
C H A PT E R  III
EXPERIMENTAL SECTION

3.1 Materials

In th is  w o rk , th e  grap h ite  la b e led  as M icro  8 5 0  w a s  o b ta in ed  from  
A sb u ry  G rap h ite  M ills . T h e  M icro  8 5 0  grap h ite  w a s  h ig h ly  g ra p h itic , o f  h ig h  
p u rity , and w a s  o f  u n ifo rm  d isk -sh a p ed  s iz e s . T h e  p ro p ertie s  o f  su ch  grap h ite  
sa m p le  are illu stra ted  in T a b le  1. N itr ic  o x id e  (N O ) u sed  for g a s if ic a t io n  
rea ctio n  w a s  in a p u rity  o f  9 9 .5 %  and w a s  su p p lied  b y  In tergas C o ., Ltd. 
N itro u s o x id e  ( N 20 )  u se d  for g a s if ic a t io n  rea c tio n  w a s  o f  9 9 .5 %  purity . 
H e liu m  u sed  as d ilu en t and carrier gas for ga s ch ro m a to g ra p h s (G C ) w a s  in  an 
ultra h ig h  p u rity  o f  9 9 .9 9 9 % . T h e  tw o  latter g a se s  w e r e  o b ta in ed  fro m  T hai 
Industria l G a se s  P u b lic  C o ., Ltd.

T a b le  3.1 P h y s ic a l p ro p erties  o f  M icro  8 5 0  grap h ite  sa m p le  u sed .

P roperty V a lu e
B E T *, n r /g 15.5
A v e r a g e  diam eter*, p m 4 .0 0
A v e r a g e  th ickness** , p m 0 .0 6

B a sa l p la n e  su r fa ce  area*’ , m 2/g 1 5 .0 5

E d g e  p la n e  su rfa ce  area**, m 2/g 0 .4 5

* th e se  v a lu e s  are o b ta in ed  from  th e m an u factu rer. 
** th ese  v a lu e s  are o b ta in ed  from  ca lcu la tio n .
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3.2 Experimental Apparatus

T h e  apparatus for stu d y in g  th e  in tr in sic  k in e t ic s  o f  g ra p h ite  
g a s if ic a t io n  in  N O  and N 20  is  s c h e m a tic a lly  sh o w n  in F ig u re  3 .1 . T h e  
ex p e r im e n ta l sy s te m  is d iv id e d  in to  4  parts: a g a s m ix in g  s e c t io n , an o x y g e n  
r e m o v a l u n it, a T G A  reactor, and a g a s a n a ly s is  s e c t io n .

3 .2 .1  G a s M ix in g  S e c tio n
N O , N 20 ,  and H e  w e r e  su p p lied  from  c y lin d e r s . F or e a c h  c y lin d e r , a 

reg u la to r  w a s  in sta lled  to  co n tro l th e  d e liv e r y  p ressu re  o f  g a s . A  tw o -s ta g e  
s ta in le s s -s te e l  regu la tor  w ith  C G A  3 3 0  c o n n e c t io n  w a s  u se d  for  a N O  
cy lin d e r . A  b rass regu la tor  w ith  C G A  3 2 6  c o n n e c t io n  w a s  u se d  for a N 20  
cy lin d e r . A  b rass regu la tor  w ith  C G A  5 8 0  c o n n e c t io n  w a s  u se d  for a H e  
cy lin d e r . T h e  o p era tin g  p ressu res  o f  a ll g a se s  w e r e  d e s ig n a te d  at 3 0  p s ia . In 
ord er  to  p rev en t s id e  rea c tio n s , m o istu re  and o x y g e n  as im p u rity  in  th e  H e  ga s  
w e r e  r e m o v e d  b y  in s ta llin g  a m o istu re  trap and an o x y g e n  trap, r e s p e c t iv e ly ,  
in lin e .

E a ch  g a s  w a s  p a sse d  th rou gh  a N U P R O  7 m icro n  filte r  to  r e m o v e  
co n ta m in a n ts . T h e  f lo w  rates o f  ea ch  stream  w e r e  c o n tr o lle d  b y  S id e -T ra k  
M o d e l 8 4 0  m a ss  f lo w  co n tro llers . E ith er  N O  or N 20  w a s  h o m o g e n e o u s ly  
m ix e d  w ith  H e  in a m ix in g  ch am b er. N e x t ,  res id u a l o x y g e n  as im p u r ity , w h ic h  
c o n ta m in a te s  th e  reactan t g a s , w o u ld  b e  d isp o se d  b y  an  o x y g e n  r e m o v a l u n it.

3 .2 .2  O x y g e n  R e m o v a l U n it
T h e  reactan t ga s h a v in g  a res id u a l a m o u n t o f  o x y g e n  a s a c o n ta m in a n t  

w a s  p a sse d  to  a s ta in le s s  s te e l  reactor h a v in g  a d ia m eter  o f  0 .5  in c h  w h ic h  w a s  
p a c k e d  w ith  an a m o u n t o f  c o p p er  f la k e s  in  ord er to  r e m o v e  su c h  re s id u a l 
o x y g e n . T h e  o x id a tio n  tem p eratu re  o f  c o m m e r c ia l co p p e r  w a s  5 5 0  °c. T o  
en su re  that th e  resid u a l o x y g e n  w a s  c o m p le te ly  r e m o v e d , th e  o x y g e n  
c o n c e n tr a tio n  had b e e n  a n a ly z e d  b y  G C . T h e  f lo w  rate o f  g a s  w a s  c o n tr o lle d



- f f l - regulator
- O moisture trap

- m - oxygen trap
Î pressure gauge

JL - mass flow controller
-ฬ- ball valve
-tt- filter 7 micron

—n— check valve
J " rotameter

three-way connector
- o mixing chamber

three-way valve
X needle valve

four-way connector

F ig u r e  3 .1 S c h e m a tic  d ia g ra m  o f  th e  e x p e r im e n ta l ap p aratu s u se d .
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by a ro ta m eter  prior to  p a ss in g  th rou gh  a G C . T h en , th e  reactan t g a s  w a s  fed  
in to  a T G A  reactor.

3 .2 .3  T G A  R ea cto r
T h e  apparatus u sed  for  m ea su r in g  grap h ite  g a s if ic a t io n  rate in  N O  or 

N 20  w a s  a 2 9 5 0  D u  P on t T h erm o g ra v im etr ic  a n a ly z e r  (T G A ), o f  w h ic h  
se n s it iv ity  w a s  0.1 fig , as r e v e a le d  in F ig u re  3 .2 . It m ea su red  th e  a m o u n t and  
rate o f  w e ig h t  c h a n g e  in grap h ite  w h e n  rea ctio n  o ccu rred  in  a c o n tr o lle d  
a tm o sp h ere .

H E A T E R  P O W E R

F igu re  3 .2  T h e  parts o f  the T G A  2 9 5 0  M o d u le  (D u  P on t C o m p a n y , 1 9 9 0 ) .

3 .2 .4  G as A n a ly s is  S e c t io n
T h e  p rod u ct g a se s  w e r e  w ith d ra w n  from  the T G A  reactor  an d  d iv id e d  

in to  tw o  strea m s -  o n e  stream  w a s  c o n tin u o u s ly  fed  th ro u g h  a H e w le t t  P ackard  
5 8 9 0  se r ie s  II gas ch ro m a to g ra p h  c o m p r ised  o f  a th erm al c o n d u c t iv ity  d e tec to r  
(T C D ). T h e  o th er stream  w a s  p r o g r e ss iv e ly  p a ssed  th ro u g h  a F I S O N S  8 0 0 0  
ser ie s  g a s  ch ro m a to g ra p h  eq u ip p ed  w ith  a T C D  as w e ll .
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E ach  o f  th e  ch ro m a to g ra p h s u sed  for th e g a s  a n a ly s is  p o s s e s s e d  its 
c o lu m n  and c o n d it io n  as fo llo w s:

1. T h e  H e w le tt  P ackard  5 8 9 0  se r ie s  II G C  w a s  in sta lled  w ith  a P orap ak  
Q  c o lu m n  for th e a n a ly s is  o f  C 0 2 and N 20 .  T h e  c o n d it io n s  u se d  in c lu d e  in th e  
fo llo w in g :

-T h e  c o lu m n  tem p eratu re w a s  op era ted  iso th e r m a lly  at 55  ° c .
-T h e  d e tec to r  tem p eratu re w a s  u sed  at 180  °c.
-T h e  in jec to r  tem p eratu re w a s  co n sta n t at 120  °c.
-T h e  h e liu m  f lo w  rate w a s  25  m l/m in .
2 . T h e  F IS O N S  8 0 0 0  se r ie s  G C  w a s  eq u ip p ed  w ith  a m o le c u la r  s ie v e  

13 c o lu m n  for th e a n a ly s is  o f  N 2 and N O . T h e fo l lo w in g s  are th e  c o n d it io n s  
u sed  for th e  a n a ly s is  o f  gas.

-T h e  c o lu m n  tem p eratu re w a s  m a in ta in ed  iso th e r m a lly  at 3 0  °c.
-T h e  d e te c to r  tem p eratu re  w a s  e m p lo y e d  at 140  °c.
-T h e  In jecto r  tem p eratu re w a s  s to o d  at 160 ๐c .
-T h e  f lo w  rate o f  h e liu m  gas u sed  as carrier g a s  w a s  2 5  m l/m in .

3.3 Experimental Procedure

T h e m ea su rem en ts  o f  r ea c tiv ity  o f  th e  g ra p h ite  w e r e  p er fo rm ed  in th e  
T G A  reactor as d escr ib ed  p r e v io u s ly . F or th e  stu d y  o f  ca rb o n -n itr ic  o x id e  
rea c tio n  th e g ra p h ite  sa m p le  w a s  w e ig h e d  in an a c cu ra cy  w e ig h t  o f  5 m g  w h ile  
in  that o f  7 m g  for the stu d y  o f  ca rb o n -n itro u s o x id e . T h e  a c c u r a te ly  w e ig h e d  
g ra p h ite  in  th e sa m p le  pan  w a s  su sp en d ed  in the h ea ted  z o n e  o f  th e  T G A . and  
the tem p eratu re  in th e v ic in ity  o f  th e sa m p le  w a s  m e a su r e d  b y  the  
th e r m o c o u p le  as d e p ic te d  a b o v e .

P rior to  e a c h  run, th e  grap h ite  sa m p le  w a s  d e g a s se d  at 120 °c in H e  for  
2 h o u rs in order to  re m o v e  th e  p h y s ic a lly  a d so rb ed  g a se s  and to  c le a n  the  
su r fa ce . A  f lo w  d istr ib u tio n  o f  h e liu m  w a s  se t at 4 0  and 6 0  m l/m in  in b a la n ce
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ch a m b er  and fu rn ace  ch a m b er  p u rge , r e sp e c tiv e ly . A fte r  d e g a s s in g  and su r fa c e  
c le a n in g , th e  sa m p le  w a s  h ea ted  to  th e  d esired  rea c tio n  tem p era tu re  w ith  a 

ram p rate o f  10 ° c /m in  in a H e  f lo w . W h e n e v e r  th e  d e s ir e d  rea c tio n  
tem p eratu re  w a s  rea ch ed , N O  or N 2O  gas as d esired  c o n c e n tr a tio n  w a s  
sw itc h e d  in stea d  o f  H e  in fu rn ace  ch a m b er  and p a sse d  th rou gh  th e  T G A  rea cto r  
w ith  a f lo w  rate o f  6 0  m l/m in  to  react w ith  th e d e g a sse d  sa m p le . D u r in g  the 
rea ctio n , th e p rod u ct g a se s  w ere  c o n tin u o u s ly  a n a ly z e d  b y  G C . A fte r  a certa in  
t im e  o f  rea c tio n , the rea c tio n  g a se s  w e r e  sw itc h e d  b a ck  to  h e liu m  and th e  
tem p eratu re w a s  a llo w e d  to  drop to  a m b ien t tem p eratu re  q u ic k ly  in ord er  to  
red u ce  any  p o st-rea c tio n .

3.4 Intrinsic Kinetic Parameters

In th e  p resen t w o rk , due to  th e fact that th e e d g e  s ite s  on  g ra p h ite  
su r fa ces  are a c t iv e  s ite s , th e g a s if ic a t io n  rates o f  grap h ite  in  N O  or N 20  w o u ld  
b e d eterm in ed  in term s o f  th e rate per a c tiv e  s ite  or T O F . T h e  g ra p h ite  
g a s if ic a t io n s  b y  N O  or N 20  w ere  s tu d ied  under iso th erm a l c o n d it io n s . B o th  o f  

th em  w ere  stu d ied  at tem p eratu res from  5 0 0  ๐c  up to  7 5 0  °c, at N O  
c o n cen tra tio n  o f  6% , 20% , 4 0% , and at N 20  c o n cen tra tio n  o f  6% , 12% . 20% . 
T h e  tota l f lo w  rate o f  g a se s  p a ssed  th rou gh  the T G A  reactor w a s  m a in ta in ed  at 
100 m l/m in . T h e  rea c tio n s o ccu r  u n d er an a tm o sp h er ic  p ressu re . B e c a u s e  the  
rea ctio n  rate ch a n g e d  to  so m e  ex ten t at both  v ery  lo w  and v e r y  h ig h  b u r n -o f f  
le v e ls ,  o n ly  rea c tio n  rates b e tw e e n  10%  and 20%  b u r n -o f f  w e r e  u sed .

3 .4 .1  T O F  as a F u n c tio n  o f  R e a c tio n  T em p era tu re
In ord er to  stu d y  th e  e ffe c t  o f  tem p eratu re  on  T O F  and to  d e term in e  

a c tiv a tio n  e n e r g ie s , th e T O F s at d ifferen t tem p eratu res in th e  ra n g e  o f  5 0 0 -7 5 0  
๐c  e x c e p t at a f ix e d  N O  or N 20  co n cen tra tio n  w e r e  o b ta in ed . T h e  
c o n c e n tr a tio n s  o f  N O  in v e st ig a te d  w e r e  6% , 20% , 4 0 %  and th o s e  o f  N 20  w ere
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s tu d ie d  a t 6 % , 1 2 % , 2 0 % . T h e  re a c t io n  ra te s  o b ta in e d  w e r e  b e tw e e n  1 0 %  a n d  
2 0 %  b u r n -o f f .

3 .4 .2  T O P  a s  a  F u n c tio n  o f  N O  o r  N 20  C o n c e n t r a t io n
In  o rd e r  to  in v e s t ig a te  th e  e f f e c t  o f  N O  o r  N 20  c o n c e n t r a t io n  o n  T O F  

a n d  to  d e te r m in e  th e  re a c t io n  o rd e r . T h e  T O F s  a t d i f f e r e n t  c o n c e n t r a t io n s  o f  

N O  o r  N 20  b u t  a t a  f ix e d  te m p e ra tu re  in  th e  r a n g e  o f  500-750 °c w e r e  a t ta in e d . 
T h e  c o n c e n t r a t io n s  o f  N O  in v e s t ig a te d  w e re  6%, 20%, 40% a n d  th o s e  o f  N 20  
w e re  s tu d ie d  a t 6%, 12% , 20%. T h e  re a c t io n  ra te s , w h ic h  w e r e  b r o u g h t  to  
fu r th e r  c a lc u la te  th e  r e a c t io n  o rd e r , w e re  b e tw e e n  1 0 %  a n d  2 0 %  b u r n - o f f  
le v e ls .

T h e  e x p e r im e n ta l  c o n d i t io n s  fo r  s tu d y in g  th e  g r a p h i te  g a s i f ic a t io n  in  
n i tr ic  o x id e  a n d  n i tro u s  o x id e  a re  s h o w n  in  th e  T a b le  3 .2  a n d  T a b le  3 .3 .

T a b le  3 .2  T h e  e x p e r im e n ta l  c o n d i t io n s  fo r s tu d y in g  th e  g r a p h i te  g a s i f ic a t io n  in 
n itr ic  o x id e .

C o n d i t io n Q u a n t i ty
W e ig h t  o f  M ic ro  8 5 0  g ra p h ite , m g 5
Is o th e rm a l  re a c t io n  te m p e ra tu re ,  °c 5 0 0 -  7 5 0

T h e  c o n c e n t r a t io n  o f  N O  d ilu te d  in  H e , % 6, 2 0 , a n d  4 0
T o ta l  f lo w  ra te , m l/m in 100
-F u r n a c e  c h a m b e r  p u rg e  (N O  re a c ta n t  g a s ) ,
m l/m in 6 0
- B a la n c e  c h a m b e r  p u rg e  (H e liu m  g a s ) ,  m l/m in 4 0
H e a t in g  ra te , ° c /m in 10

T o ta l  p r e s s u r e ,  a tm 1
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T a b le  3 .3  T h e  e x p e r im e n ta l  c o n d i t io n s  fo r  s tu d y in g  th e  g r a p h i te  g a s i f ic a t io n  in 
n i t ro u s  o x id e .

C o n d i t io n Q u a n t i ty
W e ig h t  o f  M ic r o  8 5 0  g ra p h i te ,  m g 7

Is o th e rm a l r e a c t io n  te m p e r a tu r e ,  °c 5 0 0 -  7 5 0

T h e  c o n c e n t r a t io n  o f  N O  d i lu te d  in  H e , % 6, 12. a n d  2 0
T o ta l  f lo w  ra te ,  m l/m in 100
- F u r n a c e  c h a m b e r  p u rg e  ( N 20  r e a c ta n t  g a s ) ,
m l/m in 6 0
- B a la n c e  c h a m b e r  p u rg e  ( H e l iu m  g a s ) ,  m l/m in 4 0
H e a t in g  ra te , ° c / m i n 10
T o ta l  p r e s s u r e ,  a tm 1
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