
CHAPTER II
T H E O R E C T IC A L  B A C K G R O U N D  

A N D  L IT E R A T U R E  R E V IE W

2.1 N atu ra l G as

N a tu ra l g a s  is  a g a s e o u s  fo ss il fu e l, w h ic h  is  c o m p o s e d  o f  h y d ro c a rb o n  
g a se s , m e th a n e  ( 7 0 - 9 0  % ) a n d  e th a n e  ( 5 - 1 5  % ), w i th  v a ry in g  le s s e r  a m o u n ts  o f  o th e r  
h e a v ie r  h y d ro c a rb o n s  (<  5 % ), an d  o th e r  g a se s , su c h  as n i tro g e n , c a rb o n  d io x id e , 
h y d ro g e n  su lp h id e , an d  w a te r  v a p o r . N a tu ra l  g a s  e x is ts  in  n a tu re  u n d e r  p re s s u re  in  
ro c k  r e se rv o ir s  in  th e  e a r th ’ร c ru s t, e i th e r  in  c o n ju n c tio n  w ith  h e a v ie r  h y d ro c a rb o n s  
a n d  w a te r  ( c a lle d  a s s o c ia te d  g as) o r  b y  i t s e l f  ( c a lle d  n o n -a s s o c ia te d  g a s ) . It is  
p ro d u c e d  f ro m  th e  r e s e rv o ir  s im ila r ly  to  o r  in  c o n ju n c tio n  w ith  c ru d e  o il (D a w e , 
2 0 0 0 ). B e fo re  n a tu ra l g a s  c a n  b e  u s e d  a s  a fu e l, it m u s t  u n d e rg o  e x te n s iv e  p ro c e s s in g  
to  re m o v e  a lm o s t all m a te r ia ls  o th e r  th a n  m e th a n e . T h e  b y -p ro d u c ts  o f  th e  p ro c e s s in g  
in c lu d e  e th a n e , p ro p a n e , b u ta n e s , p e n ta n e s ,  h ig h e r  m o le c u la r  w e ig h t  h y d ro c a rb o n s , 
e le m e n ta l s u lfu r , a n d  s o m e tim e s  h e l iu m  a n d  n itro g e n .

T h e  m a jo r  d i f f ic u lty  in  th e  u se  o f  n a tu ra l g a s  is  t r a n s p o r ta t io n  a n d  s to ra g e  
b e c a u s e  o f  its  lo w  d e n s ity . N o rm a lly , n a tu ra l  g a s  c a n  b e  s to re d  in  s to ra g e  ta n k s  o r  
u n d e rg ro u n d , in  o ld  g a s  w e lls . A n d , it  c a n  b e  tr a n s p o r te d  b y  p ip e  lin e , tru c k , o r  sh ip .

N a tu ra l g a s  c a n  b e  u s e d  fo r  e le c tr ic i ty  g e n e ra t io n , a s  fe e d s to c k  fo r  h y d ro g e n  
p ro d u c t io n , as fu e l fo r  v e h ic le s , fo r  r e s id e n c e  d o m e s tic  u se , su c h  a s  c o o k in g , fo r  
h e a t in g /c o o lin g , fo r f e r t i l iz e r  p ro d u c t io n , an d  o th e rs .

2.2 P h ysica l and C h em ica l P rop erties o f  M eth an e

A s m e n t io n e d  a b o v e , m e th a n e  is  a m a in  c o m p o n e n t  in  n a tu ra l g a s  fo u n d  
a ro u n d  th e  w o rld . M e th a n e  is  w e l l-k n o w n  as a v e ry  in e x p e n s iv e  a n d  e n v iro n m e n ta l ly  
s a fe  fe e d s to c k  o f  fu e l su p p lie s . It is , in  a c h e m ic a l p o in t  o f  v ie w , th e  s m a lle s t  
m o le c u le  in  th e  e n tire  h y d ro c a rb o n  s e r ie s , w h ic h  c o n s is ts  o f  o n ly  o n e  c a rb o n  a to m  
su r ro u n d e d  b y  fo u r  h y d ro g e n  a to m s . W ith  its  lo w  m o le c u la r  w e ig h t a n d  n o n -p o la r  
n a tu re , th e  b o i l in g  p o in t o f  m e th a n e  is  e x tre m e ly  lo w  (-1 6 4  °C )  a n d  c a n  o n ly  be
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fo u n d  in  th e  g a s e o u s  s ta te  u n d e r  a m b ie n t c o n d i tio n s . T h is  p ro p e r ty , c o u p le d  w ith  th e  
fa c t th a t m a n y  n a tu ra l g a s  r e se rv e s  a re  n o w  lo c a te d  in  v e r y  re m o te  a re a s , m a k e s  th is  
r e s o u rc e  s o m e w h a t e x p e n s iv e  to  t r a n s p o r t  a n d  p ro c e s s in g .

A s  k n o w n  th a t m e th a n e  is v e ry  f la m m a b le  w h e n  e x is tin g  in  th e  o x y g e n -  
c o n ta in in g  a tm o sp h e re . It m a k e s  s o m e  p e o p le  c o n fu se d  th a t  m e th a n e  is  o n e  o f  v e ry  
re a c t iv e  m o le c u le s . In d e e d , m e th a n e  is  s o m e w h a t a u n re a c t iv e  c o m p o u n d  b y  its  
n a tu re . T a b le s  2.1 a n d  2 .2  c o m p a re  th e  a v e ra g e  b o n d  e n e rg y  o f  C -H  b o n d  in s id e  th e  
m e th a n e  m o le c u le  an d  its  f i r s t  io n iz a t io n  p o te n tia l  w i th  s o m e  c o m m o n  g a se s , 
r e sp e c tiv e ly . B a s e d  u p o n  th e s e  d a ta , a l th o u g h  th e  io n iz a tio n  p o te n tia l  o f  th e  m e th a n e  
m o le c u le  is in  th e  sa m e  o r d e r  o f  m a g n i tu d e  w ith  th o s e  o f  o th e r  c o m m o n  g a se s , its  
b o n d  e n e rg y  b e tw e e n  C -H  is  m a rk e d ly  h ig h .

In th e  m o s t c a se s , m e th a n e  b e c o m e s  r e a c tiv e  o n ly  b y  u s in g  v e ry  re a c t iv e  
s p e c ie s , s u c h  a s  r a d ic a ls , a n d  so  th e  ra d ic a l  c h e m is try  is  a m o n g  th e  fe w  e f fe c t iv e  
te c h n iq u e s  th a t h a v e  b e e n  tr a d i t io n a l ly  a p p lie d  fo r  r e a c t io n s  w ith  m e th a n e . T h e  
o x id a t io n  o f  m e th a n e  w ith  o x y g e n  is  a w e l l - k n o w n  ra d ic a l re a c tio n , w h ic h  th e rm a lly  
c o n v e r ts  m e th a n e  m o le c u le  in to  a  w id e  r a n g e  o f  p ro d u c ts , d e p e n d in g  u p o n  th e  
r e a c t io n  c o n d i t io n s  u sed , b u t  th e rm o d y n a m ic a lly ,  th is  a p p lic a t io n  is  f a v o ra b le  fo r  th e  
p ro d u c t io n  o f  C 0 2, C O , an d  H 20  (P o o n p h a ta n a p r ic h a , 1 9 9 7 ).

T a b le  2.1 A v e ra g e  c h e m ic a l b o n d  e n e rg y  o f  s o m e  c o v a le n t b o n d s  ( P e r ry  et al., 1 9 9 6 )

B o n d B o n d  e n e rg y  (k J /m o l) B o n d B o n d  e n e rg y  (k J /m o l)
C -H 46 3 H -H 4 3 6
c-c 3 4 4 O -H 46 3
c= c 6 1 5 0 - 0 142
C - 0 3 5 0 0 = 0 53 9



Table 2.2 The first ionization potential of some common gases (Perry e t al., 1996)

G as Io n iz a tio n  P o te n tia l  (e V ) G a s Io n iz a tio n  P o te n tia l  (e V )
c h 4 12 .5 0 2 12.2
h 2 15 .6 C O 14.1
n 2 15.51 C 0 2 14.4

1 e V =  1.6 X 1 0 'iy J

2.3  G aseous P lasm as for  A ctiv a tin g  M eth a n e  M olecu les

S in c e  th e  g a s e o u s  p la s m a  is a n  e f f e c t iv e  s o u rc e  o f  a c t iv e  s p e c ie s  fo rm a tio n , 
in c lu d in g  e le c tro n s , io n s  a n d  ra d ic a ls , a  n u m b e r  o f  s tu d ie s  o f  th e  m e th a n e  re a c tio n  
u s in g  su c h  p la s m a  to  in it ia te  th e  re a c tio n  h a v e  b e e n  c a r r ie d  o u t e x te n s iv e ly .

2.3.1 F u n d a m e n ta l P ro p e r tie s  o f  P la s m a
In  its  s im p le s t  d e f in it io n , g a s e o u s  p la s m a  c o n s is ts  o f  n e g a tiv e ly  a n d  

p o s i t iv e ly  c h a rg e d  p a r t ic le s  in  an  o th e rw is e  n e u tra l g a s . T h e  p o s i t iv e ly  c h a rg e d  
p a r tic le s  a re  m o s tly  c a tio n s , b u t th e  n e g a t iv e ly  c h a rg e d  p a r tic le s  c a n  b e  e ith e r  
e le c tro n s  o r a n io n s . T h e  n e u tra l  sp 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 se s . P la s m a  p o s s e s s e s  th e  fo l lo w in g  tw o  im p o r ta n t  p ro p e r t ie s  
(E lia s s o n  an d  K o g ie s c h a tz ,  19 91 ).

1 ) Q u a s i-n e u tra l  p ro p e r ty
T h e  to ta l d e n s ity  o f  n e g a t iv e  c h a rg e  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 ity  o f  p o s i t iv e  c h a rg e  c a rr ie rs .
2 )  In te ra c tio n  w ith  e le c tro 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  w ith  an  a p p lie d  
e le c tro m a g n e t ic  f ie ld  d u e  to  th e  fa c t th a t it c o n s is ts  o f  c h a rg e d  p a r tic le s .

N o rm a lly , p la 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 lle d  s o l id - s ta te  p la s m a , w h ile  p la s m a  g e n e ra te d  in  th e  l iq u id  a n d  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 if ic  n a m e s . O n ly  g a se o u s  p la s m a  is  s h o r t ly  c a lle d  as
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" p la s m a ” . T h e ir  d if fe re n c e s  in c lu d e  p re s s u re ,  d is tr ib u tio n s  o f  c h a rg e d -p a r t ic le  
d e n s i ty  in  th e  e n t i r e  p la s m a  v o lu m e , an d  te m p e ra tu re .

2 .3 .2  G e n e ra t io n  o f  P la s m a
T h e r e  a re  s e v e ra l m e th o d s  p ro d u c e  p la s m a s , e .g . c o l l is io n s  b e tw e e n  

c o s m ic  ray s a n d  g a se s  in  a tm o s p h e r ic  la y e rs . F u n d a m e n ta l ly ,  a n  e x te rn a l ly  in te n s e  
e le c tr ic  f ie ld  is  a p p lie d  a c ro s s  m e ta l e le c tro d e s  to  c a u se  th e  re d u c t io n  in  its  " p o te n tia l  
b a r r ie r ”  an d  e v e n tu a l ly  re a c h  th e  e n e rg y  th a t  e a c h  e le c tro n  re q u ire s  fo r  le a v in g  th e  
m e ta l su rfa 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  m e ta l s u r fa c e  u n d e r  a n  
e x tre m e ly  h ig h  e le c tr ic  f ie ld  a re  th a t m a n y  e le c tro n s  c a n  le a v e  th e  s u r fa c e  d e s p ite  its  
le s s  k in e t ic  e n e rg y  to  o v e rc o m e  th e  p o te n tia 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  as 
“ tu n n e l  e f fe c t” . A f te rw a rd , th e  p la s m a  is  f irs t g e n e ra te d  b y  th e  c o l l is io n s  b e tw e e n  th e  
e le c tro n s  e m itte d  f ro m  th e  s u r fa c e  o f  m e ta l e le c tro 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 ss  o f  p la s m a  g e n e ra t io n  is  n o rm a lly  k n o w n  as th e  “ f ie ld ”  e m is s io n  p ro c e ss .

T h e  e le c tro n s  l ib e ra te d  f ro m  th e  m e ta l s u r fa c e  w ill im m e d ia te ly  b e  
a c c e le ra te d  to  m o v e  c o r re sp o n d in g  to  th e  d ire c t io n  o f  th e  e le c tr ic  f ie ld  a n d  th e n  c a n  
c o l l id e  w ith  a n y  n e u tra l  g a s e o u s  p a r tic 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 ith  an  a d d it io n a l  s e t o f  e le c tro n s . A c c o rd in g ly , th e s e  e le c tro n s  c a n  fu r th e r  
m o v e  an d  c o llid e  w ith  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 tro n s , a s  w e ll 
a s  e x c ite d  a to m s  a n d  m o le c u le s , io n s , a n d  ra d ic a ls , a re  fo rm e d  in  th e  b u lk  o f  th e  
g a s e s  w ith in  a  v e ry  sh o r t p e r io d  o f  t im e  a f te r  a p p ly in g  e le c t r ic  f ie ld  h a s  b e e n  s ta r te d . 
M a n y  a c tiv e  s p e c ie s  g e n e ra te d  b y  e le c tro n  c o l l is io n  c a n  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 ro d u c t io n  a n d  d e s t ru c t io n  o f  a v e r i ty  o f  c h e m ic a l sp e c ie s  
(K ru a p o n g , 2 0 0 0 ) . 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 se  
p la s m a  sp e c ie s  an d  th e  c o ll is io n  b e tw e e n  th e  s p e c ie s  a n d  th e  e le c tro d e  su r fa c e s  a re  
re fe r re d  to  as " e le c tr ic  d is c h a rg e s ” p h e n o m e n a . T a b le  2 .3  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 c c u rr in g  in  th e  p la s m a  e n v iro n m e n t.
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T a b le  2 .3  C o llis io n  m e c h a n is m s  in  th e  p la s m a  (N a sse r , 1 9 7 1 )

C ollision R eaction
E lastic  C o llision e ' +  A —> e ' +  A
E xcita tion e" +  A  —► e ' +  A*
Ionization e +  A  — *  2 e  +  A 4

A ttachm ent e~ +  A —► A"
D issocia tive  A ttachm ent e +  ร2 —> B +  B
R ecom bination e +  ร2+ —* ร2
D etachm ent e +  B 2 — *  2 e- +  ร2
Ion R ecom bination A - +■  B + ->  A B
C harge T ransfer A* +  B ->  A +  B*
E lectron ic  D ecom position e" +  A B  —> e’ +  A +  B
A tom ic D ecom position A +  ร 2 —+ AB + B

P la sm a  c a n  b e  c la s s i f ie d  in to  tw o  ty p e s , a c c o rd in g  to  te m p e ra tu re  as
fo llo w s :

1) T h e rm a l P la s m a  o r  E q u ilib r iu m  P la sm a
In  th is  k in d  o f  p la sm a , th e  te m p e ra tu re s  o f  th e  b u lk  g a s  an d  

e le c tro n s  a re  a p p ro x im a te ly  e q u a l, w h ic h  a re  c lo s e  to  th e rm o d y n a m ic  e q u il ib r iu m  
(F r id m a n  et al., 1 9 9 9 ). A n  e s s e n tia l  c o n d itio n  fo r  th e  f o rm a t io n  o f  th e  p la s m a  is 
s u f f ic ie n tly  h ig h  w o rk in g  p re s su re . E x a m p le s  o f  s u c h  p la s m a  a re  th o s e  p ro d u c e d  in  
a rc  d is c h a rg e  a n d  p la s m a  to rc h e s .

2) N o n -T h e rm a l P la s m a  o r  N o n -e q u ilib r iu m  P la s m a  o r  L o w - 
te m p e ra tu re  P la s m a
T his ty p e  o f  p la s m a  is  c h a ra c te r iz e d  b y  a  lo w  b u lk  g as  te m p e ra tu re  

w ith  a h ig h  e le c tro n  te m p e ra tu re . T h e s e  ty p ic a l e n e rg e tic  e le c tro n s  m a y  h a v e  e n e rg y  
r a n g in g  fro m  1 to  10 e V , w h ic h  c o r re sp o n d s  to  th e  te 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  is d iv id e d  in to  s e v e ra l ty p e s , 
d e p e n d in g  o n  th e ir  g e n e ra t io n  m e c h a n is m , th e ir  p re s su re  ra n g e , a n d  th e  e le c tro d e  
g e o m e try  (E lia s so n  et al., 1987 ).
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2.4 T y p es o f  L ow -tem p eratu re

W h e n  th e  e x is te n c e  o f  p la s m a  a p p e a rs  a c ro s s  th e  e le c tro d e s , th e  e le c tr ic  
f ie ld  w ill  e x e r t  an  in f lu e n c e  o n  th e  c h a rg e d  p a r t ic le s  an d  im p a rt e n e rg y  to  th e m . T h e  
fie ld  d o e s  n o t d i re c t ly  in f lu e n c e  th e  n e u tra l s p e c ie s  in  th e  b u lk  o f  th e  p la s m a . T h e  
e le c tro n s , d u e  to  th e ir  lig h t m a s s , a re  im m e d ia te ly  a c c e le ra te d  to  m u c h  h ig h e r  
v e lo c i t ie s  th a n  th o s e  o f  h e a v ie r  io n s  d u r in g  th e  t im e  a v a ila b le  b e tw e e n  -c o llis io n s . 
T h e ir  c o l l is io n  p a r tn e r  ta k e s  u p  th e  e n e rg y  th a t th e y  lo se  th ro u g h  th e  c o l lis io n s . I f  th e  
p re s s u re  is  sm all e n o u g h  o r  th e  f ie ld  s tre n g th  is  h ig h  e n o u g h , th e  e le c tro n s  a n d  so m e  
o f  io n s  w il l ,  o n  a v e ra g e , h a v e  a k in e t ic  e n e rg y , w h ic h  is m u c h  h ig h e r  th a n  th e  e n e rg y  
c o r r e s p o n d in g  to  th e  ra n d o m  m o tio n  o f  th e  m o le c u le s . T h is  p la s m a  ty p e  is  c a lle d  a 
n o n - th e rm a l o r  n o n -e q u il ib r iu m  p la s m a  an d  c a n  b e  c la s s if ie d  in to  s e v e ra l c a te g o r ie s , 
as fo llo w s :

2 .4 .1  G lo w  D is c h a rg e
T h is  is  a  s ta t io n a ry  lo w -p re s s u re  d is c h a rg e  u s u a lly  o c c u r r in g  b e tw e e n  

fla t e le c tro d e s  e n c a p s u la te d  in  a tu b e . T h e  ty p ic a l p re s su re  in v o lv e d  is n o rm a lly  
b e lo w  1 0  m b a r , an d  th e re fo re , th e  d is c h a rg e  n e e d s  o n ly  c o m p a ra t iv e ly  lo w  e le c tr ic a l  
p o te n tia l  d if fe re n c e  (i.e . v o lta g e )  a n d  lo w  c u r re n t to  o p e ra te . D u e  to  its  lo w  p re s s u re  
an d  th e  re s u lt in g  lo w  m a s s  f lo w , th is  d is c h a rg e  ty p e  is  m o s tly  u s e d  fo r  th e  
a p p lic a tio n  in  th e  m a n u fa c tu re  o f  f lu o re s c e n t a n d  n e o n  tu b e s , b u t  is  n o t a p p ro p r ia te  
to  th e  in d u s tr ia l p ro d u c t io n  o f  c h e m ic a ls  (N a s s e r , 19 71 ).

2 .4 .2  C o ro n a  D is c h a rg e
W h e n  th e  p re s s u re  is  in c re a s e d  d u r in g  th e  g e n e ra t io n  o f  th e  g lo w  

d is c h a rg e , th e  a p p lie d  e le c tr ic  f ie ld  w ill h a v e  to  b e  in c re a se d  a c c o rd in g ly . T h is , 
u n fo r tu n a te ly , m a k e s  th e  g lo w  d is c h a rg e  v e ry  u n s ta b le  an d  u s u a lly  tu rn s  in to  a h ig h  
c u r re n t a rc  d is c h a rg e , w h ic h  is r a re ly  c o n tro lla b le . T h e  u se  o f  in h o m o g e n e o u s  
e le c tro d e  g e o m e try , e .g . a  p a ir  o f  p o in te d  an d  p la n e  m e ta l e le c tro d e s  o r ie n te d  in  a 
p e rp e n d ic u la r  d ire c t io n  to  e a c h  o th e r , is a n o th e r  w a y  u se d  fo r  s ta b i l iz in g  th e  h ig h  
p re s s u re  d is c h a rg e . T h e  d is c h a rg e  g e n e ra te d  f ro m  th is  k in d  o f  e le c t ro d e  c o n f ig u ra tio n  
is  te rm e d  a c o ro n a  d is c h a rg e . T h e  b e h a v io r  o f  th is  ty p e  o f  d is c h a r g e  is  n o t  o n ly



2 .4 .3  R a d io  F re q u e n c y  D is c h a rg e  (R F  D is c h a rg e )
T h is  h ig h  f re q u e n c y  d is c h a rg e  is  u s e d  e x te n s iv e ly  to  p ro d u c e  p la s m a  

fo r  o p tic a l  e m is s io n  sp e c tro s c o p y . T h e  e le c tro d e s  a re  n o rm a lly  k e p t  o u ts id e  th e  
d is c h a rg e  v o lu m e  w h e re a s  th e  p la s m a  is  g e n e ra te d  in s id e  b y  th e  in d u c tio n  te c h n iq u e . 
T h is  c a n  h e lp  to  a v o id  th e  c o n ta m in a tio n  b y  th e  p la s m a  a n d  th e  c o r ro s io n  o f  
e le c tro d e . T h e  h o m o g e n e o u s  p la s m a  can  b e  g e n e ra te d  w h e n  th e  w a v e le n g th  o f  th e  
e le c tr ic  f ie ld  is  m u c h  la rg e r  th a n  th e  v e s se l d im e n s io n s . R a d io  f re q u e n c y  d is c h a rg e  
w o rk s  v e r y  w e ll at lo w  te m p e ra tu re s , a n d  it is  a ls o  u s e d  a t a tm o s p h e r ic  p re s s u re , at 
w h ic h  th e rm a l p la s m a  c a n  s o m e tim e s  o cc u r.

2 .4 .4  M ic ro w a v e  D is c h a rg e
A n o th e r  ty p e  o f  h ig h  f re q u e n c y  d is c h a rg e  is  m ic ro w a v e  d is c h a rg e , 

w h ic h  is  in d u c e d  b y  a  m ic ro w a v e  ( 0 .3 - 1 0  G H z )  ra d ia t io n  s o u rc e  th a t m u s t  b e  g u id e d  
o r  d i re c te d  in to  th e  g a s e o u s  v e s s e l b y  u s in g  a w a v e  g u id e  s tru c tu re  o r  r e s o n a n t  
c a v ity . A s  th e  d im e n s io n s  o f  th e  c a v i t ie s  d im in is h  w h e n  th e  f r e q u e n c y  in c re a s e s , th e  
m a x im u m  m ic ro w a v e  f re q u e n c ie s  u s e d  fo r  d is c h a rg e  a p p lic a t io n s  a re  u s u a lly  b e lo w  
3 G H z . T h e  ty p ic a l f re q u e n c y  is  2 .4 5  G H z . M ic ro w a v e  d is c h a rg e  is  a n o th e r  a tt ra c t iv e  
m e th o d  fo r  p la sm a  c h e m ic a l in v e s tig a t io n  b e c a u s e  o f  th e  e a se  o f  o p e ra t io n  a n d  th e  
p o s s ib i l i ty  o f  im p o s in g  a g a s  f lo w  to  in f lu e n c e  p la s m a  p a ra m e te r s  a s  w e ll a s  to  
p ro v id e  u n ifo rm  te m p e ra tu re  d is tr ib u tio n  th ro u g h o u t th e  b u lk  g a s  v o lu m e .

2 .4 .5  D ie le c tr ic  B a rr ie r  D is c h a rg e
T h is  ty p e  o f  e le c tr ic  d is c h a rg e  is  d e f in e d  b y  th e  d is c h a rg e  g e n e ra te d  

w ith in  th e  g a s -f i lle d  g a p  b e tw e e n  a p a ir  w i th  m e ta l e le c tro d e s  o f  h o m o g e n e o u s  
g e o m e try , e .g . th e  g a p  b e tw e e n  tw o  p la n a r  e le c tro d e s  o r  in  th e  a n n u la r  sp a c e  b e tw e e n  
tw o  c o n c e n tr ic  c y l in d e rs . A  d ie le c tr ic  la y e r  th a t is  c o m m o n ly  m a d e  o f  a  g la s s  p la te  
c o v e r  to  e ith e r  o n e  o r  b o th  e le c tro d e s . M a n y  p r e v io u s  w o rk s  re fe r re d  th is  k in d  o f  
d is c h a rg e  to  th e  s ile n t e le c tr ic  d is c h a rg e , in  w h ic h  it h a s  lo n g  b e e n  k n o w n  to  u se  in  
m a n y  s tu d ie s  fo r th e  p la s m a  c h e m ic a l re a c tio n s  ( T h a n y a c h o tp a ib o o n  et al, 1 9 9 8 ).

different from that of the glow discharge but also depends significantly upon the type
of electrodes used, either negative or positive types.
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2 .4 .6  G lid in g  A rc  D is c h a rg e
T h e  g l id in g  a rc  d is c h a rg e  is  c o ld  p la s m a , w h ic h  is  n o rm a lly  

g e n e ra te d  in  b e tw e e n  a t le a s t tw o  d iv e rg in g  k n ife -s h a p e d  e le c tro d e s . T h e se  
e le c tro d e s  a re  im m e rs e d  in  a  fa s t  f lo w  o f  fe e d  g a s . A  h ig h  v o lta g e  a n d  r e la t iv e ly  lo w  
c u r re n t d is c h a rg e  a re  g e n e ra te d  a c ro s s  th e  fa s t  g a s  f lo w  b e tw e e n  th e  e le c tro d e s . T h e  
e le c tr ic  d is c h a rg e  fo rm s  a t  th e  c lo s e t  p o in t, s p re a d s  a lo n g  th e  k n if e -e d g e s  o f  th e  
e le c tro d e s ,  a n d  u l t im a te ly  d is a p p e a rs . A n o th e r  d is c h a rg e  im m e d ia te ly  r e fo rm s  a t th e  
in it ia l  s p o t . F ig u re  2.1  is  c o n s id e re d  to  b e  th e  s im p le s t  c a s e  fo r  a b e t te r  p h y s ic a l  
u n d e r s ta n d in g  o f  th e  g l id in g  a rc  p h e n o m e n o n  (F r id m a n  et al., 1 9 99 ).

F igu re  2 .1  P h a se  o f  g l id in g  a rc  p h e n o m e n a : (A ) re a g e n t g a s  b re a k -d o w n ; (B )
e q u il ib r iu m  h e a tin g  p h a s e , an d  (C )  n o n -e q u il ib r iu m  re a c tio n  p h a s e .

\

T h e  r e a g e n t g a s  b re a k -d o w n  (A ) o f  th e  p ro c e s s e d  g a s  b e g in s  th e  c y c le  o f  th e  
g l id in g  a rc  e v o lu tio n . T h e  h ig h  v o lta g e  g e n e ra to r  p ro v id e s  th e  n e c e s s a ry  e le c tr ic  f ie ld  
to  b re a k  d o w n  th e  g a s  b e tw e e n  th e  e le c tro d e s .

T h e  e q u il ib r iu m  h e a t in g  p h a s e  (B ) ta k e s  p la c e  a f te r  th e  fo rm a t io n  o f  s ta b le  
p la s m a  c h a n n e l. T h e  e le c tr ic  d is c h a rg e  s p re a d s  a lo n g  th e  e le c tro d e s , w h e re  th e  
v e lo c i t ie s  o f  th e  g a s  f lo w  a n d  th e  g l id in g  a rc  a re  v e r y  c lo se .

T h e  n o n -e q u il ib r iu m  re a c t io n  p h a s e  (C )  b e g in s  lo s in g  h e a t  f ro m  th e  p la s m a , 
w h e re  th e  h e a t  lo ss  e x c e e d s  th e  e n e rg y  s u p p l ie d  b y  th e  so u rc e , a n d  it  is  th e re f o r e  n o t 
p o s s ib le  to  su s ta in  th e  p la s m a  in  th e  s ta te  o f  th e rm o d y n a m ic  e q u il ib r iu m . A s  a  re su lt , 
th e  d is c h a r g e  p la s m a  r a p id ly  c o o ls  to  th e  g a s  te m p e ra tu re . A f te r  th e  d e c a y  o f  th e  n o n -
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e q u il ib r iu m  d is c h a rg e , th e re  is  a  n e w  p la s m a  o c c u r r in g  a t th e  s h o r te s t  d is ta n c e  
b e tw e e n  th e  e le c tro d e s , a n d  th e  c y c le  r e p e a ts  (F r id m a n  et al., 19 99 ).

2.5 R ela ted  R esearch  W ork s

In  re c e n t  y e a rs , th e  p la s m a  te c h n o lo g y  h a s  b e c o m e  v e ry  in te r e s t in g  to  b e  
u se d  fo r  r e fo rm in g  m e th a n e  to  p ro d u c e  s y n th e s is  g a s  a n d  h ig h e r  h y d ro c a rb o n s , in  
re p la c in g  c a ta ly t ic  r e fo rm in g  p ro c e s s e s , w h ic h  g e n e ra l ly  e n c o u n te r  m a n y  p ro b le m s . 
T h e  ro le  o f  c a ta ly s ts  in  th e  re fo rm in g  p ro c e s s  is  to  c re a te  ra d ic a l  sp e c ie s  fo r  
e n h a n c in g  s u b s e q u e n tia l  re a c t io n s . T h e  ro le  o f  p la s m a  w o u ld  b e  th e n  to  p ro v id e  th e  
e n e rg y  a n d  to  c re a te  f re e  ra d ic a ls  n e e d e d  fo r  m e th a n e  re fo rm in g . T h e  s o le  n o n -  
th e rm a l p la s m a  an d  th e  c o m b in e d  c a ta ly t ic  a n d  n o n - th e rm a l p la s m a  s y s te m s  fo r  
h y d ro c a rb o n  re fo rm in g  to  p ro d u c e  h y d ro g e n , a s  w e l l  a s  fo r  o th e r  r e a c t io n s ,  h a v e  a lso  
b e e n  d e m o n s tr a te d  in  s e v e ra l  r e s e a rc h  w o rk s .

In  2 0 0 1 , Z h a n g  et al. s tu d ie d  th e  r e fo rm in g  o f  m e th a n e  w ith  c a rb o n  d io x id e  
to  p ro d u c e  s y n th e s is  g as  ( sy n g a s )  a n d  h ig h e r  h y d ro c a rb o n s  o v e r  q u a r tz  f le e c e , z e o l i te  
N a X , z e o l i te  H Y , a n d  z e o l i te  N a Y  c a ta ly s ts  in  d ie le c t r ic  b a r r ie r  d is c h a rg e  u n d e r  
a m b ie n t c o n d itio n s . T h e  e x p e r im e n ta l  r e s u lts  s h o w e d  th a t m e th a n e  c o n v e rs io n  
d e c re a se d  in  th e  fo l lo w in g  o rd e r: f le e c e  (w ith o u t c a ta ly s t)  >  N a Y  >  H Y  >  N a X . T h e  
h ig h e s t  C 0 2 c o n v e rs io n  o f  4 0  %  w a s  a c h ie v e d  w h e n  u s in g  z e o l i te  N a Y  a s  th e  
c a ta ly s t. T h e  C O 2 c o n v e rs io n  d e c re a s e d  in  th e  fo l lo w in g  o rd e r : N a Y  >  f le e c e  >  N a X  
>  H Y . C o m p a re d  to  th e  r e s u lt s  f ro m  f le e c e , z e o l i te  N a Y  w a s  th e  m o s t  p ro m is in g  
c a ta ly s t  fo r  p ro d u c in g  s y n th e s is  g a s  a n d  liq u id  h y d ro c a rb o n s  ( C 5+ ). In  th e  s tu d ie d  
p o w e r  r a n g e  ( 1 0 0 - 5 0 0  พ ) ,  s y n g a s  w a s  th e  m a in  p ro d u c t , a n d  it in c re a s e d  
s ig n if ic a n tly  w ith  in c re a s in g  in p u t p o w e r . T h e  ra t io  o f  H 2/C O  in c re a s e d  s h a rp ly  
w h e n  th e  r a t io  o f  C H 4 to  C 0 2 in c re a s e d . W h e n  th e  f lo w  ra te  in c re a s e d , th e  y ie ld  o f  
sy n g a s  d e c re a s e d . O n e  y e a r  la te r , J ia n g  et al. (2 0 0 2 )  r e p o r te d  th e  m e th a n e  c o n v e rs io n  
to  h ig h e r  h y d ro c a rb o n s  in  th e  p re s e n c e  o f  c a rb o n  d io x id e  u s in g  a d ie le c tr ic  b a r r ie r  
d is c h a rg e  r e a c to r  w i th  a n d  w ith o u t  z e o l i te  A . In  th e  p r e s e n c e  o f  z e o l i te  A , n o  p la s m a -  
p o ly m e r iz e d  c a rb o n  f i lm  w a s  p ro d u c e d , le a d in g  to  a b e t te r  p r o d u c t io n  o f  l ig h t  
h y d ro c a rb o n s  (C 2-C 4 ).
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K ra w c z y k  an d  M lo te k  (2 0 0 1 )  รณ d ie d  a  g l id in g  a rc  d is c h a rg e  c o m b in e d  w ith  
c a ta ly s ts  fo r  n i tro u s  o x id e  c o n v e rs io n  in  o x y g e n -c o n ta in in g  g a se s . T h e  re su lts  
sh o w e d  th a t n i tro u s  o x id e  in  a  m ix tu re  w ith  o x y g e n  o r  a ir  w a s  n o t o n ly  d e c o m p o s e d  
to  o x y g e n  a n d  n i tro g e n , b u t  w a s  a lso  o x id iz e d  to  n i tr ic  o x id e . T h e  o v e ra l l  
c o n v e rs io n s  o f  n i tro u s  o x id e , a s  w e ll as th e  d e g re e  o f  N 2 O  o x id a tio n  to  N O , w e re  
s m d ie d  as a fu n c t io n  o f  i ts  in i t ia l  c o n c e n tra t io n , f lo w  ra te ,  a n d  d is c h a rg e  p o w e r . T h e  
overa ll- N 2 O  c o n v e rs io n  an d  d e g re e  o f  o x id a t io n  to  N O  d e c re a s e d  w i th  in c re a s in g  
f lo w  ra te  an d  in it ia l  N 2O  c o n c e n tra t io n , b u t  th e y  in c re a s e d  w ith  in c re a s in g  d is c h a rg e  
p o w e r . T h e  d e g re e  o f  N 2 O  o x id a tio n  to  N O  v a r ie d  w i th in  2 0 - 3 7  % . T h e  o v e ra l l  
c o n v e rs io n  a n d  d e g re e  o f  N 20  o x id a t io n  in c re a s e d  w h e n  g ra n u la r  d ie le c tr ic  m a te r ia ls  
( T i 0 2, S i 0 2 ( q u a r tz  g la ss), a n d  Y-AI2 O 3) w e re  in tro d u c e d  in to  th e  r e a c t io n  z o n e . T h e  
e n e rg y  e f f ic ie n c y  an d  o v e ra ll c o n v e rs io n  o f  N 20  w e re  s ti ll  fu r th e r  in c re a s e d  d u e  to  
c a ta ly t ic  e f fe c ts  o f  a n u m b e r  o f  m e ta l o x id e s  (C u O , N iO , M n 0 2, F e 2 0 3, C 0 3 O 4 , a n d  
Z r 0 2) d e p o s i te d  o n  Y-A12 C>3 . T h e  a c t iv i ty  o f  th e  o x id e  c a ta ly s ts  w i th in  th e  a c tiv e  
p o w e r  ra n g e  o f  3 0 0 - 3 6 0  พ  d e c re a s e d  in  th e  fo llo w in g  o rd e r :  C u O  >  F e 2 0 3 >  N iO  >  
M n 0 2 >  C 0 3 O 4 >  Z r 0 2. It w a s  c o n c lu d e d  th a t  th e  c o m b in e d  p la s m a -c a ta ly t ic  p ro c e s s  
m a y  b e  an  e f f ic ie n t  w a y  fo r  th e  re d u c t io n  o f  N 20  e m is s io n s .

R u su  an d  C o rm ie r  (2 0 0 3 )  in v e s t ig a te d  th e  m e th a n e  r e fo rm in g  w ith  s te a m  
u s in g  a g l id in g  a rc  d is c h a rg e  re a c to r . T h e  e x p e r im e n ts  c le a r ly  d e m o n s tr a te d  th e  
a b i l i ty  o f  g l id in g  a rc  to  a c c e le ra te  c h e m ic a l r e a c t io n s  a t lo w  te m p e ra m re s . T h e  
e x p e r im e n ta l r e s u lt s  in d ic a te d  th a t a h ig h e r  m e th a n e  c o n te n t  an d  a lo w e r  to ta l f lo w  
ra te  y ie ld e d  a  b e t te r  s e le c tiv ity , b u t th e  m e th a n e  c o n v e r s io n  w a s  q u ite  lo w  ( 1 5 - 2 0  % ) 
b e c a u s e  o f  th e  o n ly  sm a ll f ra c t io n  ( 1 0 - 1 5  % ) o f  in le t  g a s  p a s s in g  th ro u g h  th e  
d is c h a rg e  z o n e . In  th e  s a m e  y e a r , S u p a t et al. (2 0 0 3 )  รณ d ie d  th e  s y n th e s is  g a s  
p ro d u c t io n  f ro m  s im u lta n e o u s  s te a m  r e fo rm in g  an d  p a r t ia l  o x id a t io n  o f  m e th a n e  
u s in g  an  A C  c o ro n a  d is c h a rg e  sy s te m . T h e  b e n e f i ts  o f  th e  c o m b in a t io n  o f  th e  tw o  
r e a c tio n s  re d u c e d  th e  o x y g e n  re q u ire m e n t in  th e  s y s te m  a n d  in c re a s e d  th e  th e rm a l 
e f f ic ie n c y  b y  tra n s fe r r in g  h e a t b e tw e e n  th e  e x o th e rm ic  a n d  e n d o th e rm ic  re a c tio n s . It 
w a s  fo u n d  th a t th e  c o u p l in g  o f  m e th a n e  in c re a s e d  w ith  in c re a s in g  C H 4 / 0 2 ra tio , b u t 
th e  o x id a tio n  o f  m e th a n e  to  c a rb o n  d io x id e  an d  w a te r  w a s  m o re  f a v o ra b le  a t h ig h e r  
o x y g e n  c o n c e n tra t io n s . A d d in g  w a te r  v a p o r  in  th e  fe e d  s tre a m  g re a t ly  e n h a n c e d  th e  
c o n v e rs io n s  o f  m e th a n e -  a n d  o x y g e n  in  a n  o x y g e n - le a n  sy s te m  b u t  re d u c e d  th e
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c o n v e rs io n  o f  m e th a n e  in  th e  o x y g e n - r ic h  s y s te m . F u r th e rm o re , th e  e n e rg y  
c o n s u m p tio n  fo r  m e th a n e  c o n v e rs io n  c o u ld  b e  s u b s ta n t ia l ly  re d u c e d  b y  a d d in g  w a te r  
v a p o r . T h e  p ro d u c t  d is tr ib u tio n  w a s  s tro n g ly  in f lu e n c e d  b y  th e  fe e d  g as  
c o n c e n tra t io n  r a th e r  th a n  th e  in p u t p o w e r  a n d  a p p lie d  f re q u e n c y .

K a d o  et al. (2 0 0 3 ) s tu d ie d  th e  c o n v e rs io n  o f  m e th a n e  to  a c e ty le n e  o r  s y n g a s  
u s in g  n o n -e q u il ib r iu m  p u lse d  d is c h a rg e  u n d e r  a m b ie n t te m p e ra tu re  an d  a tm o sp h e r ic  
p re s s u re . It w a s  fo u n d  th a t an  in c re a s e  in -c u rre n t led  to  a p ro p o r t io n a l  in c re a s e  in  th e  
p u ls e  f re q u e n c y . In  th e  re g io n  o f  a  re la t iv e ly  lo w  m e th a n e  c o n v e rs io n , th e  m e th a n e  
c o n v e rs io n  in c r e a s e d 'in  p ro p o r tio n  to  th e  p u ls e d  f re q u e n c y . H o w e v e r , th e  r is in g  
s lo p e  d e c re a s e d  w i th  th e  in c re a s e  in  m e th a n e  c o n v e rs io n  d u e  to  a d e c r e a s e  in  th e  
p ro b a b i l i ty  o f  c o l l is io n  b e tw e e n  m e th a n e  m o le c u le s  a n d  e le c tro n s . T h e  m e th a n e  
c o n v e rs io n  in c re a s e d  u n d e r  th e  c o n d i t io n  o f  th e  e x is te n c e  o f  ra re  g as , l ik e  a rg o n  o r 
h e l iu m , b e c a u s e  th e  p u ls e d  f re q u e n c y  in  th e  p re s e n c e  o f  in e r t  g a s  b e c o m e s  h ig h e r  
th a n  th a t  w ith o u t a n y  o th e r  k in d s  o f  c o e x is t in g  g a s  u n d e r  th e  c o n d itio n  o f  th e  s a m e  
s u p p l ie d  e n e rg y . B y  u s in g  e ith e r  c a rb o n  d io x id e  o r  s te a m , th e  re fo rm in g  o f  m e th a n e  
c o u ld  p ro d u c e  sy n g a s , as w e ll as a c e ty le n e . T h e  a d d it io n  o f  o x y g e n  g a s  a lso  
p ro m o te d  th e  re a c t io n  to  y ie ld  s y n g a s , a s  w e ll as a c e ty le n e , w h ile  s u p p re s s in g  th e  
c a rb o n  d io x id e  fo rm a tio n . T h e  u s e  o f  o x y g e n  w a s  th e  m o s t  e f fe c t iv e  w a y  in  
s u p p re s s in g  th e  c a rb o n  d e p o s i t io n  b y  c o n v e r t in g  C H X in to  c a rb o n  m o n o x id e .

S u p a t et al. (2 0 0 3 ) a lso  s tu d ie d  th e  sy n th e s is  g a s  p ro d u c t io n  fo rm  p a r tia l  
o x id a t io n  o f  m e th a n e  w ith  a ir  in  A C  e le c tr ic  g a s  d is c h a rg e . T h is  s tu d y  w a s  c o n f irm e d  
th a t  a c tiv e  o x y g e n  w a s  an  im p o r ta n t  f a c to r  in  e n h a n c in g  m e th a n e  c o n v e r s io n  an d  
e n e rg y  e f f ic ie n c y  in  a d is c h a rg e  re a c to r . E th a n e  w a s  th e  p r im a r y  p ro d u c t th a t  fo rm e d  
a t s h o r t  r e s id e n c e  t im e s  an d  lo w  e n e rg ie s . M e th a n e  c o n v e rs io n  d ro p p e d  d ra m a tic a l ly  
b u t o x y g e n  c o n v e rs io n  in c re a se d  w ith  a d d it io n  o f  e th a n e  to  th e  feed  g a s . S in u s o id a l 
a n d  s q u a re  w a v e fo rm s  g a v e  n e g lig ib ly  d i f f e re n t  re su lts . C u r re n t  w as  c o n s ta n t  w ith  
v a ry in g  C H 4 / O 2  ra tio  and  f lo w  ra te , b u t in c re a s e d  w ith  in c re a s in g  p o w e r  a n d  w ith  
d e c re a s in g  g a p  d is ta n c e  and  f re q u e n c y . It w a s  s h o w n  th a t th e  b e s t  c o n d i t io n  w a s  a t 
3 0 0  H z  a n d  a t th e  h ig h e s t  p o w e r  u s e d  in  e a c h  c o n d itio n , s in c e  th e  m a x im u m  m e th a n e  
a n d  o x y g e n  c o n v e rs io n s  an d  s y n th e s is  g a s  s e le c t iv i ty  as w e ll as lo w e s t  s p e c if ic  
e n e rg y  c o n s u m p tio n  w e re  fo u n d  b o th  w ith  a n d  w ith o u t e th a n e  in  th e  fe e d  g a s . T h e  
m in im u m  sp e c if ic  e n e rg y  c o n s u m p tio n , fo u n d  a t 3 0 0  H z , w e r e  21 a n d  14 e V /m c fo r



16

th e  C H 4/a i r  sy s te m  a n d  th e  C H fra ir /C z lb , sy s te m , r e sp e c tiv e ly . W h e n  s tu d y in g  th e  
e f fe c t o f  r e s id e n c e  t im e  b y  v a ry in g  th e  f lo w  ra te , th e  m in im u m  e n e rg y  c o n s u m p tio n  
o f  2 1  e V /m c w a s  fo u n d  a t 0 .1 2  a n d  0 .2 3  ร. F o r  a n y  g iv e n  in p u t  p o w e r  o r  f re q u e n c y , 
th e  C H 4/a i r  sy s te m  h a d  a  h ig h e r  s p e c i f ic  e n e rg y  c o n s u m p tio n  th a n  th e  C H V a ir /C jH ô  
sy s te m . L e ss  e n e rg y  w a s  c o n s u m e d  to  c o n v e r t  m e th a n e  u n d e r  th e  p la s m a  
e n v iro n m e n t w ith  n i tro g e n  a s  a d i lu e n t  c o m p a re d  to  h e l iu m , in d ic a t iv e  o f  a th ird  
b o d y  e ffe c t.

Z h a n g  et al. (2 0 0 4 )  s tu d ie d  th e  o x id a t iv e  d e h y d ro g e n a tio n  o f  e th a n e  u n d e r  
p u ls e  c o ro n a  p la sm a  o v e r  v a r io u s  c a ta ly s ts  u s in g  c a rb o n ' d io x id e  a s  an  o x id a n t . T h e  
e x p e r im e n ts  sh o w e d  th a t  th e  ra re  e a r th  m e ta l o x id e  c a ta ly s ts , s u c h  a s  L aoC V y-A L C b  
a n d  C eC b /y -A L C b , e n h a n c e d  th e  c o n v e r s io n  o f  e th a n e  a n d  th e  y ie ld s  o f  e th y le n e  an d  
a c e ty le n e . T h e  o p tim u m  C e  c o n te n t fo r  th e  o x id a t iv e  d e h y d ro g e n a tio n  o f  e th a n e  
u n d e r  p u ls e  c o ro n a  p la s m a  w a s  10  % . T h e  c o n v e rs io n  o f  e th a n e  in c re a s e d  w ith  
in c re a s in g  c o n c e n tra t io n  o f  c a rb o n  d io x id e  in  th e  fe e d  o v e r  C e C V y -A L C h . T h e  to ta l 
y ie ld s  o f  e th y le n e  a n d  a c e ty le n e  re a c h e d  m a x im u m  v a lu e s  w h e n  th e  C O i c o n te n t  in  
th e  fe e d  w a s  5 0  % .

S e k in e  et al. (2 0 0 4 )  in v e s t ig a te d  th e  s te a m  re fo rm in g  o f  m e th a n e , p ro p a n e , 
h e x a n e , c y c lo h e x a n e , m e th a n o l , an d  e th a n o l u s in g  n o n -e q u il ib r iu m  p u ls e d  d is c h a rg e  
u n d e r  th e  c o n d itio n s  o f  a tm o sp h e r ic  p re s s u re  a n d  lo w  te m p e ra tu re s  w ith o u t th e  u se  
o f  c a ta ly s t .  In  ea c h  c a se , th e  s te a m  re fo rm in g  p ro c e e d e d  e f f ic ie n t ly  a n d  s e le c t iv e ly , 
a n d  h y d ro g e n  w a s  fo rm e d  a s  a m a in  p ro d u c t . C a rb o n  d e p o s i t io n  a n d  w a x  f o rm a t io n  
w e re  in h ib i te d  w h e n  th e  s te a m /c a rb o n  m o la r  ra t io  w a s  1. T h e  c o n v e rs io n  o f  m e th a n e  
a n d  th e  fo rm a tio n  o f  h y d ro g e n  in c re a s e d  w ith  in c re a s in g  p u ls e  d is c h a rg e  f re q u e n c y , 
w h ile  th e  s e le c t iv i ty  fo r  p ro d u c ts  o th e r  th a n  h y d ro g e n  w a s  in d e p e n d e n t o f  p u ls e  
d is c h a rg e  f re q u e n c y . T h e  w a v e fo rm s  o f  c u r re n t a n d  v o lta g e  w e re  n o t in f lu e n c e d  
d ra m a tic a l ly  b y  c h a n g in g  p u ls e  d is c h a rg e  f re q u e n c y . T h e  c h a n g e s  in  e le c tro d e  
d is ta n c e  an d  f lo w  ra te  a ffe c te d  h y d r o g e n  fo rm a tio n  b u t  n o t th e  o th e r  p ro d u c ts .

C h a v a d e j et al. (2 0 0 5 )  s tu d ie d  th e  e f fe c ts  o f  e le c tr ic a l  p a ra m e te r s  o f  a 
c o ro n a  d is c h a rg e  re a c to r  o n  th e  p a r tia l  o x id a t io n  o f  m e th a n e  in  a ir  a n d  o n  th e  c a rb o n  
d io x id e  re fo rm in g  o f  m e th a n e  in  th e  p re s e n c e  a n d  a b s e n c e  o f  P t- lo a d e d  K L  z e o lite . 
F o r  th e  p a r tia l o x id a t io n  o f  m e th a n e , it w a s  fo u n d  th a t th e  re a c ta n t c o n v e rs io n  
in c re a s e d  w ith  d e c re a s in g  a p p lie d  f re q u e n c y  a n d  in c re a s e d  w i th  in c re a s in g  in p u t
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lo w -s id e  v o l ta g e  b o th  in  th e  p re s e n c e  a n d  a b s e n c e  o f  P t /K L  e x c e p t th a t  th e  o x y g e n  
c o n v e rs io n  w a s  100  %  in  th e  p re s e n c e  o f  P t/K L . F o r  th e  c a rb o n  d io x id e  re fo rm in g  o f  
m e th a n e , th e  a p p lie d  f re q u e n c y  an d  in p u t lo w -s id e  v o lta g e  a f fe c te d  o n ly  th e  r e a c ta n t  
c o n v e rs io n s  w ith  n o  s ig n if ic a n t  e ffe c t o n  re a c t io n  p a th w a y s  b o th  in  th e  p re s e n c e  a n d  
a b s e n c e  o f  P t/K L .

C h a v a d e j et al. (2 0 0 7 )  u se d  th e  s a m e  s y s te m  to  s tu d y  th e  re m o v a l o f  
g a s e o u s  v o la t i le  o rg a n ic  c o m p o u n d  (V O C ). T h e  re su lts  sh o w e d  th a t an  in c re a s e  in  
e i th e r  a p p lie d  v o lta g e  o r  s ta g e  n u m b e r  o f  p la s m a  r e a c to rs  e n h a n c e d  b o th  b e n z e n e  
c o n v e rs io n  a n d  C O 2 s e le c t iv i ty , w h ic h  w a s  in  c o n tra s t  w ith  th e  e f fe c ts  o f  f re q u e n c y  
a n d  fe e d  f lo w  ra te . C o m m e rc ia l  T i 0 2 (D e g u s s a  P 2 5 ) , s o l-g e l TiC>2 , a n d  1 %  P t/s o l-g e l 
T i 0 2 w e re  u s e d  a s  c a ta ly s ts  in  th is  s tu d y . T h e  p re s e n c e  o f  a ll s tu d ie d  c a ta ly s ts  h a rd ly  
a ffe c te d  th e  b e n z e n e  c o n v e rs io n , b u t m a rk e d ly  in c re a s e d  th e  C O 2 s e le c t iv i ty . T h e  
s y n e rg is t ic  e f fe c t o f  c a ta ly s ts  in  th e  p la s m a  r e a c to r  s y s te m  r e a s o n a b ly  re su lte d  f ro m  
th e  a c t iv a t io n  o f  T i 0 2 b y  th e  e n e rg y  g e n e ra te d  f ro m  th e  p la s m a , le a d in g  to  th e  
e n h a n c e m e n t o f  th e  C O  o x id a tio n .

C h a v a d e j et al. (2 0 0 7 )  in v e s tig a te d  a c o m b in e d  p la s m a  a n d  c a ta ly t ic  p ro c e s s  
fo r  e th y le n e  re m o v a l b y  u s in g  a  m u lt is ta g e  c o ro n a  d is c h a rg e  s y s te m  in  th e  a b s e n c e  
a n d  p re s e n c e  o f  P t/T i0 2 - T h e  e ffe c ts  o f  c o m m e rc ia l  T i 0 2, s o l-g e l T i 0 2, a n d  1 %  
P t/so l-g e l T i 0 2 lo a d e d  o n  g la s s  w o o l u s e d  a s  c a ta ly s ts  p a c k e d  in  th e  p la s m a  re a c to rs  
w e re  s tu d ie d . F o r  th e  p la s m a  sy s te m  w ith o u t  a c a ta ly s t ,  it w a s  fo u n d  th a t b o th  th e  
e th y le n e  c o n v e rs io n  a n d  C O 2 s e le c t iv i ty  in c re a s e d  w ith  in c re a s in g  a p p lie d  v o lta g e  
a n d  s ta g e  n u m b e r  o f  p la s m a  re a c to rs , b u t  d e c re a s e d  w ith  in c re a s in g  f re q u e n c y  a n d  
f e e d  f lo w  ra te . In th e  p re s e n c e  o f  a ll s tu d ie d  c a ta ly s ts  in  th e  p la s m a  s y s te m , a n  
in c re a s e  in  b o th  C 2 H 4  a n d  0 2 c o n v e rs io n s  w a s  o b ta in e d . T h e  C O 2 s e le c t iv i ty  
in c re a s e d  in  th e  p re s e n c e  o f  th e  c a ta ly s ts  in  th e  fo llo w in g  o rd e r: 1 %  P t/so l-g e l T i 0 2 

>  so l-g e l T i 0 2 ร  c o m m e rc ia l  T i 0 2. W h e n  th e  T iO l w a s  p re s e n t  in  th e  p la s m a  r e a c to r  
sy s te m , it e n h a n c e d  th e  e th y le n e  o x id a tio n  re a c tio n  b e c a u s e  its  r e d u c ib le  p ro p e r ty  
p ro v id e s  b o th  th e  re a c tio n  s ite s  a n d  o x y g e n  fo r  th e  re a c tio n . T h e  p re s e n c e  o f  1 %  P t 
o n  th e  s o l-g e l T i 0 2 w a s  fo u n d  e x p e r im e n ta l ly  to  p ro m o te  th e  C O  o x id a tio n , le a d in g  
to  a  h ig h e r  C O 2 se le c tiv ity .

N a ir  et al. (2 0 0 7 )  in v e s tig a te d  p la s m a -a s s is te d  m e th a n e  c o n v e rs io n  in  g a s  
p h a s e  b y  p a r tia l  o x id a t io n  a t lo w  e n e rg y  d e n s ity  ( 8 0 - 2 0 0  k J /m o l C H 4) a n d  lo w
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r e a c to r  te m p e ra tu re  ( 1 3 0 - 1 4 0  °C ). A l th o u g h  n o n - th e rm a l p la s m a  h a s  th e  in h e re n t 
a d v a n ta g e  fo r  in it ia t in g  r e a c t io n s ,  a d is a d v a n ta g e  is  th e  u n fa v o ra b le  s e le c t iv i ty  fo r  
th e  d e s ire d  p ro d u c t . T h e  in v e s t ig a t io n  w a s  fo c u s e d  o n  id e n t ify in g  th e  p la s m a -  
in i t ia te d  c h e m ic a l r e a c tio n  p a th w a y s  b y  c o m b in in g  e x p e r im e n ts  an d  k in e t ic  
m o d e lin g . S e n s i t iv i ty  a n a ly s is  in d ic a te d  r e a c t io n  in te rm e d ia te s , le a d in g  to  th e  
fo rm a t io n  o f  o x y g e n a te s  f ro m  a n  a lte rn a t iv e  o x id a t io n  p a th w a y  a t th e  in v e s tig a te d  
te m p e ra tu re s  (T  <  2 0 0  °C ). T h e  s e le c t iv i ty  fo r  s y n th e s is  g as  c o u ld  b e  in c re a s e d  b y  
p a r tia l  o x id a tio n  a t h ig h e r  C H 4 /O 2  ra tio s . C o m b in e d  p a r tia l  o x id a t io n  an d  s te a m  
re fo rm in g  w e re  a lso  in v e s t ig a te d  in  o rd e r  to  in c re a s e  H 2 c o n c e n tra t io n . I so to p e s  w e re  
u s e d  in  o rd e r  to  id e n tify  re a c t io n  p a th w a y s  fo r  th e  c a se  o f  s te a m  re fo rm in g  
e x p e r im e n ts . H o w e v e r , th e  e x p e r im e n ts  a t lo w e r  e n e rg y  d e n s i ty  in d ic a te d  n e g lig ib le  
s te a m  c o n v e rs io n . A t lo w e r  te m p e ra tu re s , th e  in p u t p la s m a  e n e rg y  w a s  p r im a r i ly  
u s e d  fo r  b o th  C H 4 a n d  O 2 c o n v e rs io n s .

Z o u  et al. (2 0 0 7 )  s tu d ie d  a  h y d ro g e n  p ro d u c t io n  f ro m  th e  p a r t ia l  o x id a tio n  
o f  d im e th y l e th e r  (D M E ) u s in g  c o ro n a  d is c h a rg e  p la s m a  p e r fo rm e d  a t a m b ie n t 
c o n d i tio n s . T h e  p a r tia l o x id a t io n  c o u ld  h e lp  to  a v o id  th e  u n d e s ire d  c a rb o n  d e p o s i t 
fo rm e d  fro m  th e  d e c o m p o s i t io n  o f  D M E , a n d  a  s ta b le  o p e ra t io n  w a s  o b ta in e d . T h e  
c a rb o n  d e p o s i t  w a s  c o m p le te ly  a v o id e d  w h e n  th e  O 2 /D M E  ra tio  w a s  1 .05 . T h e  
p a r t ia l  o x id a t io n  c o u ld  a lso  g re a t ly  im p ro v e  b o th  th e  c o n v e rs io n  r a te  a n d  e n e rg y  
e f f ic ie n c y . A t th e  o p tim a l O 2 /D M E  ra tio  w a s  1 .38 , th e  r a te  o f  H 2 p ro d u c t io n  w a s  1.33 
t im e s  h ig h e r , a n d  th e  e n e rg y  e f f ic ie n c y  w a s  1 .72 t im e s  h ig h e r  th a n  th o s e  o f  D M E  
d e c o m p o s i tio n . T h e  h ig h e r  O 2/D M E  ra tio  re su lte d  in  th e  c o m p le te  o x id a tio n  an d  
re d u c e d  th e  r a te  o f  H 2 p ro d u c t io n . T he ' A C  p la s m a  w a s  fo u n d  to  b e  m o re  e ff ic ie n t 
th a n  th e  D C  p la s m a , an d  th e  o p tim u m  f re q u e n c y  w a s  2  k H z .

K im  et al. (2 0 0 7 )  a p p lie d  a p la s m a -c a ta ly t ic  s y s te m  fo r  th e  c o n v e r s io n  o f  
m e th a n e  to  C 2 , C 3 , o r  h ig h e r  h y d ro c a rb o n s  in  a  d ie le c tr ic  b a r r ie r  d is c h a rg e  (D B D ) 
r e a c to r  a t a tm o sp h e r ic  p re s s u re . T h e  m e th a n e  c o n v e r s io n  in c re a se d  w ith  an  in c re a s e  
in  P t lo a d in g  o n  y -A l2 C>3 . T h e  h ig h e s t C 2 H 6 s e le c t iv i ty  w a s  5 0 .3  %  w h e n  3 w t.%  P t/y -  
A I2O 3 c a ta ly s t  w a s  c a lc in e d  a t 573  K . th e  m e th a n e  c o n v e rs io n  in c re a s e d  w ith  a n  
in c re a s e  in  th e  c a ta ly s t  w e ig h t  in  D B D  re a c to r . T h e  m a jo r  p ro d u c ts  w e r e  C 2 H 6 an d  
C 3H 8, w h ic h  w e re  in d e p e n d e n t  o n  c a ta ly s t w e ig h t.
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In d a r to  et al. (2 0 0 7 )  in v e s tig a te d  th e  e f fe c ts  o f  to ta l  g a s  f lo w  ra te  an d  
a d d it io n  o f  a u x il ia ry  g a se s  (N 2 , O 2 , a ir , a n d  w a te r )  o n  th e  C O 2 c o n v e rs io n  p ro c e s s . 
T h e  e x p e r im e n ta l re su lts  in d ic a te d  th a t th e  c o n v e r s io n  o f  C O 2 r e a c h e d  18 %  a t a  to ta l 
g as  f lo w  ra te  o f  0 .8  L /m in  a n d  C O  a n d  O 2 w e re  fo u n d  to  b e  m a in  g a s e o u s  p ro d u c ts . 
A m o n g  th e  a u x il ia ry  g a se s , o n ly  N 2 g a v e  a p o s i t iv e  e f fe c t o n  th e  C O 2 c o n v e rs io n , 
a n d  th e  p o w e r  e f f ic ie n c y  o f  95  %  a n d  to ta l g a s  f lo w  ra te  o f  2 L /m in  in c re a s e d  a b o u t 
th re e  t im e s  as c o m p a re d  to  th e  p u re  C 0 2 p ro c e s s .

S re e th a w o n g  et al. (2 0 0 7 )  in v e s tig a te d  th e  p a r tia l  o x id a t io n  o f  m e th a n e  w ith  
a ir  f o r  s y n th e s is  g a s  p ro d u c t io n  b y  u s in g  a  m u l t is ta g e  g l id in g  a rc  d is c h a r g e  sy s te m . 
T h e  re su lts  sh o w e d  th a t in c re a s in g  s ta g e  n u m b e r  o f  p la s m a  re a c to rs , v o lta g e , an d  
e le c tro d e  g a p  d is ta n c e  e n h a n c e d  b o th  C H 4 a n d  O2 c o n v e rs io n s , w h ic h  w e re  in  
c o n tra s t  to  th e  e f fe c ts  o f  in c re a s in g  C H 4/O 2 m o la r  ra t io , fe e d  f lo w  ra te , an d  
f re q u e n c y . T h e  o p tim u m  c o n d i t io n s  w e re  fo u n d  a t  a C H 4/O 2 fe e d  m o la r  r a t io  o f  3 /1 , 
a fe e d  f lo w  ra te  o f  150 c m V m in , a n d  a  f re q u e n c y  o f  3 0 0  H z  fo r  th e  m a x im u m  C H 4  

a n d  O2 c o n v e rs io n s , h ig h  s y n th e s is  g a s  s e le c t iv i ty , a n d  v e ry  lo w  e n e rg y  
c o n s u m p tio n . T h e  e n e rg y  c o n s u m p tio n  o f  th e  g l id in g  a rc  s y s te m  w a s  fo u n d  to  b e  
v e ry  lo w  a b o u t 2 .4 5 x 1 0 ’18- 2 .9 6 x l 0 "18 พ ร  ( 1 5 .3 - 1 8 .5  e V ) /m o le c u le  o f  m e th a n e  
c o n v e r te d  a s  c o m p a re d  to  3 .3 Ô X 1 0 '18 พ ร  (21 e V ) /m o le c u le  o f  m e th a n e  c o n v e r te d  
o b ta in e d  fro m  th e  c o ro n a  d is c h a rg e  sy s te m  w ith  p in  an d  p la te  e le c tro d e s .

R u e a n g jit t  et al. (2 0 0 7 )  s tu d ie d  th e  r e fo rm in g  o f  s im u la te d  n a tu ra l  g a s  v ia  
th e  n o n - th e rm a l p la s m a  p ro c e s s  w ith  th e  fo c u s  o n  th e  p ro d u c t io n  o f  h y d ro g e n  an d  
h ig h e r  h y d ro c a rb o n s . T h e  p la s m a  r e a c to r  w a s  o p e ra te d  w ith  d i f f e re n t  feed  
c o m p o s it io n s : p u re  C H 4, C H 4/H e , C H 4/C 2H 6/H e , C H ^ H e A ^ H g / H e ,  a n d 'C H 4/C 2H6/ 
C 3H 8/C O 2 . T h e  e f fe c ts  o f  a ll g a s e o u s  h y d ro c a rb o n s  an d  C O 2 p re s e n t in  th e  n a tu ra l 
g a s  w e r e  in v e s tig a te d . T h e  r e s u lt s  sh o w e d  th a t th e  p re s e n c e  o f  e a c h  g a s  c o m p o n e n t 
in  th e  fe e d  s tro n g ly  in f lu e n c e d  th e  m e th a n e  re a c tio n  p e r fo rm a n c e  a n d  p la s m a  
s ta b ili ty . B y  c o m p a r iso n s  a m o n g  a ll th e  s tu d ie d  fe e d  s y s te m s , b o th  h y d ro g e n  a n d  c 2 
y ie ld s  w e re  fo u n d  to  d e p e n d  o n  th e  fe e d  g a s  c o m p o s it io n  in  th e  fo l lo w in g  o rd e r : 
C H ^ H ô / C j H g / C C h  >  C H 4/C 2 H 6/C 3H 8/H e  >  C H 4/C 2H 6/H e  >  C H 4/H e  >  p u re  C H 4. 
T h e  C H 4 /C 2 H 6/C 3H 8/C O 2 fe e d  s y s te m  p ro v id e d  th e  m a x im u m  y ie ld  o f  h y d r o g e n  an d  
c 2 p ro d u c ts  (3 5  a n d  4 2  % , re s p e c tiv e ly )  an d  a ls o  re q u ire d  th e  lo w e s t in p u t  e n e rg y  fo r
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p ro d u c in g  h y d ro g e n  in  th e  ra n g e  o f  3 .5 8 x 1 0 '18—4 .1 4 x  1 0 '18 พ ร  (2 2 .3 5 —2 5 .8 2  e V ) p e r  
m o le c u le  o f  p ro d u c e d  h y d ro g e n .

R u e a n g jit t  et al. (2 0 0 8 )  fu r th e r  in v e s t ig a te d  th e  e f fe c ts  o f  o p e ra t io n a l 
p a ra m e te r s , i.e . a p p lie d  v o lta g e  a n d  in p u t  f re q u e n c y , a s  w e ll a s  th e  e f fe c t o f  o x y g e n  
a d d it io n , o n  th e  re a c tio n  p e r fo rm a n c e  an d  d is c h a rg e  s ta b il i ty  in  th e  r e fo rm in g  o f  th e  
s im u la te d  n a tu ra l g a s  c o n ta in in g  a C H v.C aH e'.C îH g '.C C ^ m o la r  r a t io  o f  7 0 :5 :5 :2 0 . T h e  
re su lts  r e v e a le d  a m a rk e d  in c re a s e  in  b o th  C H 4 c o n v e rs io n  a n d  p ro d u c t y ie ld  w ith  
in c re a s in g  a p p lie d  v o lta g e  a n d  d e c re a s in g  in p u t f re q u e n c y . A t h ig h e r  a p p lie d  v o lta g e  
an d  at lo w e r  f re q u e n c y , th e  s e le c t iv i t ie s  fo r H 2 , C O , an d  a ll h y d ro c a rb o n  p ro d u c ts ,  
e x c e p t C 2 H 2 , e n h a n c e d . T h e  u se  o f  o x y g e n  w a s  fo u n d  to  p ro v id e  a g re a t 
e n h a n c e m e n t o f  th e  p la s m a  r e fo rm in g  o f  th e  s im u la te d  n a tu ra l g a s . F o r  th e  c o m b in e d  
p la s m a  a n d  p a r tia l o x id a t io n  in  th e  re fo rm in g  o f  C 0 2 - c o n ta in in g  n a tu ra l  g a s , a ir  w a s  
fo u n d  to  b e  s u p e r io r  to  p u re  o x y g e n  in  te rm s  o f  re a c ta n t c o n v e r s io n s , p ro d u c t 
s e le c t iv i t ie s , a n d  s p e c if ic  e n e rg y  c o n s u m p tio n . T h e  o p tim u m  c o n d i t io n s  w e re  fo u n d  
to  b e  a  h y d ro c a rb o n s - to -o x y g e n  fe e d  m o la r  ra tio  o f  2/1 u s in g  a ir  a s  a n  o x y g e n  
so u rc e , a n  a p p lie d  v o lta g e  o f  17 .5  k v ,  a n d  a  f re q u e n c y  o f  3 0 0  H z , in  p r o v id in g  th e  
h ig h e s t C H 4 c o n v e rs io n  a n d  s y n th e s is  g a s  s e le c t iv i ty , a s  w e ll a s  e x t re m e ly  lo w  
sp e c if ic  e n e rg y  c o n su m p tio n . T h e  e n e rg y  c o n s u m p tio n  w a s  a s  lo w  as 2 .7 3 X10 ‘18 พ ร  
(1 7 .0 2  e V ) p e r  m o le c u le  o f  c o n v e r te d  re a c ta n t a n d  2 .4 9 x 1 0 ‘18 พ ร  (1 6 .6 0  e V )  p e r  
m o le c u le  o f  p ro d u c e d  h y d ro g e n .

R u e a n g jit t  et al. (2 0 0 9 )  a lso  in v e s tig a te d  th e  e f fe c ts  o f  s ta g e  n u m b e r  o f  A C  
g lid in g  a rc  d is c h a rg e  re a c to rs  in  s e r ie s  o n  th e  p ro c e s s  p e r fo rm a n c e  o f  th e  c o m b in e d  
re fo rm in g  an d  p a r tia l o x id a tio n  o f  s im u la te d  CC>2 -c o n ta in in g  n a tu ra l  g a s  h a v in g  a 
C T L t^ H è ^ jH s . 'C C b  m o la r  ra tio  o f  7 0 :5 :5 :2 0 . F o r  th e  e x p e r im e n ts  w i th  p a r tia l 
o x id a tio n , e ith e r  p u re  o x y g e n  o r  a ir  w a s  u s e d  a s  th e  o x y g e n  so u rc e  w i th  a f ix e d  
h y d ro c a rb o n - to -o x y g e n  m o la r  ra tio  o f  2 /1 . W ith o u t  p a r tia l o x id a tio n  a t a  c o n s ta n t 
feed  f lo w  ra te , all c o n v e rs io n s  o f  h y d ro c a rb o n s , e x c e p t C O 2 , g re a tly  in c re a s e d  w ith  
in c re a s in g  n u m b e r  o f  s ta g e s  f ro m  1 to  3; b u t b e y o n d  3 s ta g e s , th e  re a c ta n t 
c o n v e rs io n s  re m a in e d  a lm o s t u n c h a n g e d . H o w e v e r , fo r  a  c o n s ta n t  r e s id e n c e  tim e , 
o n ly  C 3H 8 c o n v e rs io n  g ra d u a lly  in c re a s e d , w h e re a s  th e  c o n v e r s io n s  o f  th e  o th e r  
re a c ta n ts  re m a in e d  a lm o s t u n c h a n g e d . T h e  a d d it io n  o f  o x y g e n  w a s  fo u n d  to  
s ig n if ic a n tly  e n h a n c e  th e  p ro c e s s  p e r fo rm a n c e  o f  n a tu ra l  g a s  re fo rm in g . T h e
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u t i l iz a t io n  o f  a ir  as an  o x y g e n  s o u rc e  sh o w e d  a s u p e r io r  p ro c e s s  p e r fo rm a n c e  to  p u re  
o x y g e n  in  te rm s  o f  r e a c ta n t  c o n v e r s io n  a n d  d e s ire d  p ro d u c t s e le c t iv i ty . T h e  o p tim u m  
e n e rg y  c o n s u m p tio n s  o f  12 .05X  1024 e V  p e r  m o le  o f  r e a c ta n ts  c o n v e r te d  a n d  9 .6 5  X 
1024 e V  p e r  m o le  o f  h y d ro g e n  p r o d u c e d  w e re  o b ta in e d  u s in g  a ir  a s  an  o x y g e n  s o u rc e  
a n d  3 s ta g e s  o f  p la s m a  re a c to rs  a t a c o n s ta n t r e s id e n c e  tim e  o f  4 .3 8  ร.

O u n i et al. (2 0 0 9 )  s tu d ie d  th e  sy n th e s is  g a s  p ro d u c t io n  f ro m  p ro p a n e  u s in g  
a tm o s p h e r ic  n o n - th e rm a l p la sm a . T h e  p ro p a n e  r e fo rm in g  w ith  s te a m  u s in g  a s l id in g  
d is c h a rg e  re a c to r  w a s  in v e s tig a te d  u n d e r  a tm o sp h e r ic  p re s s u re  a n d  lo w  te m p e ra tu re  
(4 2 0  K ). T h e  p la s m a  s te a m  r e fo rm in g  p ro c e e d e d  e f f ic ie n t ly  a n d  h y d ro g e n  w a s  
fo rm e d  a s  a m a in  p ro d u c t  (H 2 c o n c e n tra t io n  u p  to  5 0 % ). T h e  c o n c e n tra t io n  o f  a ll b y 
p ro d u c ts  (C 2 -h y d ro c a rb o n s , m e th a n e , c a rb o n  d io x id e )  w e re  fo u n d  to  b e  lo w e r  th a n  
6 % . T h e  m e a n  e le c tr ic a l  p o w e r  in je c te d  in  th e  d is c h a rg e  w a s  lo w e r  th a n  2 k w .  T h e  
re su lts  s h o w e d  th a t th e  im p ro v e m e n t o f  C 3H 8 c o n v e r s io n  a n d  th e n  แ 2 p ro d u c t io n  c a n  
b e  a c h ie v e d  b y  in c re a s in g  th e  g a s  f ra c tio n  th ro u g h  th e  d is c h a rg e . T h e y  s u g g e s t io n  
th a t b y  im p ro v in g  th e  r e a c to r  d e s ig n , th e  n o n - th e rm a l p la s m a  h a d  a  p o te n tia l  fo r  
b e in g  an  e f fe c tiv e  w a y  fo r  s u p p ly in g  h y d ro g e n  o r  s y n th e s is  gas .

Z h o u  et al. (2 0 0 9 )  s tu d ie d  th e  h y d ro g e n  p ro d u c t io n  b y  r e fo rm in g  m e th a n e  in  
a c o ro n a  in d u c in g  d ie le c tr ic  b a r r ie r  d is c h a rg e  a n d  c a ta ly s t  h y b r id  re a c to r . H y d ro g e n  
p ro d u c t io n  b y  re fo rm in g  m e th a n e  w ith  s team  a n d  a ir  w a s  in v e s tig a te d  w ith  th e  
h y b r id  r e a c to r  u n d e r  a tm o sp h e r ic  p re s s u re  a n d  te m p e ra tu re s  b e lo w  600°c. T h e  
e ffe c ts  o f  in p u t p o w e r ,  O 2/c  m o la r  ra tio  a n d  p re h e a t  te m p e ra tu re  o n  m e th a n e  
c o n v e rs io n  an d  h y d ro g e n  s e le c t iv i ty  w e re  in v e s tig a te d  e x p e r im e n ta l ly . I t w a s  fo u n d  
th a t a h ig h e r  m e th a n e  c o n v e rs io n  w a s  o b ta in e d  a t h ig h e r  d is c h a rg e  p o w e r , an d  
m e th a n e  c o n v e rs io n  in c re a se d  s ig n if ic a n tly  w ith  in p u t p o w e r  le s s  th a n  5 0  พ ;  th e  
o p tim iz e d  m o la r  ra tio  o f  O 2/C  o f  0.6 p ro v id e  th e  h ig h e s t h y d ro g e n  s e le c t iv i ty  
(1 1 2 % ); in d ic a tin g  th e  s y n e rg y  o f  d ie le c tr ic  b a r r ie r  d is c h a rg e  a n d  c a ta ly s t.

W e i-H s in  et al. (2 0 1 1 )  s tu d ie d  th e  th e rm o d y n a m ic  a n a ly s is  o f  h y d ro g e n  
p ro d u c t io n  fro m  m e th a n e  v ia  a u to th e rm a l re fo rm in g  a n d  p a r tia l  o x id a tio n  fo llo w e d  
b y  w a te r  g a s  sh ift r e a c tio n . In  th e  a u to th e rm a l r e fo rm in g  (A T R ) o f  m e th a n e , n a m e ly , 
th e  o n e -s ta g e  re a c tio n . T h e  re su lts  in d ic a te  th a t th e  r e a c tio n  te m p e ra tu re  o f  A T R  
p la y s  an  im p o rta n t ro le  in  d e te rm in in g  H 2 y ie ld . M e a n w h ile , th e  c o n d itio n s  o f  h ig h e r  
s te a m /m e th a n e  (S /C ) ra tio  an d  lo w e r  o x y g e n /m e th a n e  (O /C )  ra t io  in  a s s o c ia t io n  w ith
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a  h ig h e r  re a c tio n  te m p e ra tu re  h a v e  a  tr e n d  to  in c re a s e  แ 2 y ie ld . W h e n  O/C < 0.125, 
th e  c o k in g  b e h a v io r  m a y  b e  e x h ib ite d . In  th e  p a r tia l  o x id a tio n  o f  m e th a n e  (POM) 
in c o rp o ra tin g  w ith  a w a te r  g a s  s h i f t  re a c tio n  (W G S R ) , n a m e ly , th e  tw o -s ta g e  
re a c tio n , it is  fo u n d  th a t th e  m e th a n e  c o n v e rs io n  is  a lw a y s  h ig h , r e g a rd le s s  o f  w h a t 
th e  re a c tio n  te m p e ra tu re  is . W h e n  th e  o/c ra tio  is  s m a l le r  th a n  0.5, แ 2 is  g e n e ra te d  
f ro m  th e  p a r tia l o x id a t io n  a n d  th e rm a l d e c o m p o s i t io n  o f  m e th a n e , c a u s in g  s o l id  
c a rb o n  d e p o s i t io n . F o llo w in g  th e  p e r fo rm a n c e  o f  W G S R , it su g g e s ts  th a t th e  Ho y ie ld  
o f  th e  tw o -s ta g e  re a c tio n  is  s ig n if ic a n tly  a f fe c te d  b y  th e  re a c t io n  te m p e ra tu re  o f  
W G S R . T h e  te m p e ra tu re  o f  W G S R  is  th e  k e y  f a c to r  " in  p ro d u c in g  H 2 . W h e n  
m e th a n e , o x y g e n  a n d  s te a m  a re  in  th e  s to ic h io m e tr ic  ra tio  (i.e . 1 :0 .5 :1 ) , th e  
m a x im u m  แ2 y ie ld  f ro m  A T R  is  2.25 w h ic h  o c c u rs  a t 800°c. In  c o n tra s t ,  th e  
m a x im u m  IIo y ie ld  o f  th e  tw o -s ta g e  re a c t io n  is  2.89 w ith  th e  W G S R  te m p e ra tu re  o f  
200 °c. A c c o rd in g ly , it re v e a ls  th a t th e  tw o -s ta g e  re a c t io n  is  a  r e c o m m e n d e d  fu e l 
p ro c e s s in g  m e th o d  fo r  h y d ro g e n  p r o d u c t io n  b e c a u s e  o f  its  h ig h e r  H 2 y ie ld  an d  
f le x ib le  o p e ra t io n .

R a f iq  a n d  H u s ta d  (2 0 1 1 )  s tu d ie d  th e  b io s y n g a s  p ro d u c t io n  b y  a u to th e rm a l 
re fo rm in g  o f  w a s te  c o o k in g  o il w ith  p ro p a n e  u s in g  a  p la s m a -a s s is te d  g l id in g  a rc  
re a c to r . T h e  in itia l te s ts  re su lts  w e re  p re s e n te d  fo r  th e  c o n v e rs io n  o f  w a s te  c o o k in g  
o il (W C O ) to  b io s y n g a s  b y  c a ta ly t ic  p a r tia l o x id a t io n  o v e r  a g ra n u la r  N i-b a s e d  
c a ta ly s t. In  a d d it io n , a u to th e rm a l r e fo rm in g  o f  p ro p a n e  w ith  w a te r  an d  n o rm a l a ir  
w a s  a lso  c a r r ie d  o u t. T h e  in v e s tig a t io n s  w e re  p e r fo rm e d  in  a  p a r t ia l ly  a d ia b a t ic  
p la s m a  a s s is te d  (n o n - th e rm a l)  g l id in g  a rc  re a c to r  a t f ix e d  p re s s u re  ( 1 b a r )  a n d  e le c tr ic  
p o w e r  (0 .3  k W ). D e ta ile d  ax ia l te m p e ra tu re  d is tr ib u tio n s , p ro d u c t  c o n c e n tra t io n s , 
r e a c ta n t c o n v e rs io n s , H 2 a n d  C O  y ie ld s , H 2/C O  ra tio  a n d  th e rm a l e f f ic ie n c y , as a 
fu n c tio n  o f  th e  c o ld  a n d  h o t  W C O  flo w  ra te , th e  w a te r  f lo w  ra te  a n d  th e  t im e  o n  
s tre a m  w e re  s tu d ie d . T h e  re su lts  s h o w e d  th a t in c re a s e  in  th e  w a te r  f lo w  ra te  a n d  a t 
th e  c o r re sp o n d in g  s/c m o la r  ra tio , th e  แ 2 , C O 2 a n d  C 2+ c o n c e n tra t io n s  in c re a s e d , 
w h e re a s  th e  C O  an d  C I I 4  c o n c e n tra t io n s  d e c re a s e d . In  a d d it io n  th e  c a rb o n  
c o n v e rs io n  to  g a se o u s  p ro d u c ts , O 2 c o n v e rs io n , C O  a n d  H 2 y ie ld s  a n d  th e rm a l 
e ffic ie n c y  d e c re a se d . T h e  e ffe c t o f  th e  c o ld  an d  h o t  W C O  flo w  ra te  a f te r  a t im e  o n  
s tre a m  o f  2 h  an d  10 h  a t a f ix e d  p ro p a n e  a n d  a ir  f lo w  ra te  s h o w e d  th a t  f o r  an  
in c re a se d  W C O  flow  ra te  a t th e  c o r re s p o n d in g  C /O  m o la r  ra tio , th e  H 2 , C O  a n d  C O
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c o n c e n tra t io n s  in c re a s e d , th e  c2+ c o n c e n tra t io n  s l ig h t ly  d e c re a s e d , b u t  th e  CH4 
c o n c e n tra t io n  a lm o s t r e m a in e d  c o n s ta n t. In  a d d it io n , th e  0 2 c o n v e rs io n , C O  a n d  H 2 

y ie ld s  an d  th e rm a l e f f ic ie n c y  in c re a s e d , a n d  th e  c a rb o n  c o n v e rs io n  to  g a s e o u s  
p ro d u c ts  d e c re a s e d  w ith  th e  in c re a s e  in  th e  c o ld  an d  h o t  wco f lo w  ra te  a f te r  t im e  o n  
s tre a m  o f  2  h  a n d  10 h . B y  c o m p a r in g  th e  r e s u lts  o f  th e  t im e  o n  s tre a m , it c a n  b e  
o b s e rv e d  th a t w h e n  th e  g l id in g  a rc  r e a c to r  w a s  s ta b il iz e d  ( i .e ., a f te r  1 0  h  o f  
o p e ra t io n ) , th e  te m p e ra tu re  in  th e  g l id in g  a rc  re a c to r  in c re a s e d .
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