
CHAPTER II 
BACKGROUND AND LITERATURE SURVEY

2.1 Basic Principle of Plasma

G a s e o u s  p l a s m a  c o n s is ts  o f  n e g a t iv e ly  a n d  p o s i t iv e ly  c h a r g e d  p a r t i c le s  in  a n  
o th e r w is e  n e u tr a l  g a s . T h e  p o s i t iv e ly  c h a rg e d  p a r t ic le s  a re  m o s t ly  c a t io n s  b u t  th e  
n e g a t iv e ly  c h a r g e d  p a r t i c le s  c a n  b e  e i th e r  e le c t ro n s  a n d /o r  a n io n s . T h e  n e u tra l  
s p e c ie s  m a y  b e  th e  m ix tu r e  o f  f re e  r a d ic a l  s p e c ie s  w ith  s ta b le  n e u tr a l  g a s e s .  P la s m a  
p o s s e s s e s  tw o  im p o r ta n t  p r o p e r t ie s  ( E l ia s s o n  a n d  K o g ie s c h a tz ,  1 9 9 1 ).

1 ) Q u a s i - n e u t r a l  p ro p e r ty
T h e  to ta l  d e n s i ty  o f  n e g a t iv e ly  c h a rg e d  c a r r ie r s  m u s t  b e  e q u a l  to  th e  to ta l  

d e n s i ty  o f  p o s i t iv e ly  c h a r g e d  c a r r ie r s .
2 )  I n te r a c t io n  w i th  e le c t ro m a g n e t ic  f ie ld s

P la s m a  c a n  h a v e  s o m e  in te ra c t io n s  u p o n  th e  a p p ly in g  o f  a n  
e le c t r o m a g n e t ic  f ie ld  d u e  to  th e  f a c t  th a t  th e y  c o n s is t  o f  c h a r g e d  p a r t ic le s .

N o r m a l ly ,  p l a s m a  c a n  o c c u r  in  a ll s ta te s  (N a s s e r .  1 9 7 1 ). P la s m a  in  s o l id  is  
c a l le d  s o l id - s ta te  p l a s m a  w h ile  p la s m a  g e n e ra te d  in  l iq u id  o r  g a s e o u s  s ta te s  d o e s  n o t  
h a v e  a n y  s p e c i f ic  n a m e s . O n ly  th e  g a s e o u s  p la s m a  is  s h o r t ly  c a l le d  a s  “ p la s m a ” . 
T h e r e  a re  m a n y  d i f f e r e n c e s  b e tw e e n  p la s m a  a n d  g a s . T h e i r  d i f f e r e n c e s  in c lu d e  
p r e s s u r e ,  d i s t r ib u t io n s  o f  c h a r g e d -p a r t ic le  d e n s i ty  in  th e  e n t ir e  p l a s m a  v o lu m e  a n d  
te m p e ra tu re .

2.2 Generation of Plasma

T h e r e  a re  s e v e r a l  m e a n s  o f  g e n e ra t in g  c h a r g e d  p a r t i c le s  to  p r o d u c e  p la s m a , 
e .g .,  c o l l i s io n s  b e tw e e n  c o s m ic  r a y s  a n d  g a s e s  in  a tm o s p h e r ic  la y e rs .  H o w e v e r ,  in  th e  
p r e s e n t  s tu d y , a n  e x te rn a l ly  in te n s e - e le c t r ic  f ie ld  is  a p p l ie d  a c r o s s  m e ta l  e le c t ro d e s  to  
c a u s e  th e  r e d u c t io n  in  its  “ p o te n t ia l  b a r r ie r ” le a d in g  to  th e  e le c t r o n s  le a v in g  th e  
e le c t ro d e  s u r fa c e . T h e  m o s t  in te r e s t in g  p h e n o m e n a  o n  th e  e le c t ro d e  s u r f a c e  u n d e r  a n  
e x t r e m e ly  h ig h -e le c t r i c  f ie ld  is th a t  m a n y  e le c tro n s  c a n  le a k  f ro m  th e  s u r fa c e  d e s p ite
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its  k in e t ic  e n e r g y  is  to o  lo w  to  o v e rc o m e  th e  p o te n t ia l  b a r r ie rs .  T h is  p h e n o m e n o n  is  
k n o w n  a s  “ tu n n e l  e f f e c t” . U n d e r  a  s u f f ic ie n l ty  h ig h  v o lta g e , th e  p la s m a  is  f ir s t  
g e n e ra te d  b y  th e  c o l l i s io n s  b e tw e e n  th e  e le c tro n s  e m it te d  f ro m  th e  s u r f a c e  o f  m e ta l 
e le c t ro d e s  a n d  th e  n e u tr a l  m o le c u le s .  T h is  p ro c e s s  o f  p la s m a  g e n e r a t io n  is  k n o w n  as  
th e  “ f ie ld ” e m is s io n  p r o c e s s  ( E l ia s s o n  a n d  K o g e ls c h a tz ,  1 9 9 1 ).

T h e  e le c t ro n s  l ib e ra te d  f ro m  th e  m e ta l s u r fa c e  w il l  im m e d ia te ly  b e  
a c c e le r a te d  to  m o v e  c o r r e s p o n d in g  to  th e  d i re c t io n  o f  th e  e le c t r ic  f ie ld  a n d  th e n  c a n  
c o l l id e  w i th  a n y  n e u tr a l  g a s e o u s  p a r t ic le s  in  th e ir  v ic in i ty  to  fo rm  v a r io u s  io n iz e d  
g a s e s  w i th  e x c e s s  f re e  e le c t ro n s . A c c o rd in g ly ,  th e s e  f re e  e le c t ro n s  c a n  f u r th e r  m o v e  
a n d  c o l l id e  w i th  o th e r  s p e c ie s .  A s  a  r e s u l t ,  a  la rg e  q u a n t i ty  o f  e le c t r o n s  in c lu d in g  th e  
e x c i te d  a to m s  a n d  m o le c u le s ,  io n s  a n d  r a d ic a ls  c a n  b e  f o rm e d  in  th e  b u lk  o f  th e  g a s e s  
w i th in  a  v e r y  s h o r t  p e r io d  o f  t im e  o n c e  th e  a p p l ic a t io n  o f  e le c t r i c  f ie ld  is  s ta r te d . 
S e v e ra l  a c t iv e  s p e c ie s  p r o d u c e d  c a n  fu r th e r  in i t ia te  v a r io u s  c h e m ic a l  r e a c t io n s  
le a d in g  to  th e  p r o d u c t io n  o f  s p e c if ic  c h e m ic a ls  a n d  th e  d e s t r u c t io n  o f  o rg a n ic  
p o l lu ta n ts .  T a b le  2 .1  s h o w s  s o m e  im p o r ta n t  c o l l is io n  m e c h a n is m s  o f  p la s m a  
c h e m is t ry  ( E l ia s s o n  a n d  K o g e ls c h a tz ,  1 9 9 1 ).

Table 2.1 C o l l i s io n  m e c h a n is m s  in  th e  p la s m a  (N a s s e r ,  1 9 7 1 ).

Collision Reaction
Elastic Collision e' + A ►  e + A
Excitation e' + A e + a ’
Ionization e‘ + A > 2๙ + A+
Attachment e' + A — ►  A'
Dissociative Attachment e‘ + b 2 -> B' + B
Recombination e' + b C -* B,
Detachment e" + b 2- — ►  2e‘ + b 2
Ion Recombination A- + B+ — > AB
Charge Transfer A1+ B ►  A + B*
Electronic Decomposition e" + AB —-> e + A + B
Atomic Decomposition *A + B2 —-►  AB + B
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T h e  c o m b in e d  s te p s  o f  th e  f ie ld  e m is s io n  p ro c e s s  a m o n g  th e s e  p la s m a  
s p e c ie s  a n d  th e  c o l l i s io n s  b e tw e e n  th e  s p e c ie s  a n d  th e  e le c t ro d e  s u r f a c e s  a r e  re fe r re d  
to  a s  “ e le c t r ic  d i s c h a r g e s ” p h e n o m e n a  (N a s s e r ,  1 9 7 1 ).

P la s m a  is  d iv id e d  in to  tw o  ty p e s . T h e  f ir s t  ty p e  is  “ th e rm a l  p l a s m a ”  o r  
“ e q u i l ib r iu m  p la s m a ” . In  th is  ty p e , th e  te m p e ra tu re  b e tw e e n  g a s  a n d  e le c t ro n  a re  
a p p r o x im a te ly  e q u a l ,  w h ic h  is c lo s e  to  th e rm o d y n a m ic  e q u i l ib r iu m  ( E l ia s s o n  a n d  
K o g e ls c h a tz ,  1 9 9 1 ; a n d  G r i l l ,  1 9 9 4 ). A n  e s s e n t ia l  c o n d i t io n  f o r  th e  f o rm a t io n  o f  th is  
p la s m a  is  s u f f ic ie n t ly  h ig h  w o rk in g  te m p e ra tu re s .  A n  e x a m p le  o f  th is  p l a s m a  is a rc  
d is c h a rg e .

T h e  s e c o n d  ty p e  is  “ n o n - th e rm a l  p la s m a ”  o r  “ n o n - e q u i l ib r iu m  p la s m a ” , 
w h ic h  is  c h a r a c te r iz e d  b y  lo w  g a s  te m p e ra tu re  a n d  h ig h  e le c t ro n  te m p e r a tu r e .  T h o s e  
ty p ic a l  e n e r g e t ic  e le c t ro n s  m a y  h a v e  e n e rg y  r a n g e d  f ro m  1 to  10 e V , w h ic h  
c o r r e s p o n d s  to  th e  t e m p e ra tu re  o f  a b o u t  1 0 ,0 0 0  to  1 0 0 ,0 0 0  K  ( R o s a c h a  et al. 1 9 9 3 ). 
T h is  p la s m a  c a n  b e  c la s s i f ie d  in to  s e v e ra l  ty p e s  d e p e n d in g  u p o n  th e i r  g e n e ra t io n  
m e c h a n is m , th e i r  p r e s s u r e  r a n g e  a n d  th e  e le c t ro d e  g e o m e tr y  ( E l ia s s o n  et al., 1 9 8 7 ). 
E x a m p le s  o f  th is  p la s m a  a re  r a d io  f re q u e n c y  d is c h a r g e ,  m ic r o w a v e  d i s c h a r g e ,  g lo w  
d is c h a r g e ,  d i e le c t r ic - b a r r i e r  d is c h a r g e ,  a n d  c o r o n a  d is c h a r g e ,  w h ic h  w a s  u s e d  in  th is  
s tu d y .

T h e  b a s ic a l ly  e le c t ro d e  g e o m e tr y  in  c o r o n a  d is c h a r g e  is  a  p a i r  o f  w ire  a n d  
p la te  m e ta l  e le c t ro d e s  o r ie n te d  in  a  p e r p e n d ic u la r  d i r e c t io n  to  e a c h  o th e r . C o ro n a  
d i s c h a r g e  c a n  s o lv e  th e  in s ta b i l i ty  o f  th e  g lo w  d is c h a r g e  a t  h ig h  p re s s u re .

2.3 Basic Principle of Photocatalysis

P h o to c a ta ly s is  is  a  c o m b in a t io n  o f  p h o to c h e m is try  a n d  c a ta ly s is  im p ly in g  
th a t  l ig h t  a n d  a  c a ta ly s t  u s u a lly  a  s e m ic o n d u c to r  a re  n e c e s s a r y  to  b r in g  o r  a c c e le r a te  
a  c h e m ic a l  t r a n s f o r m a t io n  (H e r rm a n n ,  1 9 9 9 ). W h e n  a  s e m ic o n d u c to r  is  i r r a d ia te d  
w i th  l ig h t  a t  a n  a p p ro p r ia te  w a v e le n g th ,  m o s t  o f te n  in  th e  u l t r a v io le t  s p e c t r a l  r a n g e , it 
g e n e ra te s  o x id a n t  s p e c ie s ,  w h ic h  c a n  c o n v e r t  m o s t  o rg a n ic  m a te r ia ls  in to  C 0 2, w a te r  
a n d  in o r g a n ic  c o m p o u n d s .  A  s e m ic o n d u c to r  s u c h  a s  T i 0 2 is  s p e c i f i e d  b y  th e  
e le c t ro n ic  b a n d  s t r u c tu r e s ,  w h ic h  a re  o c c u p ie d  v a la n c e  b a n d  (v b )  a n d  u n o c c u p ie d  
c o n d u c ta n c e  b a n d  (c b ) . W h e n  a  s e m ic o n d u c to r  a b s o rb s  l ig h t, th e  l ig h t  e n e rg y  c a n
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fo rc e  th e  e le c t r o n s  a t  th e  o c c u p ie d  v a la n c e  b a n d  to  m o v e  to  th e  u n o c c u p ie d  
c o n d u c ta n c e  b a n d  th a t  h a s  a  h ig h e r  e n e rg y  le v e l, a n d  c o n s e q u e n t ly  p o s i t iv e  h o le s  (h +) 
a re  fo rm e d . T h e  d i f f e r e n c e  o f  b o th  e n e r g y  le v e ls  is  c a l le d  e n e r g y  b a n d  g a b . I f  g a s e s  
lo c a l iz e d  b y  t r a p p in g  a t  b o th  e n e rg y  b a n d s  lo n g  e n o u g h , b o th  r e d u c t io n  a n d  o x id a t io n  
r e a c t io n s  w i l l  o c c u r  a s  s h o w n  in  F ig u re  2 .1 .

Figure 2.1 T h e  m e c h a n is m  o f  p h o to c a ta ly t ic  p r o c e s s  o f  a  s e m ic o n d u c to r  (L i t te r ,  
1999).

T h e r e  a re  p o s s ib le  r e a c t io n s  th a t  c a n  o c c u r  w h e n  a  s e m ic o n d u c to r  a b s o rb s  a 
p h o to n  ( h v )  o f  a  s u i ta b le  w a v e le n g th  ( R o b e r ts o n , 1 9 9 6 ).

L ig h t  a b s o rp t io n s c  +  h v — ► e ’ +  h + (2.1)
R e c o m b in a t io n e ' +  h + — ► H e a t / l ig h t (2.2)
O x id a t io n D  +  h + ------- ► D + (2.3)
R e d u c t io n A  +  e ' ------- ► A ' (2.4)

T h e  e le c t r o n - h o le  p a i r s  c a n  r e c o m b in e  e i th e r  d i re c t ly  o r  in d i re c t ly  b y  r a d ia t iv e  a n d  
n o n r a d ia t iv e  p r o c e s s e s  in  a  f e w  n a n o s e c o n d s . T h e  p r o b le m  o f  p h o to c a ta ly s is  is  a  
r e c o m b in a t io n  r e a c t io n  b e tw e e n  th e  e le c t ro n s  a n d  th e  p o s i t iv e  h o le s  b e c a u s e  it
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in h ib i t s  th e  r e d o x  r e a c t io n s .  T o  s o lv e  th is  p ro b le m , e le c t ro n  s c a v e n g e r s  s u c h  a s  
o x y g e n  m o le c u le s  a r e  a d d e d  s in c e  it  c a n  tr a p  e le c t ro n s  o u t f ro m  th e  p o s i t iv e  h o le  to  
f o rm  s u p e ro x id e  r a d ic a l  io n  ( O 2 * ')  le a d in g  to  th e  s e q u e n t ia l  f o r m a t io n  o f  h y d r o x y l  
r a d ic a l  ( L i t te r ,  1 9 9 9 ) , w h ic h  is e s s e n t ia l  s p e c ie s  in  th e  p h o to c a ta ly t ic  p r o c e s s  s in c e  
th e  h y d r o x y l  r a d ic a l  is  th e  m o s t  p o w e r fu l  o x id a n t.

O2 + e' ----► <ว2*' (2.5)
2H20  + <ว2*~ -------► 2H20 2 (2.6)
h 20 2 -------► 20H* (2.7)

W a te r  is  a  m a jo r  s o u rc e  o f  h y d ro x y l  g ro u p  a s  th e  p r im a ry  o x id a n t ,  w h ic h  is  
g e n e ra te d  b y  d i s s o c ia t iv e  a d s o rp t io n . H e n c e , in  th e  a b s e n c e  o f  w a te r  v a p o r ,  th e  
p h o to c a ta ly t ic  o x id a t io n  o f  o rg a n ic  is  s e r io u s ly  r e ta rd e d  a n d  to ta l  m in e r a l i z a t io n  to  
C O 2 d o e s  n o t  o c c u r .  S in c e  h y d r o x y l  ra d ic a l  h a s  a  h ig h  o x id a t io n  p o te n t ia l ,  i t  c a n  
r e a c t  r a p id ly  a n d  n o n - s e le c t iv e ly  w i th  m o s t  o rg a n ic  c o m p o u n d s  in to  c a r b o n  d io x id e , 
w a te r  a n d  o th e r  in o rg a n ic  c o m p o u n d s  (D e  L a s a  et al. , 1 9 9 2 ). P o s s ib le  r e a c t io n  
m e c h a n is m s  in v o lv in g  h y d r o x y l  io n s  a s  p h o to  h o le  t r a p s  a re  s u m m a r iz e d  b e lo w  
(P e ra l  et al., 1 9 9 7 ).

T i 0 2 +  h v h + + e" -4— ►  h + e ' (2 .8 )

07 ๐ + ะr + — ► H O * (2 .9 )

Chads +  e — ► 0 2 ads (2 .1 0 )

H O * +  0 2 ~ads ----- ► H O 2 * + 0  ads (2 .1 1 )

H O ? +  e — ► H 0 2' + 0  ads (2 .1 2 )

H 0 2 +  h — ► H 0 2* (h o le - t ra p ) (2 .1 3 )

2.4 Types of Semiconductors

A  s e m ic o n d u c to r  u s e d  a s  p h o to c a ta ly s t  s h o u ld  b e  e i th e r  o x id e  o r  s u lf id e  o f  
m e ta ls ,  s u c h  a s  T i 0 2, C d S , a n d  Z n O . T h e  e n e rg y  b a n d  g a p  o f  th e  s e m ic o n d u c to r  
m u s t  b e  m a tc h e d  w i th  th e  e n e rg y  g a in e d  f ro m  a  l ig h t  s o u rc e . T iO ?  is  a  p o p u la r  o n e  
s in c e  th e  b a n d  g a p  is  a r o u n d  3.1 e V , w h ic h  c a n  b e  s im p ly  a c t iv a te d  in  th e  n e a r
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u ltra v io le t lig h t  ( - 3 8 0  n m ). O ther a d v a n ta g es  o f  T i 0 2 in c lu d e  m o re  sta b le  and  
in so lu b le  in  a q u e o u s  so lu t io n , h ig h  rea c tiv e  c a ta ly st, n o n to x ic  and  in e x p e n s iv e  
c a ta ly st. F u rth erm ore, T i 0 2 is  co rr o s io n  resistan t and  d o e s  n o t lo s e  a c t iv ity  w h e n  
reu sed  (D e  L a sa  et al., 1 9 9 2 ).

T i 0 2 is  c la s s if ie d  in to  three d ifferen t p h a ses , w h ic h  are a n a ta se , ru tile  and  
b ro o k ite . In  th e  an a ta se  p h a se , it h as b een  o b se r v e d  that it is  m o re  a c t iv e  and sta b le  
than  th e o th er  tw o  p h a se s  b e c a u se  o f  its h ig h er  su rfa ce  area. R u tile  is  a th erm a lly  
sta b le  form  at h ig h  tem p era tu res, w h erea s  h ea tin g  a m o rp h o u s T i 0 2 p ro d u ces  
b roo k ite .

O th er ty p e s  o f  se m ic o n d u c to r s  su ch  as Z n O  or C d S  m a y  n o t b e  a p p lic a b le  
d u e to th eir  to x ic ity . T a b le  2 c o m p ile s  the c o m m o n  p ro p er tie s  o f  sev era l 
se m ic o n d u c to r s .

Table 2.2 B a n d  p o s it io n s  o f  s o m e  c o m m o n  se m ic o n d u c to r  u se d  as p h o to c a ta ly s ts  
(R o b e r tso n , 1 9 9 6 ).

Semiconductor V  QlpnPA
band (eV)

Conductance 
band (eV)

Band gap
(eV)

Band gap Wavelength 
(nm)

T i 0 2 + 3 .1 + 0.1 3.1 3 8 0
S n 0 2 + 4 .1 + 0 .3 3 .9 3 1 8
Z n O + 3 .0 -0 .2 3 .2 3 9 0
Z n S +  1.4 -2 .3 3 .7 3 3 6
W 0 3 + 3 .0 + 0 .2 2 .8 4 4 3
C d S + 2.1 -0 .4 2 .5 4 9 7

C d S e + 1.6 -0.1 1.7 7 3 0
G a A s + 1.0 -0 .4 1.4 8 8 7
G aP +  1.3 -1.0 2 .3 5 4 0

2.5 Related Research Works

2 .5 .1  P la sm a
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F u tam u ra  and Y a m a m o to  (1 9 9 7 )  s tu d ied  the e f fe c t s  o f  o x y g e n  and  
m o istu r e  o n  tr ic h lo r o e th y le n e  (T C E ) d e c o m p o s it io n  b y  u s in g  a p u lse d  co r o n a  reactor. 
W h en  n itro g en  g a s  w a s  u sed  as a carrier g a s  in  the dry c o n d it io n , h ig h er  
d e c o m p o s it io n  e f f ic ie n c y  o f  T C E  w a s  ob ta in ed . T h e y  s u g g e s te d  that a c t iv e  o x y g e n  
s p e c ie s  in  air w e r e  n o t r e sp o n s ib le  for  the in itia l p r o c e sse s  o f  h a lo g e n a te d  o le f in  
b e c a u se  o x y g e n  c o m p e te d  w ith  T C E  in  the p r o c e ss  o f  e le c tr o n  tran sfer . N e g a t iv e  
e f fe c t  o f  m o is tu r e  o n  T C E  d e c o m p o s it io n  e f f ic ie n c y  in d ic a te s  q u e n c h in g  o f  h ig h -  
e n erg y  e le c tr o n s  an d  e x c ite d  n itro g en  and o x y g e n  m o le c u le s  as an  e n e r g y  tran sfer  
ag en t. U n d er  aera ted  c o n d it io n s , tr ip let o x y g e n  m o le c u le s  s c a v e n g e d  in term ed ia te  
carb o n  ra d ica ls  d e r iv e d  from  the T C E  d e c o m p o s it io n  to f in a lly  g iv e  C O  and C 0 2, 
resu ltin g  in  m u ch  lo w e r  b y -p ro d u ct y ie ld s  b e lo w  th eir  th resh o ld  lim it  v a lu e s  than that 
u n d er d eaera ted  c o n d it io n s .

F u tam ura et al. (1 9 9 9 )  in v e stig a te d  p la sm a  c h e m ic a l b e h a v io r  o f  
h aza rd ou s air p o llu ta n ts  (H A P ’s) (C12C =C C 12, C12C = C H C 1, CI3C -C H 3, C12C H -  
C H 2C1, C H 3CI, C H 3B 1-, and b e n z e n e )  b y u s in g  a ferro e lec tr ic  p a c k e d -b e d  p la sm a  
reactor. It w a s  fo u n d  that o x id a tio n  o f  C O  to C 0 2 w a s  a s lo w  rea c tio n  in  p la sm a , and  
th e  fo rm a tio n  o f  C O  or C 0 2 is m a in ly  resu lted  from  d ifferen t p recu rsors. A n  
in c r e a s in g  o x y g e n  c o n ten t d id  n ot im p ro v e  C 0 2 y ie ld  b e c a u se  o f  th e  s lo w  b ack w ard  
rea c tio n  o f  C 0 2 to  C O  in  air.

S a n o  et al. (1 9 9 7 )  s tu d ied  th e rem o v a l o f  a c e ta ld e h y d e  and  sk a to le  b y  a 
c o r o n a -d isc h a r g e  reactor. T h ey  fo u n d  that u n der th e pure n itro g en  a tm o sp h ere , 
m eth a n e  w a s  p ro d u ced  as a rea c tio n  b y -p rod u ct fro m  th e rem o v a l o f  a c e ta ld e h y d e  
b ut n o  rea c tio n  b y -p ro d u ct w a s  p ro d u ced  from  th e rem o v a l o f  sk a to le . It w a s  
e x p la in e d  that sk a to le  w a s  re m o v e d  on  the b a sis  o f  its  e le c tr o n  a tta ch m en t. W h en  
o x y g e n  w a s  a d d ed , th e  rem o v a l e f f ic ie n c ie s  o f  a c e ta ld e h y d e  and sk a to le  in crea sed  
g rea tly  s in c e  o z o n e  ( O 3 ) w a s  p rod u ced  in s id e  the reactor. It w a s  e s t im a te d  that the O 3 

p ro d u ced  co n tr ib u ted  h a l f  o f  the rem o v a l e f f ic ie n c y  o f  a c e ta ld e h y d e . F or th e  m ix tu re  
o f  a c e ta ld e h y d e  and  sk a to le  u n d er th e  m ix e d  g a s  o f  N 2 and (ว2, it w a s  fo u n d  that the  
c o e x is t in g  sk a to le  in h ib ited  the form a tio n  o f  th e  n e g a tiv e  io n  c lu sters  o f  
a c e ta ld e h y d e .

CO2 /CFI4 re fo rm in g  by g lo w  d isch a rg e  p la sm a  w ith  and  w ith o u t  m ic r o 
arc fo rm a tio n  u s in g  a Y -ty p e  reactor  w a s  s tu d ied  by H u a n g e  et al. (2 0 0 0 ) .  It w a s
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rep orted  that th e  s y s te m  w ith  the fo rm a tio n  o f  m icro -a rcs  p ro d u ced  m o r e  C O  as w e ll  
as h ig h er  e n e r g y  e f f ic ie n c ie s  than that w ith o u t th e  m icro -a rc  fo rm a tio n . F u rth erm ore, 
w ith  an in c r e a se  in  th e  C 0 2 to  C H 4 ratio , the s e le c t iv ity  to  C O  in c r e a se d , and  le s s  
c o k e  fo rm ed .

M a lik  and  M a lik  (1 9 9 9 )  in v e stig a te d  a c o m b in e d  s y s te m  o f  c o ld  p la sm a  
and  a c a ta ly s t  for  v o c  d estru ction . T h ey  fou n d  that th e  a d d itio n  o f  a su ita b le  ca ta ly st  
p articu larly  a  su p p o rted  n o b le  m eta l ca ta ly s ts  su ch  as p la tin u m , p a lla d iu m , rh od iu m  
and ru th en iu m , c o u ld  a c tiv a te  C H 4 at re la tiv e ly  lo w  tem p era tu res w ith  fa ster  rates  
and c o u ld  furth er im p r o v e  the e f f ic ie n c y  as w e ll  as th e  s e le c t iv ity  o f  th e  d esired  
p rod u cts . T h e  u se  o f  n o b le  m eta l e le c tr o d e s  w a s  fo rm ed  to e n h a n ce  th e  c o n v e r s io n  o f  
C H 4 to  c? h y d ro ca rb o n s in  a p u lse d  co ro n a  d isch a rg e  w ith  th e f o l lo w in g  order: 
P la tin u m  >  P a lla d iu m  >  C op per.

T h a n y a c h o tp a ib o o n  et al. (1 9 9 8 )  s tu d ied  the c o n v e r s io n  o f  C H 4 to  
h ig h er  h y d ro ca rb o n s in  A C  n o n -eq u ilib r iu m  p la sm a . It w a s  s h o w n  that C H 4 
c o n v e r s io n  in it ia lly  in crea sed  w ith  in crea sin g  v o lta g e  and  r e s id e n c e  t im e  a b o v e  th e  
b rea k d o w n  v o lta g e  b e c a u se  a h ig h er  d en sity  o f  th e  e le c tr o n s  g iv e s  a h ig h er  
p ro b a b ility  o f  a C H 4 m o le c u le  in teractin g  w ith  e le c tr o n s  to form  a c t iv e  s p e c ie s . C H 4 
c o n v e r s io n  a lso  in crea sed  w h e n  Fie and  C 2H 6 w ere  ad d ed  in  the fe e d  stream . H e  and  
C?Hô b o th  ap p eared  to  b e  m o re  e a s i ly  a c tiv a ted  than  C H 4 and  e n h a n c e d  C H 4 
c o n v e r s io n .

T sa i et al. (2 0 0 1 )  s tu d ied  the p rod u ct d istr ib u tio n  o f  m eth a n e th io l  
(C H 3S H ) d e c o m p o s it io n  in  a R F p la sm a  reactor. In th e  a b se n c e  o f  o x y g e n , o v e r  8 3 .7  
% o f  th e  to ta l su lfu r  in p u t w a s  co n v e r te d  to  carb on  d isu lf id e  (C S 2) at 6 0  พ .  W h en  
o x y g e n  w a s  ad d ed , th e  m a in  p rod u ct o f  su lfu r  w a s  sh ifted  to  S 0 2 d u e to th e  
th e r m o d y n a m ic  s ta b ility . O x y g e n  w a s  b e lie v e d  to p la y  an im p o rta n t ro le  for  
in h ib it in g  d ih y d r o g e n  s u lf id e  (H 2S ), d im e th y l su lf id e  (D M S ), and d im e th y l d isu lf id e  
(D M D S )  fo rm a tio n . T h e  m o le  fra c tio n s  o f  m eth a n e , e th y le n e , an d  a c e ty le n e  w ere  
ra p id ly  d e c r e a se d  as th e  0 2/C H 3S H  ratio in crea sed  from  0 to 3 , and  d id  n o t ch a n g e  
w h e n  th e 0 2/C H 3S H  ratio  w a s  further in crea sed  to  4 .5 . A t  a h ig h e r  0 2/C H 3S H  ratio  
and in c r e a s in g  in p u t p o w er , C O  c o u ld  b e co n v er ted  to CO? b y  r ea c tin g  w ith  o ,  O H , 
0 2, H C O , and  H 20 .  T h e  m e c h a n ism  o f  th e  fo rm a tio n  and d e c o m p o s it io n  o f  C O  and  
CO? are sh o w n  b e lo w .
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CO formation and decomposition
C H  +  ( 0 , 0 2) < - >  C O  +  (H , O H ) (2 .1 4 )
C H 2 +  ( 0 , 0 2) C O  +  (2 H  or H 2. H 20 .  O H + H ) (2 .1 5 )
H C O  +  (M , o, 0 2, H , O H ) < - >  C O  +  ( H 2, H +  M , H 20 , H 0 2, O H ) (2 .1 6 )  
c s  + ( 0 ,0 2) C O  + (ร, S O ) (2 .1 7 )

C02 formation
C O  +  (M , o ,  0 2, H 0 2, O H ) < - >  C 0 2 +  (M , O , H . O H ) (2 .1 8 )
H C O  +  (C O , O ) < - >  C 0 2 +  (C H , H ) (2 .1 9 )
C H 2 +  0 2 ^ >  C 0 2  +  (2 H  or H 2) (2 .2 0 )

K ru ap on g  (2 0 0 0 ) d e term in ed  the e f fe c ts  o f  v o lta g e , fr e q u e n c y , and  f lo w  
rate o n  C H 4 c o n v e r s io n  in  co ro n a  d isch a rg e . H ig h er  v o lta g e , lo w e r  fr e q u e n c y , and  
lo w e r  f lo w  rate o f  C H 4 g a v e  h ig h er  c o n v e r s io n  o f  C H 4 and  0 2 and  h ig h e r  s e le c t iv ity  
to  C 0 2, an d  H 2.

S u tt ir u a n g w o n g  (1 9 9 9 )  p erfo rm ed  e x p e r im e n ts  w ith  and  w ith o u t  
c a ta ly s ts  and  fo u n d  that th e  n o n -c a ta ly tic  sy s te m  g a v e  m u ch  h ig h e r  C H 4 c o n v e r s io n  
than  th e  ca ta ly tic  sy s te m  and p ro d u cts  m a in ly  c o n s is te d  o f  c 2 h y d ro ca rb o n s.

A lth o u g h  th e n on th erm a l p la sm a  te c h n o lo g y  sh o w s  h ig h  p er fo rm a n ce  
for  th e  r e m o v a l o f  V O C s , a m ajor d isa d v a n ta g e  o f  th is  te c h n iq u e  is  th e  fo rm a tio n  o f  
s o m e  u n e x p e c te d  to x ic  p rod u cts  su ch  as N O x , p h o sg e n e , etc .

2 .5 .2  P h o to c a ta ly s is
E in a g a  et al. (2 0 0 1 )  e x a m in e d  b e n z e n e  c o n v e r s io n  b y  u s in g  p la tin ized  

titan ia . W ith o u t P t, b e n z e n e  w a s  co n v e r te d  in to C O  and  CO? b ut C O  c o u ld  n ot b e  
further o x id iz e d  to  C 0 2. O n the o th er h an d , as the am o u n t o f  Pt lo a d e d  o n  T i 0 2 w a s  
in crea sed , th e  rate o f  th e  C O  p h o to o x id a t io n  w a s  in crea sed  w h ile  th e  rate o f  b e n z e n e  
r em o v a l w a s  a lm o st  u n ch a n g ed . M o r e o v e r , it w a s  fo u n d  that c o m p le te  o x id a t io n  o f  
b e n z e n e  to  CO? c o u ld  b e a c h ie v e d  b y  u s in g  the h yb rid  c a ta ly s ts  c o m p r is in g  pure 
T i 0 2 and  p la tin iz e d  1 i 0 2.

O b u ch i et al. (1 9 9 9 )  s tu d ied  the p h o to c a ta ly tic  d e c o m p o s it io n  o f  
a c e ta ld e h y d e  o v e r  T i 0 2/ S i 0 2 and P t - T i0 2/ S i 0 2. T h ey  fou n d  that th e  u n p la tin ized
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ca ta ly s t  g a v e  a c o n v e r s io n  o f  a c e ta ld e h y d e  and a y ie ld  o f  C O 2 a b o u t 10  % le s s  than  
the p la tin u m  lo a d e d  o n e . T hat is  b e c a u se  p la tin u m  m a y  h e lp  in c r e a s in g  the  
ad so rp tio n  o f  th e  reactan t, w h ic h  w a s  c o n firm ed  b y  c a lc u la t io n  b a se d  o n  L a n g m u ir-  
H in sh e lw o o d . P la tin u m  d id  n o t o n ly  e n h a n ce  th e rate o f  th e  rea c tio n , but a lso  h e lp  
c o m p le te  th e  c a ta ly s t  reg en era tio n  at th e  lo w e r  tem peratu re. M o r e o v e r , th e  F T -IR  
resu lts  sh o w e d  th e  b an d  o f  ca rb o n ic  ac id , s u g g e s t in g  the e x is te n c e  o f  a ce tic  ac id  
an d /or  fo rm ic  a c id  as an in term ed ia te  ad sorb ed  on  th e  ca ta ly st.

N a k a m u ra  et al. (2 0 0 0 )  stu d ied  the p h o to c a ta ly tic  a c t iv ity  o f  p la sm a -  
treated  T ie r  and  raw  TiO ? p o w d e r  for  e lim in a tin g  N O . T h ey  rep orted  that th e  N O  
r e m o v a l b y  b o th  p h o to c a ta ly s ts  in crea sed  w ith  d e c r e a s in g  w a v e le n g th . In the c a se  o f  
p la sm a -trea ted  T iO ? c a ta ly st, the rea c tio n  occu rred  a b o v e  4 5 0  11m  d u e  to  th e  ch a n g e  
in  th e  e le c tr o n ic  sta te  o f  T iÛ 2 c a u sed  b y  the red u ction . T h e o x y g e n  v a c a n c ie s  w ere  
fo rm ed  in  th e  cry sta l la ttice  o f  T iÛ 2 b y  the p la sm a  treatm en t, m a in ta in in g  th e  an atase  
structure. F u rth erm ore, it w a s  e x p la in e d  that the o x y g e n  v a c a n c y  sta te  b e tw e e n  the  
v a le n c e  and  c o n d u c ta n c e  b an d s w e r e  n e w ly  fo rm ed  and th en  react w ith  O 2 or O - 
s p e c ie s  to  p ro d u ce  r e a c tiv e  o x y g e n  s p e c ie s  su ch  as O ' and  a to m ic  o x y g e n

Z h a n g  et al. (2 0 0 1 )  in v estig a ted  th e  e f fe c t  o f  T iO ? on  the  
d e c o m p o s it io n  o f  N O . T h e  rate o f  N O  c o n v e r s io n  d e c r e a se d  w ith  a  d e c r e a se  in  the  
in te n s ity  o f  th e  in c id e n t u v  ligh t. M o reo v er , it w a s  fo u n d  that th e  rea c tio n  
e f f ic ie n c y  w a s  h ig h  at th e  b e g in n in g  o f  the rea c tio n , and  th en  g r a d u a lly  d e c rea sed  
w ith  th e  rea c tio n  tim e .
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