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1. INTKODUCTION 

Severa l  exper imenta l  s t u d i e s  of t h e  C-CO g a s i f i c a t i o n  r e a c t i o n  
have been made. Many i n v e s t i g a t o r s  have no te f  t h a t  t h e  k i n e t i c  d a t a  
s u b s t a n t i a t e  a r a t e  equat ion  of Langmuir-Hinshelwood form [ 1 , 2 , 3 , 4 ] :  

bl[C021 

1 + b2[CO] + b3[C02] R = -  (1 )  

2 
where R i s  the  i n t r i n s i c  r e a c t i v i t y  (g/m s), and t h e  b’s r ep resen t  r a t e  
c o e f f i c i e n t  r a t i o s .  Laurendeau [4] summarizes t h e  evidence suppor t ing  
t h e  following oxygen exchange mechanism which is in agreement with Eqn. 
(1): 

k: I c + co - C(0) + co 
f 2 P1 

k; 
C(0) .+ co 

where C r e p r e s e n t s  a f r e e  carbon s i te  and C(0) a 
atom. Applying t h e  s t eady  state approximation t o  
a c t i v e  s i tes ,  

y i e l d s  t h e  fo l lowing  va lues  f o r  b l ,  b2,  and b3: 

chemisorbed oxygen 
C(0) and a balance 

b l  = m k [C 1, c l  t 

where m is t h e  mass of a carbon 

Inve r t ing  Eqn. (1) gives  

1 b3 b2 

bl b l  
- = - + -  

kl  
b =r, b3=--;, 2 

k2 kg  

atom. 

[COI 1 1 
[cozl+r;;[cozl~ 

(5)  
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Thus, t h e  fo l lowing  r e l a t i o n s h i p s  should e x i s t  a t  cons tan t  tempera ture ,  
i f  t he  above model ho lds :  

1. 1 / R  vs. 1/[CO ] should be l i n e a r  f o r  cons t an t  [CO]; 

2. 1 / R  VS. 1/[CO ] should be l i n e a r  f o r  cons tan t  [COl/[C021; 

3.  1 / R  VS. [CO] should be l i n e a r  f o r  cons tan t  [C02]; 

4 .  1 / R  vs. 1/[CO ] should be l i n e a r  f o r  near-zero [CO]. 

2 

2 

2 

The purpose of t h i s  paper is t o  examine these  r e l a t i o n s h i p s  f o r  d a t a  
obta ined  from OUK 1abOKatOKy and t h e  l i t e r a t u r e .  
a n a l y s i s .  we w i l l  show t h a t  s u f f i c i e n t  experimental  evidence e x i s t s  t o  
ques t ion  the  v a l i d i t y  of Eqn. (6)  and hence t h e  s i n g l e - s i t e  oxygen 
exchange mechanism. A two-s i te  model is proposed t o  exp la in  t h e  ava i l -  
a b l e  experimental  da t a .  

2.  EXPERIMENTAL PROCEDURE 

In t h e  course  of t h i s  

A d i f f e r e n t i a l  packed-bed r e a c t o r  made from 15 m I D  qua r t z  was 
employed t o  s tudy  the  g a s i f i c a t i o n  k i n e t i c s  of Saran char a t  tempera- 
t u r e s  between 858 and 956OC, and a t o t a l  p re s su re  near 1 a t m  (101.3 
kPa). 
mer i n  n i t rogen  a t  1300 K f o r  t h r e e  hours. The r e a c t o r  was t y p i c a l l y  
loaded with between 0.15 and 3.75 gm of -250 p m  char  p a r t i c l e s  y i e ld ing  
a bed he ight  between 0.5 and 10.0 c m .  Carbon d iox ide ,  carbon monoxide 
and argon a t  99.99% p u r i t y  were flowed through t h e  char  bed at  a t o t a l  
f low r a t e  of between 200 and 1000 cc/min (STP). Carbon d iox ide  was used 
a s  the  r eac t an t  gas ,  carbon monoxide was added t o  s tudy  i t s  i n h i b i t i v e  
e f f e c t  on g a s i f i c a t i o n ,  and argon w a s  employed t o  vary t h e  i n l e t  C02 and 
CO concent ra t ions .  The r eac t ion  r a t e s  were determined from t h e  amount 
of CO produced by g a s i f i c a t i o n  a s  measured by an In f r a red  I n d u s t r i e s  
d u a l  beam nondispers ive  i n f r a r e d  ana lyzer  (IR-703D). In  o rde r  t o  com- 
p a r e  t h e  r a t e  d a t a  a t  a common ex ten t  of r e a c t i o n ,  t he  r a t e  dependence 
on CO and CO was determined using a method similar t o  Tyler and Smith 
[ 5 ] .  'The percent conversion was maintained below 4.0% t o  ensure  d i f -  
f e r e n t i a l  condi t ions .  Experimental tests and t h e o r e t i c a l  c r i t e r i a  i nd i -  
ca ted  the  absence of t r anspor t  l i m i t a t i o n s .  The i n t r i n s i c  r e a c t i v i t i e s  
presented  i n  t h i 9  s tudy  a r e  based on t h e  s p e c i f i c  su r face  a r e a  a t  -10% 
burn-off (1285 m / g ;  Dubinin-Radushkevich i so therm with C02 a t  298 K). 

3.  RESULTS 

The Saran char w a s  made by hea t - t r ea t ing  Dow Chemical Saran poly- 

Data f o r  1 / R  vs. 1/[C02] f o r  [CO] - 15 kPa and f o r  [CO]/[COZ] - 
0.25 were f i t  us ing  a l i n e a r  r eg res s ion  a n a l y s i s  and appear i n  F igs .  1 
and 2. The p l o t s  a r e  l i n e a r  with p o s i t i v e  i n t e r c e p t s  f o r  a l l  tempera- 
t u r e s .  Strange and Walker 161 noted similar r e s u l t s  f o r  SP-1 g raph i t e  
when [CO ] is  va r i ed  f o r  a f ixed  [ C O ] ,  and when [COZ] i s  var i ed  f o r  a 
f ixed  [C8]/[COZ] r a t i o .  
d a t a  in the  presence of carbon monoxide. 

Thus, Eqn. (6 )  adequate ly  f i t s  g a s i f i c a t i o n  
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Plo t s  of 1 / R  vs. [CO] f o r  [CO ] - 60 kPa appear in Figure  3. The 
p l o t s  are l i n e a r  as a n t i c i p a t e d  wi& p o s i t i v e  i n t e r c e p t s .  
[ 2 ]  and Wigmans e t  a l .  [ 7 ]  a l s o  obta ined  t h i s  r e s u l t  f o r  coconut char- 
c o a l  and a c t i v a t e d  pea t  cha r ,  r e spec t ive ly .  Consequently, t h i s  test 
a l s o  suppor ts  Eqn. ( 6 ) .  

Gadsby et  al. 

Data f o r  1 / R  vs. 1/[CO ] f o r  no CO in t h e  i n l e t  were a l s o  f i t  using 
2 a l i n e a r  r e g r e s s i o n  a n a l y s i s  and appear in Fig. 4. The d a t a  exh ib i t  a 

concave downward cu rva tu re  about t he  b e s t - f i t  lines. From r e p l i c a t e  
d a t a ,  t h e  r a t i o  of t h e  mean square  "linear-model" e r r o r  t o  t h e  mean 
square  exper imenta l  e r r o r  was ca l cu la t ed .  A s t a t i s t i ca l  F test  ind i -  
c a t e s  t h a t  t he  c u r v a t u r e  is not due t o  random exper imenta l  e r r o r .  Con- 
cave downward cu rves  f o r  p l o t s  of 1 / R  vs .  1/[CO ] with no CO in t h e  
i n l e t  can a l s o  be d i sce rned  [9] in t h e  da t a  of f y l e r  and Smith [51, 
Gadsby e t  a l .  [ 2 ] ,  and in d a t a  from our l abora to ry  f o r  coconut char  
(101. Turkdogan and Vin te r s  [ 8 ]  found t h e i 6  s a s i f i c a t i o n  r a t e s  f o r  no 
CO in t h e  i n l e t  t o  be p ropor t iona l  t o  [COP] * 

[CO 1 .  
i t  2s not c o n s i s t e n t  w i th  a cons t an t  f r a c t i o n a l  dependence over a wide 
[CO ] range. These and o t h e r  r e s u l t s  [6 ,10]  suggest t h a t  t h e  cur ren t  2 s i n g l e - s i t e  model must be modified. 

4. DISCUSSION 

over a 100 f o l d  change in 
Although Eqn. (1) allows a f r a c t i o n a l  o rde r  dependence on [C02], 

2 A s u i t a b l e  mod i f i ca t ion  involves  t h e  two-site adso rp t ion  of CO 
shown below [ 101 : 

E 
co + 2 c =l c* 

2 k-1 

c* 3 C ( 0 )  + C(C0) 

k- 2 

C(C0) :3 Cf + co 
k-3 

k 
C(0) 3 co, 

(7) 

* 
where C is t h e  two-s i te  su r face  complex. Temperature programmed * 
deso rp t ion  and i s o t o p i c  tracer experiments [3 ,11,12]  i n d i c a t e  t h a t  [C I 
and [C(CO)] a r e  probably small in comparison t o  [C(O)] and [C 1 dur ing  
g a s i f i c a t i o n .  
apply ing  t h e  s t e a d y  s t a t e  approximation t o  each su r face  spec ie s  w i l l  
y i e l d  t h e  fo l lowing  equa t ion  a f t e r  rearrangement [ l o ] :  

Thus, u s ing  t h e  same s i te  balance as in Eqn. ( 6 )  and 
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The preceding general equation can branch in two directions depending on 
the amount of CO. 

4.1 Case I :  Significant [ S I  

Since Rxn. (10) is irreversible, increasing [CO] is expected to 
decrease [C(O)] via the reverse of Rxns. (8) and (9). If [C(O)] becomes 
sufficiently small, then 

[Ctl >> [C(O)l. (12) 

Analysis of the first and second sets of bracketed terms in Eqn. (11) 
suggests that the sets are similar in magnitude. 
multiplying the first set of bracketed terms by [C(O)] and the second 
set by [C(O)][C ] will make the first term in Eqn. (11) negligible in 
comparison to tie second term. Since 

c 4  

Eqn.2(12) implies that 

R = m k [C(O)], 

Eqn. (11) yields 

m -~Ctl[CO21 klk2 
c k-1 

R =  

[ co2 1 k-gk-3 [CO] + - 2klk2 1 +- 
k3k4 k-lk4 

where k 
tion rack is much faster than CO 

has been assumed to be much larger than k2 (i.e., CO desorp- 2 decomposition rate). 2 
Eqn. (13) is of same form as Eqn. (1) with the following values for 

3: bl, b2, and b 

(14) 
k-2k-3 2k lk2 [Ct], b = -- , b =- 

klk2 b = m  -- 
1 c k-1 2 k3k4 3 k-lk4' 

Hence, for significant [CO], 1/R vs. 1/[C02] should be linear for con- 
stant [CO] and constant [CO]/[CO,], and 1/R vs. [CO] should be linear 
for constant [COz] as demonstrated previously. 
available, the previous single-site model and the proposed two-site 
model are indistinguishable with respect to the final rate expression. 
Moreover, both explain the available rate data. 

When sufficient [CO] i s  

The slopes and intercepts from Figs. 1-3 can be used to calculate 
values for m k4[Ct], mcklk [C ]/k-l, and mck-2k-3[Ctl/k 
intercepts og the 1/R vs. ?/[60,] plots at constant [CO? directly 
yielded m k [Ct] values. 

(Table 1). The 

These values also had the least error (95% c 4  
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confidence l i m i t s ) .  S imi l a r ly ,  t h e  s lopes  of t h e  1 / R  vs .  1/[CO 1 p l o t s  
a t  cons tan t  [CO]/[CO2] gave t h e  b e s t  m k k [Ct]/k-l va lues .  Values f o r  
k k m [C ] /k3  were ca l cu la t ed  from tfie’slopes of the  1 / R  vs.  [CO] 

chns tan t  [CO ] and using t h e  above va lues  f o r  k4mc[Ct] and 2 
klk2mc[Ctl/k-l. 

- 4.2 __-  Case 11: I n s i g n i f i c a n t  [%I 
I f  the  same assumption regarding the  r a t e  c o e f f i c i e n t s  i s  made as  

f o r  the  f i r s t  case  ( i . e . ,  k-l >> k 2 ) ,  and any term con ta in ing  [CO] is  
set t o  ze ro ,  Eqn. (11) y i e l d s  a f t e r  applying t h e  q u a d r a t i c  equat ion  
[ 101 : 

I f  we f u r t h e r  assume t h a t  k i s  much l a r g e r  than k ( i . e . ,  C(C0) r e a c t s  
wi th  C(0)  f a s t e r  than  i t  deszrbs from the  ~ u r f a c e ) , ~ t h e n  i t  i s  reason- 
a b l e  t o  presume t h a t  

k k  I v 2 k 4 k - 2  1 2  
[CO21 >> - [ C O 2 1 ,  \ I  k-lk3 k-l 

and 

L 

2 Applying Eqn (16 )  and a l s o  assuming t h a t  k i s  smal l  compared t o  t h e  CO 
term under t h e  square  root  s ign  i n  Eqn. ( l? ) ,  w e  f i n d  t h a t  t h e  r eac t ion  
r a t e  has a square  r o o t  dependence on [CO,]: 

This pred ic ted  square  root  dependency i s  c o n s i s t e n t  wi th  t h e  r e s u l t s  of 
Turkdogan and Vin te r s  [SI with no CO i n  t h e  inl&F5 Moreover, t h e  Saran 
char  da t a  demonst ra tes  good l i n e a r  R vs.  [ C 0 2 ]  p l o t s  wi th  t h e  a n t i -  
c ipa t ed  negat ive  i n t e r c e p t  when no CO i s  p resen t  i n  t h e  i n l e t  gases 
(F ig .  5). However, a s l i g h t  concave upward cu rva tu re  can be d iscerned  
i n  a l l  t h e  p l o t s .  To test the  a b i l i t y  of Eqn. (15) t o  account f o r  t h i s  
depa r tu re  from l i n e a r i t y ,  w e  f i t  t h e  d a t a  wi th  t h e  fo l lowing  equat ion:  
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Parameters d and d were f ixed  with va lues  from Table 1. Parameters 
d l ,  d3, d4,  ind  d were determined by a non-linear r eg res s ion  a n a l y s i s  
us ing  Marquardt’s method. 
and d4 and compared t o  the  va lues  i n  Tat& 1‘; Table 2 demonstrates t h e  
agreement. 1 s t i l l  y ie lded  almost i d e n t i c a l  va lues  f o r  k m [C 1.  This agreement Sup- 
p o r t s  t h e  proposed two-site model. 

5. CONCLUSIONS 

5 
6 

Parameters d 

Values f o r  k m [C 1 can be c a l c u l a t e d  from d l  

and d4 were not  cons t ra ined  i n  any way, but 

4 c  t 

Proposed models f o r  g a s i f i c a t i o n  by C02 should account f o r  t h e  f o l -  
lowing experimental  observa t ions  obta ined  i n  t h i s  i n v e s t i g a t i o n  and t h e  
l i t e r a t u r e :  

1. 

2. R vs [CO i s  near - l inear  f o r  no CO i n  t h e  i n l e t  and d i f f e r e n -  

1 / R  vs. [CO] i s  l i n e a r  f o r  cons tan t  [CO,]. 

2 t i a l  r e a c t i o n  cond i t ions  ([CO] - 1 kPa).  

i n l e t  ([CO] -’lo kPa). 
3. 1 / R  vs. 1/[CO ] i s  l i n e a r  f o r  h igher  concen t r a t ions  of CO i n  the  

The model proposed he re  t o  account f o r  t hese  obse rva t ions  invo lves  a 
two-site adsorp t ion  and d i s s o c i a t i o n  of C02 on t h e  su r face .  
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Figure 2. Test of  Eqn. ( 6 )  f o r  Saran Char with [CO]/[CO ] % 0.25. 
0 - 1189 K, fl - 1206 K, A - 1217 K, V - 1229 E?. 
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Figure 3 .  Test of qn. (6) f o r  Saran Char w i t h  [CO ] 2, 60 kPa 
(6 X lo-' m o l l l , ) .  V - 1189 K, 0 - 1206 6, 0 -1217 K, 
A - 1229 K. 

2'o? 

Figure 4 .  Test of  qn. (6) f o r  Saran Char wi th  [CO] % 1 kPa 
(1 X lo-' mol/i). V - 1189 K, 0 - 1206 K. - 1217 K, 
A - 1229 K. 
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Figure 5 .  Test of Eqn. (17) f o r  Saran C h a r  w i t h  [CO] ?r 1 kPa (1 X loe4 
m o l / e ) .  V - 1189 K ,  0 - 1206 K, 0 -  1217 K, A - 1229 K. 

Table 1. Experimental Values f o r  Rate Coeff ic ient  Ratios. 

1189 1.07 f. 0.46 0.55 2 0.18 0.71 2 0.64 

1206 2.09 2 0.72 1.15 * 0.32 1.77 t 1.32 
1217 2.75 2 0.86 1.27 f. 0.34 1.82 f. 1.24 

1229 3.78 f. 1.52 1.85 0 .43  2.64 2 2.00 

Table 2 .  Comparison o f  mck4[Ct](-& X IO7) Values. 

Temp., K mck4[Ctl from Table 1 mck4[Ct] from d l  mck4[Ct] from d4 

1189 1.07 5 0 .46  1.06 (0.77-1.29) 1.08 (0-1.28) 
1206 2.09 5 0.72 2.44 (1.82-2.94) 2.45 (1.70-2.82) 

1217 2.75 0.86 2.80 (2.72-2.87) 2.80 (2.72-2.88) 
1229 3.78 % 1.52 3.52 (3.10-3.89) 3.52 (3.00-3.87) 
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