3P )

In  a d d i t io n ,  J e o n g  et al. ( 2 0 0 0 )  r e p o r te d  th a t  th e  c o n c e n t r a t io n  o f  0 ( 3P )  
d e c r e a s e d  s ig n i f ic a n t ly  w i th  in c re a s in g  th e  d i s ta n c e  b e tw e e n  th e  t ip  a n d  th e  tu b e  in  
d i s c h a r g e  r e a c to r ,  w h ic h  is  in  g o o d  a c c o rd a n c e  w i th  S u g a  a n d  S e k ig u c h i ’s 
e x p e r im e n ts .
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F ro m  th e  p r e v io u s  w o rk ,  D u ly a la k s a n a n o n  ( 2 0 1 3 )  s tu d ie d  th e  e th y le n e  
e p o x id a t io n  o v e r  tw o  d ie le c t r ic s  r o u g h  s u r f a c e  g la s s  p l a te  in  a  lo w - te m p e r a tu r e  p a r a l ­
le l d ie le c t r ic  b a r r ie r  d i s c h a r g e  ( D B D ) .  T h e  r e s u l t  s h o w e d  th a t  th e  h ig h e s t  e th y le n e  
o x id e  a c t iv i ty  o c c u r r e d  w h e n  o p e r a t in g  a t  a n  a p p l ie d  v o l ta g e  o f  2 3  k V , a n  in p u t  f r e ­
q u e n c y  o f  5 0 0  H z , an  O2 /C2 H4 f e e d  m o la r  r a t io  o f  0 .2 :1 ,  a n d  a n  e th y le n e  fe e d  p o s i ­
t io n  f r a c t io n  o f  0 .5 . F u r th e r m o r e ,  th e  e th y le n e  o x id e  s e le c t iv i ty  w h ic h  u s e d  tw o  
r o u g h - s u r f a c e d  g la s s e s  w a s  h ig h e r  th a n  o n e  s m o o th - s u r f a c e d  g la s s  a b o u t  tw o  t im e s .

2.3 Combination between Plasma and Catalytic Processing

T h e  p la s m a  p r o p e r t ie s  c a n  b e  in f lu e n c e d  b y  c a ta ly s ts  in  p l a s m a  z o n e . T h e  
c a ta ly s ts  c a n  a ls o  c h a n g e  th e  r e a c t io n  p r o d u c ts  d u e  to  th e  c o n d u c t iv e  s u r f a c e s ,  w h ic h  
le a d  to  s u r f a c e  r e a c t io n .  W h i le  th e  c a ta ly s t  p r o p e r t ie s  c a n  a ls o  b e  in f lu e n c e d  b y  
p l a s m a  b e c a u s e  it p r o v id e s  th e  h e a t in g  o f  c a ta ly s ts ,-  r e s u l t in g  in  d e s o r b in g  o f  s u r f a c e  
s p e c ie s  ( K ra u s ,  2 0 0 1 ) . T h e  s y n e rg is m  b e tw e e n  c a ta ly s ts  a n d  p la s m a  is  a c h ie v e d  i f  
th is  c o m b in a t io n  c a n  im p r o v e  r e a c ta n t  c o n v e r s io n  o r  h ig h e r  s e le c t iv i ty  to  th e  d e s i r e d  
p r o d u c ts  a s  c o m p a re d  to  th e  s o le  p la s m a  o r  c a ta ly s t  te c h n iq u e .

T h e  c o m b in a t io n  o f  c a ta ly s is  a n d  n o n - th e r m a l  p la s m a  te n d s  to  o f f e r  a  
n u m b e r  o f  a d v a n ta g e s  o v e r  th e  c o n v e n t io n a l  c a ta ly t ic  p r o c e s s e s .  O n e  o f  th e m  is  lo w  
o p e r a t io n a l  te m p e r a tu r e  c lo s e  to  ro o m  te m p e r a tu r e  a t  n e a r  o r  s l ig h t ly  h ig h e r  th a n  a t ­
m o s p h e r ic  p r e s s u r e  a s  d e s c r ib e d  a b o v e . T h is  im p l ie s  c o m p a r a t iv e ly  lo w e r  e n e r g y  
c o n s u m p t io n  u s e d  fo r  a c t iv a t in g  c a ta ly s ts .  M o re o v e r ,  th e  c a ta ly t ic  p r o b le m s  a t  h ig h  
te m p e r a tu r e  o p e ra t io n ,  i .e . c a ta ly s t  d e a c t iv a t io n ,  -c a ta ly s t  r e g e n e r a t io n ,  a n d  c a ta ly s t  
r e p la c e m e n t ,  c o u ld  b e  e l im in a te d .  F lo w e v e r , th e y  o f te n  p r o v id e  le s s  s e le c t iv i ty  f o r  a  
d e s i r e d  p r o d u c t  th a n  th e  c a ta ly s is  te c h n iq u e  ( P ie t r u s z k a  et al., 2 0 0 4 ) .

T h e  g a s  t e m p e r a tu r e  is  th e  m o s t  im p o r ta n t  f a c to r  in d ic a t in g  th e  o c c u r r e n c e  
o f  th e  c a ta ly t ic  r e a c t io n . M o r e o v e r ,  a t  lo w  te m p e r a tu r e  w h e re  th e  c a ta ly s ts  w e r e  n o t  
a c t iv e , th e  p l a s m a  in f lu e n c e  w a s  o b s e rv e d .  A t  th e  h ig h e r  te m p e ra tu re ,  th e  c a ta ly s ts  
b e c a m e  a c t iv e . T h u s , th e  c a ta ly t ic  p l a s m a  e f fe c t  w a s  s t i l l  o b s e rv e d  (L iu  et al., 1 9 9 7 ; 
a n d  P ie t r u s z k a  et al., 2 0 0 4 ) .  A s  r e p o r te d  b y  H e in tz e  et al. (2 0 0 4 ) , th e y  in v e s t ig a te d  
th e  c o m b in e d  D B D  a n d  N i / a - A L C b  in  th e  p a r t ia l  o x id a t io n  o f  m e th a n e .  T h e  r e s u l t s  
w e r e  r e p o r te d  th a t  a t lo w e r  te m p e r a tu r e s ,  th is  c o m b in e d  c a ta ly s t - p la s m a  h a d  n o
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in f lu e n c e  o n  th e  c o n v e r s io n  a n d  p r o d u c t  s e le c t iv i ty .  A t  th e s e  t e m p e r a tu r e s ,  th e  
p la s m a  s h o w e d  th e  d o m in a n t  ro le .  A t th e  h ig h e r  te m p e r a tu r e s ,  h o w e v e r ,  th e  c a ta ly s t  
p r o m o te d  th e  o x id a t io n  o f  C O  to  C O 2.

M a l ik  a n d  M a lik  ( 1 9 9 9 )  in v e s t ig a te d  c o m b in e d  s y s te m  o f  c o ld  p l a s m a  a n d  a  
c a ta ly s t  fo r  v o c  d e c o m p o s i t io n .  T h e y  f o u n d  th a t  th e  a d d i t io n  o f  a  s u i ta b le  c a ta ly s t ,  
p a r t i c u la r ly  s u p p o r te d  n o b le  m e ta l  c a ta ly s ts ,  s u c h  a s  p la t in u m , p a l la d iu m , r h o d iu m  
a n d  r u th e n iu m , c o u ld  a c t iv a te  C H 4 a t r e la t iv e ly  lo w  te m p e r a tu r e s  w i th  f a s te r  r a te s  
a n d  c o u ld  f u r th e r  im p ro v e  th e  e f f ic ie n c y ,  a s  w e ll a s  th e  s e le c t iv i ty  f o r  th e  d e s i r e d  
p r o d u c ts .  N o b le  m e ta l e le c t r o d e s  s h o w e d  th e  b e s t  r e s u l t s  fo r  th e  c o n v e r s io n  o f  C H 4  
to  C2 h y d r o c a r b o n s  in  a  p u ls e d  c o r o n a  d is c h a r g e  w i th  th e  f o l lo w in g  o r d e r :  p la t in u m  
>  p a l la d iu m  >  c o p p e r .  In  th e  s a m e  y e a r ,  S u t t i r u a n g w o n g  s tu d ie d  th e  c o n v e r s io n  o f  
m e th a n e  f o r  p a r t i a l  o x id a t io n  o f  m e th a n e  (P O M )  in  a  p a c k e d - b e d  r e a c to r  u n d e r  A C  
c o r o n a  d i s c h a r g e  w ith o u t  a n d  w i th  C u /Z n O  c a ta ly s t .  F o r  r e a c t io n  w i th o u t  c a ta ly s t ,  it 
w a s  fo u n d  th a t  th e  n o n - c a ta ly t ic  s y s te m  g a v e  m u c h  h ig h e r  C H 4 c o n v e r s io n  th a n  th e  
c a ta ly t ic  s y s te m , a n d  p r o d u c ts  m a in ly  c o n s is te d  o f  C2 h y d r o c a r b o n s .  M e th a n e  c o n ­
v e r s io n  a n d  p r o d u c t  s e le c t iv i ty  in c r e a s e d  w i th  d e c r e a s in g  to ta l  f lo w  r a te  a n d  in ­
c r e a s in g  a p p l ie d  v o lta g e . F o r  r e a c t io n  w i th  c a ta ly s t ,  i t  g a v e  th e  f e a s ib i l i ty  o f  m e th a n e  
c o n v e r s io n  a t  a tm o s p h e r ic  c o n d i t io n s ,  b u t  th e  a m o u n t  o f  m e th a n o l  p r o d u c e d  w a s  s t i l l  
lo w . S y n th e s is  g a s  w a s  a ls o  f o u n d  in  th e  p r o d u c t  s tr e a m .

V ir iy a s i r ip o n g k u l  ( 2 0 0 0 )  in v e s t ig a te d  th e  o x id a t iv e  c o u p l in g  o f  m e th a n e  to  
p r o d u c e  h ig h e r  h y d r o c a r b o n s  b y  u s in g  A C  e le c t r ic  d i s c h a r g e  w i th o u t  a n d  w i th  z e o l i te  
c a ta ly s t  a t  a m b ie n t  c o n d i t io n . F o r  s y s te m  w i th  c a ta ly s t ,  th e  p r e s e n c e  o f  P t /K L  z e o lf te  
e n h a n c e d  th e  o x y g e n  c o n v e r s io n  a n d  th e  s e le c t iv i ty  fo r  e th y le n e .  M o r e o v e r ,  
h y d r o g e n  a n d  c a r b o n  m o n o x id e  w e r e  th e  m a in  p r o d u c ts .  F o r  s y s te m  w i th o u t  c a ta ly s t ,  
i t  w a s  fo u n d  th a t  m e th a n e , o x y g e n ,  a n d  e th a n e  c o n v e r s io n s ,  a s  w e l l  a s  y ie ld s  o f  C 2 

h y d r o c a r b o n s  ( e th y le n e  a n d  a c e ty le n e ) ,  in c r e a s e d  w i th  in c r e a s in g  a p p l ie d  v o l ta g e  a n d  
d e c r e a s in g  e i th e r  f r e q u e n c y  o r  to ta l  f lo w  ra te .

S a k t r a k o o l  (2 0 0 3 )  d e v e lo p e d  a  c o m b in e d  p la s m a  a n d  p h o to c a ta ly t ic  s y s te m  
f o r  o x id a t io n  o f  e th y le n e  a s  a  m o d e l  o f  v o c  r e m o v a l .  H ig h e r  a p p l ie d  v o l ta g e  a n d  
s ta g e  n u m b e r  o f  p la s m a  r e a c to r s  e n h a n c e d  C 2H 4 c o n v e r s io n  a n d  C O 2 s e le c t iv i ty ,  
w h ic h  w e re  in  c o n t r a s t  w i th  th e  e f f e c ts  o f  h ig h e r  in p u t  f r e q u e n c y  a n d  f e e d  f lo w  ra te .  
T h e  c o m m e r c ia l  T iÛ 2 ( D e g u s s a  P 2 5 ) ,  T iÛ 2, a n d  l % P t / T i 0 2  p r e p a r e d  b y  s o l -g e l
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m e th o d  w e r e  u s e d  a s  p h o to c a ta ly s ts .  T h e  p r e s e n c e  o f  a ll s tu d ie d  p h o to c a ta ly s ts  
in c re a s e d  th e  C2H 4 a n d  O2 c o n v e r s io n s ,  a s  w e ll  a s  C O 2  s e le c t iv i ty ,  in  th e  f o l lo w in g  
o rd e r :  l % P t / T i 0 2 >  T i 0 2 >  D e g u s s a  P 2 5 . T h e  s y n e rg is t i c  e f fe c t  o f  p h o to c a ta ly s ts  
p r e s e n te d  in  th e  p la s m a  r e a c to r  w a s  r e s u l te d  f ro m  th e  a c t iv a t io n  o f  T i 0 2 b y  th e  u v  
l ig h t  g e n e ra te d  f ro m  th e  p la s m a .

T a n s u w a n  (2 0 0 7 )  s tu d ie d  th e  e p o x id a t io n  o f  e th y le n e  in  a  lo w - te m p e r a tu r e  
c o r o n a  d i s c h a r g e  s y s te m  in  th e  p r e s e n c e  o f  d i f f e r e n t  c a ta ly s ts ,  in c lu d in g  A g / lo w -  
s u r f a c e - a r e a ( L S A ) a - A l2 0 3 , A g /h ig h - s u r f a c e - a r e a ( H S A ) y - A l2 0 3 , A u - A g / ( H S A ) y -  

A I 2O 3, a n d  A u /T i 0 2 . T h e  r e s u l t s  s h o w e d  th a t  A g / ( L S A ) a - A l 20 3  o f f e r e d  th e  h ig h e s t  
s e le c t iv i ty  f o r  e th y le n e  o x id e ,  a s  w e ll a s  th e  lo w e s t  s e le c t iv i t ie s  fo r  c a r b o n  m o n o x id e  
a n d  c a r b o n  d io x id e .  T h e  s e le c t iv i ty  fo r  e th y le n e  o x id e  in c re a s e d  w i th  in c re a s in g  
a p p l ie d  v o l ta g e ,  b u t  r e m a in e d  u n c h a n g e d  w h e n  f r e q u e n c y  w a s  v a r ie d  w i th in  3 0 0  to  
5 0 0  H z , a n d  e v e n tu a l ly  d e c r e a s e d  w ith  th e  f r e q u e n c y  o v e r  5 0 0  H z . T h e  o p t im u m  A g  
lo a d in g  o n  ( L S A ) a - A l 20 3  w a s  fo u n d  to  b e  12 .5  w t .%  w i th  e th y le n e  o x id e  s e le c t iv i ty  
o f  1 2 .9 8 %  a t  in p u t  v o lta g e  a n d  f r e q u e n c y  o f  15 k v  a n d  5 0 0  H z , r e s p e c t iv e ly .

S u w a n n a b a r t  ( 2 0 0 8 )  s tu d ie d  th e  e p o x id a t io n  o f  e th y le n e  in  a  d ie le c t r ic  
b a r r ie r  d i s c h a r g e  (D B D )  s y s te m  to  f in d  th e  o p t im u m  o p e ra t in g  c o n d i t io n s .  T h e  
r e s u l t s  s h o w e d  th e  h ig h e s t  e th y le n e  o x id e  y ie ld  o f  5 .6 2 %  w a s  o b ta in e d  w h e n  a n  in p u t  
f re q u e n c y  o f  5 0 0  H z  a n d  a n  a p p l ie d  v o l ta g e  o f  19 k v  w e r e  u s e d , w i th  a n  O 2/C 2H 4 
m o la r  ra t io  o f  1 /1 , a  fe e d  f lo w  ra te  o f  5 0  c m 3/m in , a n d  a n  e le c t ro d e  g a p  d i s ta n c e  o f  
10 m m . W h e n  c o m p a r in g  w i th  th e  c o r o n a  d i s c h a r g e  s y s te m  w ith  0 .2  w t .%  A u - 12 .5  
w t .% A g /( lo w - s u r f a c e - a r e a ) a - A l2C>3 c a ta ly s t  e x h ib i t in g  c o m p a ra t iv e  g o o d  e p o x id a t io n  
p e r f o rm a n c e ,  th e  D B D  s y s te m  s ti l l  p r o v id e d  th e  b e t te r  p e r f o rm a n c e  in  t e r m s  o f  C 2H 4 
c o n v e r s io n ,  C 2 H 4 O  y ie ld , a n d  p o w e r  c o n s u m p t io a p e r  C 2H 4O  m o le c u le  p r o d u c e d .

In p r e v io u s  w o rk , P e r m s in  et al. ( 2 0 1 0 )  s tu d ie d  th e  e f f e c ts  o f  o p e r a t io n a l  
p a r a m e te r s  f o r  th e  D B D  s y s te m s ,  in c lu d in g  O 2/C 2H 4 m o la r  ra t io , a p p l ie d  v o l ta g e ,  a n d  
in p u t  f r e q u e n c y  a n d  c o m p a r e d  e f f ic ie n c y  o f  e p o x id a t io n  o f  e th y le n e  b e tw e e n  a  
c y l in d r ic a l  d ie le c t r ic  b a r r ie r  d is c h a r g e  ( D B D )  r e a c to r  a n d  a  p a ra l le l  D B D  r e a c to r .  
S u m m a r i ly ,  th e y  fo u n d  th a t  th e  h ig h e s t  e th y le n e  o x id e  y ie ld  w a s  o b ta in e d  u s in g  th e  
c y l in d r ic a l  D B D  re a c to r  w h e n  a n  O 2/C 2H 4 m o la r  r a t io  o f  0 .2 5 :1  ( 1 :4 ) ,  a n  a p p l ie d  
v o l ta g e  o f  15 k v ,  a n d  a n  in p u t  f r e q u e n c y  o f  5 0 0  H z  w e r e  u s e d . U n d e r  th e s e  o p t im u m
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c o n d i t io n s ,  th e  e th y le n e  o x id e  s e le c t iv i ty  a n d  th e  e th y le n e  o x id e  y ie ld  w e r e  fo u n d  to  
b e  1 2 .7 5 %  a n d  2 .4 1 % , r e s p e c t iv e ly .

In  a d d i t io n ,  S u t t ik u l  et al. (2 0 1 1 )  s tu d ie d  th e  c o m b in a t io n  o f  s i l v e r  c a ta ly s ts  
o n  tw o  d i f f e r e n t  s u p p o r ts  ( g la s s  b e a d  a n d  a lu m in a  b a l l )  in  a  lo w  te m p e r a tu r e  
d ie le c t r ic  b a r r ie r  d is c h a r g e  ( D B D )  fo r  th e  e p o x id a t io n  o f  e th y le n e  to  e th y le n e  o x id e . 
In  c o n c lu s io n ,  s i lv e r  s u p p o r te d  o n  g la s s  b e a d  p r o v id e d  th e  h ig h e s t  e th y le n e  o x id e  
s e le c t iv i ty .  T h e  o p t im u m  A g  lo a d in g  o n  th e  g la s s  b e a d  w a s  fo u n d  to  b e  2 0  w t .% , a t  
w h ic h  a  m a x im u m  e th y le n e  o x id e  s e le c t iv i ty  o f  3 0 .5 6 %  w a s  o b ta in e d  a t  th e  o p t im u m  
a p p l ie d  v o l ta g e  a n d  in p u t  f r e q u e n c y  o f  19 k v  a n d  5 0 0  H z , r e s p e c t iv e ly .  U n d e r  th e s e  
o p t im u m  c o n d i t io n s ,  th e  p o w e r  c o n s u m p t io n  w a s  fo u n d  to  b e  1 2 .8 l x l O ' 18 

พ . s /m o le c u le  o f  e th y le n e  o x id e  p r o d u c e d . A f te r w a r d ,  th e y  s tu d ie d  e th y le n e  
e p o x id a t io n  r e a c t io n  fo r  e th y le n e  o x id e  p r o d u c t io n  o v e r  s i lv e r  c a ta ly s ts  lo a d e d  o n  
tw o  d i f f e r e n t  s u p p o r ts  ( s i l i c a  a n d  a lu m in a  p a r t i c le s )  in  a  lo w  te m p e r a tu r e  A C  
d ie le c t r ic  b a r r ie r  d is c h a r g e  ( D B D )  re a c to r .  F ro m  th e  r e s u l t s ,  th e  p r e s e n c e  o f  s i lv e r  
c a ta ly s ts  im p r o v e d  th e  e th y le n e  o x id e  p r o d u c t io n  p e r f o rm a n c e .  T h e  s i l i c a  s u p p o r t  
in te r e s t in g ly  p r o v id e d  a  h ig h e r  e th y le n e  o x id e  s e le c t iv i ty  th a n  th e  a lu m in a  s u p p o r t .  
T h e  o p t im u m  A g  lo a d in g  o n  th e  s i l ic a  s u p p o r t  w a s  f o u n d  to  b e  2 0  พ t% , e x h ib i t in g  
th e  h ig h e s t  e th y le n e  o x id e  s e le c t iv i ty  o f  3 0 .6 % .

M o r e o v e r ,  P a o s o m b a t  et al. ( 2 0 1 2 )  s tu d ie d  th e  e f fe c ts  o f  e th y le n e  (C 2H 4) 
f e e d  p o s i t io n  a n d  O 2/C 2H 4 f e e d  m o la r  r a t io  o n  e th y le n e  e p o x id a t io n  in  a  p a r a l le l  
d ie le c t r ic  b a r r ie r  d is c h a r g e  ( D B D ) . T h e  r e s u l t s  s h o w e d  th a t  th e  e th y le n e  fe e d  
p o s i t i o n  f r a c t io n  o f  0 .5  a n d  th e  fe e d  m o la r  r a t io  o f  O 2 /C 2H 4 o f  0 .2 :1  g a v e  th e  h ig h e s t  
E O  s e le c t iv i ty  o f  3 4 .3 %  a n d  th e  h ig h e s t  E O  y ie ld  o f  5 .2 8 %  w i th  lo w  p o w e r  
c o n s u m p t io n s  o f  2 .1 1 X1 o *16 W s /m o le c u le  o f  e th y le n e  c o n v e r te d  a n d  6 . 3 4 x l 0 ' 16 

W s /m o le c u le  o f  E O  p ro d u c e d  w h e n  th e  D B D  s y s te m  w a s  o p e ra te d  u n d e r  th e  b e s t  
c o n d i t io n s :  a n  a p p l ie d  v o l ta g e  o f  19 k v ,  a n  in p u t  f r e q u e n c y  o f  5 0 0  H z  a n d  a  to ta l  
f e e d  f lo w  ra te  o f  5 0  c m 3/m in .

2.4 Catalysts Used in Ethylene Epoxidation

E th y le n e  c a n  b e  c o n v e r te d  in to  e th y le n e  o x id e  w i th  h ig h  s e le c t iv i ty  o v e r  
s u p p o r te d  s i lv e r  c a ta ly s ts .  T h e  f i r s t  c o m m e r c ia l  e th y le n e  o x id e  p r o d u c t io n  c a n  b e
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t r a c e d  to  L e f o r t ’ s p r o c e s s  in  1 9 3 7  ( S a t te r f ie ld ,  1 9 9 1 ). T y p ic a l ly ,  a  u n iq u e  s u p p o r t  f o r  

s i lv e r  c a ta ly s ts  is  a lp h a - a lu m in a  ((X-AI2O 3). L o w -s u r f a c e - a r e a  (L S A )  OC-AI2O 3, p o s ­
s e s s in g  th e  s u r f a c e  a r e a  le s s  th a n  1 m 2/g , w a s  c o m m e r c ia l ly  w id e ly  u s e d  a s  s i lv e r  
c a ta ly s t  s u p p o r t .  U n fo r tu n a te ly ,  th is  s u p p o r t  s h o w e d  p o o r  s i lv e r  d i s p e r s io n ,  w h ic h  
p r o v id e d  r e la t iv e ly  lo w  y ie ld  o f  e th y le n e  o x id e  ( M a ta r  et al., 1 9 8 9 ). I n te r e s t in g ly ,  th e  
a d d i t io n  o f  f e w  p p m s  o f  c h lo r id e  to  g a s e o u s  re a c ta n t  a s  m o d e r a to r  in  th e  fo rm  o f  
c h lo r in e - c o n ta in in g  h y d r o c a r b o n  s p e c ie s ,  s u c h  a s  d i c h lo r o e th a n e  ( C 2H 4C I2) a n d  
v in y l  c h lo r id e  ( C 2H 3C I), h a s  b e e n  r e p o r te d  to  s ig n i f ic a n t ly  in c re a s e  th e  s e le c t iv ­
ity  f o r  e th y le n e  o x id e  b y  1 5 -2 0 % , b u t a t  th e  s a m e  t im e , d e c r e a s e  th w e  r a te s  o f  e th ­
y le n e  o x id e  a n d  c a r b o n  d io x id e  f o r m a t io n  ( L a w  et al., 1 9 4 2 ; C a m p b e l l  et at., 1 9 8 4 ; 
T a n  et al., 1 9 8 6 ; a n d  Y e u n g  et al, 1 9 9 8 ). T h e  m e c h a n is m  o f  c h lo r id e  m o d e r a ­
to r  is  s t i l l  in  q u e s tio n "  th a t  it  h a s  b e e n  a t t r ib u te d  to  g e o m e tr ic  ( C a m p b e l l  et al., 1 9 8 4 ; 
C a m p b e l l  et al., 1 9 8 5 ; a n d  C a m p b e l l  et al., 1 9 8 6 ), e le c t r o n ic  (T a n  et al., 1 9 8 6 ; a n d  
L a m b e r t  et al., 2 0 0 3 ) ,  o r  b o th  e f fe c ts .  M o re o v e r ,  s o m e  p r e v io u s  r e s e a r c h  fo u n d  th a t  
th e  a lk a l i  a n d  t r a n s i t io n  m e ta ls ,  s u c h  a s  C s  a n d  C u , a ls o  p r o v id e d  th e  im p r o v e m e n t  o f  
s e le c t iv i ty  fo r  e th y le n e  o x id e  ( Iw a k u r a , 1 9 8 5 ; a n d  B h a s in ,  1 9 8 8 ). R e c e n t ly ,  it w a s  
c o n f i rm e d  th a t  c o p p e r - s i lv e r  b im e ta l l ic  c a ta ly s ts  c o u ld  o f f e r  s e le c t iv i ty  im p r o v e m e n t  
c o m p a re d  w i th  b a r e  s i lv e r  c a ta ly s ts  in  th e  e th y le n e  e p o x id a t io n  ( J a n k o w ia k  a n d  
B a r te a u ,  2 0 0 5 ) .

T h e  r o le  o f  c e s iu m  w a s  p r o p o s e d  th a t  th e  p r e s e n c e  o f  c e s iu m  c o u ld  r e d u c e  
th e  a c id ic  s i te s  o n  th e  s u p p o r t ,  r e s u l t in g  in  s u p p r e s s in g  t h e  i s o m e r iz a t io n  o f  e th y le n e  
o x id e  to  a c e ta ld e h y d e  (M a o  a n d  V a n n ic e ,  1 9 9 5 ; a n d  E p l in g  et al., 1 9 9 7 ) . A t  th e  s a m e  
t im e ,  c e s iu m  c o u ld  h o w e v e r  p r o m o te  th e  d i r e c t  c o m b u s t io n .  T h e  m e c h a n is m  w a s  th a t  
c e s iu m  c o u ld  p r o v id e  th e  a d d i t io n a l  e le c t ro n  to  s i lv e r  la t t ic e ,  t r a n s f e r r in g  to  a d s o rb e d  
o x y g e n . F in a l ly ,  th e  a d s o rb e d  o x y g e n  p o s s e s s e d  e x c e s s  h ig h ly  e le c t r o n  d e n s i ty ,  
b e n e f i t in g  th e  to ta l  o x id a t io n  o f  e th y le n e . M o re o v e r ,  c e s iu m  a d d i t io n  c o u ld  d e c r e a s e  
th e  c o n c e n t r a t io n  o f  n u c le o p h i l i c  o x y g e n , w h ic h  is  r e s p o n s ib l e  fo r  c a r b o n  d io x id e  
f o rm a t io n  ( G o n c h a r o v a  et al., 1 9 9 5 ) . T h e r e fo re ,  in  th e  p r e s e n c e  o f  c e s iu m  a d d e d , th e  
s e le c t iv i ty  fo r  e th y le n e  o x id e  is  e n h a n c e d  b y  th e  s u p p r e s s io n  o f  th e  r a te  o f  e th y le n e  
o x id e  o x id a t io n ,  r e s u l t in g  in  th e  d e c r e a s e  in  th e  r a te  o f  d i re c t  c o m b u s t io n .  It, 
h o w e v e r ,  h a s  b e e n  in v e s t ig a te d  f o r  a d d in g  c e s iu m  in  h ig h - s u r f a c e - a r e a ( H S A ) a -
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A I2O 3 th a t  s e le c t iv i ty  fo r  e th y le n e  o x id e  w a s  n o t e n h a n c e d ,  b u t th e  tu rn o v e r  
f r e q u e n c y  o f  e th y le n e  o x id a t io n ,  a s  w e l l  a s  th e  r a te s  o f  e th y le n e  o x id e  a n d  
a c e ta ld e h y d e  o x id a t io n ,  w e re  in c r e a s e d  (M a o  a n d  V a n n ic e ,  1 9 9 5 ).

In  a  p r e v io u s  w o rk  ( R o j lu e c h a i  et al, 2 0 0 6 ) ,  th e  n o m in a l  lw t .%  A u /T i0 2  

c a ta ly s t  p r o v id e d  th e  h ig h e s t  s e le c t iv i ty  f o r  e th y le n e  o x id e  w ith  r e la t iv e ly  lo w  
e th y le n e  c o n v e r s io n .  M o re o v e r ,  th e  c a ta ly t ic  a c t iv i ty  o f  A u  c a ta ly s ts  w a s  fo u n d  
d e p e n d in g  u p o n  th e  s iz e  o f  A u  p a r t i c le s  a n d  a ls o  c a ta ly s t  p r e p a r a t io n  m e th o d s . 
H o w e v e r ,  e th y le n e  c o n v e r s io n  o b ta in e d  f ro m  th e  f o l lo w in g  c a ta ly s ts ,  

A g /( H S A ) y - A l2 0 3 , A u /T i0 2 , a n d  b im e ta l l ic  A u -A g / (H S A )y -A l2 0 3 , c o u ld  n o t  b e  
d e te c te d  a t  a n y  te m p e r a tu r e  b e lo w  4 9 3  K . E v e n  th o u g h  th e  r e a c t io n  te m p e r a tu r e  w a s  
r a is e d  u p  to  5 4 3  K , e th y le n e  c o n v e r s io n  w a s  s t i l l  lo w  a t  1 -4 % . C o n s e q u e n t ly ,  th is  
l im i ta t io n  r e s u l t s  in  h ig h  e n e r g y  c o n s u m p t io n  fo f  c a ta ly s t  a c t iv a t io n  a t  h ig h  
te m p e r a tu r e ,  w h ic h  is  a  d is a d v a n ta g e  fo r  in d u s tr i a l  a p p l ic a t io n .  T h e  n o n - t r a d i t io n a l  
c a ta ly s is  te c h n iq u e  is , th e re fo re ,  e x p e c te d  to  o v e rc o m e  th is  c o n s tr a in t .  O n e  o f  
p o te n t ia l  te c h n iq u e s  is  to  c o m b in e  th e  s e le c t iv e  t r a d i t io n a l  c a ta ly s is  a n d  n o n - th e rm a l  
p la s m a .

W ith  th e  r o le s  o f  g o ld  in  e th y le n e  e p o x id a t io n ,  th e r e  a re  r e la t iv e ly  c o n fu s e d  
p o in ts  o f  v ie w  f o r  e x i s t in g  l i te r a tu r e s  a s  f o l lo w s .  T h e  e f f e c ts  o f  a l lo y in g  s i lv e r  w i th  
g o ld  o n  th e  o x y g e n  a d s o rp t io n  p r o p e r t ie s  o f  A g  o v e r  a  s e t  o f  15 w t .%  b im e ta l l i c  A g -  
AU/CC-AI2O3 w e r e  s tu d ie d  ( K o n d a r ie s  a n d  V e r y k io s ,  1 9 9 6 ). T h e  r e s u l t s  s h o w e d  th a t  
th e  p r e s e n c e  o f  A u  in f lu e n c e d  th e  p o p u la t io n  a n d  th e  a c t iv a t io n  e n e rg y  o f  a d s o rb e d  
o x y g e n  s p e c ie s .  E s p e c ia l ly ,  w h e n  A u  c o n te n t  in c re a s e d , th e  m o le c u la r  o x y g e n  w a s  
m o r e  .f a v o ra b le  in  a d s o rp t io n  o n  A g  th a n  a to m ic  o x y g e n , w h ic h  in d ic a te d  b y  its  
lo w e r  a c t iv a t io n  e n e r g y  o f  a d s o r p t io n .  B a s e d  o n  m o le c u la r  o x y g e n  th e o r y ,  th is  
a d s o r b e d  s p e c ie  e x h ib i te d  th e  v i ta l  r o le  fo r  e th y le n e  o x id e  fo rm a t io n ,  w h e r e a s  a to m ic  
o x y g e n  w a s  c o n s id e r e d  to  b e  a n  u n s e le c t iv e  o x id a n t  fo r  p a r t i a l  o x id a t io n  ( K i l ty  et al, 
1 9 7 3 ). W h ile  o th e r  re s e a rc h  g r o u p  r e p o r te d  in  th e  d i f f e r e n t  w a y  th a t  th e  s e le c t iv i ty  
fo r  e th y le n e  o x id e  w a s  o b s e rv e d  a t  c o n s ta n t  v a lu e  u p  to  a p p r o x im a te ly  10  w t .%  A u  
c o n te n t  o n  th e  s u r f a c e  a n d  d e c r e a s e d  c o n t in u o u s ly  a t  h ig h e r  A u  c o n te n ts  ( T o r ie s  a n d  
V e r ik io s ,  1 9 8 7 ). O n  th e  o th e r  h a n d ,  G e e n e n  et al. ( 1 9 8 2 )  r e p o r te d  th a t  a t  th e  h ig h  A u  
lo a d in g ,  th e  s e le c t iv i ty  fo r  e th y le n e  o x id e  d e c r e a s e d  a n d  r a p id ly  d r o p p e d  to  z e ro ,
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w h ic h  w a s  m o r e  r a p id ly  d r o p p e d  th a n  T o r ie s  a n d  V e r ik io s ’ e x p e r im e n ts .  T h e  
d i s c r e p a n c ie s  m ig h t  o r ig in a te  f ro m  th e  v a r io u s  a l lo y in g  c a ta ly s t  p r e p a r a t io n  
t e c h n iq u e s  (T o r ie s  a n d  V e r ik io s ,  1 9 8 7 ) . In  a  p r e v io u s  s tu d y  ( R o j lu e c h a i  et al, 2 0 0 6 ) , 
th e  e f f e c t  o f  a l lo y in g  A g  w i th  A u  s u p p o r te d  o n  (H S A )  Y-AI2O3 o n  th e  a c t iv i ty  w a s  
in v e s t ig a te d .  I t h a d  b e e n  fo u n d  th a t  a d d i t io n  o f  s m a ll  a m o u n t  o f  A u  c a n  c r e a te  th e  
A u - A g  b im e ta l l ic  c a ta ly s t ,  w h ic h  e n h a n c e d  th e  e th y le n e  e p o x id a t io n ,  w h e r e a s  a t 
h ig h e r  A u  lo a d in g , th e  A u -A g  a l lo y  c a n  ta k e  p la c e ,  le a d in g  to  c o m p le te  c o m b u s t io n .  
F o r  th is  s tu d y , th e  o p t im u m  A g  to  A u  ra t io  w a s  1 3 .1 8  to  0 .6 3  w t .%  a t te m p e r a tu r e  
r a n g e  o f  5 1 0 - 5 2 0  K . T h e  e th y le n e  c o n v e r s io n  a n d  s e le c t iv i ty  fo r  e th y le n e  o x id e  w e re  
e n h a n c e d  a t t r ib u t in g  to  th e  e x i s te n c e  o f  th e  b im e ta l l ic  A u - A g , w h ic h  in c r e a s e d  th e  
n e w  fa v o r a b le  m o le c u la r  o x y g e n  s i te s .

A s  m e n t io n e d  a b o u t  th e  p o o r ly  d i s p e r s e d  s i lv e r  o n  (L S A )  a - A l 20 3 , th a t  is 
w h y  m a n y  r e s e a r c h e r s  a t t e m p t  to  d e te r m in e  o th e r  a l t e rn a t iv e  s u p p o r ts  to  p r o v id e  th e  
b e t te r  d i s p e r s e d  s i l v e r  a n d  to  e n h a n c e  th e  a c t iv i ty  o f  th e  e th y le n e  e p o x id a t io n .  
S e y e d m o n i r  et al., ( 1 9 8 9 )  s tu d ie d  th e  a c t iv i ty  a n d  s e le c t iv i ty  f o r  e th y le n e  o x id e  o v e r  
w e l l - d is p e r s e d  A g / S i 0 2, A g /q - A l20 3 , a n d  A g / T i 0 2 in  th e  p r e s e n c e  a n d  a b s e n c e  o f  

C 2H 4C12 (E D C )  c o m p a r e d  w i th  th o s e  o f  p o o r ly  d i s p e r s e d  A g /a - A l20 3 . In  th e  
p r e s e n c e  o f  0 .5  p p m  E D C , th e  w e l l - d is p e r s e d  c a ta ly s t  e x h ib i te d  th e  s e le c t iv i ty  fo r  
e th y le n e  o x id e  le s s  th a n  th e  p o o r ly  d i s p e r s e d  c a ta ly s t ,  e x c e p t  A g / S i 0 2, d u e  to  th e  
p r e s e n c e  o f  s e c o n d a r y  o x id a t io n  r e a c t io n  o c c u r r in g  o n  th e s e  r e a c t iv e  s u p p o r ts .  In  
c o n t r a s t ,  th e  e th y le n e  o x id e  s e le c t iv i t ie s  o f  17 a n d  5 5 %  w e r e  o b ta in e d  o v e r  4 .4  a n d
7 .6  n m  A g  c r y s ta l l i t e s  o n  S i 0 2, r e s p e c t iv e ly ,  c o m p a re d  w i th  2 3 %  o v e r  1 p m  A g  

c r y s ta l l i t e s  o n  OC-AI2O3 in  th e  a b s e n c e  o f  E D C  a n d  C 0 2 a t  5 2 3  K .

D u e  to  w e l l - d is p e r s e d  s i lv e r  o v e r  (F IS A ) a - A l 2Û 3 s u p p o r t  ( a p p r o x im a te ly  
7 8 -1 0 4  m 2/g ) ,  i t  h a s  a ls o  b e e n  u s e d  a s  s u p p o r t  f o r  e th y le n e  e p o x id a t io n ,  b u t  it  w a s  
p o o r  s u p p o r t  fo r  th is  r e a c t io n , a n d  o n ly  c o m p le te  o x id a t io n  w a s  o b ta in e d .  T h e  
a b s e n c e  o f  e th y le n e  o x id e  w a s  in d u c e d  b y  th is  s u p p o r t  c o n ta in in g  a  c e r ta in  a m o u n t  o f  
a c id i ty ,  le a d in g  to  s e c o n d a r y  o x id a t io n  o f  e th y le n e  o x id e , o x id a t io n  o f  e th y le n e ,  a n d  
is o m e r iz a t io n  o f  e th y le n e  o x id e  to  a c e ta ld e h y d e  ( M a o  a n d  V a n n ic e ,  1 9 9 5 ).

T i 0 2 a ls o  h a s  s o m e  s p e c ia l  p r o p e r t ie s ,  w h ic h  a re  b e l ie v e d  to  e n h a n c e  th e  
c a ta ly t ic  a c t iv i ty  o f  e th y le n e  o x id a t io n  r e a c t io n . It h a s  b e e n  k n o w n  th a t  t i t a n iu m  d i-
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o x id e  e x h ib i t s  a  s t r o n g  m e ta l - s u p p o r t  in te r a c t io n  e f f e c t  w i th  g r o u p  V III  n o b le  m e t­
a ls  a n d  p o s s e s s e s  th e  a b i l i ty  fo r  o x y g e n  m ig r a t io n  f ro m  r e d u c e d  s u p p o r t  p a r t i c le s  o n ­
to  th e  s u r f a c e s  o f  th e  m e ta l l ic  p a r t i c le s  o f  th e  c a ta ly s ts ,  w h ic h ,  in  tu rn , p r o m o te s  o x i ­
d a t iv e  r e a c t io n s  ( H o lg a d o  et al., 1 9 9 8 ). H o w e v e r ,  it w a s  r e p o r te d  th a t  s i l v e r  s u p ­
p o r te d  o n  T iC b  s h o w e d  z e ro  e th y le n e  o x id e  s e le c t iv i ty  d u e  to  th e  i s o m e r iz a t io n  o f  
e th y le n e  o x id e  to  a c e ta ld e h y d e  o n  th e  s u p p o r t  f o l lo w e d  b y  th e  c o m p le te  c o m b u s t io n  
( S e y e d m o n ir  et al., 1 9 8 9 ; Y o n g  et al., 1 9 9 1 ).-

In  2 0 1 3 , C h o n g te r d to o n s k u l  et al. in v e s t ig a te d  th e  e f f e c t  o f  s e c o n d  m e ta ls  
(A u , B a , P d , รท a n d  C u  ) lo a d e d  o n  A g  f o r w a r d  to  e th y le n e  e p o x d a t io n ,  in  c o m p a r i ­
so n  to  A g -  a n d  A u -  lo a d e d  o n  th e  S rT iC b  . T h e  r e s u lt  s h o w e d  th a t  s e le c t iv i ty  d e ­
c r e a s e  w h e n  s e c o n d  m e ta l  w a s  a d d e d  e x c e p t  C u , a f te r  te m p e r a tu r e  r e a c h  to  5 4 8  K . 
s e le c t iv i ty  d e c r e a s e d  f o r  a ll s y s te m s .  A d d in g  C u  c a n  im p r o v e  th e  c a ta ly t ic  p e r f o r ­
m a n c e  b y  in c r e a s in g  A g  m e ta l l ic  f r a c t io n  le a d in g  to  r e d u c e  c o k e  f o r m a t io n ,  m o r e o ­
v e r  th e  d i f f e r e n c e  b e tw e e n  b a r r ie r  f o r  a c e ta ld e h y d e  a n d  e th y le n e  o x id e  in c r e a s e d  
w h e n  C u  w a s  a d d e d  d u e  to  C u  d i s p la y e d  h ig h e s t  d i f f e r e n t ia l  b o n d in g  a f f in i ty  to w a r d  
th e  o  a n d  c  a to m  o f  O M M E . O n  th e  o th e r  h a n d ,  A u  m o n o c a ta ly s t  e x h ib i te d  th e  
lo w e s t  s e le c t iv i ty  a n d  th e n  im p r o v e d  a f te r  a d d in g  A g . In  c a s e  o f  lo n g  te r m  s ta b i l i ty ,  
a d d in g  รท o n  C u -A g  c a n  re m a in  th e  s e le c t iv i ty  th r o u g h o u t  7 2  h o u r  o p e r a t io n ,  m e a n ­
w h ile  b o th  y ie ld  a n d  s e le c t iv i ty  o f  m o m o c a ta ly s t  A g  a n d  b im e ta l l ic  C u - A g  s h a r p ly  
d e c r e a s e d  a f te r  2 0  o p e r a t io n  t im e

2.5 Oxidants for Epoxidation Reaction

T h e r e  a re  s e v e r a l  o x id a n ts  fo r  e p o x id a t io n  r e a c t io n  w h ic h  p r o v id e  d i f f e r e n t  
o x y g e n  s p e c ie s  le a d in g  to  d i f f e r e n t  e p o x id a t io n  a c t iv i ty .  M a n y  r e s e a r c h e r s  t r ie d  to  
s tu d y  th e  e f f e c t  o f  th e  o x y g e n  s o u r c e s  o n  e p o x id a t io n  a c t iv i ty ,  h o w e v e r  it  h a s  in c o n ­
s is te n t  w i th  th e  r e s u l t s

2 .5 .1  A ir
T h e  c h e a p e s t  o x id a n t ,  is  u s e d  o n ly  r a r e ly  w i th o u t  i r r a d ia t io n  a n d  w i th ­

o u t  c a ta ly s t .  E x a m p le  o f  o x id a t io n s  b y  a i r  a lo n e  is  h e  c o n v e r s io n  o f  a ld e h y d e s  in to
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c a r b o x y l ic  a c id s  ( a u to x id a t io n )  a n d  th e  o x id a t io n  o f  a c y lo in s  to  a - d ik e to n s  ( M i lo s ,  
1 9 9 0 ).

2 .5 .2  M o le c u la r  O x y g e n
T h e  s e le c t iv e  c h e m is o r b e d  o x y g e n  w a s  a  c h a r g e d  m o le c u la r  s p e c ie s ,  

O 2’. U s in g  in f r a re d  s p e c t ro s c o p y ,  th e y  c la im e d  to  h a v e  in d e n t i f i e d  a n d  a d s o r b e d  
e th a n e  p e r o x y  s p e c ie s  ( C H 2 - C H 2 - 0 - 0 - A g )  b y  in te r a c t io n  o f  e th y le n e  w i th  m o le c u la r  
o x y g e n  a d s o rb e d  o n  A g . T h e  e th y le n e  p e r o x y  c o m p le x  d e c o m p o s e d  a t  3 8 3 K  a n d  
p r o p o s e d  to  e th y le n e  e p o x id e .  A to m ic  o x y g e n  w a s  c o n s id e r  a s  a n  u n s e le c t iv i e  o x i ­
d a n t.

In  1 9 7 8 , C a n t  a n d  H a l l  d e m o n s t r a te d  th a t  m o le c u la r  o x y g e n  s p e c ie s  
w a s  th e  o x id a n t  a n d  f o r m e d  a n  in te r m e d ia te  w i th  a d s o rb  e th y le n e  w h ic h  w a s  f o rm e d  
b o th  e th y le n e  o x id e  a n d  C O 2 . T h e y  u s e d  c is -  o r  t r a n -  l ,2 - d 2 - e th y le n e  a n d  th e y  f o u n d  
9 2 %  c is / t r a n s  e q u i l ib r a t io n  in  th e  e th y le n e  e p x id a t io n .  It c a n  b e  c o n c lu d e d  th a t  a d d i ­
t io n  o f  o x y g e n  to  th e  c= c  b o n d  o f  e th y le n e  w a s  n o t  c o n c e r te d  a n d  th a t  s o m e  s ta g e  in  
th e  r e a c t io n  c o - o r d in a te  th e r e  is  f re e  r o ta t io n  a b o u t  a  C -C  b o n d  w h ic h  is  f o rm  d u r in g  
th e  re a c t io n .

B y  te m p e r a tu r e  p ro g ra m  d e s o r p t io n ,  th e  r e s u l t  s h o w n  th a t  m o le c u la r  o x y ­
g e n  c a n  b e  r e m o v e d  f r o m  th e  s u r f a c e  o f  A g  ( 1 1 1 )  w i th o u t  a n y  im p a c t  o n  th e  s u b s e ­
q u e n t  p r o d u c t io n  o f  r e a c t io n  w ith  th e  a to m ic a l ly  a d s o rb e d  o x y g e n .  T h e y  o f f e r e d  th a t  
th e  v a le n c e  s ta g e  o f  a to m ic a l ly  a d s o r b e d  o x y g e n  d e te rm in e  th e  r e a c t io n  s e le c t iv i ty .  
T h e  v a le n c e  c h a r g e  s ta te ,  w h ic h  d e te r m in e d  b y  c h lo r id e  p r o m o te r s  o r  s u b s u r f a c e  o x ­
y g e n  a to m s ,  a  lo w e r  v a le n c e  c h a r g e  d e n s i ty  o n  0 (a) w a s  m a d e  it  b e t te r  e le c t r o p h i le ,  
f a v o r in g  e le c t r o p h i l i c  a t t a c k  o n  e th y le n e  le a d in g  to  s e le c t iv e  o x id a t io n .  M e a n w h i le ,  
h ig h e r  d e n s i ty  c h a r g e  le a d e d  to  c o m b u s t io n  ( G ra n t  et al., 1 9 8 5 )
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Figure 2.15 S e le c t iv e  o x id a t io n  b y  lo w  d e n s i ty  c h a r g e  o f  0 (a). ( C o u v e s  et al., 2 0 0 4 ) .
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Figure 2.16 C o m b u s t io n  r e a c t io n  b y  h ig h  d e n s i ty  c h a r g e  o f  0 (a). ( C o u v e s  et al.,2 0 0 4 )

2 .5 .3  N i t r o u s  O x id e
N i t r o u s  o x id e  w a s  fo r  th e  f ir s t  t im e  o b ta in e d  m o r e  th a n  2 0 0  y e a r s  

a g o  ( in  1 7 9 3 )  b y  E n g l is h  s c ie n t i f ic ,  J o s e p h  P r ie s t le y . H o w e v e r ,  it  f o r  lo n g  t im e  d id  
n o t  f in d  p r a c t ic a l  a p p l ic a t io n .  O n ly  5 0  y e a r s  la te r  a f te r  d i s c o v e ry ,  b e c a u s e  o f  th e  a n -  
e s th e s io lo g ic a l  p r o p e r t ie s ,  it  b e g a n  to  u s e  in  m e d ic in e .

In  th e  p e r io d  o f  th e  r a p id  d e v e lo p m e n t  o f  r o c k e t  a n d  s p a c e  t e c h n o lo g y  
it w a s  p a id  a t te n t io n  to  th e  h ig h  e n e r g y  c h a r a c te r i s t ic s  o f  n i t r o u s  o x id e ,  its  a b i l i t y  to  
e x h ib i t  s t r o n g  o x id iz in g  p r o p e r t ie s  a n d  to  d e c o m p o s i t io n  in  to  n i t r o g e n  a n d  o x y g e n  in  
2:1 r a t io ,  w h ic h  w a s  c lo s e  to  th e  a i r  c o m p o s i t io n .  ( G a id e i ,  2 0 0 9 ) .

D u r in g  th e  la rg e  d e c a d e s ,  n i tro u s  o x id e  h a s  b e c o m e  th e  in te r e s t in g  r e ­
a g e n ts  fo r  s e le c t iv e  o x id a t io n .  A c c o r d in g  to  i ts  l ig h t  n a r c o t ic  e f f e c t ,  th is  c o m p o u n d  
w a s  u s e d  in  m e d ic in e  b u t  it w a s  n o t  v e r y  to x ic  in  c h e m is t ry .  In  a d d i t io n ,  in  th e  la s t 
tw o  d e c a d e s  s o m e  s p e c ia l  e n v i r o n m e n ta l  r e s t r i c t io n s  w e re  is s u e  to  p r e v e n t  th e  e m is ­
s io n  o f  N 2O  in to  th e  a tm o s p h e r e  d u e  to  th is  c o m p o u n d  h a s  b e e n  c o n s id e r e d  a s  o z o n e  
d e s t ru c t io n  a n d  g re e n  h o u s e  g a s  a g e n t .  H e n c e , it is  a  g o o d  w a y  to  r e d u c e  th is  e m is ­
s io n  g a s  b y  u s in g  it a s  f e e d  s to c k  to  p r o d u c e  m o re  v a lu a b le  p r o d u c ts .  ( P a r m o n  et al, 
2 0 0 5 )

2.5.3.1 Gas Phase Catalytic Oxidation with N2O
In  th e  la te  1 9 7 0 s -e a r ly  1 9 8 0 s , n i t r o u s  o x id e  h a s  a t t r a c t e d  a  

s ig n i f ic a n t  a t te n t io n  o f  r e s e a r c h e r s  in v o lv e d  in  f in d in g  fo r  n e w  w a y  s e le c t iv e  o x id a ­
t io n  o f  m e th a n e  to  m e th a n o l  a t  lo w  c o n v e r s io n
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N itr o u s  o x id e  w a s  f ir s t  p a r t i c u la r  u s e d  a s  a n  o x id a n t  in  r e la ­
t io n  to  p h e n o l  p r o b le m . N o w a d a y s ,  th e r e  a re  th re e  s te p s  in  c u m e n e  te c h n o lo g y :  1) 
a lk y la t io n  o f  b e z e n e  to  to lu e n e  2 )  O x id a t io n  o f  c u m e n e  to  c u m e n e  h y d r o p e r o x id e ,  
a n d  3 )  d e c o m p o s i t io n  o f  th e  la t te r  to  th e  p h e n o l  p r o d u c t  a n d  a c e to n  a s  c o - p r o d u c t .  A n  
id e a l s o lu t io n  o f  th e  p r o b le m  w o u ld  b e  a  d i r e c t  o x id a t io n  o f  b e n z e n e  to  p h e n o n  w ith  
d io x y g e n  a s  s h o w n  b e lo w .

♦  1/2 0 2  - Q  -

Figure 2.17 T h e  d i r e c to x id a t io n  o f  b e n z e n e  to  p h e n o l  b y  d io x y g e n

H o w e v e r ,  m a n y  a t t e m p ts  a c c o m p lis h  th is  r e a c t io n  w e r e  n o t  
s u c c e s s f u l .  T h e  in te r a c t io n  w ith  O 2 in  th e  p r e s e n c e  o f  k n o w n  c a ta ly s t  le a d s  to  th e  d e ­
s t r u c t io n  o f  a r o m a tic  r in g  a n d  lo w  p h e n o l  s e le c t iv i ty .

N 2O  w a s  f i r s t  u s e d  fo r  th e  o x id a t io n  o f  b e n z e n e  b y  I w a m o to  
et al, 1 9 8 3 . T h is  r e a c t io n  u s e d  v a n a d ia  c a ta ly s t  p r o v id in g  b e t te r  s e le c t iv i ty  th a n  u s ­
in g  d io x y g e n .  T h e  s e le c t iv i ty  e x c e e d s  a b o u t  7 0 %  a t  5 5 0  ° c .  H o w e v e r ,  th e  s e le c t iv i ty  
p r o v e d  to  b e  to o  lo w  f o r  a  c o m m e r c ia l  d e v e lo p m e n t .

+ N 20  — + N 2

Figure 2 .1 8  T h e  d i r e c to x id a t io n  o f  b e n z e n e  to  p h e n o l  b y  N 2O

2.5.3.2 Liquid Phase Catalytic Oxidation with N2O
T h e  l iq u id  p h a s e  o x id a t io n  o f  a lk a n e s  w i th  n i t r o u s  o x id e  in to  

c a r b o n y l  c o m p o u n d s  c a n  b e  a p p l ie d  to  a  v a r ie ty  o f  s u b s tr a te s  in c lu d in g  a l ip h a t ic ,  c y ­
c lic , h e te ro c y c l ic  a lk e n e s  a n d  th e i r  d e r iv a t iv e s .  T h e  e p o x id a t io n  o r  c a r b o x id a t io n
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p r o c e e d  n o n  c a ta ly t ic  in  t e m p e ra tu re  in  r a n g e  o f  1 5 0  -  2 5 0  ๐c  y ie ld in g  k e to n e s  a n d  
a ld e h y d e s  a s  th e  m a in  p r o d u c ts .  A l th o u g h  th e  s e le c t iv i ty  d e p e n d s  o n  s t r u c tu r e  o f  a l-  
k e n e  a n d  its  c o m p o s i t io n ,  e a c h  ty p e  o f  a lk e n e  w a s  s h o w n  to  in c lu d e  s u b s tr a te s  w h o s e  
c a r b o x id a t io n  p r o c e e d s  s e le c t iv e ly  y i e ld in g  to  9 0 - 9 9 %  o f  c a r b o n y l  c o m p o u n d s .

T h e r e  s o m e  a r g u m e n ts  b e tw e e n  th e  e f f e c t iv e  o f  u s in g  m o le c -  
u la r o x y g e n  (O 2) a n d  N 2O . S o m e  s h o w s  th a t  O 2 is  m o re  e f f e c t iv e  th a n  N 20 ,  w h i le  
o th e r s  d e m o n s t r a te  th a t  N 2O  e x h ib its  th e  h ig h e r  s e le c t iv i ty  th a n  O 2

Y o n g  a n d  c a n t  ( 1 9 8 9 )  s tu d ie d  th e  e f f e c t  o f  o x id a n t  b e tw e e n  
n i t r o u s  o x id e  a n d  o x y g e n  "for th e  c o n v e r s io n  o f  e th y le n e  to  e th y le n e  o x id e  o v e r  v a r i ­
o u s  c a ta ly s ts  (A g  s p o n g e ,  A l /a - A l20 3 , /(1 -A I2O 3, a n d  A l ( C s ) /S iC ) .  T h e  e x p e r im e n t  
c a r r ie d  o u t  in  a  c o n v e n t io n a l  s in g le  p a s s  f lo w  s y s te m  a t a m b ie n t  p r e s s u r e  a n d  to ta l  
f lo w  r a te  in  r a n g e  4 0 - 3 0 0  c m 3. In  th is  e x p e r im e n t ,  it  c a n  b e  c o n c lu d e d  th a t  u s in g  o x ­
y g e n  a s  o x id a n t  p r o v id e  s e le c t iv i ty  o f  e th y le n e  e p o x d a t io n  b e t te r  th a n  N 20  f o r  a ll 
ca taL yst s y s te m s .

O n  th e  o th e r  h a n d ,  T a n  a n d  la m b e r t  c la im e d  ( 1 9 8 6 )  th a t  N 2O  
d e c o m p o s i t io n  is  a c t iv e  o n  a to m ic a l ly  c le a n  A g ( l  11 ). T h e  p r e s e n c e  o f  p r e a d s o r b e d  
O (a )  e n h a n c e  th e  ra te  o f  d is s o c ia t iv e  c h e m is o r p t io n .  F ro m  T P D  a n d  T P R  d a ta ,  th e  
re s u l t  s h o w n  th a t  O (a )  d e p o s i te d  b y  N 2O  is  a c t iv e  in  e th y le n e  e p o x id a t io n .  T h o s  O (a )  
s p e c ie s  c a n  id e n t ic a l  w i th  th e  r e s u l t in g  f ro m  h e  c h e m is o r p t io n s  o f  O 2 i t s e lf .  M o r e o ­
v e r , u s in g  N 2O  c a n  le a d  d i re c t ly  to  th e  fo rm a t io n  o f  E O  w i th o u t  th e  in te r v e n t io n  o f  
a d v e n t i t io u s ly  p r o d u c e d  g a s e o u s  o x y g e n .
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