
C H A P T E R  II
LITERATURE SURVEY

2.1 Oxides of Nitrogen

T h e o x id e s  o f  n itrogen  in c lu d e  n itric  o x id e  (N O ), n itro g en  d io x id e  
(N O :), n itrou s o x id e  ( N 20 ) ,  n itro g en  tr io x id e  ( N 0 3), n itr o g e n  s e s q u io x id e  

( N :0 , ) ,  n itro g en  te tro x id e  ( N 20 4), and  n itro g en  p e n to x id e  ( N 20 5). T h e y  and  

tw o  o f  th eir  h yd rates, n itrou s acid  ( H N 0 2) and n itr ic  a c id  (H N O ,) ,  can  e x is t  in 
air. H o w e v e r , o n ly  three, n itric o x id e  (N O ), n itro g en  d io x id e  (N O :). and  
n itro u s o x id e  (N 20 )  are fou n d  in an y  a p p rec ia b le  q u a n tities  (S tern , 1 9 7 6 ) . In 
th is  w ork , n itr ic  o x id e  and n itrous o x id e  w ere  e m p h a s iz e d  to  stu d y .

N O  is a c o lo r le s s , o d o r le ss , and ta s te le ss  gas. In p r e se n c e  o f  air. it is 

o x id iz e d  m o re  s lo w ly  b y  o x y g e n  to  form  b ro w n  fu m es o f  N 0 2, w h ic h  is 
e x tr e m e ly  re a c tiv e  and a stron g  o x id iz in g  agen t.

N , 0  is a c o lo r le s s , s lig h tly  sw e e t , n o n to x ic  g a s p resen t in th e  natural 
en v iro n m en t in re la tiv e ly  large a m o u n ts  (0 .2 5  p p m ) w h e n  co m p a red  to  the  

co n c e n tr a tio n s  o f  the o th er trace g a se s  e x c e p t  carb on  d io x id e , m eth a n e , and th e  
n o b le  g a se s . W h en  m ix e d  w ith  air and in h a led  it p ro d u ce  a lo s s  o f  f e e lin g . It is 

c o m m o n ly  c a lle d  “ la u g h in g  g a s” b e c a u se  u n d er so m e  c o n d it io n s  it can  c a u se  
th o se  w h o  in h a le  it to  la u g h  v io le n t ly  (S tern , 1 9 7 6 ).

2.2 NO, N20  and the Environment

B o th  N O  and N 20  are k n o w n  to  b e in v o lv e d  in th e  g r e e n h o u se  e ffe c t  
as w e ll  as in th e d estru ction  o f  E arth ’s p ro tec tiv e  o z o n e  layer. T h e se
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p h e n o m e n o n  is rep resen ted  s c h e m a tic a lly  in F ig u re  2.1 (W ô j to w ic z  e t  a l . ,

1 9 9 3 ).

F ig u re  2 .1  T h e ro le  p la y ed  b y  N O  and N 20  in the g r e e n h o u se  e f f e c t  an d  in 
o z o n e  layer  d e p le t io n  (W ô jto w ic z  e t  a l . ,  1 9 9 3 ).

T h e  e n e r g y  b u d g e t o f  ou r earth is g o v e r n e d  b y  th e  b a la n c e  b e tw e e n  the  

a m o u n t o f  e n e r g y  r e c e iv e d  from  th e รนท and h eat lo s s e s  to  o u ter  sp a c e  in th e  
form  o f  in frared  rad ia tion  from  the su rfa ce . T h e  g r e e n h o u se  e f fe c t ,  w h ic h  
c o n s is ts  in  a b so rp tio n  o f  part o f  th is rad ia tion  b y  so m e  g a se s  p r e se n t in  the  
a tm o sp h ere  and su b se q u e n t re-rad ia tion  o f  h ea t b a ck  to  th e  E arth, ta k es  p la c e  

in th e  tro p o sp h ere  and th e m ain  g reen h o u se  g a se s  are C 0 2, C H 4, N 20 ,  

c h lo r o flu o r o c a r b o n s  (C F C ’s), o z o n e  and w a ter  vap or. In turn, th e  g r e e n h o u se  
e ffe c t  lea d s to  an in crea se  in th e  a v era g e  tem p eratu re  on  th e  E arth , a lso  k n o w n  
as g lo b a l w a rm in g .

D e p le t io n  o f  th e  stra tosp h er ic  o z o n e  layer  is  l ik e w is e  th e  resu lt o f  a 

m a n -in d u ced  im b a la n c e  a m o n g  th e  so u rces  and s in k s o f  o z o n e , S tra to sp h er ic  

o z o n e  c o n stitu te s  a natural sh ie ld  p ro tec tin g  US from  e x c e s s  u ltr a v io le t  (ETV)
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rad iation , uv ra y s are b e lie v e d  to  c a u se  an in crea sed  risk  o f  sk in  c a n cer  and  
p o s s ib ly  a lso  su p p ress io n  o f  th e h u m an  im m u n e  sy s te m . R e m o v a l o f  o z o n e  
from  th e  stra to sp h ere  m ay  a lso  a ffec t th e  d istr ib u tion  o f  so la r  h e a t in g  and thus  
co n tr ib u te  to  g lo b a l w a rm in g . N , 0  is a so u rce  o f  N O  m o le c u le s  in the  

stra to sp h ere  w h e r e  th ey  p la y  a im p ortan t ro le  in th e  d estru c tio n  o f  o z o n e  as 

in d ic te d  in F ig u re  2 .1 .

2.3 Sources of Atmospheric NO and N20

S o u rces  o f  a tm o sp h er ic  N O  and N 20  can  b e  d iv id e d  in to  tw o  so u r c e s .
2 .3 .1  N atu ra l S o u rces
T h ey  in v o lv e  e m is s io n  from  s o il ,  o cea n  an d  fre sh w a ter  as w e ll  as 

lig h tn in g .
2 .3 .2  A n th r o p o g e n ic  S o u rces
T h e la rg est so u rces  from  w h ic h  b oth  N O  and N 20  are p r o d u c e d  c o m e  

from  b u rn in g  fo s s il  fu e l, e ith er  in o il- ,  g a s- , or c o a l- f ir e d  p o w e r  sta tio n s  
(sta tio n a ry  so u r c e s ) , or in th e  in ternal c o m b u stio n  e n g in e s  o f  ca rs, lo rr ies , e tc . 
(m o b ile  so u r c e s ) , w h ic h  can  b e  n o tic e d  in T a b le  2 .1 an d  2 .2 . In a d d itio n , b o th  
N O  an d  N 20  r e le a se d  in to  th e  a tm o sp h ere  due to  h u m an  a c t iv it ie s  a lso  c o m e  
from  lan d  c u lt iv a tio n  and are a s so c ia te d  m a in ly  w ith  th e u se  o f  fer tiliz er s . 
B io m a s s  b u rn in g  and the m a n u fa ctu re  o f  a d ip ic  a c id  (u se d  in  n y lo n  p r o te c t io n )  

p la y  a im p ortan t ro le  th e s ig n if ic a n t  a m o u n t o f  N 20  in a tm o sp h e r e (W 6 jto w ic z  
e t a l ,  1 9 9 3 ).
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T a b le  2.1 E stim a ted  a n th ro p o g en ic  N O x e m is s io n s  in th e U n ite d  S ta tes in 
1 9 7 6 , e x p r e sse d  as N O , (F la g a n  and S e in fe ld . 1 9 8 2 ).

S o u rce 1 o 6 m etr ic  to n s/y r .
T ra n sp o ta tio n 10.1

H ig h w a y  v e h ic le s 7 .8
N o n h ig h w a y  v e h ic le s 2 .3

S ta tion ary  fu el c o m b u stio n 1 1 .8
E lec tr ic  u tilit ie s 6 .6
Indu stria l 4 .5
R e s id e n tia l, c o m m e r c ia l, and  in stitu tion a l 0 .7

Indu stria l p r o c e sse s 0 .7
C h e m ic a ls 0 .3
P e tro leu m  r e fin in g 0 .3
M eta ls 0*
M in era l p rod u cts 0.1
O il and g a s p ro d u ctio n  and m ark etin g 0
Indu stria l o rg a n ic  so lv e n t  u se 0
O th er p r o c e sse s 0

S o lid  w a s te  d isp o sa l 0.1
M is c e lla n e o u s 0 .3

F o rest w ild f ir e s  and m a n a g ed  burnin g 0 .2
A g r icu ltu ra l b u rn in g 0
C o a l r e fu se  b u rn in g 0.1
Structural fires 0
M is c e lla n e o u s  o rg a n ic  so lv e n t  use 0

T ota l 23
A  zero  entry  in d ic a te s  e m is s io n s  o f  le ss  than 5 0 ,0 0 0  m etr ic  to n s/y r .
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T a b le  2 .2  E stim a ted  a m o u n ts  o f  N 20  em itted  b y  v a r io u s  h u m a n  a c t iv it ie s  

(K a p te ijn  e t  a l . ,  1 9 9 6 ).

S o u rce K to n /y ea r % M a n  m ad e

A d ip ic  ac id  p ro d u ctio n 545 5 -8
N itr ic  ac id  p ro d u ctio n 2 8 0 -3 7 0 4 -8
L a n d  c u lt iv a tio n , fer tilizers 1 0 0 0 -2 2 0 0 1 4 -4 5
F o s s i l  fu e ls  (sta tio n a ry ) 1 9 0 -5 2 0 4 - 1 0
F o s s i l  fu e ls  (m o b ile ) 2 0 0 ,4 0 0 -8 5 0 4 -1 5
B io m a ss  b u rn in g 5 0 0 -1 0 0 0 1 0 -2 0

2.4 The Formation and Reduction of NO and NiO during Combustion 
of Coal

A s d e sc r ib e d  p r e v io u s ly , the co m b u stio n  o f  fo s s il  fu e ls  is th e la rg est  
s o u r c e s  d u e to  h u m an  a c tiv it ie s , from  w h ic h  b o th  n itr ic  o x id e  and n itro u s  
o x id e  are re le a se d . E m iss io n  o f  N O  and N 20  d u r in g  th e c o m b u s t io n  p r o c e ss  

are b e lie v e d  to  b e  d er iv ed  from  b oth  th e  n itro g en  p resen t in  th e  c o a l an d  th e  

n itro g en  in th e  air u sed  in  th e c o m b u stio n  p r o c e ss . R e ferr in g  to  F ig u re  2 .2 ,  
C o a l-N  tran sform ation  d u rin g  c o m b u stio n  can  b e  d iv id e d  in to  th ree  sta g es:  
c o a l d e v o la t ilisa t io n  and p y r o ly s is , N 20 / N 0  fo rm a tio n  (b o th  in  th e  ga s p h a se  
and at th e su r fa c e  o f  ch ar), fo llo w e d  b y  N 20 / N 0  d estru c tio n  (m a in ly  red u ctio n  
to  N :). T h e latter p r o c e ss  can  aga in  b y  e ith er  h o m o -o r  h e te r o g e n e o u s . T h e  

a m o u n t o f  n itro g en  o x id e  that su r v iv e s  th e last s ta g e  is  carried  ou t o f  th e  

s y s te m  w ith  f lu e  g a se s . D e v o la t il isa t io n  can  be v ie w e d  as a p h y s ic o c h e m ic a l  
p r o c e ss  g o v e r n in g  th e re la tiv e  a m o u n ts o f  o r ig in a l c o a l-N  that w il l  react a lo n g
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บ  E V O L A Y I  L I  ร  A T I  O  N N O / N j O  F O R M A T I O N N 0 / N , 0  D E S T R U C T I O N F I N A L  E M I S S I O N

C O A L  P A R T I C L E  C H A R

F igu re  2 .2  F o rm a tio n  and red u ctio n  o f  N O  and N , 0  d u r in g  c o m b u stio n  o f  co a l 
( พ ô jto w ic z  e t  a l ,  1 9 9 3 ).

th e g a s-p h a se  v ersu s  h e te r o g e n e o u s  rou tes. T h e m a in  n itr o g e n -c o n ta in in g  

p r o c e ss  o f  c o a l d e v o la t iliz a to n  and p y r o ly s is  are h y d r o g e n  c y a n id e  (H C N ), 
a m m o n ia  (N H j) , N ,  as w e ll  as tar- and ch ar - b ou n d  n itro g en . H y d ro g en  
cy a n id e  an d  N H j p la y  an im portant ro le  a c t in g  as g a s  - p h a se  p recu rso rs  for  

b oth  N 20  and N O  rea ctio n s o f  n itro g en o u s  s p e c ie s  can  be su b sta n tia lly  

a cce lera ted , in so m e  c a se s  a lso  m o d if ie d , b y  c a ta ly tic  e f f e c ts  a s so c ia te d  w ith  

th e p r e se n c e  o f  so lid  p artic les  in th e rea c tin g  m ix tu re . In th e f lu id ise d -b e d  
c o m b u stio n , th ese  so lid  p artic les  u su a lly  in c lu d e  ash , l im e s to n e  or d o lo m ite  
p artic les.

C o m b u stio n  o f  char is an oth er so u rce  o f  n itro g en  o x id e s . T h e  re la tiv e  

co n tr ib u tio n  o f  N 0 / N 20  form ed  v ia  g a s-p h a se  v e r su s  h e te r o g e n e o u s  rou tes  
d ep en d  on  th e  ty p e  o f  fuel co m b u sted , rea c tio n  tem p eratu re , e x c e s s  o x y g e n  
le v e l, etc . A p art from  N O  and N 20  resu ltin g  from  c o m b u stio n  o f  char. H C N
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R e d u c tio n  o f  N O  and N 20  to  m o le c u la r  n itro g en  in v o lv e s  c h e m ic a l  
p r o c e s se s  o f  great p ractica l in terest as th ey  c o n stitu te  a p o w e r fu l m e c h a n ism  o f  
N O x/N 20  d estru ctio n . T h e red u ctio n  m a y  b e  e ith er  h e te r o g e n e o u s , so lid -  
c a ta ly z e d  or o ccu rr in g  on  char su r fa ce , or it m a y  take p la c e  in the g a s  p h a se . In 

th e latter c a se , H  and O H  ra d ica ls  p resen t in th e c o m b u st io n  z o n e  are 
p articu larly  stro n g  r ed u c in g  a g en ts  for N O  and N 20 .

2.5 NO and N20  Abatement Strategies

T h ere  are th ree  m ain  a p p ro a ch es  to  lo w er  N O  and N 20  e m is s io n  
(W ô jto w ic z  e t  a i ,  1 9 9 3 ).

2 .5 .1  M in im iz a tio n  o f  P o llu ta n t E m is s io n s  th rou gh  Im p r o v e m e n ts  in 
O p era tin g  C o n d it io n s  and P ro cess  C on tro l o f  B o ile r s

T h e se  fo l lo w in g  te c h n iq u e s  are u sed  to  abate e m is s io n s  o f  N O  and  
N 20  (J o h n sso n  , 1994):

a) In crea sin g  th e d e v o la t iliz a t io n  tem p eratu re  o f  th e  char in c r e a se s  N O  
fo rm a tio n  and d e c r e a se s  N 20  fo rm a tio n .

b ) In crea sin g  the c o m b u stio n  tem p eratu re  in crea se s  N O  fo rm a tio n  and  
d e c r e a se s  N 20  form ation .

c )  N 20  fo rm a tio n  in c r e a se s  w ith  c o a l rank, but N O  fo rm a tio n  h a s b een  
fou n d  to  b e  a lm o st in d ep en d en t o f  rank or to  d ecrea se  w ith  in c r e a s in g  rank.

d) W ith  in c r e a s in g  n itro g en  co n ten t o f  th e char, c o n v e r s io n  to  N O  
d e c r e a se s , but c o n v e r s io n  to N 20  in crea ses .

e )  A ir  or fu e l s ta g in g  and e x c e s s  air are o n e  o f  th e  tec h n iq u e  u se d  to  
red u ce  N O  le v e l but its e f fe c t  o n  N 20  e m is s io n s  is un clear.

and NH3 may also be formed from char-N. subsequently reacting in the gas
phase to yield NO and N20.



10

2 .5 .2  In n o v a tiv e  C o m b u stio n  D e s ig n  to  P ro d u ce  L o w -E m is s io n
S y ste m s

2 .5 .3  S a c r if ic in g  E m is s io n s  o f  O n e  P o llu tan t for the S a k e  o f  L o w  
E m iss io n s  o f  th e O th ers, C o m b in e d  w ith  A d o p tin g  S p e c ia l M e a su r e s  to  
R e d u c e  E x c e s s iv e  L e v e ls  o f  th e  S e le c te d  P o llu tan t

A n  e x a m p le  o f  th e se  a p p ro a ch es  is su g g e s te d  b y  W ô jto w ic z  e t  a l .  

(1 9 9 3 ) .  It w o u ld  b e  to  m in im iz e  N O , and so , e m is s io n s  and th en  to  d ea l w ith  
r e la t iv e ly  h ig h  N 20  le v e ls . T h e  treatm en t o f  th e c o m b u stio n  p rod u ct g a s e s  can  

b e p erfo rm ed  as fo llo w s :  a d d itio n  o f  lim e s to n e , in jec tio n  o f  an a d d it iv e  su c h  as 
a m m o n ia , urea and cy a n u r ic  a c id  in s e le c t iv e  n o n c a ta ly tic  r ed u ctio n  (S N C R )  
and s e le c t iv e  c a ta ly tic  red u ctio n  (S C R ) p r o c e sse s . In g en era l S N C R  in v o lv e s  

N O , red u ctio n  to  N , and LEO and th e p r o c e ss  is u su a lly  carried  o u t in the 
tem p eratu re  ran ge o f  1 1 7 3 -1 3 7 3  K (W ô jto w ic z  e t  a l . ,  1 9 9 3 ). F o r  th e S C R  
p r o c e ss . It co n c e r n s  w ith  a m m o n ia  in jec tio n  in to  the Hue g a s  c o m b in e d  w ith  
th e u se  o f  a so lid  ca ta ly st  ( ty p ic a lly  V 20 5 and T iO ,). T h e  S C R  p r o c e ss  is 
n o rm a lly  u tiliz e d  in  th e tem p eratu re  ran ge o f  5 7 3 -6 7 3  K . In a d d itio n  to  feed  
su ch  a d d it iv e s , T h e  u se  o f  carb on  is an oth er  w a y  to red u ce  th e r e le a se s  o f  N O  

and N 20 .  T h e a d v a n ta g es  o f  th e u tiliza tio n  o f  carb on  as a r e d u c in g  agen t  
in c lu d e:

a) F rom  th e fact that su ff ic ie n t  c a ta ly tic  a c tiv ity  for  d e c o m p o s it io n  o f  
N O  and N 20  in o x y g e n -r ic h  a tm o sp h ere  has n ot b een  r e a liz e d  b e c a u se  o f  the  

d e a c tiv a tio n  o f  ca ta ly st  o x y g e n , T h e  u se  o f  carb on  w o u ld  b e  a n o th er  ca n d id a te  
w h ic h  is a b le  to  sc a v e n g e  o x y g e n  e ff ic ie n t ly .

b ) T h e u tiliza tio n  o f  carb on  as a red u c in g  a g en t, in stea d  o f  th e o ther  
red u c in g  a g en t su ch  as a m m o n ia  can  e lim in a te  th e p o iso n  o f  a m m o n ia .

F u ru sa w a  e t  a l .  ( 1 9 8 5 )  p o in ted  ou t N O  p ro d u ced  d u rin g  c o m b u stio n  

can  b e  h e te r o g e n e o u s ly  red u ced  in -s itu  b y  th e  c a r b o n a c e o u s  so lid
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in term ed ia tes  o f  c o m p e n sa tio n . C han  e t  a l .  ( 1 9 8 3 )  s tu d ie d  th e  red u c tio n  o f  N O  

b y  ca r b o n a c e o u s  so lid  in a p a ck ed  b ed  reactor and a lso  o b se r v e d  that N :. C O  

and C 0 2 fo rm ed  w ere  the d o m in a n t p rod u cts.
Â m a n d  and L eck n er  (1 9 9 4 )  s tu d ied  th e red u c tio n  o f  N 20  in a 

c ir c u la tin g  f lu id iz e d -b e d  co m b u sto r  d u rin g  c o m b u stio n  o f  fu e ls  o f  d ifferen t  

v o la t i le s  m atter: c o k e , b itu m in o u s c o a l and w o o d . T h e ir  re su lts  s h o w e d  that 
th e  red u ctio n  o f  th e N 20  in jec ted  in to  th e lo w e r  part o f  th e  c o m b u stio n  

ch a m b er  w a s  > 8 0 % , but a lso , e sp e c ia lly  in w o o d  c o m b u st io n , at th e  to p  o f  the  
c o m b u stio n  ch a m b er  a certa in  d eg ree  o f  r ed u ctio n  o ccu rred , w h ic h  is 
in terp reted  as b e in g  ca u sed  b y  v o la t ile s  c o m b u stio n .

2.6 Carbon Gasification

C arb on  g a s if ic a t io n  is d e fin ed  as a h e te r o g e n e o u s  rea c tio n  b e tw e e n  a 
g a s  and a so lid  p h a se , the latter b e in g  c o n su m e d  c o n tin u o u s ly .

T h e fo l lo w in g s  are the g lo b a l ch e m istr y  o f  im p ortan t g a s if ic a t io n  
r ea c tio n s  (F ig u e ir e d o  and M o u lijn , 1 9 8 6 ).

2 .6 .1  C - 0 2 R ea ctio n
A r g u a b ly , th e c o m b u stio n  o f  carb on  to  p ro d u ce  h ea t is  th e  m o st  

im p ortan t c h e m ic a l rea ctio n  a v a ila b le  to  m an k in d . H o w e v e r , as w e  w il l  se e  

sh o rtly , carb on  g a s if ic a t io n  b y  0 2 is  m o st u n d esira b le  w h e n  ca rb o n  is  u se d  as a 

m ateria l. It h as b e e n  sh o w n  that u p on  th e  rea c tio n  o f  carb on  w ith  0 2 . tw o  
p rim ary  g a s if ic a t io n  p ro d u cts , C O  and C 0 2, are fo rm ed .

C + 0 2-^ C 0 2 
c  + 0 2 -> CO

(2.1)
(2.2)

F o llo w in g  th e se  rea c tio n s, seco n d a ry  rea c tio n s can  o ccu r , as fo l lo w s
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C O  +  0 2- >  c o 2 
C +  C 0 2^ 2 C 0

(2 .3 )
(2 .4 )

2 .6 .2  C -H 20  R ea ctio n
C arb on  g a s if ic a t io n  by stea m  is m o st im p ortan t rea c tio n . L ik e  the  

C - 0 2 rea c tio n , there are in sta n ces w h ere  th e rea ctio n  is d e s ira b le ; th ere  are 
oth er in s ta n c e s  w h e r e  it is u n d esirab le . F o llo w in g  th e  g a s if ic a t io n  o f  ca rb o n  by  
stea m , o th er  rea c tio n s can  occu r  w h ic h  can b e  o f  great im p o r ta n ce . S o m e  are 
listed .

2 .6 .3  C -N O  and C -N 20  R ea ctio n
In a d d itio n  to  0 2, H 20 ,  C 0 2, and FL b e in g  im p ortan t m o le c u la r  

reactan ts for th e g a s if ic a t io n  o f  carb on , o th er reactan ts sh o u ld  b e  m en tio n ed . 
In teraction  o f  sev era l o f  th ese  reactan ts w ith  carb on  h as c o n s id e r a b le  
s ig n if ic a n c e  to  th e air p o llu tio n  fie ld . F or e x a m p le , o x id e s  o f  n itro g en  fo rm ed  

d u rin g  th e  c o m b u stio n  o f  c o a l can  su b seq u en tly  react w ith  carb on  to  p ro d u ce  
N 2, a h ig h ly  d esira b le  reaction .

c  +  H 20  - >  C O  +  FF 

C O  +  H 20  C 0 2 +  H ,
c  +  C 0 2—» 2 C O  
c  +  2 H 2- ^ C H 4 
3FL +  C O  - »  C H 4 +  H 20

(2 .5 )
(2.6)
(2 .7 )
(2.8)
(2 .9 )

c  +  N O  - »  C O  +  1 /2 N , (2.10)
(2.11)
(2.12)
(2 .1 3 )

c  +  2 N O  - >  C 0 2 +  N : 
c  +  N , 0  - >  C O  +  n 2 
c  +  2 N , 0  - >  C 0 2 +  2 N
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2.7 Carbon

T h e  e le m e n t carbon  c ,  a to m ic  n u m b er  s ix . a to m ic  w e ig h t  1 2 .0 1 1 1 5 . is 
th e first o f  f iv e  e le m e n ts  lo ca ted  in G roup  IV A  o f  th e P e r io d ic  T a b le . It e x is ts  
in three a llo tro p ie  form s, n a m e ly , d ia m o n d , g ra p h ite , and  a m o rp h o u s  carb on . 
D ia m o n d  and grap h ite are naturally  o ccu rr in g  c r y sta llin e  s o l id s  p o s s e s s in g  

w id e ly  d iv e r g e n t p r o g r e sse s , w h erea s  a m o rp h o u s carb on  is  a term  a p p lied  to  a 
c o m p a r a tiv e ly  large v a r ie ty  o f  c a rb o n a ceo u s  su b sta n c e s  n o t c la s s if ie d  as eith er  
d ia m o n d  or graphite.

2 .7 .1  D ia m o n d
T h e  d ia m o n d  crysta l strucure as sh o w n  in F ig u re  2 .3  is fa c e -c e n te r e d  

cu b ic  w ith  in tera to m ic  d is ta n ces  o f  0 .1 5 4  n m . E a ch  a tom  is c o v a le n t ly  b o n d ed  
to  four o th er  carb on  a to m s in the form  o f  a tetrah ed ron .

F ig u re  2 .3  C rysta l structure o f  d ia m o n d .

2 .7 .2  G raphite
G rap h ite  or grap h itic  carb on s are a ll v a r ie t ie s  o f  su b sta n c e s  a s s is t in g  

o f  the e le m e n t  carb on  in  th e a llo tro p ie  form  o f  grap h ite  ir r e sp e c tiv e  in the 
p r e se n c e  o f  structural d e fe c ts .
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T h e  a ccep ted  id ea l structure for grap h ite is d e sc r ib e d  as in f in ite  layers  
o f  a to m s o f  carb on  w h ic h  are arranged  in the form  o f  h e x a g o n s  ly in g  in p la n es  
as sh o w n  in F igu re  2 .4  (F ig u e ir e d o  and M o u lijn , 1 9 8 6 ). T h e  s ta c k in g  
arran gem en t is A B A B  so  that th e a to m s in a lternate p la n e s  a lig n  w ith  ea ch  

other. T h e  u n it c e ll  w a s  0 .6 7 0  n m  h ig h  and 0 .2 4 6  nm  on  ea ch  s id e . T h e  

sp a c in g  b e tw e e n  la y ers  is 0 .3 3 5 4  n m , the in tera to m ic  d is ta n c e  w ith in  the  
p la n es  0 .1 4 1 5  nm , and the crysta l d en s ity  2 .2 6 6  g /c n f .

F ig u re  2 .4  F lex a g o n a l form  o f  grap h ite .

T h e  su rfa ces  o f  a grap h itic  carb on  c o n s is t  o f  tw o  ty p es: the b a sa l p la n e  
su rfa ce  an d  th e e d g e  p la n e  su rfa ce . T h e su rfa ce  areas o f  th e  g ra p h ites  are q u ite  
lo w , and d o m in a ted  b y  b asa l p la n e  area. It is the e d g e  s ite s  and o th er  
im p e r fe c t io n s  in th e p lanar a rom atic  structure that are c o m m o n ly  th o u g h t to  be 
the m ain  lo c u s  o f  th e C -N O  and C -N 20  rea ctio n s.

It h as b een  w e ll  d em o n stra ted  by th e u se  o f  e le c t io n  m ic r o sc o p y  and  
o p tica l m ic r o sc o p y  that v a c a n c ie s  and the e d g e  s ite s  o n  carb on  su r fa c e s  are
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a c tiv e  s ite s  and that o n ly  th ese  s ite s  con tr ib u te  to  g a s if ic a t io n  r e a c tio n s  (Y a n g  
and C h en , 1 9 8 6 ) . T h e  d e fe c t-fre e  b a sa l p la n e  h as o n ly  n e g l ig ib le  r e a c tiv ity  that 
m a k e n o  or little  co n tr ib u tio n  to  g a s if ic a t io n  rea c tio n . T h ere fo re , th e  e d g e  

su rfa ce  area is  r e sp o n s ib le  for g a s if ica tio n .

2.8 Overall Reaction Schemes

2 .8 .1  C a rb o n -N itr ic  O x id e  R ea c tio n
T h e  p ro d u cts o f  N O -ca rb o n  rea ctio n  are g e n e r a lly  fo u n d  to  b e  N 2, C O  

and C 0 2. T h e  o v era ll rea c tio n s can  b e  e x p r e sse d  as fo llo w s :

C + 2 N O  - >  C 0 2+ N 2 (2 .1 4 )
C + N O  —» C O + 1 /2  N 2 (2 .1 5 )

C O + N O  —> C 0 2+ l / 2  N 2 (2 .1 6 )

R e a c tio n  (2 .1 6 )  is a ca ta ly tic  rea ctio n  (c a ta ly z e d  b y  ca rb o n ), b a sed  
u p on  th e o b serv a tio n  that N O  red u ctio n  b y  ca rb o n  is e n h a n c e d  in th e  p r e se n c e  
o f  C O .

F u ru sa w a  e t  a l .  (1 9 8 5 )  s tu d ied  th e re la tiv e  im p o r ta n c e  o f  carb on  

c o n su m in g  rea c tio n s (2 .1 4 )  and ( 2 .1 5 )  and th e  ca ta ly tic  rea c tio n  ( 2 .1 6 )  and  
a lso  m ea su red  the m ateria l b a la n ces  o v er  th e tem p eratu re  ra n g e  p r e v a ilin g  in  
F B C . T h e ir  resu lts  sh o w e d  that, at lo w  tem p eratu res ( 9 9 4  and 1 078  K ), th e  

am o u n t o f  C O  fo rm ed  w a s  s to ic h io m e tr ic a lly  eq u a l to  th e  m o la r  a m o u n t o f  N O  
red u ced  and to  th e m o la r  am ou n t o f  C 0 2 c o n su m e d . T h e  o v e r a ll rea ctio n  

sc h e m e  ca n  b e  rep resen ted  b y  rea ctio n  (2 .1 5 ) .  A t  h ig h er  tem p era tu res  (1 1 2 0  

and 1 9 9 4  K ), the m olar  am ou n t o f  C 0 2 w a s  le s s  than that rep resen ted  b y  the  
s to ic h io m e tr y  o f  rea c tio n  (2 .1 5 ) , in d ica tin g  that th e  carb on  c o n su m in g  
rea ctio n s b e c a m e  s ig n ific a n t. T h e co n tr ib u tio n  o f  th e  carb on  c o n su m in g
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r ea c tio n s  to  th e total red u ctio n  o f  N O  is en h a n ced  w ith  in c r e a s in g  tem p eratu re  

and w ith  a d e c r e a se  in th e ratio  o f  C O /N O . T h e c a ta ly tic  red u c tio n  o f  N O  w a s  
fo u n d  to  b e d o m in a n t e v e n  at h igh er  tem p eratu res, i f  th e  partial p ressu re  o f  C O  
w a s  su f f ic ie n t ly  h ig h er  than that o f  N O .

2 .8 .2  C a rb o n -N itro u s O x id e  R ea ctio n
T h e  p rod u cts o f  N 20 -c a r b o n  rea ctio n  are g e n e r a lly  th o u g h t to  b e  N :, 

C O : and C O  o v e r  the c o m p le te  tem perature ran ge stu d ied . T h e  p o s s ib le  o v era ll  
rea ctio n  c o u ld  b e  ex p r e sse d  as

2 N :0 + C  - > C O 2+ 2 N , (2 .1 7 )
N 20 + C ^ C 0 + N 2 (2 .1 8 )

A t lo w  tem p eratu res, o n ly  N 2 and C 0 2 w e r e  fo u n d  (R o d r ig u z -M ir a so l  
e t  a l ,  1 9 9 4 ) as th e  p rod u cts; reaction  (2 .1 7 )  is p red o m in a n t in co n tr ib u tin g  to  

th e o v era ll red u ctio n . A t h ig h  tem p eratu res, e m is s io n  o f  C O  in c r e a se s  w ith  
in c r e a s in g  tem p eratu re, and  reaction  ( 2 .1 8 )  b e c o m e s  im p ortan t. W ith  further  
in c r e a se s  in tem p eratu re N 20  is u n stab le  and d e c o m p o se d  o v e r  a n u m b er  o f  

so lid  m a ter ia ls , su ch  as lim e s to n e , bed m ateria l, a sh . and e v e n  th e  reactor w a ll.  
T h e  d e c o m p o s it io n  reaction  is

N 20  —> N 2+ l / 2  0 2 (2 .1 9 )
T h e  tem p eratu re ran ge required for N 20  red u ctio n  is  m u ch  lo w e r  than

that for N O  red u ctio n .
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2.9 Thermogravimetric Analysis

T h erm o g ra v im etr ic  a n a ly s is  (T G A ) is  a th erm al a n a ly s is  te c h n iq u e  for  

m ea su r in g  the am ou n t and rate o f  c h a n g e  in sa m p le  m a ss  as a fu n c tio n  o f  

tem p eratu re and tim e. It is u sed  to ch a ra cter ize  o n ly  m ateria l that e x h ib its  
w e ig h t  lo s s  or p h a se  ch a n g e  as a resu lt o f  d e c o m p o s it io n , d eh y d ra tio n , and  
o x id a tio n . T w o  m o d e s  are c o m m o n ly  u sed  for in v e s t ig a t in g  th erm a l s ta b ility  
b eh a v io r  in co n tro lled  a tm osp h eres; (1 )  d y n a m ic , in w h ic h  th e tem p era tu re  is 

in crea sed  at a lin ear rate, and (2 )  iso th erm a l, in w h ic h  th e  tem p era tu re  is kep t 
con stan t.

2.10 Kinetic Studies

2 .1 0 .1  T u rn over  F req u en cy
In th e c a se  o f  grap h ite , it is c lea r  that v a c a n c ie s  and e d g e  s ite s  on  

grap h ite  su r fa ces  are a c tiv e  s ite s  and that o n ly  th e se  s ite s  co n tr ib u te  to  th e  
g a s if ic a t io n  rea ctio n . Y a n g  and W o n g  (1 9 8 1 )  e x p r e sse d  that th e  rea c tio n  rate  
data from  the T E M  ex p er im en ts  to  the tu rn o v er  fr eq u en cy  (T O F ), that is , rate 
per a c t iv e  s ite  is g iv e n  as,

T O F ato m s g a s if ied  
e d g e  a tom  sec

a to m s g a s if ie d /t im e
p  - A1120

(2.20)

w h e r e  p  is th e nu m b er o f  a c tiv e  s ite s  p er e d g e  su r fa c e  area1120
=  0 .1 2 0  carbon a to m s/ °A 2 

A 2 is th e e d g e  su r fa ce  area

2 .1 0 .2  R e a c tio n  O rder
2 .1 0 .2 .1  C arb on -N itr ic  O x id e  R e a c tio n
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T h e rea c tio n  o f  N O  w ith  carb on  is g e n e r a lly  rep o rted  to  b e  o f  

first order w ith  r e sp ec t o f  N O  partial p ressu re  (F u ru sa w a  e t  a l ., 1 9 8 0 ; C h an  e t  

a l ,  1 9 8 3 ; S u u b erg  e t  a l ,  1990; T e n g  e t  a l ,  1 9 9 2 ). F ra ctio n a l ord ers b e tw e e n
0 .2  and 0 .8  h a v e  a lso  b een  fo u n d  (J o h n sso n . 1994; R o d ig u e s -M ir a s o l e t  a l .,
1 9 9 4 ).

2 .1 0 .2 .2  C a rb o n -N itro u s O x id e  R e a c tio n  
R o d r ig u e z -M ir a so l Q t  a l .  ( 1 9 9 4 )  sh o w e d  an ap p aren t rea c tio n  

order o f  0 .6  for a ll chars, e x c e p t  for D 5 3  char u n d er  th e ir  ex p e r im e n ta l  
c o n d it io n s . T h is  char ex h ib ite d  a lm o st zero  order at 7 2 3  K . T h is  w a s  c la im e d  

that th is  p h e n o m e n o n  is p rob ab ly  d ue to  th e sa tu ration  e f fe c t  o f  o x y g e n  
c o m p le x e s  on  th e char su r fa ce  at lo w  tem p eratu res. H o w e v e r , th e  rea c tio n  
order for th is  char c h a n g ed  w h e n  the rea ctio n  tem p eratu re  in c r e a se d  to  8 2 3  K .

T e n g  e t  a l .  ( 1 9 9 7 )  in v e stig a te d  th e g lo b a l k in e t ic s  o f  carb on  
g a s if ic a t io n  in n itrou s o x id e . T h e  carbon m ateria l u sed  in th e ir  s tu d y  w a s  

p h e n o l-fo r m a ld e h y d e  resin  char. T h eir  resu lts  sh o w e d  th e  g lo b a l r ea c tio n  order  
w ith  re sp e c t  to  th e N 20  partial p ressu re w a s  n o t co n sta n t.

2 .1 0 .3  A c t iv a t io n  E n erg y
2 .1 0 .3 .1  C arb on -N itr ic  O x id e  R ea c tio n
T w o  tem p eratu re  reg im es for th e r e a c tiv ity  o f  N O -c a r b o n  

rea ctio n  h a v e  b e e n  o b se r v e d  b y  m an y  w o rk ers  (F u ru sa w a  e t  a l ,  1 9 8 0 ; C h an  e t  

a l ,  1 9 8 3 ; S u u b erg  e t  a l ,  1990 ; T e n g  e t  a l ,  1992; I l lâ n -G ô m e z  e t  a l ,  1996;  
R o d r ig u e z -M ir a so l e t  a l ,  1 9 9 4 ). A  d is t in c t iv e  break  in th e  ap p aren t a c tiv a tio n  
en erg y  h a s b e e n  fo u n d  to  o ccu r  in the tem p eratu re  ra n g e  o f  8 7 3 -9 5 3  K . A t  

h ig h er  tem p era tu res, th e a c tiv a tio n  en erg y  w a s  fo u n d  to  h a v e  a h ig h e r  v a lu e  
than that in  a lo w e r  tem p eratu re  reg im e.
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T h is  b e h a v io r  c o n f l ic ts  w ith  w h at m ig h t b e  e x p e c te d  i f  th is  

w e r e  s im p ly  a c a se  o f  tran sition  from  c h e m ic a l reaction  rate co n tro l to  m a ss  
transfer co n tro l. T h e  tran sition  tem p eratu re  in d ica tes  a c h a n g e  in m e c h a n ism  
and re fle c ts  th e tran sition  from  a s lo w  d eso rp tio n  o f  su r fa ce  c o m p le x e s  at lo w  

tem p eratu re , to  a p r o c e ss  that is d o m in a ted  b y  the re lea se  o f  p ro d u cts from  the  
a c tiv e s  at h ig h  tem p eratu res (T e n g  e t  a i ,  1 9 9 7 ). B oth  o f  th e se  tw o  c o m p e tin g  
p r o c e sse s  con tr ib u te  s ig n if ic a n t ly  to  o v era ll rate, e v e n  in the tem p eratu re  

reg im e  w h e r e  th ey  d o  not ap p aren tly  co n tro l the rate. T h ere  is n o  p r e c io u s  
ch a n g e  in m e c h a n ism , but rather a gradual transition . B e lo w  th is  tran sition  
tem p eratu re, th e apparent a c tiv a tio n  en erg y  in crea ses  c o n t in u o u s ly  w ith  
tem p eratu re from  6 0  to  9 0  k J /m ol d u e to th e a ctiv a tio n  e n e r g y  d istr ib u tio n  for 
d eso rp tio n  o f  su r fa ce  c o m p le x e s  (S u u b erg  e t  a i ,  1 9 9 0 ). In th e h igh  
tem p eratu re reg im e , th e ap parent a c tiv a tio n  en erg y  e x h ib its  a r e la t iv e ly  
co n sta n t v a lu e  o f  180 k J /m o l. w h ic h  is co n tro lled  by N O  attack  and p erh a p s by  
th e N - 0  b o n d  en erg y . T h e a c tiv a tio n  en erg y  o v er  th e h ig h er  tem p eratu re  
re g im e  a lso  v a r ies  in so m e  c a se s . It w a s  ex p la in ed  that th is  is d u e  to  the  
ca ta ly tic  e f fe c t  o f  im p u rities  in th e  c a rb o n a ceo u s  m a ter ia ls(C h a n  e t  a l ., 1983; 
I llâ n -G ô m e z  e t  a l . .  1 9 9 6 ). T h e c a ta ly tic  e f fe c t  has the p o ten tia l to  red u ce  the  
a c tiv a tio n  en erg y . F or  e x a m p le , in the w o rk  o f  C han  e t  a l .  ( 1 9 8 3 ) ,  the  

a c tiv a tio n  en e r g y  o b ta in ed  for a d ea sh ed  char w a s  h ig h er  than that o f  th e  sa m e  
char w ith o u t d ea sh in g . S im ila r  resu lts  w ere  o b ta in ed  in th e  s tu d ie s  o f  I llâ n -G ô  
m e z  e t  a l .  ( 1 9 9 6 )  and R o d r ig u e z -M ir a so l e t  a l .  ( 1 994).

T h e tran sition  tem p eratu re o b se r v e d  by d ifferen t s tu d ie s  a lso  
v a r ies , d e p e n d in g  p ro b a b ly  on  th e  c a rb o n a ceo u s  m ateria ls u sed .

2 .1 0 .3 .2  C a rb o n -N itro u s O x id e  R ea ctio n
T e n g  e t  a l .  ( 1 9 9 7 )  u sed  a p h e n o l-  fo rm a ld eh y d e  resin  char as a 

carb on  m ateria l w ith  lo w  im p u rity  le v e ls .  T h eir  resu lts  s h o w e d  a break
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tem p eratu re  w a s  at around 7 4 8  K . T h e  lo w -tem p era tu re  r e g im e  (<  7 4 8  K ) w a s  

ch a ra cter ized  b y  an  a c tiv a tio n  en erg y , w h ic h  in crea sed  s lig h t ly  w ith  th e  e x te n t  

o f  carb on  b u rn -o ff, ra n g in g  from  5 7  to  6 6  k J /m o l. T h e  h ig h -tem p era tu re  
r e g im e  ( >  7 4 8  K ) w a s  e x h ib ite d  b y  an a c tiv a tio n  e n e r g y , w h ic h  w a s  a lso  an  
in c r e a s in g  fu n c tio n  o f  the b u r n -o f f  le v e l,  ra n g in g  from  1 70  to  2 3 0  k J /m o l.

R o d r ig u e s-M ir a so l e t  a l .  ( 1 9 9 4 )  stu d ied  th e  d e c o m p o s it io n  o f  
N 20  b y  char u n d er  a f ix e d  b ed  reactor. T h e r e a c tio n s  w e r e  s tu d ied  at 
tem p eratu res fro m  6 7 3  to  1 2 2 3  K  and at partia l N , 0  p ressu res  in  th e  ra n g e  o f
0 .1 9 -1 .9 2  m bar. F ou r c o a ls  w ith  d ifferen t ranks w e r e  u se d  in  th is  s tu d y  as char  
p recu rsors: lig n ite  co a l (D E 5 3 ) ,  su b b itu m in o u s  c o a l (G a rd a n n e), h ig h -v o la t i le  
b itu m in o u s  c o a l (D a w -m ill) ,  and an th racite  (B la n z y ) . T h eir  r e su lts  s h o w e d  
ap p aren t a c tiv a tio n  en e r g ie s  in th e ran ge o f  6 6 -1 0 4  k J /m o l w e r e  o b ta in ed  for  
N 20  d e c o m p o s it io n .
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