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ABSTRACT 

A t h e r m a l l y  produced beam of a t o m i c  hydrogen  was r e a c t e d  

on a ca rbon  t a r g e t  a t  t e m p e r a t u r e s  between 30-950°C. The 

r e a c t i o n  p r o d u c t s  were  i s o l a t e d  on a l i q u i d  he l ium c o l d  f i n g e r  

and s u b s e q u e n t l y  a n a l y z e d  by g a s  chromatography.  Over t h e  

t e m p e r a t u r e  r a n g e  examined t h e  major  r e a c t i o n  p r o d u c t s  were :  

CH4-91%, C H 

were  minor c o n s t i t u e n t s ,  i f  formed a t  a l l .  Hydrocarbon 

8.4%, C H 0.6%. C2H4, C3H6 and C4 hydroca rbons  2 6" 3 8% 

. f o rma t ion  i n c r e a s e d  w i t h  t e m p e r a t u r e ,  no maximum i n  t h e  

y i e l d  o c c u r r i n g  a t  a b o u t  770°K a s  r e p o r t e d  i n  p r e v i o u s  

s t u d i e s .  The methane y i e l d - t e m p e r a t u r e  dependence  showed 

t h r e e  d i s t i n c t  phases  and a c t i v a t i o n  e n e r g i e s  were  o b t a i n e d .  

\\ 

,/ A t  30" and 9 5 0 " C ,  a b o u t  1% and 3% r e s p e c t i v e l y ,  of t h e  a v a i l -  

/ a b l e  H atoms r e a c t e d  w i t h  ca rbon  t o  form hydroca rbons .  
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INTRODUCTION 

The d i s c o v e r y  t h a t  H atoms r e a c t  w i t h  carbon was made by 

Avramenko (1) i n  1946. To d a t e  t h e  r e s u l t s  o f  t e n  o t h e r  

s t u d i e s  have  been r e p o r t e d  (2)-(11). I n  a l l  b u t  one i n v e s t i -  

g a t i o n ,  H atoms were  produced by e l e c t r i c  d i s c h a r g e  t e c h n i q u e s ;  

t h e  one e x c e p t i o n  (7 )  u s i n g  t h e r m a l  methods.  Chemical 

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

d e g r e e s  of s o p h i s t i c a t i o n  i n  a l l  e x c e p t  one s t u d y  (5 ) .  

Agreement between t h e  d i f f e r e n t  i n v e s t i g a t i o n s  a s  t o  t h e  

h y d r o c a r b o n s  formed i n  t h e  H a tom-carbon r e a c t i o n  i s  not  

good,  some or a l l  t h e  f o l l o w i n g  have been r e p o r t e d :  CH4,  

C2H2, C2H4, C2H6, C H 3 8  
S e v e r a l  a u t h o r s  b e l i e v e  t h a t  methane i s  t h e  p r imary  r e a c t i o n  

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

a b s t r a c t i o n  r e a c t i o n s  and f r e e  r a d i c a l  r e c o m b i n a t i o n  p r o c e s s e s .  

T h e r e  i s  some i n d i c a t i o n  t h a t  t h e  f o r m a t i o n  o f  

a c e t y l e n e  and e t h y l e n e  may be a s s o c i a t e d  w i t h  i o n i c  s p e c i e s  

formed i n  t h e  e l e c t r i c  d i s c h a r g e  u s e d  t o  produce  t h e  a tomic  

hydrogen .  I n  some o f  t h e  e x p e r i m e n t a l  s t u d i e s  t h e  p r o d u c t s  

r e p o r t e d  a s  be ing  formed i n  t h e  H a tom-carbon r e a c t i o n  could  

a l s o  have a r i s e n  by H atom a t t a c k  on o r g a n i c  m a t e r i a l s ,  

vacuum g r e a s e  and O - r i n g s ,  which were p a r t  o f  t h e  sys tem.  

Most i n v e s t i g a t i o n s  o f  t h e  H atom-carbon r e a c t i o n  were made 

a t  a m b i e n t  t e m p e r a t u r e s ,  b u t  i n  two c a s e s  (8,9) where a n  

e x t e n s i v e  t e m p e r a t u r e  r a n g e  was i n v e s t i g a t e d ,  a maximum i n  

and v a r i o u s  bu tanes  and b u t e n e s .  
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t h e  hydrocarbon y i e l d  was r e p o r t e d  a t  770 - + 50°K. I n  two 

k i n e t i c  s t u d i e s  (6,9) o n  t h e  r e a c t i o n ,  d a t a  were o b t a i n e d  

\ f o r  the r a t e  of ca rbon  removal  a s  a f u n c t i o n  of  t e m p e r a t u r e  

and H atom c o n c e n t r a t i o n ,  b u t  no e f f o r t  was made t o  c o r r e l a t e  

t h e s e  d a t a  w i t h  t h e  hydrocarbon p r o d u c t i o n .  
\ 

I n  t h i s  i n v e s t i g a t i o n ,  t h e  H a tom-carbon r e a c t i o n  h a s  

been  re-examined i n  a n  e f f o r t  t o  d e t e r m i n e ;  1) t h e  n a t u r e  o f  

t h e  hydrocarbon p r o d u c t s ,  2 )  t h e  y i e l d s  of hydroca rbon  p r o d u c t s  

a s  a f u n c t i o n  o f  t e m p e r a t u r e  a n d ,  3 )  t h e  e f f i c i e n c y  o f  con-  

v e r s i o n  o f  a t o m i c  hydrogen t o  hydroca rbons .  

EXPERIMENTAL 

I n  d e s i g n i n g  t h e  e x p e r i m e n t a l  a r r angemen t  f o r  s t u d y i n g  

t h e  H a tom-carbon r e a c t i o n ,  a n  e f f o r t  was made t o  a v o i d  some 

o f  t h e  f e a t u r e s  which  may have  v i t i a t e d  t h e  r e s u l t s  o b t a i n e d  

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

p r o d u c t s ,  r e a c t i o n  between H a toms and O - r i n g s  o r  vacuum 

g r e a s e ,  and r e a c t i o n  between hydrogen i o n s  and c a r b o n .  To 

a t t a i n  t h e s e  g o a l s ,  a low p r e s s u r e  a t o m i c  hydrogen  beam 

ca rbon  r e a c t o r  was c o n s t r u c t e d  u t i l i z i n g  a l i q u i d  he l ium 

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

s c h e m a t i c a l l y  i n  F i g u r e  1. A l l  m a t e r i a l s  used i n  t h e  con- 

L /  

s t r u c t i o n  o f  t h e  r e a c t o r  were e i ther  m e t a l ,  ( c o p p e r ,  b r a s s ,  

Kovar and s t a i n l e s s  s t e e l )  o r  g lass .  Demountable  j o i n t s  were 

s o f t  s o l d e r e d  u s i n g  a n  i n o r g a n i c  f l u x  and a l l  s u r f a c e s  were I 

I 

L‘ a c i d  c l e a n e d  p r i o r  t o  a s sembly .  A m e c h a n i c a l  vacuum pump 
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and o i l  d i f f u s i o n  pump were  used t o  e v a c u a t e  t h e  s y s t e m ,  

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

Hydrogen atoms were formed by t h e r m a l  low p r e s s u r e  
(10-7-10- 5 ) atm. d i s s o c i a t i o n  o f  m o l e c u l a r  hydrogen i n  a 

t u n g s t e n  e f f u s i o n  t u b e .  The  e f f u s i o n  t u b e ,  0.067" O.D. and 

0.030" I.D. was h e a t e d  o v e r  2" o f  i t s  l e n g t h  

t o  a t e m p e r a t u r e  of 2600 -. + 50°K by e l e c t r i c a l  i n d u c t i o n .  

The t e m p e r a t u r e  was measured w i t h  a Leads N o r t h r o p  o p t i c a l  

py romete r  w i t h  e m i s s i v i t y  c o r r e c t i o n s  b e i n g  made. To i n c r e a s e  

t h e  p r o b a b i l i t y  of  e q u i l i b r i u m  b e i n g  a t t a i n e d  w i t h i n  t h e  

t u n g s t e n  e f f u s i o n  t u b e  f o r  t h e  chemica l  r e a c t i o n  H, s g h  2 H ,  
L Temp. 

t h r e e  t u n g s t e n  w i r e s  a b o u t  1" l o n g  and 0.010" d i a m e t e r  were  

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

times. Matheson Resea rch  Grade hydrogen was used i n  t h e  

s t u d y  and was s t o r e d  i n  a g l a s s  vacuum l i n e  p r i o r  t o  u s e .  

The f l o w  r a t e  of hydrogen t o  t h e  e f f u s i o n  t u b e  was c o n t r o l l e d  

by v a r y i n g  t h e  g a s  p r e s s u r e  a c r o s s  a f i x e d  l e a k .  Hydrogen 

f l o w  r a t e s  t o  t h e  e f f u s i o n  t u b e  v a r i e d  from 0.5 t o  9 x 

moles  hour-'. 

hour- '  was used.  

were d e t e r m i n e d  from P.V.T. d a t a  u s i n g  s t a n d a r d  vacuum l i n e  

t e c h n i q u e s .  These  hydrogen f low r a t e s  co r re spond  t o  p r e s s u r e s  

o f  t h e  o r d e r  5 x t o  2 x a tm a t  t h e  lowes t  and 

h i g h e s t  f l o w  r a t e s ,  r e s p e c t i v e l y .  A t  t h e  most commonly used 

hydrogen  f e e d  r a t e  (2 x 

t h e  e f f u s i o n  t u b e  was a p p r o x i m a t e l y  4 x atm. Using  d a t a  

I n  most e x p e r i m e n t s  a r a t e  o f  2 x moles  

The amounts  o f  gas  be ing  f ed  t o  t h e  r e a c t o r  

moles  hour- ')  t h e  p r e s s u r e  i n  

104 



g i v e n  i n  t h e  JANAF T a b l e s ,  ( 1 2 )  i t  may b e  shown t h a t  a t  t h i s  

p r e s s u r e  t h e  r e s u l t i n g  e f f u s a t e  i s  e s s e n t i a l l y  p u r e  atomic 

hydrogen.  A t  t h e  h i g h e s t  e x p e r i m e n t a l l y  used e f f u s i o n  t u b e  

p r e s s u r e  (2  x a tm.)  t h e  e f f u s a t e  was 798% a tomic  hydrogen.  

The c a r b o n  used i n  t h e  H a tom-carbon r e a c t i o n  was 
I 

o b t a i n e d  from t h e  U l t r a  Carbon Corp . ,  Michigan .  I t  had a 

c e r t i f i e d  p u r i t y  o f  99.9995% and a d e n s i t y  o f  1 .72  g .  ~ m . - ~  and 

was i n  t h e  form o f  a s o l i d  c y l i n d e r ,  1" l o n g  x 1" d i a m e t e r .  

I n  t h e  r e a c t o r ,  t h e  ca rbon  was mounted i n  a s t ee l  h o l d e r  on 

t h e  same a x i s  a s  t h e  t u n g s t e n  e f f u s i o n  t u b e  and 2-5/8" from 

i t ,  p r e s e n t i n g  t h e  H a toms w i t h  a f l a t  t a rge t  s u r f a c e  of  

1" d i a m e t e r .  

c a r t r i d g e  h e a t e r s  of 100 w a t t s  e a c h ,  and the t e m p e r a t u r e  

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

A chromel-a lumel  the rmocoup le ,  i n s e r t e d  i n t o  t h e  ca rbon  

t a r g e t  w i t h  t h e  t e m p e r a t u r e  s e n s i n g  j u n c t i o n  a b o u t  1 / 1 6 ' '  

from t h e  r e e c t i o n  f a c e ,  was used t o  measure  t h e  t a r g e t  

t e m p e r a t u r e .  The thermocouple  o u t p u t  was measured a g a i n s t  

t h a t  o f  a n  i c e  j u n c t i o n  u s i n g  a Leeds Nor th rop  p o t e n t i o m e t e r .  

The c a r b o n  t a r g e t ,  was h e a t e d  by f o u r  Waltow 

/ T a r g e t  t e m p e r a t u r e s  were c o n s t a n t  t o  -f 2°C i n  e x p e r i m e n t s  

which u s u a l l y  l a s t e d  ane hour .  A maximum t a r g e t  t e m p e r a t u r e  

o f  a b o u t  1000°C was p o s s i b l e  and p r i o r  t o  u s e  i n  t h e  H atom- 

ca rbon  r e a c t i o n ,  t h e  ca rbon  was o u t g a s s e d  a t  950°C f o r  t h r e e  

I 

I 

I .days under  vacuum. 
I The g lass  l i q u i d  he l ium c o l d  f i n g e r  used  t o  f r e e z e  o u t  
I1 

r e a c t i o n  p r o d u c t s  was a b o u t  2" d i a m e t e r  and had a c a p a c i t y  of 
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1 l i t e r .  To minimize  h e a t  l e a k a g e  i t  was su r rounded  by a 

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

s y s t e m  were s i l v e r e d .  A f t e r  a n  expe r imen t  t h e  c r y o g e n i c  

f l u i d s  were  removed from t h e  c o l d  f i n g e r  and t h e  sys tem 

warmed t o  room t e m p e r a t u r e .  The r e a c t i o n  p r o d u c t s  were t h e n  

removed by a T o e p l e r  pump and t h e i r  t o t a l  volume measured.  

Dur ing  t h i s  p r o c e s s  t h e  t e m p e r a t u r e  o f  t h e  ca rbon  t a r g e t  

was m a i n t a i n e d  a t  200 - + 20°C t o  h e l p  minimize  a d s o r p t i o n  o f  

g a s .  P r o v i s i o n  was made i n  t h e  c o l l e c t i o n  s e c t i o n  o f  t h e  

vacuum l i n e  t o  r a i s e  t h e  p r e s s u r e  of t h e  c o l l e c t e d  sample t o  

s l i g h t l y  above  ambien t .  T h i s  was done t o  h e l p  improve t h e  

r e l i a b i l i t y  o f  t h e  g a s  sampl ing  f o r  ch romatograph ic  a n a l y s i s .  

Gas samples  from t h e  H a tom-carbon r e a c t i o n  were  a n a l y z e d  

on a Var ian-Aerograph  g a s  chromatograph ,  Model 1800. A 

6 f t .  l ong ,1 /4"  d i a m e t e r  s t a i n l e s s  s t e e l  column packed w i t h  

216 grams of a 'Po ropak '  Q s t a t i o n a r y  phase  was used f o r  

s e p a r a t i n g  t h e  v a r i o u s  hydroca rbons .  The column was used 

i s o t h e r m a l l y  (60°C) f o r  t h e  a n a l y s i s  o f  CH4, C2H4 and C2H6. 

F o r  h i g h e r  hydroca rbons  t h e  column t e m p e r a t u r e  was p r o g r a m e d  

a t  10°C m i n - l  f o r  s i x  m i n u t e s  and t h e  column t h e n  k e p t  

i s o t h e r m a l  a t  120°C. With t h i s  ch romatograph ,  t h e  d e t e c t i o n  

o f  10-l' moles  of a s i m p l e  hydrocarbon was a t t a i n a b l e .  

to  e v e r y  a n a l y s i s ,  t h e  c a l i b r a t i o n  o f  t h e  chromatograph  was 

checked  a g a i n s t  i n j e c t i o n s  o f  known volumes o f  methane and 

e t h y l e n e .  I n  a t y p i c a l  e x p e r i m e n t ,  0.15 c c  o f  t h e  c o l l e c t e d  

g a s  f rom t h e  a tomic  hydrogen-carbon r e a c t o r  was i n j e c t e d  

P r i o r  
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r, 

I 

I 

I" 

i n t o  t h e  chromatograph  r e s u l t i n g  i n  hydroca rbon  y i e l d s  of  

t h e  f o l l o w i n g  magn i tude ;  CH4 = 4-18 x 

1 -2  x lo" m o l e s ,  C2H6 = 3-7  x lo" m o l e s ,  C3H6 = 0 . 5  - 2 x 

lo-'' m o l e s ,  and C3H8 = 2-5  x 10-l' moles .  

a c c u r a c y  o f  t h e  measured hydrocarbon y i e l d s  i s  b e l i e v e d  t o  

be a b o u t  2 7%. 

- m o l e s ,  C2H4 - 

The o v e r - a l l  

RESULTS AND DISCUSSION 

O p e r a t i n g  C h a r a c t e r i s t i c s  o f  t h e  R e a c t o r ,  Wi thou t  t h e  Carbon 
T a r g e t  

The r e a c t o r ,  w i t h o u t  t h e  c a r b o n  t a r g e t  i n  p l a c e ,  was 

exposed t o  H a tom a t t a c k  u s i n g  a hydrogen f l o w  r a t e  t o  t h e  

r e a c t o r  o f  -2 x moles  hour-'. The r e s u l t i n g  p r o d u c t  

g a s e s  were a n a l y z e d  c h r o m a t o g r a p h i c a l l y .  The f o l l o w i n g  

s p e c i e s  were  found ;  CH4, C2H4, C2H6,  C3H6, C3H8 and t r a c e s  

o f  b u t a n e s  and b u t e n e s .  These  f i n d i n g s  were s u r p r i s i n g  

. s i n c e  g r e a t  e f f o r t s  were made t o  remove o r g a n i c  m a t e r i a l s  

from a l l  r e a c t o r  s u r f a c e s  p r i o r  t o  a s sembly .  The r e a c t o r  

was d i s a s s e m b l e d  and a l l  s u r f a c e s  i n s p e c t e d  and r e c l e a n e d .  On 

r eas sembly  and s u b j e c t i o n  t o  H atom a t t a c k ,  hydroca rbons  

were a g a i n  produced .  The e f f e c t  o f  e x p o s i n g  t h e  r e a c t o r  t o  

H atom a t t a c k  o v e r  pro longed  p e r i o d s  o f  t i m e  was t h e r e f o r e  

s t u d i e d .  Samples o f  t h e  r e a c t i o n  p r o d u c t s  were  a n a l y z e d  

p e r i o d i c a l l y .  

Data  o b t a i n e d  from t h e s e  e x p e r i m e n t s  a r e  g i v e n  i n  T a b l e  

I. To p e r m i t  compar ison  between d i f f e r e n t  e x p e r i m e n t s ,  

r e a c t i o n  p r o d u c t  y i e l d s  a r e  a l l  quo ted  i n  terms o f  moles  of  
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hydroca rbon  formed p e r  mole o f  m o l e c u l a r  hydrogen f e d  t o  

t h e  r e a c t o r  a t  t h e  s t a t e d  m o l e c u l a r  hydrogen f eed  r a t e  t o  

t h e  r e a c t o r .  

n o t  g i v e n  i n  T a b l e  I s i n c e  t h e i r  amounts were t o o  small  f o r  

m e a n i n g f u l  a n a l y s i s .  I n  F i g u r e  2 t h e  methane y i e l d  a s  a 

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

w i t h  a hydrogen  f eed  r a t e  t o  t h e  r e a c t o r  o f  2 x l o e 5  moles  

hour- ' .  

d e c r e a s e s  q u i t e  markedly  w i t h  t h e  number o f  h o u r s  o f  H atom 

a t t a c k , ( c o n d i t i o n i n g )  and  a f t e r  some 60-80 h o u r s  a p p e a r s  t o  

r e a c h  a c o n s t a n t  minimum. 

C H and C H a l l  showed t h e  same t y p e  o f  b e h a v i o r  a s  methane 

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

t i m e .  A f t e r  some 60-80 h o u r s  a s t a b l e  minimum was a t t a i n e d  

€or  a l l  s p e c i e s .  The r e a c t o r  was d i s a s s e m b l e d ,  i n s p e c t e d ,  

and s u r f a c e s  c l e a n e d  , and r e -a s sembled .  The hydrocarbon 

y i e l d  a s  a f u n c t i o n  o f  H a tom c o n d i t i o n i n g  t ime  was r e - i n v e s t i -  

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

e x p e r i m e n t s ,  a modera te  i n i t i a l  hydrocarbon y i e l d , d e c r e a s i n g  

w i t h  t i m e  a f t e r  some 60-80 h o u r s  t o  t h e  same v a l u e  a s  

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

o f  150 h o u r s  w i t h o u t  a n y  f u r t h e r  change  i n  t h e  hydrocarbon 

y i e l d  o c c u r r i n g .  

Q u a n t i t a t i v e  y i e l d s  f o r  t h e  C4 hydroca rbons  a r e  

I t  i s  a t  once  a p p a r e n t  t h a t  t h e  y i e l d  o f  methane 

The p r o d u c t i o n  o f  C2H4, C2H6,  

3 6  3 8  

I n  T a b l e  I1 t h e  s t a b l e  hydrocarbon y i e l d s  

o b t a i n e d  a f t e r  p ro longed  H atom c o n d i t i o n i n g  of  t h e  r e a c t o ? '  

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

a l l  e f f o r t s  to  m a i n t a i n  reactor  c l e a n l i n e s s ,  t h e  sys tem was 

con tamina ted  w i t h  c a r b o n  o r  o r g a n i c  m a t e r i a l .  

r e l a t i v e l y  l a r g e  p r o d u c t i o n  of hydroca rbons  o b t a i n e d  d i r e c t l y  

a f t e r  a s sembl ing  t h e  r e a c t o r  c o u l d  have  r e s u l t e d  from hydrogen  

atom a t t a c k  on f r e s h l y  a d s o r b e d  ca rbon  s p e c i e s ,  C O ,  C02 and 

p o s s i b l y  some h y d r o c a r b o n s ,  on t h e  i n s i d e  of t h e  r e a c t o r  

a f t e r  exposure  t o  t h e  l a b o r a t o r y  a tmosphe re .  The a p p a r e n t l y  

s m a l l e r  c o n s t a n t  y i e l d  o f  hydroca rbons  o b t a i n e d  a f t e r  pro longed  

hydrogen atom a t t a c k  suggests t h e  p r e s e n c e  of a f a i r l y  l a r g e  

though n o t  p a r t i c u l a r l y  a c c e s s i b l e  s u p p l y  o f  o r g a n i c  mater ia l .  

T h e r e  a r e  two p o s s i b l e  s o u r c e s :  1) c a r b o n  i n  t h e  s t e e l  used 

i n  f a b r i c a t i n g  some p a r t s  of t h e  r e a c t o r ,  and 2 )  o r g a n i c  

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

c o a t i n g  on t h e  l i q u i d  he l ium Dewar. (The l a t t e r  c o a t i n g s  

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

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

t h e  l i q u i d  he l ium dewar d j000  c m 2 ,  a small amount of  t r a p p e d  

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

ma jo r  s o u r c e  of  o r g a n i c  c o n t a m i n a t i o n  i n  t h e  r e a c t o r .  

The i n i t i a l  

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

hydrocarbons  c o u l d  b e  o b t a i n e d  from t h e  r e a c t o r  on hydrogen 

atom a t t a c k ,  a few e x p e r i m e n t s  were t r i e d  i n  which  t h e  hydro-  

gen f eed  r a t e  t o  t h e  r e a c t o r  was v a r i e d  from 0.25-9.75 x 

moles hour- '  and t h e  r e a c t i o n  p r o d u c t s  a n a l y z e d .  

a r e  r eco rded  i n  T a b l e  I .  I n  F i g u r e  3 ,  t h e  methane y i e l d  a s  a 

These  d a t a  



f u n c t i o n  o f  t h e  hydrogen f e e d  r a t e  i s  p r e s e n t e d  based  on 

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

o t h e r  hydroca rbons  and f o f t h i s  r e a s o n  t h e y  a r e  n o t  p r e s e n t e d  

i n d i v i d u a l l y .  From t h e s e  d a t a  i t  a p p e a r s  t h a t  hydrocarbon 

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

f e e d  r a t e ,  i n c r e a s i n g  a t  t h e  lower  f e e d  r a t e s  and d e c r e a s i n g  

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

s e c t i o n ,  o v e r  t h i s  r a n g e  o f  f e e d  ra tes  the  hydrogen  s p e c i e s  

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

w i t h  a t  most a 1 t o  2% v a r i a t i o n  o c c u r r i n g  between t h e  l o w e s t  

and h i g h e s t  f lows. Such  s m a l l  changes  i n  the  H atom concen-  

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

y i e l d  a s  a f u n c t i o n  o f  f e e d  r a t e .  A t  lower  hydrogen  f e e d  

r a t e s ,  H a tom r e c o m b i n a t i o n  r e a c t i o n s  w i l l  o c c u r  a t  a lower  

r a t e  t h a n  a t  h i g h e r  hydrogen  f eed  r a t e s .  I t  i s  p o s s i b l e  t h a t  

t h e  d e c r e a s e d  H atom r e c o m b i n a t i o n  r a t e s  a t  t h e  lower  f e e d  

r a t e s ,  and hence  l o n g e r  H a tom l i f e  t i m e  i n c r e a s e s  t h e  

p r o b a b i l i t y  f o r  H atom s u r f a c e  r e a c t i o n s  p roduc ing  hydro-  

c a r b o n s .  A more d e t a i l e d  s t u d y  o f  t h e  e f f e c t  was n o t  under -  

t a k e n .  

A f e w  expe r imen t s  were t r i e d  t o  d e t e r m i n e  i f  s i g n i f i c a n t  

c r a c k i n g  o f  hydroca rbons  o c c u r r e d  i n  t h e  r e a c t o r  on t h e  h o t  

e f f u s i o n  t u b e .  To t h i s  end s m a l l  q u a n t i t i e s  o f  methane  were 

i n t r o d u c e d  i n t o  the r e a c t o r  and  a l lowed  t o  impinge  on  t h e  

c a r b o n  t a r g e t  b e f o r e  b e i n g  f r o z e n  o u t  on t h e  l i q u i d  he l ium 

c o l d  f i n g e r .  The p r o d u c t s  were s u b s e q u e n t l y  a n a l y z e d .  
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W i t h i n  t h e  s e n s i t i v i t y  o f  t h e  ch romatograph ic  d e t e c t i o n ,  no 

n o t i c a b l e  c r a c k i n g  of  t h e  methane o c c u r r e d .  
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e x p e r i m e n t a l  d e t a i l s  were g i v e n  i n  some o f  t h e s e  s t u d i e s  

t o  i n d i c a t e  t h a t  H a tom a t t a c k  on  O - r i n g s  and vacuum g r e a s e s  

i n  t h e  r e a c t o r  sys tem p r o b a b l y  o c c u r r e d .  

H-A tom- Ca rbon  Reac t  i o n  

The ca rbon  t a r g e t  was p l a c e d  i n  the reactor which  was 

t h e n  c o n d i t i o n e d  t o  H atom a t t a c k  f o r  some 100 h o u r s .  

Exper iments  were t h e n  conducted  t o  d e t e r m i n e  t h e  hydrocarbon 

y i e l d  from t h e  H a tom-carbon r e a c t i o n  a s  a f u n c t i o n  o f  temper-  

a t u r e ,  o v e r  t h e  r a n g e  30"-950°C. Hydrogen f l o w  r a t e s  o f  

2 x moles  hour- '  were used i n  a l l  e x p e r i m e n t s .  The 

f o l l o w i n g  hydroca rbons  were d e t e c t e d ,  CH4, C2H4,  C2H6,  and  

C3H8,  w i t h  p o s s i b l y  m i n u t e  t r a c e s  o f  some C 4  s p e c i e s .  The 

amounts o f  t h e  l a t t e r  were  s imi l a r  t o  t h o s e  d e t e c t e d  i n  t h e  

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

r e l i a b l e  q u a n t i t a t i v e  measurements  were n o t  p o s s i b l e .  

Q u a l i t a t i v e l y ,  C4 hydrocarbon y i e l d s  were e s t i m a t e d  a t  < l o  - 3  

1 1 1  



o f  the methane.  F o r  the C1, C2 and C3 h y d r o c a r b o n s ,  y i e l d s  

f o r  t h e  hydrogen atom r e a c t i o n  w i t h  t h e  c a r b o n  t a r g e t  were  

c a l c u l a t e d  by s u b t r a c t i n g  t h e  background y i e l d  from t h e  t o t a l  

i n  the sample .  T h i s  method o f  c a l c u l a t i n g  t h e  hydrocarbon 

y i e l d  assumes t h a t  t h e  background l eve l  o f  hydroca rbons  i s  

n o t  a f f e c t e d  by t h e  p r e s e n c e  of t h e  compet ing  p r o c e s s  a t  t h e  

ca rbon  t a r g e t .  T h i s  s u b j e c t  w i l l  be  d i s c u s s e d  l a t e r .  

The d a t a  o b t a i n e d  from 25  e x p e r i m e n t s  a r e  shown i n  

T a b l e  111. The hydroca rbon  y i e l d s  a r e  p r e s e n t e d  i n  terms o f  

moles  of hydrocarbon formed p e r  mole o f  m o l e c u l a r  hydrogen 

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

4 ,  5 and 6 t h e  d a t a  a r e  shown g r a p h i c a l l y  f o r  me thane ,  e t h a n e  

and p ropane .  The s c a t t e r  o f  t h e  i n d i v i d u a l  p o i n t s  on  t h e  

methane c u r v e  shown i n  F i g u r e  4 may be  c o n s i d e r e d  a s  a c c e p t a b l e  

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

o f  the  p o i n t s  on t h e  e t h a n e  and propane  c u r v e s  i s  c o n s i d e r a b l y  

/ 

l a r g e r .  The r e a s o n  f o r  the  i n c r e a s e d  s c a t t e r  i n  t h e s e  d a t a  

p o i n t s  i s  n o t  c e r t a i n .  I t  was obse rved  t h a t  y i e l d s  o f  e t h a n e  

and propane  o b t a i n e d  i n  a low t e m p e r a t u r e  expe r imen t  performed 

d i r e c t l y  a f t e r  a h i g h  t e m p e r a t u r e  expe r imen t  appea red  t o  be  

s i g n i f i c a n t l y  h i g h e r  t h a n  t h e  y i e l d  o b t a i n e d  when pe r fo rming  

two low t e m p e r a t u r e  e x p e r i m e n t s  c o n s e c u t i v e l y .  T h i s  b e h a v i o r  

s u g g e s t s  some t y p e  of  h y s t e r e s i s  e f f e c t  i s  o c c u r r i n g  which  

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

d u r i n g  sample  c o l l e c t i o n ,  t h a n  the  methane.  I t  i s  p r o b a b l e  

t h a t  t h e s e  two hydroca rbons  a r e  more s t r o n g l y  adso rbed  by 
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t h e  s u r f a c e s  i n  t h e  r e a c t o r  t h a n  t h e  me thane ,  and t h i s  might  

a c c o u n t  f o r  t h e  r a t h e r  poor  p r e c i s i o n  o f  t h e  d a t a .  Unfo r tun -  

a t e l y  i t  was not  p o s s i b l e  t o  examine t h i s  problem i n  more 

d e t a i l .  

The d a t a  p r e s e n t e d  i n  T a b l e  I11 f o r  y i e l d s  of e t h y l e n e  

and propene  i n  t h e  H a tom-carbon r e a c t i o n  shows i n  many c a s e s  

n e g a t i v e  v a l u e s .  T h i s  s i t u a t i o n  a r i s e s  from t h e  mode o f  

c a l c u l a t i o n s  o f  t h e  y i e l d  which was e x p l a i n e d  e a r l i e r .  The 

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

and p r o p y l e n e  a r e  b e i n g  formed i n  t h e  p r e s e n c e  of  t h e  c a r b o n  

t a r g e t  t han  i n  i t s  a b s e n c e ,  s u g g e s t i n g  t h a t  t h e  i n t e r a c t i o n  

o f  t h e  H a toms w i t h  t h e  ca rbon  t a r g e t  r e d u c e s  t h e  background 

y i e l d  of t h e s e  hydroca rbons .  From t h e  d a t a  p r e s e n t e d  i n  

T a b l e  111 f o r  C2H4 and C3H6,  i t  a p p e a r s  t h a t  t h e i r  r e s p e c t i v e  

y i e l d s  a r e  n o t  n o t i c a b l y  t e m p e r a t u r e  dependen t .  

t h i s  t o  be  t r u e ,  t h e  a v e r a g e  y i e l d  o f  C2H4 = -(0.009 -t 0.039) 

x 

o f  H2 f e d  t o  t h e  r e a c t o r  o v e r  t h e  t e m p e r a t u r e  r a n g e  i n v e s t i -  

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

q u i t e  l a r g e ,  c o n s e q u e n t l y  i t  c a n n o t  be u n e q u i v o c a l l y  s t a t e d  

t h a t  no e t h y l e n e  o r  propene  i s  formed d u r i n g  t h e  H a tom-carbon 

Assuming 

- 
and o f  C3H6 = - (0 .0014 - 4- 0.0035) x moles  p e r  mole 

r e a c t i o n .  However t h e  d a t a  do s u g g e s t  v a l u e s  c lose t o ,  i f  

n o t  z e r o ,  f o r  y i e l d s  of t h e s e  two u n s a t u r a t e d  hydroca rbons .  

tf To add f u r t h e r  c r e d e n c e  t o  t h i s  c o n c l u s i o n ,  a t  the end of t h e  

series o f  expe r imen t s  t h e  c a r b o n  t a r g e t  was removed from t h e  i 



Afte r  some 80 h o u r s  o f  c o n d i t i o n i n g  t h e  y i e l d s  o f  hydroca rbons  

were a l l  found t o  a g r e e ,  w i t h i n  t h e  e x p e r i m e n t a l  e r ro r ,  w i t h  

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

F i n a l l y  i n  F i g u r e  7 a n  A r r h e n i u s  p l o t  o f  t h e . H  a tom-carbon 

r e a c t i o n  d a t a  i s  p r e s e n t e d ,  based on t h e  methane y i e l d s  

g i v e n  i n  T a b l e  111. T h r e e  d i s t i n c t  r e a c t i o n  r e g i o n s  a r e  

i n d i c a t e d .  A l e a s t  squares f i t  on the d a t a  r e s u l t e d  i n  

a c t i v a t i o n  e n e r g i e s  for  the p r o d u c t i o n  of methane o f ,  4.5 2 

\ 

1 

1 . 2  k c a l  mole-', 0.15 - + 0.05 k c a l  mole-' and 0.94 - + 0 .20  

k c a l  mole-'  i n  t h e  h i g h ,  medium and low t e m p e r a t u r e  r e g i o n s  

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

c a l c u l a t e d  from t h e  e x p e r i m e n t a l  d a t a .  No a t t e m p t  was made 

t o  f i t  t h e  d a t a  o b t a i n e d  from t h e  e t h a n e  and propane  y i e l d s  

t o  an A r r h e n i u s  t y p e  c u r v e  d u e  t h e i r  poor  p r e c i s i o n .  

Hydrocarbon P r o d u c t  D i s t r i b u t i o n  

The p r e s e n t  i n v e s t i g a t i o n  h a s  e s t a b l i s h e d  t h a t  t h e  

r e a c t i o n  o f  hydrogen  atoms, a t  a n  i n i t i a l  t e m p e r a t u r e  of  

a b o u t  2600"K, w i t h  a c a r b o n  s u r f a c e  a t  a p p r o x i m a t e l y  30°C 

p r o d u c e s  t h e  f o l l o w i n g  s a t u r a t e d  hydroca rbons ,  CH@l mole % 

C2H6~8 .6  mole % and C H 0.4 mole %. 

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

s t u d i e d .  The re  is a p o s s i b i l i t y  t h a t  v e r y  minor  amounts 

of C2H4, C3H6 and C4 s p e c i e s  may a l s o  be formed.  

s t u d i e s  o n  t he  atomic hydrogen-carbon r e a c t i o n ,  Wood and Wise(9)  

(1969)  r e p o r t e d  hydroca rbon  y i e l d s  o f  CH4&1% w i t h  C 2  t h rough  

CgM9%; H a r r i s  and T i c k n e r  (2 )  (1947)  have  r e p o r t e d  CH4,91% and 

i 

1 

These  r a t i o s  d o  n o t  3 8" 

i 
I n  e a r l i e r  

I( 
3 
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C2 t h rough  CgC"9%. 

d i s c h a r g e s  were used t o  produce  hydrogen a toms.  I n  t h e  

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

i n d i c a t e  t h a t  i o n i c  s p e c i e s  from t h e  e l ec t r i c  d i s c h a r g e  p r o b a b l y  

d i d  not  t a k e  p a r t  i n  t h e  r e a c t i o n .  The p o s s i b i l i t y  t h a t  some 

H atom a t t a c k  on O- r ings  i n  t h e  sys t em o c c u r r e d  canno t  be 

r u l e d  o u t .  The r e p o r t e d  p r e s e n c e ,  though presumably  s m a l l ,  

o f  hydrocarbons  i n  t h e  C4 t h r o u g h  C8 r a n g e  

t h e  r e s u l t s  o b t a i n e d  i n  t h i s  s t u d y ,  t h a t  H a tom a t t a c k  on 

some m a t e r i a l  o t h e r  t h a n  t h e  c a r b o n  t a r g e t  o c c u r r e d .  Lack of 

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

v a l i d i t y  o f  t h e  r e s u l t s  o b t a i n e d  i n  t h e  H a r r i s  and T i c k n e r  

s t u d y  t o  be made. I n  t h e  s t u d y  by G i l l ,  Toomey and Moser ( 7 )  

(1967)  l o w  p r e s s u r e  t h e r m a l l y  produced hydrogen  atoms r e a c t -  

i n g  w i t h  v a r i o u s  c a r b o n s  were r e p o r t e d  t o  produce  methane 

y i e l d s  from 89.4 t o  49.8%, w i t h  h i g h e r  h y d r o e a r b i n s ,  C2-C4 

I n  b o t h  t h e s e  s t u d i e s  low p r e s s u r e  e l e c t r i c  

s u g g e s t s ,  based on 

making up t h e  b a l a n c e .  I n  t h i s  s t u d y  hydrogen atom a t t a c k  

on o r g a n i c  m a t e r i a l  w i t h i n  t h e  r e a c t i o n  v e s s e l  undoub ted ly  

o c c u r r e d ,  and t h e s e  r e s u l t s  must  t h e r e f o r e  be  d i s c o u n t e d .  

I t  i s  n o t  p o s s i b l e  t o  compare t h e  v a l u e s  o b t a i n e d  f o r  t h e  

r e l a t i v e  y i e l d s  o f  t h e  i n d i v i d u a l  h i g h e r  hydroca rbons  d e t e r -  

mined i n  t h i s  s t u d y , w i t h  t h o s e  o f  e a r l i e r  i n v e s t i g a t i o n s ,  

s i n c e  e i t h e r  no s p e c i f i c  d a t a  were g i v e n ,  or i n  t h o s e  

c a s e s  where t h e y  were ( 9 ) ,  t h e  e x p e r i m e n t a l  p r o c e d u r e s  were 

i 
I 

\ 
i o b v i o u s l y  u n r e l i a b l e .  
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I t  has  been s u g g e s t e d  t h a t  CH4 i s  t h e  pr imary  

p r o d u c t  i n  t h e  H a tom-ca rbon  r e a c t i o n  and t h a t  h i g h e r  

hydroca rbons  a r e  t h e  r e s u l t  o f  s econdary  p r o c e s s e s .  The l a t t e r  

c o u l d  be  s u r f a c e  or g a s  p h a s e  i n t e r a c t i o n s  between H atoms and 

CH4 o r  be tween r a d i c a l  s p e c i e s ,  C H 3 ,  CH2 o r  CH. 

i n v e s t i g a t i o n ,  s i g n i f i c a n t  q u a n t i t i e s  o f  bo th  C2H6 and C3H8 

were formed i n  a d d i t i o n  t o  CH and a l t h o u g h  t h e  ' exper imenta l  4 '  
c o n d i t i o n s  p r o b a b l y  e l i m i n a t e d  secondary  g a s  phase  r e a c t i o n s ,  

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

The p o s s i b l e  p r i m a r y  o r  s e c o n d a r y  n a t u r e  o f  C2H6 and C 3 H g  

i n  t h e  H a tom-carbon r e a c t i o n  c a n n o t  be  de t e rmined  f r m  d d t a  

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

f o r  5 0 t h  C2H6 and C H 3 8  4 '  
r e a c t i o n  s t u d i e s  made w i t h  d i f f e r e n t  H atom f l u x  r a t e s ,  

more d e f i n i t e  c o n c l u s i o n s  w i t h  r e s p e c t  t o  t h i s  q u e s t i o n  r3Fg;nt 

h a v e  been o b t a i n e d .  F u r t h e r  c l a r i f i c a t i o n  of  t h i s  p n i i t  

c o u l d  p r o b a b l y  a l s o  have been d e r i v e d  frorn e l e c t r g n  s p i n  

r e s o n a n c e  and m a t r i x  i s o l a t i o n  i n v e s t i g a t i o n s  

I n  t h e  p r e s e n t  

been  coinparable  t o  t h a t  f o r  CH sild 

The f i n d i n g  t h a t  methane compr i se s  91Z o f  t h e  t c c a i  

hydroca rbon  y i e l d  i n  t h e  H a tom-carbon r e a c t i o n  i n  t h i s  

s t u d y  and t h o s e  o f  Wise ( 9 )  and H a r r i s  ( 2 )  i s  i n t e r e s t i i g  

i n  t h a t  d i f f e r e n t  r eac t ion  c o n d i t i o n s  were u s e d .  In t h i s  

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

i n g  w i t h  t h e  ca rbon  t a r g e t  was 2600"K, whereas  i n  t h e  e a r l i e r  

s t u d i e s  hydrogen atom t e m p e r a t u r e s  i n  t h e  r a n g e  300' - 373'K 

were used .  D e s p i t e  t h e s e  d i f f e r e n c e s  t h e  r e l a t i v e  y i e l d  of 
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o f  mechane w i t h  r e s p e c t  t o  t h e  o t h e r  hydrocarbons remained 

unchanged, implying t h a t  t h e  f a c t o r s  r e s p o n s i b l e  f o r  t h e  

observed product d i s t r i b u t i o n  a r e  independent of  t h e  H atom 

temperature .  Su r face  c o n t r o l l e d  phenomena appear  t o  be domi- 

nan t .  The e f f e c t i v e  hydrogen atom p r e s s u r e  a t  t h e  carbon 

t a r g e t  i n  t h i s  s tudy  was a t  l e a s t  a f a c t o r  of l o 3  lower than 

t h a t  used by Wise ( 9 )  and H a r r i s  (2 ) .  I f  gas  phase r e a c t i o n s  

were important i n  de te rmining  t h e  product  d i s t r i b u t i o n  a 

n o t i c e a b l e  v a r i a t i o n  between t h e  d i f f e r e n t  i n v e s t i g a t i o n s  

might be expected. That t h i s  was no t  t h e  c a s e  aga in  sugges t s  

t h a t  t he  carbon s u r f a c e  r e a c t i o n s  l a r g e l y  c o n t r o l  t h e  product  

d i s  t r i but i o n .  

H Atom-Carbon React ion a s  a Funct ion of  Temperature 

The i n v e s t i g a t i o n  of  t h e  hydrogen atom-carbon r e a c t i o n  

a s  a func t ion  of temperature  was followed by measuring 

hydrocarbon y i e l d s  ove r  t h e  tempera ture  range 300- 1220°K. 

The bes t  da t a  were obta ined  f o r  methane and showed t h a t  the 

r e a c t i m  r a t e  i nc reased  cont inuous ly  w i t h  temperature  ove r  

t h e  e n t i r e  range.  S i m i l a r  t r e n d s  were found f o r  e thane  

and propane. I n  two e a r l i e r  s t u d i e s  a maximum i n  t h e  

r e a c t i o n  r a t e  a t  about 720°K ( 9 )  and 820°K (8) was r e p o r t e d .  

The former s tudy  was based on t h e  carbon removal r a t e  a f t e r  

H atom a t t a c k ,  whi le  i n  t h e  l a t t e r ,  t h e  methane y i e l d  was 

used a s  t h e  r a t e  i n d i c a t o r .  These r e s u l t s  a r e  i n  obvious 

disagreement w i t h  t h o s e  obta ined  i n  t h i s  s t u d y .  The maximum 

was j u s t i f i e d  i n  terms o f  t h e  thermodynamic i n s t a b i l i t y  o f  

I 
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methane a t  abou t  850°K ( 8 , 9 )  a t  which tempera ture  i t s  f r e e  

energy o f  formation changes from nega t ive  t o  p o s i t i v e .  

These arguements must be regarded a s  spec ious  s i n c e  t h e  

thermodynamic i n s t a b i l i t y  p red ic t ed  f o r  methane a t  850°K 

r e q u i r e s  H2 and CH 

be i n  i t s  s t anda rd  s t a t e ,  w i t h  a s t a t e  of thermodynamic 

equ i l ib r ium e x i s t i n g  between t h e  t h r e e  s p e c i e s .  Obviously 

i n  t h e  H atom-carbon r e a c t i o n ,  t h e s e  c r i t e r i a  f o r  t h e  

a p p l i c a t i o n  of  thermodynamic reasoning  do n o t  a p p l y ,  and i n  

f a c t ,  t h e  c o n d i t i o n s  a r e  d e l i b e r a t e l y  chosen so t h a t  t h e  

r e s u l t s  a r e  k i n e t i c a l l y  c o n t r o l l e d .  I f  thermodynamic reason-  

i ng  i n  any form could be a p p l i e d  t o  the  r e a c t i o n ,  and hdve 

any meaning, t h e  system 4 H  + C = C H 4  should have been c t lns ide-  

r ed .  I t  i s  e a s i l y  de te rmined  t h a t  f o r  t h i s  p rocess  t h e  

r e a c t i o n  a t  850°K has  a f r e e  energy changes of  ahcut  -160  k i d L .  

Simply,  a maximum i n  the  H atom-carbon r e a c t i o n  r a t e  cc!m<.t 

be j u s t i f i e d  on a thermodynamic b a s i s .  I t  i s  p robab le  t h a t  

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

p roduc t s  on t h e  h igh  tempera ture  carbon t a r g e t  was r e s p o n s i b l e  

f o r  t h e  observed maximum product  y i e l d  tempera ture .  19 the  

expe r imen ta l  des ign  used i n  t h e  p r e s e n t  s tudy  p y r o l y s i s  v f  

t h i s  type  was kep t  t o  a minimum by v i r t u e  of  t h e  h igh  pumping 

r a t e  o f  t h e  l i q u i d  he l ium co ld  f i n g e r .  

t o  b e  a t  u n i t  f u g a c i t y  and f o r  carbon t o  4 

From t h e  Arrhenius  p l o t  o f  t h e  exper imenta l  d a t a  f a r  

methane shown i n  F i g u r e  7 ,  t h r e e  f a i r l y  w e l l  de f ined  d i f f e r e n t  

r e a c t i o n  regimes were found;  300 to  500"K, E = 0.94  2 0.20 
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k c a l  mole-', 500 t o  1,00O"K, Ea = 0.15 - + 0.05 k c a l  mole-' 

and 1,000 t o  1,200°K, Ea = 4.50 5 1.20 k c a l  mole-'. It 

should be noted t h a t  t h e  d a t a  shown i n  F i g u r e  7 must be 

considered a s  a pseudo-Arrhenius p l o t  s i n c e  t h e  temperatures  

of t h e  H atoms and t h e  carbon t a r g e t  were cons iderably  

d i f f e r e n t  from each o t h e r ,  whereas t h e  s imple r e a c t i o n  r a t e  

t h e o r y  assumes equa l  temperatures  f o r  a l l  r e a c t a n t s .  

J u s t i f i c a t i o n  f o r  t h e  occurrence of  t h r e e  d i f f e r e n t  r e a c t i o n  

r a t e  r eg ions  might be p o s s i b l e  i f  d a t a  were a v a i l a b l e  o n  t h e  

a d s o r p t i o n  c h a r a c t e r i s t i c s  o f  H atoms on a carbon s u r f a c e ;  

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

c h a r a c t e r i s t i c s  o f  molecular  hydrogen o n  carbon ( l 3 , 1 4 )  a r e  

known. Below 1 0 0 ° K  hydrogen i s  p h y s i c a l l y  adsorbed;  between 

100 and 550"K, i t  i s  on ly  v e r y  weakly adso rbed ;  between 550 

and 950"K, slow changes i n  t h e  a d s o r p t i o n  c h a r a c t e r i s t i c s  

occur  and above 950°K s t r o n g  a d s o r p t i o n  o c c u r s  w i t h  t h e  

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

m50 k c a l  mole-' was obta ined  i n d i c a t i n g  s t r o n g  chemisorpt ion 

i r :  t h i s  l a t t e r  r eg ion .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  

t h r e e  d i f f e r e n t  temperature  r e g i o n s  f o r  t h e  a d s o r p t i o n  of  

molecular  hydrogen on carbon roughly p a r a l l e l  t h e  t h r e e  

d i f f e r e n t  r e a c t i o n  r a t e  tempera ture  regimes f o r  t h e  atomic 

hydrogen-carbon r e a c t i o n .  It  appea r s  h i g h l y  probable  t h a t  

above 1,000"K t h e  r a p i d  chemisorpt ion of molecular  hydrogen 

and p o s s i b l y  atomic H could be r e s p o n s i b l e  f o r  t h e  inc reased  

r e a c t i o n  r a t e  observed i n  t h i s  r eg ion .  
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Although a c t i v a t i o n  e n e r g i e s  f o r  t h e  H atom-carbon 

r e a c t i o n  have been r e p o r t e d  ( 6 , 9 ) ,  t h e  va lues  were based on 

t h e  r a t e  o f  carbon removal,  no t  on the  y i e l d  of methane a s  

i n  t h i s  s tudy .  S ince  e t h a n e  and propane a r e  produced i n  

s i g n i f i c a n t  q u a n t i t i e s  i n  a d d i t i o n  t o  t h e  methane, t he  two 

s e t s  of a c t i v a t i o n  e n e r g i e s  a r e  n o t  s t r i c t l y  comparable. 

However, i n  t h i s  s tudy  t h e  y i e l d  of  bo th  e thane  and propane 

fol lowed s i m i l a r  t r ends  w i t h  temperature  a s  t h a t  of methane, 

and i t  i s  p o s s i b l e  t h a t  t h e  a c t i v a t i o n  ene rg ie s  based on 

methane y i e l d s  and carbon removal r a t e s  a r e  not too d i f f e r e n t .  

Wise ( 6 )  has r epor t ed  a c t i v a t i o n  e n e r g i e s  based on carbon 

removal r a t e s  of 9.2 and 7.1 k c a l  mole-', i n  t h e  temperature  

range  365 t o  500"K, and 5.15 k c a l  mole-' i n  t h e  450-715°K 

reg ion .  These va lues  a r e  a l l  cons ide rab ly  l a r g e r  than those  

obta ined  i n  t h i s  s tudy .  Hydrogen atom tempera tures  below 

370'K were used i n  t h e  carbon removal r a t e  method of d e t e r -  

mining a c t i v a t i o n  e n e r g i e s , ( 6 , 9 )  w h i l s t  i n  t h i s  s tudy  

hydrogen atom tempera tures  of  2600°K were used. The l a t t e r  

have a thermal  energy ( t r a n s l a t i o n a l )  =5 k c a l  mole-' whereas 

t h e  former have about  0.7 k c a l s  mole-'. 

atom t r a n s l a t i o n a l  energy i s  impor tan t  e n e r g e t i c a l l y  i n  t h e  

H atom-carbon r e a c t i o n ,  t hen  the  a c t i v a t i o n  e n e r g i e s  

obta ined  i n  t h i s  s tudy  should  be increased  by about  4 k c a l  

mole-' t o  be comparable w i t h  those  of t h e  e a r l i e r  s t u d i e s .  

I f  t h e  hydrogen 

Th i s  improves somewhat t he  agreement between t h e  two d i f f e r e n t  

s e t s  of exper imenta l  a c t i v a t i o n  e n e r g i e s .  
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Hydroqen Atom-Hydrocarbon Conversion E f f i c i e n c y  

The d a t a  obtained i n  t h e  p r e s e n t  s t u d y  a l low some l i m i t s  

t o  be placed on t h e  e f f i c i e n c y  w i t h  which hydrocarbons a r e  

produced i n  t h e  H atom-carbon r e a c t i o n .  I n  t h e  fol lowing 

c a l c u l a t i o n s  i t  i s  assumed t h a t  a l l  hydrogen f e d  t o  t h e  

r e a c t o r  l e a v e s  t h e  e f f u s i o n  tube  e n t i r e l y  a s  atoms. From 

d a t a  i n  Table  I11 c a l c u l a t i o n s  shows t h a t  1 mole of hydrogen 

atoms formed i n  t h e  r e a c t o r  r e s u l t  i n  t h e  product ion  of about  

1 .25  x 

7.5 x 

hydrogen atoms e f f u s i n g  i n t o  t h e  r e a c t o r  can p o t e n t i a l l y  

r e a c t  w i t h  t h e  carbon t a r g e t  t o  produce hydrocarbons then 

0.6%, 0.07% and 0.06% o f  t h e  atoms a r e  u t i l i z e d  t o  form 

r e s p e c t i v e l y  CH4, C2H6 and C3H8. These f i g u r e s  imply t h a t  

one out  of every 140 hydrogen atoms e n t e r i n g  t h e  system i s  

involved i n  t h e  forma t i o n  of hydrocarbons.  

i 

moles of C H ~ ,  1.2 x 

moles of C3B8 a t  30°C. 

moles o f  C ~ H ~  and 

I f  it i s  assumed t h a t  a l l  

Of c o u r s e ,  not a l l  of t h e  hydrogen atoms formed i n  

t h e  r e a c t o r  have an o p p o r t u n i t y  t o  i n t e r a c t  w i t h  t h e  carbon 

t a r g e t .  Using molecular  beam p r o p e r t i e s  and t h e  geometry of  

t h e  r e a c t o r  system, (15,16,17 & 18) i t  may be  shown t h a t  

between 60-70% of a l l  atoms l eav ing  t h e  e f f u s i o n  tube w i l l  

i n t e r a c t  d i r e c t l y  w i t h  t h e  carbon t a r g e t .  It i s  p o s s i b l e  

t h a t  some H atoms i n t e r a c t  w i t h  t h e  carbon t a r g e t  a f t e r  

undergoing r e a c t o r  w a l l  c o l l i s i o n s .  The number o f  such 

secondary t a r g e t  c o l l i s i o n s  i s  l i k e l y  t o  be s m a l l  s i n c e  t h e  
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t a r g e t  s u r f a c e  a r e a  << t han  t h e  t o t a l  i n t e r n a l  s u r f a c e  a r e a  

of t h e  r e a c t o r .  Assuming t h a t  on ly  t h o s e  H atoms i n t e r a c t i n g  

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

l i k e l y  t o  produce hydrocarbons,  t h e  f r a c t i o n  o f  a tomic 

hydrogen c o l l i s i o n  l e a d i n g  t o  CH4, C2HgY and C H 

l a t e d  a t  approximately 1.0%, 0.1% and 0.1% r e s p e c t i v e l y .  

These numbers imply t h a t  about  one o u t  of  e i g h t y  t h r e e  

H atoms c o l l i d i n g  w i t h  the t a r g e t  produces hydrocarbons.  

A t  about  950°C, t h e  hydrocarbon y i e l d  v a l u e s  a r e  i n c r e a s e d  

by about  a f a c t o r  of  t h r e e  and hence t h e  c o l l i s i o n  e f f i c i e n c y  

i s  ca l cu -  3 8  

of H a t o m s t o  produce hydrocarbons becomes about  one o u t  o f  

twenty e i g h t  H atoms. 

I t  i s  no t  p o s s i b l e  t o  compare d i r e c t l y  t h e  H atom-hydro- 

carbon conversion e f f i c i e n c i e s  ob ta ined  i n  t h i s  s tudy  w i t h  

t h o s e  o f  o t h e r  workers ,  s i n c e  t h e  d a t a  a r e  e i t h e r  n o t  r e p o r t e d ,  

o r  t h e  experimental  c o n d i t i o n s  a r e  n o t  analogous t o  t h o s e  

used i n  t h e  p r e s e n t  s t u d y .  I n  two s t u d i e s  ( 9 , l l ) , w h e r e  t h e  

l a t t e r  c o n d i t i o n  h o l d s ,  H atom conversion e f f i c i e n c i e s  were 

r e p o r t e d  of between one and t w o  o r d e r s  of magnitude lower 

than  obta ined  i n  t h i s  i n v e s t i g a t i o n .  I t  appea r s  probable  

t h a t  t h e  h igher  hydrogen p r e s s u r e s  used i n  the  e a r l i e r  

s t u d i e s ,  r e s u l t e d  i n  exper imenta l  c o n d i t i o n s  i n  which H atom 

recombinat ion r a t e s  were s u b s t a n t i a l l y  g r e a t e r . t h a n  i n  t h e  

p r e s e n t  s t u d y  w i t h  t h e  cor responding  d imuni t ion  i n  hydro- 

carbon forming p r o c e s s e s .  
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4 

V 

CONCLUSIONS 

1. The r e a c t i o n  of atomic hydrogen w i t h  carbon a t  30°C 

r e s u l t s  i n  t h e  product ion of  CH4=91%, 

0.6%.,  The formation of C2H4,  C3H6 and C 

r e a c t i o n  i s  ze ro  o r  c l o s e  t o  z e r o .  

2. About 1.2% of t h e  atomic hydrogen i n t e r a c t i n g  wi th  t h e  

C2H6~8.4%, and C3H8* 

4 s p e c i e s  i n  t h e  

carbon t a r g e t  i s  converted t o  hydrocarbonsa t  30°C. A t  950°C 

t h i s  f r a c t i o n  i n c r e a s e s  t o  about  3.6%. 

3. Over t h e  temperature  range 30-950°C t h e  hydrocarbon 

product  d i s t r i b u t i o n  remains e s s e n t i a l l y  unchanged 

4.  Previous r e p o r t s  of  a maximum i n  t h e  hydrocarbon y i e l d  at: 

720-820°K were not  s u b s t a n t i a t e d .  The previous ly  r e p o r t e d  

maximum i s  bel ieved t o  be a f u n c t i o n  o f  t h e  exper imenta l  

arrangements .  

5 .  The H atom-carbon r e a c t i o n  r a t e  t o  produce methdrle has 

t h r e e  d i s t i n c t  phases.  A c t i v a t i o n  e n e r g i e s  were determined.  

300 t o  500"K,Ea = 0.94 - f 0.20 k c a l  mole-'; 500 t o  LOOO"K,  

Ea = 0.15 - t 0.05 kca l  mole-'; and 1000 t o  1200"K, Ea = 4 .5  

- -t 1 . 2  k c a l  mole-'. 
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TABLE I1 

HYDROCARBON YIELD AFTER CONDITIONING THE REACTOR FOR A 
PROLONGED PERIOD OF TIME (580 HOYRS) AT A H P R O G E N  FEED 

RATE OF 2 x 10‘ MOLES/HR’ 

Hvdrocarbon Moles of Hydrocarbon per Mole of 
H, Fed t o  the Reactor 

cH4 

‘2 H4 

‘2 H6 

‘3 H6 

‘SH8 

(a) 
(1.6910.21) x 

(1.18i0.27) x 

(1.42i0.20) x 

(7.5 i 1.6) x 

(2.55*0.34) x 10’’ 

(a) Reported error l i m i t s  are t h e  standard deviations of the 
observed experimental values.  

1 2 6  
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