
CHAPTER II
CARBON DIOXIDE REFORMING 

WITH METHANE IN LOW TEMPERATURE PLASMAS

2.1 Abstract

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

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

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

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

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

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

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

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

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

f e e d  m o l e  r a t i o s  o f  0 . 5 - 3 ,  i n p u t  l o w  s i d e  v o l t a g e s  o f  3 2 - 7 2  V ,  i n p u t  f r e q u e n c i e s  o f  

3 0 0  -  8 0 0  H z ,  f l o w r a t e s  o f  5 0 - 1 2 5  s e e m ,  a n d  a  g a p  w i d t h s  b e t w e e n  t h e  t w o  

e l e c t r o d e s  o f  0 . 6 - 1 . 5  c m .  It w a s  f o u n d  t h a t  t h e  m e t h a n e  a n d  c a r b o n  d i o x i d e  

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

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

C a r b o n  d i o x i d e  c o n v e r s i o n  i s  a l w a y s  l o w e r  t h a n  m e t h a n e  c o n v e r s i o n .  T h e  H2/CO 

r a t io  d e p e n d s  o n  o n l y  o n  t h e  CH4/CO2 r a t io .

2.2 Introduction

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

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

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

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

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

t h e  c o n c e n t r a t i o n  o f  m e t h a n e  a n d  c a r b o n  d i o x i d e ,  m a j o r  g r e e n h o u s e  g a s e s  a n d  t h e  

m a i n  c o m p o n e n t  i n  n a t u r a l  g a s ,  e s p e c i a l l y  in  A s i a  w h i c h  h a s  h i g h  c a r b o n  d i o x i d e
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c o n t e n t ,  i s  c a r b o n  d i o x i d e  r e f o r m i n g  w i t h  m e t h a n e  ( r e a c t i o n  2 . 1 )  f o r  p r o d u c t i o n  o f  

s y n t h e s i s  g a s  ( c a r b o n  m o n o x i d e  a n d  h y d r o g e n )  a t  a  l o w e r  H 2/ C O  r a t i o  c o m p a r e d  t o  

s t e a m  r e f o r m i n g  o f  m e t h a n e  ( r e a c t i o n  2 .2 ) ,  w h i c h  i s  t h e  c o n v e n t i o n a l  p r o c e s s  f o r  

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

C H ,  +  C 0 2 - >  2 C O  +  2 H 2 a h  =  2 4 7 . 0  k J  mol’1 ( 2 .1  )

C H ,  + H 2 0  - >  C O + 3 H 2 A H  =  2 2 9 . 7  k J  m o l ' 1 ( 2 . 2 )

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

I t c a n  b e  u t i l i z e d  t o  t r a n s f e r  a n d  s t o r e  e n e r g y  ( e . g .  S o l a r  e n e r g y  o r  e l e c t r i c i t y )  in  t h e  

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

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

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

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

( r e a c t i o n s  2 . 3  a n d  2 . 4 )  a t  t h e  d e s i r e d  r e a c t i o n  c o n d i t i o n s .  So

C H , - »  c  +  2 H 2 A H  =  7 5  k J  m o l ' 1 ( 2 . 3 )

2 C O  - »  c  +  C 0 2 A H  =  - 1 7 1  k J  m o l ' 1 ( 2 . 4 )

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

c a r b o n  f o r m a t i o n  [ 1 ] ,  A n o t h e r  d r a w b a c k  o f  c a t a l y t i c  c a r b o n  d i o x i d e  r e f o r m i n g  w i t h  

m e t h a n e  i s  t h e  h i g h  p r o c e s s  t e m p e r a t u r e  r e q u i r e d  o f  m o r e  t h a n  8 0 0  ๐c .  T h e r e f o r e ,  

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

c o n d i t i o n s  i s  o f  g r e a t  in t e r e s t .

In  t h i s  w o r k ,  a  l o w  t e m p e r a t u r e  p l a s m a  r e a c t o r  w a s  u s e d  t o  f a c i l i t a t e  t h i s  

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

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

c o n v e r s i o n  o f  m e t h a n e  o v e r  S r / L a 2C>3 [ 2 ] ,

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

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

o f  t h e  e l e c t r i c  f i e l d .  It i s  in  e q u i l i b r i u m  w h e n  t h e  k i n e t i c  e n e r g y  o f  t h e  c h a r g e d
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p a r t i c l e s  a n d  n e u t r a l  s p e c i e s  a r e  t h e  s a m e .  T h e  n o n - t h e r m a l ,  a l s o  c a l l e d  c o l d ,  p l a s m a ,  

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

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

t e m p e r a t u r e  a n d  w i t h  l o w e r  e n e r g y  in p u t .

C o r o n a  d i s c h a r g e  a n d  d i e l e c t r i c  b a r r i e r  d i s c h a r g e  ( D B D )  t e c h n i q u e s  a r e  t w o  

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

a t m o s p h e r i c  p r e s s u r e  [ 3 ] ,  [ 4 ] ,  [ 5 ] ,  B e c a u s e  t h e  c o r o n a  i s  p a r t i c u l a r l y  e a s y  t o  

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

p r e c i p i t a t i o n ,  e l e c t r o - p h o t o g r a p h y  a n d  a l s o  s y n t h e s i s  o f  c h e m i c a l s  [ 3 ] .  T h e  e l e c t r o n  

e n e r g y ,  w h i c h  c o r r e s p o n d s  t o  t h e  e l e c t r o n  t e m p e r a t u r e ,  i s  r e s t r i c t e d  t o  l e s s  t h a n  6  e V  

i n  t h e  c o r o n a  d i s c h a r g e  [ 6 ] .  T h e s e  r e l a t i v e l y  l o w - e n e r g y  e l e c t r o n s  h a v e  i n s u f f i c i e n t  

e n e r g y  t o  i o n i z e  m e t h a n e ,  w h i c h  h a s  a n  i o n i z a t i o n  p o t e n t i a l  g r e a t e r  t h a n  1 2  e V  [ 7 ] ,  

b u t  h i g h  e n o u g h  t o  d i s s o c i a t e  C H 4 a n d  C O 2 m o l e c u l e s  w i t h  d i s s o c i a t i o n  e n e r g i e s  o f  

4 . 5  a n d  5 .5  e V ,  r e s p e c t i v e l y  ( r e a c t i o n s  2 .5  a n d  2 . 6 )  [ 1 ] .

e “ + C H ,  - + C H 3 +  H  +  e ~ ( 2 . 5 )

e  “ +  C 0 2 C O  +  0  +  e  " ( 2 .6 )

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

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

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

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

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

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

t e m p e r a t u r e  i n c r e a s e  [ 4 ] .  T h e  d i e l e c t r i c  b a r r i e r  d i s c h a r g e  h a s  a l s o  b e e n  u s e d  t o  

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

g a s  f r o m  t w o  m a j o r  g r e e n h o u s e  g a s e s  c a r b o n  d i o x i d e  a n d  m e t h a n e .  A  p r o n o u n c e d  

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

g a s e s  s i m u l t a n e o u s l y  w i t h  a  m i n i m u m  r e q u i r e d  s p e c i f i c  e n e r g y  o f  4 0  e V / m o l e c u l e  

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

c o n v e r t e d  t o  c h e m i c a l  e n e r g y  in  t h e  s y n g a s )  r e a c h e d  s o  fa r  w a s  a b o u t  7 % [ 1 ] ,  T h e
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e f f e c t  o f  a  t h i r d  b o d y  ( h e l i u m )  w a s  a l s o  i n v e s t i g a t e d  i n  f o r  h e  D B D  f o r  c a r b o n  

d i o x i d e  r e f o r m i n g  [ 8 ] ,

2.3 Experimental

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

a  s e t  o f  m a s s  f l o w  c o n t r o l l e r s  s u p p l i e d  b y  S I E R R A  I n s t r u m e n t ,  I n c .  T h e  f e e d  g a s e s  

w e r e  i n t r o d u c e d  d o w n w a r d  t h r o u g h  t h e  r e a c t o r  a n d  a n a l y z e d  o n - l i n e  b y  a  P e r k i n -  

E l m e r  g a s  c h r o m a t o g r a p h ,  w i t h  t h e r m a l  c o n d u c t i v i t y  ( T C D )  a n d  f l a m e  i o n i z a t i o n  

( F I D )  d e t e c t o r s .  T h e  e x h a u s t  g a s  f r o m  t h e  r e a c t o r  w a s  i n t r o d u c e d  i n t o  a  c o n d e n s e r  

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

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

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

V ,  5 0  H z ,  u s i n g  a  f u n c t i o n  g e n e r a t o r  f o r  v a r y i n g  t h e  f r e q u e n c y  i n  t h e  r a n g e  o f  3 0 0  t o  

8 0 0  H z  w i t h  a  s i n u s o i d a l  w a v e f o r m .  A  f e w  e x p e r i m e n t s  u s e d  a  s q u a r e  w a v e f o r m .  

T h e  o u t p u t  w a s  t h e n  t r a n s m i t t e d  t o  a  h i g h  v o l t a g e  a l t e r n a t i n g  c u r r e n t  ( H V A C )  

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

b y  n o m i n a l  f a c t o r  o f  1 2 5  a t  6 0  H z .  T h i s  f a c t o r  m a y  n o t  b e  c o n s t a n t  w i t h  c h a n g e s  in  

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

r e a c t o r  s y s t e m .  T h e  e l e c t r o d e s  w e r e  c o n n e c t e d  t o  t h e  H V A C  b y  s t a i n l e s s  s t e e l  r o d s .  

T h e  d i s c h a r g e  o c c u r r e d  in  a  q u a r t z  t u b e  w i t h  a n  i .d .  o f  8  m m  b e t w e e n  t w o  s t a i n l e s s  

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

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

t h r o u g h  t h e  r e a c t o r  a n d  i s  p o s i t i o n e d  p e r p e n d i c u l a r  t o  t h e  r e a c t o r  a x i s .  A n  O m e g a  K -  

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

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

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

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

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

t e m p e r a t u r e  a n d  t h e  g a s  i s  s e l f - h e a t e d  b y  t h e  p l a s m a .  A l l  t h e  e x p e r i m e n t s  w e r e  

o p e r a t e d  a t  a t m o s p h e r i c  p r e s s u r e .
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For this system, the conversions are defined as:
Conversion of methane = (moles of CH4 consumed/moles of CH4 introduced) 

X 100%
Conversion of carbon dioxide = (moles of CO2 consumed/moles of CO2 

introduced) X 100 %
H2/CO mole ratio = moles of H2 produced/moles of CO produced
CO/C2 mole ratio = moles of CO produced/moles of ethane, ethylene and 

acetylene produced
In some cases, at lower methane conversions, the product material balances 

could be below 50%, however in most cases, analytical improvements usually would 
allow a product balance to the 80-90% range. Water was not quantified.

2.4 Results and Discussion

A base “standard” experiment in this study has a feed mixture of carbon 
dioxide and methane at a 3:1 ratio flowing at 50 seem through a quartz tube with an 
inner diameter of 8  mm. This non-stoichiometric ratio was chosen to minimize 
carbon formation. The gas gap between the electrodes was set at 1.2 cm. This 
results in a residence time of 0.72 seconds. The applied voltage was a sinusoidal 
wave fixed at 48 volt of low side voltage with a frequency set at 700 Hz.

Figure 2.1 shows the effect of varying the CO2/CH4 feed mole ratio. The 
CO2/CH4 ratio was varied from 0.5 to 3 and has no significant effect on carbon 
dioxide conversion. The methane conversion increases from 15 to 24 percent. The 
C2 production rapidly decreases while carbon monoxide rapidly increases which 
makes the CO/C2 ratio increase from about 1 to 23. The hydrogen production 
slightly decreases which makes the H2/CO mole ratio in the product gas decrease 
from 3.6 to 0.6. The current is constant at about 0.48 A.
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Figure 2.1 E ffe c t  o f  C O 2/C H 4 fe e d  m o le  ratio  (a) c o n v e r s io n s  and  cu rren t (b ) H 2/C O
and C O /C 2; o v e r a ll f lo w ra te , 5 0  se e m ; in p u t lo w  s id e  v o lta g e , 4 8  V ; in p u t fr e q u e n c y ,
7 0 0  H z; gap  w id th , 1.2 cm .
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The dissociative attachment of carbon dioxide (reaction 2.6), which occurs 
within the range of electron energies of this corona discharge, can produce both 
carbon monoxide and negatively charged oxygen species (O'), resulting in increasing 
carbon monoxide. This 0" can combine into molecule oxygen (reaction 2.7) or 
abstract hydrogen from the methane molecule to form the methyl radicals in the 
corona discharge (reaction 2 .8 ), resulting in increasing methane conversion with 
increasing carbon dioxide content.

Subsequently, methyl radicals can combine to form C2 hydrocarbon. The 
carbon dioxide conversion slowly increases with increasing CO2/CH4 ratio, even 
though dissociative attachment increases with increasing carbon dioxide content in 
the feed because carbon dioxide may also be “re” formed, resulting in lower net 
carbon dioxide conversion. Oxygen molecules, which can be produced from reaction 
2.7, were not found in our experiments because oxygen easily forms negative ions 
either by direct attachment or dissociative attachment and were consumed in the 
reaction. O' increases with increasing carbon dioxide content probably increases the 
rate of oxidation of methane and C2 products to produce carbon monoxide and 
carbon dioxide as suggested by the increasing C0 /C2 ratio. Carbon formation occurs 
more easily in the reactor with high methane content conditions because there is not 
sufficient O' to react with the carbon. The H2/CO ratio is strongly dependent on the 
CO2/CH4 ratio. Thus, the H2/C0  ratio can be adjusted into the desirable ratio for 
industrial processes (e.g. lower H2/CO ratios of about 1 for producing acetic acid, 
and about 2  for methanol synthesis).

To investigate the effect of applied voltage on the system, the applied voltage 
was varied from 48 to 72 volts of low side voltage. The results are shown in Figure
2.2. The methane and carbon dioxide conversions increase with increasing applied 
voltage. The H2/C0  mole ratio increases from 0.3 at just above the breakdown 
voltage and then becomes constant at about 0.56 with increasing voltage. The CO/C2

o  + 0 “ -> 0 2 + 2 e (2.7)
O" + CH, -> CH3 + OH (2 .8)
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a l s o  d e c r e a s e s  a n d  i s  r e l a t i v e l y  c o n s t a n t  a t  h i g h e r  v o l t a g e s .  T h e  c u r r e n t  i n c r e a s e s  

w i t h  i n c r e a s i n g  v o l t a g e .

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

c o n v e r s i o n s  d e c r e a s e  w i t h  i n c r e a s i n g  f r e q u e n c y ,  a s  s h o w n  i n  F i g u r e  2 . 3 ,  u s i n g  a n  

in p u t  l o w  s i d e  v o l t a g e  o f  6 0  V .  C u r r e n t  a l s o  d e c r e a s e s  w i t h  i n c r e a s i n g  f r e q u e n c y .  

T h e  f r e q u e n c y  h a s  n o  s t r o n g  e f f e c t  o n  t h e  H 2/ C O  m o l e  r a t io .  A s  t h e  a c  d i s c h a r g e  i s  

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

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

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

d i s c h a r g e s  t h a n  w i t h  d c  [ 5 ] .  T h e  c a p a c i t i v e  n a t u r e  o f  t h e  r e a c t o r  c r e a t e s  a  p h a s e  l a g  

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

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

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

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

r e a c t i o n s .  U n f o r t u n a t e l y ,  t h e  c o n v e r s i o n  c a n n o t  r e a c h  1 0 0 %  b y  i n c r e a s i n g  v o l t a g e  

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

f o r m a t i o n  o n  b o t h  e l e c t r o d e s  a s  w e l l  a s  t h e  q u a r t z  t u b e  w a l l  ( r e a c t i o n  2 . 9 ) .

e  +  C O  —  ̂ c  +  o  +  e  ( 2 . 9 )

T h a t  t h e  c a r b o n  a t o m s  f r o m  m e t h a n e  a n d  c a r b o n  d i o x i d e  f a v o r  f o r m a t i o n  o f  

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

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

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

a n d  t h e  C O / C 2 b u t  i n c r e a s i n g  c a r b o n  f o r m a t i o n .  T h e  h y d r o g e n  a t o m s  ( o r  O H )  t e n d  t o  

f o r m  H 20  m o r e  t h a n  h y d r o g e n ,  s o  h y d r o g e n  d e c r e a s e s  a t  h i g h  v o l t a g e  a n d  l o w  

f r e q u e n c y .  W i t h  i n c r e a s i n g  H 20  f o r m a t i o n ,  t h e  o x y g e n  a t o m s  in  t h e  s y s t e m  a r e  n o t  

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

a t  t h e  s a m e  r a t e  w i t h  i n c r e a s i n g  c u r r e n t  s o  t h e  H 2 / C O  i s  a l m o s t  c o n s t a n t .
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Figure 2.2 E ffe c t  o f  input v o lta g e  (a ) c o n v e r s io n s  and  cu rren t (b ) H 2/C O  and  C O /C 2;
o v e r a ll f lo w r a te , 5 0  se e m ; in p u t freq u en cy , 7 0 0  H z; ga p  w id th , 1.2 cm ; C O 2/C H 4

fe e d  m o le  ra tio , 3 .
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Figure 2 .3  E ffe c t  o f  in p u t freq u en cy  (a ) c o n v e r s io n s  and cu rren t (b ) H 2/C O  and
C O /C 2; o v e r a ll f lo w ra te , 5 0  seem ; gap  w id th , 1.2 cm ; in p u t lo w  s id e  v o lta g e , 6 0  V ;
C O 2/C H 4 fe e d  m o le  ratio , 3 .
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Figure 2.4 Effect of flowrate (a) conversions and current (b) H2/CO and C0 /C2 ; gap 
width, 1.2 cm; input lowside voltage, 48 V; input frequency, 700 Hz; CO2/CH4 feed 
mole ratio, 3.
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T h e  f l o w  r a t e  w a s  v a r i e d  f r o m  5 0  -  1 2 5  s e e m ,  w h i c h  c o r r e s p o n d s  t o  r e s i d e n c e  

t i m e s  o f  0 . 2 9  t o  0 . 7 2  s e c o n d s .  F i g u r e  2 . 4  s h o w s  t h a t  t h e  m e t h a n e  a n d  c a r b o n  d i o x i d e  

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

r e s i d e n c e  t i m e s .  T h e  c u r r e n t  r e m a i n s  f a i r l y  c o n s t a n t  a t  0 . 5  A  o v e r  m o s t  o f  t h e  f l o w  

r a t e  r a n g e .  P a s c h e n s  L a w  p r e d i c t s  t h a t  t h e  p o w e r  a n d  c u r r e n t  r e m a i n  c o n s t a n t  w i t h  

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

o n  t h e  H 2/ C O  a n d  C O / C 2 r a t i o s .

F i g u r e  2 . 5  s h o w s  t h e  e f f e c t  o f  g a p  w i d t h ,  v a r i e d  b e t w e e n  0 . 6  a n d  1 .5  c m ,  

w h i c h  c o r r e s p o n d s  t o  r e s i d e n c e  t i m e s  o f  0 . 3 6 - 0 . 9 1  s e c o n d s  a t  t h e  c o n s t a n t  f l o w r a t e  

o f  5 0  s e e m .  T h e  m e t h a n e  a n d  c a r b o n  d i o x i d e  c o n v e r s i o n  a p p e a r  t o  i n c r e a s e  w i t h  

i n c r e a s i n g  g a p  w i d t h  a n d  t h e n  s t a r t  t o  l e v e l  o f f  a t  t h e  g a p  w i d t h  o f  0 . 9  c m .  A s  t h e  

g a p  w i d t h  i s  i n c r e a s e d ,  t h e  H 2/ C O  r a t i o  i s  n e a r l y  c o n s t a n t .  T h e  t w o  m a i n  e f f e c t s  o f  

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

s t r e n g t h  ( E / g a p  w i d t h ) .  L a r g e r  g a p  w i d t h s  a l s o  a l l o w  e l e c t r o n s  t o  t r a v e l  f u r t h e r  

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

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

i n c r e a s e s  in  t h e  f l o w  r a te .  H o w e v e r  t h e  c u r r e n t  s l i g h t l y  i n c r e a s e s  w i t h  i n c r e a s i n g  g a p  

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

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

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

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

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

e f f e c t s .

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

e x p e r i m e n t s  o p e r a t e  a t  r o o m  t e m p e r a t u r e  ( f e e d  t e m p e r a t u r e )  w i t h o u t  a n  e x t e r n a l  h e a t  

s o u r c e  o r  i n s u l a t i o n .  T h e  c a r b o n  d i o x i d e  r e f o r m i n g  w i t h  m e t h a n e  ( r e a c t i o n  2 . 1 )  i s  a  

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

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

r e a c t i o n  w o u l d  b e  e x p e c t e d  t o  l o w e r  t h e  t e m p e r a t u r e .
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Figure 2 .5  E ffe c t  o f  gap  w id th  (a ) c o n v e r s io n s  and  cu rren t (b ) H 2/C O  and  C O /C 2;
o v e r a ll f lo w r a te , 5 0  se e m ; input lo w  s id e  v o lta g e , 4 8  V ; in p u t fr e q u e n c y , 7 0 0  H z;
C 0 2/C H 4 fe e d  m o le  ratio , 3.
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Figure 2.6 Effect of waveform: (a) Input low side voltage vs. Power (b) CO/C2 vs. 
Power; overall flowrate, 100 seem; input frequency, 700 Hz; gap width, 1.0 cm; 
CO2/CH4 feed mole ratio, 3.

The comparison between the effect of using a square waveform also has been 
briefly examined at a gap width of 1 cm, a flowrate of 1 0 0  seem (residence time of
0.23 seconds), and a carbon dioxide to methane feed mole ratio of 3. The results
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show, in Figure 2.6, that to obtain the same power, the voltage has to be higher in the 
case of the square wave compared to the sine wave because the power factor is 
lower. The discharge becomes stable at the same power of 9 พ . Data at 12 พ  using 
the square wave could not be obtained because of the limitation of the transformer. 
The current, methane conversion, carbon dioxide conversion, and product 
distribution are nearly the same at the same power with the different waveform.

The limitation for improving the capacity and efficiency of carbon dioxide 
reforming with methane by using corona discharge is carbon formation. The 
discharge becomes unstable due to carbon formation at high current and high 
methane content in the feed. Preliminary results suggest that the “carbon free” 
operating region can be expanded by using the square wave, which has to be studied 
further to optimize the capacity and efficiency.

2.5 Conclusions

1. For all of the experiments, the CO2 conversion is always lower than the 
CH4 conversion because the dissociation energy of CO2 (5.5 eV) is higher than the 
dissociation energy of methane (4.5 eV) and CO2 can be produced from reverse 
reaction of CO2 dissociative reaction.

2. The major product is syngas (hydrogen and carbon monoxide), with small 
amounts of acetylene. Very small amounts of ethane, ethylene and methanol were 
found in some conditions.

3. The hydrogen to carbon monoxide mole ratio was not sensitive to applied 
voltage, frequency, gap width or flowrate. The only parameter that strongly effects 
the hydrogen to carbon monoxide ratio is methane to carbon dioxide ratio.

4. The waveform does not effect the conversions and product distribution, but 
is attractive for study because of a larger operating region without carbon formation.
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