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INTRODUCTION 

The g a s i f i c a t i o n  of  c o a l  with f a i r l y  pure hydrogen, r e f e r r e d  t o  as "d i rec t  hydro- 
gas i f ica t ion" ,  is considered t o  be an  a t t r a c t i v e  approach f o r  t h e  product ion of subst i -  
t u t e  n a t u r a l  gas (1,Z). Conceptually, d i r e c t  hydrogas i f ica t ion  processes  involve two 
s t a g e s  of g a s i f i c a t i o n ,  one f o r  hydrogas i f ica t ion  of  t h e  c o a l  and another  f o r  steam- 
oxygen g a s i f i c a t i o n  of t he  char  from t h e  f i r s t  s t a g e  as shown i n  Figure 1. 
required by the  hydrogas i f ica t ion  s t a g e  is produced i n  t h e  steam-oxygen g a s i f i c a t i o n  
s tage.  
i n  t h e  g a s i f i e r  (3,4). Thus, t h e  requirement f o r  c a t a l y t i c  methanation is g r e a t l y  
reduced compared t o  s ingle-s tage steam-oxygen processes .  
s e v e r a l  t echnica l  advantages, which add up t o  a s i g n i f i c a n t  economic advantage, of 
d i r e c t  hydrogas i f ica t ion  processes  over  s ing le-s tage  steam-oxygen processes  (1-6). Some 
examples of t he  d i r e c t  hydrogas i f ica t ion  processes  under development are: (a) t h e  
Hydrane process (1.3) be ing  developed by t h e  P i t t sburgh  Energy Research Center (PERC), 
(b) t h e  Rocketdyne Process ( 7 ) .  and (c) a c a t a l y t i c  hydrogas i f ica t ion  process  be ing  
developed by Bat te l le ' s  Columbus Laborator ies  (4 ,8 ,9) .  

The hydrogen 

About 85-95 percent  of t h e  methane i n  t h e  f i n a l  product gas is formed d i r e c t l y  

Process ana lyses  i n d i c a t e  

I n  support of t h e  hydrogas i f ica t ion  processes  under development, it is necessary 
t o  obta in  accura te  k i n e t i c  and y i e l d  d a t a  f o r  design and scale up. These d a t a  should 
properly t ake  i n t o  account t h e  suppressing effect of t h e  primary product of r eac t ion ,  
namely, CH4, on t h e  rate o f  conversion of coa l .  Unfortunately,  however, t h e r e  is only 
a l imi ted  amount of d a t a  presented i n  l i t e r a t u r e  (10.11) on t h e  k i n e t i c s  of hydrogasi- 
f i c a t i o n  i n  the  presence of CH The 
bulk of t h e  ava i lab le  d a t a  a r e  f o r  g a s i f i c a t i o n  wi th  e s s e n t i a l l y  100 percent  hydrogen. 
Another problem with a v a i l a b l e  d a t a  is t h a t  most i f  it have been obtained using 
preoxidized coal  whi le  a l l  t h e  d i r e c t  hydrogas i f ica t ion  processes  under development 
do not  employ preoxidat ion.  

present  a t  l e v e l s  represent ing  commercial design. 4 

I n  t h i s  paper w e  provide k i n e t i c  d a t a  on t h e  hydrogas i f ica t ion  of c o a l  cha r ,  

The d a t a  are c o r r e l a t e d  employing a combination of k i n e t i c  models 
produced by p a r t i a l  hydrogas i f ica t ion  of r a w ,  caking bituminous coa l ,  wi th  mixtures  
of H2 and CH . 
proposed by johnson (11) and Gardner, e t  a1 (12). Although the  d a t a  were obtained 
f o r  t h e  Hydrane process ,  genera l  a p p l i c a b i l i t y  t o  o t h e r  d i r e c t  hydrogas i f ica t ion  
processes  is suggested. I n  t h e  Hydrane process ,  which operates  at  a t o t a l  p ressure  
of about 1000 psig,  t h e  required carbon conversion f o r  t h e  .hydrogasif icat ion s t a g e  
is about 50 percent  f o r  achieving balanced operat ion,  i.e., t o  avoid excess  HZ o r  
char from the  steam-oxygen s t ep .  
countercurrent  s tages  as shown i n  Figure 2. 
raw c o a l  is contacted i n  a f r e e  f a l l ,  d i l u t e  phase wi th  a mixture  of pr imar i ly  H and 
M 
ca4bon. The char from t h e  f i r s t  hydrogas i f ica t ion  s t e p  is f u r t h e r  hydrogas i f ied  i n  a 
f l u i d  bed wi th  e s s e n t i a l l y  pure H and the  r e s u l t i n g  product gas is f e d  t o  t h e  f i r s t  
hydrogasif icat ion s t a g e  (3 ) .  It zs t h i s  second s t a g e  of hydrogas i f ica t ion  f o r  which 
t h e  k i n e t i c  da t a  reported i n  t h i s  paper were obtained (13). 

The hydrogas i f ica t ion  s t a g e  i t s e l f  c o n s i s t s  of two 
I n  t h e  f i r s t  hydrogas i f ica t ion  s t a g e ,  

( g r e a t e r  than about 40 percent  of each) t o  hydrogasify about 25 percent  of t t e  
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EXPERIMENTAL DETAILS 

The hydrogas i f ica t ion  experiments were c a r r i e d  ou t  i n  a thermobalance reac tor  
descr ibed elsewhere (8,131. By cont inuously recording t h e  m a s s  of a sample held in 
a wire-mesh basket  t h e  progress  o f  a r e a c t i o n  can  b e  e a s i l y  monitored in such a 
system. The opera t ion  i s  e s s e n t i a l l y  isothermal  and t h e  gas conversion is l imi ted  t o  
a f e w  percent. A t y p i c a l  experiment i n  t h e  thermobalance involves  br inging  the 
r e a c t o r  t o  operat ing condi t ions first and then  lowering t h e  sample basket ,  measuring 
0.63 inch O.D. and conta in ing  a 0.5 t o  1.0 gram sample of char ,  a t  t h e  r a t e  of about 
one inch per  second u n t i l  i t  reaches t h e  des i red  p o s i t i o n  i n  t h e  r e a c t o r  ( I . D .  = 0.75 
inch) .  Thus, t h e r e  is no weight trace f o r  about t h e  f i r s t  0.15 minute during which 
t h e  sample is exposed t o  t h e  r e a c t i v e  atmosphere. 
requi red  f o r  t h e  sample t o  reach operat ing temperature. The temperature i s  measured 
by a thermocouple placed 1/4-inch below t h e  sample baske t .  

An a d d i t i o n a l  minute o r  s o  is 

The e igh t  char  samples employed in t h i s  s tudy w e r e  produced a t  PERC i n  a d i l u t e  
phase hydrogas i f ie r  operated a t  a nominal feed  rate of 10 l b / h r  of coal .  
der ived from a P i t t s b u r g h  No. 8 hvAb and an I l l i n o i s  No. 6 hvCb c o a l  each processed i n  
t h e  d i l u t e  phase r e a c t o r  a t  four  temperatures: 725 C ,  800 C,  850 C ,  and 900 C.  
Typical  analyses of chars  from the two types of c o a l  are shown in Table 1. 

The chars  were 

The raw coa l  

TABLE 1. TYPICAL ANALYSES OF CHARS FROM DILUTE PHASE HYDROGASIFIER 

Coal Source 
P i t t sburgh  No. 8 I l l i n o i s  No. 6 

Analysis, w t  X hvAb hvCb 

Proximate, as received 

Moisture 2.5 
Ash 7.5 
Vola t i le  matter 9.2 

80.8 

TOTAL 100.0 
Fixed carbon (by d i f fe rence)  - 

Ultimate, dry 

Carbon 
Hydrogen 
Nitrogen 
Sul fur  
Ash 
Oxygen (by d i f fe rence)  

TOTAL 

84.4 
2.4 
1.5 
1.0 
7.7 
3.0 

100.0 
- 

P a r t i c l e  S i z e  Dis t r ibu t ion , (a )  

+10 70.7 
- 1Ot12 7.0 
-12+16 8.7 
-16+30 9.0 
-3Ot50 3.2 

100.0 

U.S. series mesh s i z e  

-5c 1.4 

1 .5  
16.4 
9.7 

72.4 

100 * 0 
- 

75.8 
2.1 
1.3 
1.3 

16.6 
2.9 

100.0 
- 

2.9 
2.3 
9 .o 

33.0 
31.9 
20.9 

100.0 
- 

(a) The chemical ana lyses  above correspond t o  t h e  +50 mesh f r a c t i o n .  
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w a s  -50+100 mesh (U.S. s i e v e  s e r i e s )  b u t  t h e  char p a r t i c l e  s i z e  was much l a r g e r ,  as 
shown i n  Table 1. due t o  swel l ing during hydrogas i f ica t ion .  The average carbon 
conversion during d i l u t e  phase hydrogas i f ica t ion  was 26 percent  and t h e  r e s u l t i n g  chars 
had an average v o l a t i l e  matter content  of about 10 percent. The v a r i a t i o n  i n  proxi- 
mate and u l t imate  analyses  of var ious chars  was small. 
diameter of t h e  chars  from Pi t t sburgh  No. 8 c o a l  was about t h r e e  t i m e s  (about  1800 vm) 
t h a t  of chars  from I l l i n o i s  No. 6 c o a l  due t o  t h e  h igher  FSI o f  P i t t sburgh  No. 8 seam 
coa l s .  

However, t h e  mean p a r t i c l e  

Each of t h e  e i g h t  char  samples were hydrogasif ied a t  a f ixed  t o t a l  p r e s s u r e  of 
1000 p s i g  (69 atm) at s e v e r a l  d i f f e r e n t  temperatures ranging from 700 C t o  1000 C and 
employing t h r e e  feed gas  compositions: ( a )  100 percent  hydrogen, (b) 74 percent  H2-26 
percent  CH4, and (c) 48 percent  €I2-52 percent  1334. To contain t h e  samples i n  the  100 
mesh screen  basket ,  only t h e  +50 mesh f r a c t i o n ,  which near ly  represented t h e  bulk of 
t h e  samples, was used. 
char p a r t i c l e  s i z e  and gas ve loc i ty ,  employing chars  produced a t  800 C ,  t o  determine 
t h e  inf luence of mass t r a n s f e r  on r a t e  of hydrogas i f ica t ion .  

These experiments were preceded by s t u d i e s  on t h e  e f f e c t  of 

In some experiments some carbon was deposi ted on t h e  sample baske t  due t o  
cracking of methane present  in t h e  feed gas. 
t i o n  on the  basket  so as t o  obta in  t r u e  char hydrogas i f ica t ion  r a t e  d a t a .  

A cor rec t ion  w a s  made f o r  t h i s  deposi- 

RESULTS AND DISCUSSION 

General Observations and Def in i t ions  

It is wel l  recognized t h a t  bituminous coa ls  exhib i t  an i n i t i a l ,  t r a n s i e n t  period 
of extremely high hydrogas i f ica t ion  r e a c t i v i t y  followed by a r a t h e r  slow ra te  of 
hydrogas i f ica t ion  regime. The i n i t i a l ,  h igh- reac t iv i ty  per iod,  which is general ly  
over in a few seconds a t  temperatures above 850 C, cons is t s  of g a s i f i c a t i o n  of the 
v o l a t i l e  matter as w e l l  as some f ixed carbon. t h e  amount of which depends on the 
p a r t i a l  pressure of hydrogen (2) .  
because of l i m i t a t i o n s  on rate of hea t ing  of coa l .  

In t h e  thermobalance, t h i s  r e g i m e  lasts longer  

The rate of hydrogas i f ica t ion  in t h e  f i r s t  k i n e t i c  regime is so much h igher  
than the rate f o r  t h e  second regime t h a t  a "knee" is apparent  in t h e  curves showing 
f r a c t i o n a l  conversion, X,  versus  t i m e  as shown in Figure 3. The d e f i n i t i o n  of X is 

-AW x = -  
wO 

where -AW is t h e  weight loss of  as-received char  due t o  g a s i f i c a t i o n  and W is t h e  
i n i t i a l  weight. Because of t h e  heat  up e f f e c t s  during t h e  f i r s t  minute thg  thermo- 
balance is not s u i t a b l e  f o r  determining t h e  rate of hydrogas i f ica t ion  i n  t h e  rapid- 
hydrogas i f ica t ion  k i n e t i c  regime. 
onset  of t h e  s low-hydrogasif icat ion k i n e t i c  regime which is made p o s s i b l e  by not ing 
t h e  "knee" i n  t h e  X versus  t i m e  curves. 
two regimes, designated as Xcp, w a s  determined f o r  each hydrogas i f ica t ion  run. The 
cut-off reac t ion  time w a s  found t o  b e  as much as about 2.5 minutes a t  700 C and as  
s h o r t  a s  about 0.5 minutes a t  1000 C. Johnson (11) used 2 minutes as t h e  cut-off t i m e  
f o r  hydrogas i f ica t ion  runs a t  temperatures of 850 C o r  higher .  

However, i t  is q u i t e  s u i t a b l e  f o r  determining t h e  

This boundary o r  "cut-off po in t"  between the  

The thermobalance da ta  were cor re la ted  i n  terms of t h e  conversion of base carbon 

The f r a c t i o n a l  conversion of base  carbon is defined as 
which is t h a t  p o r t i o n  of t h e  t o t a l  carbon in char  which is not  assoc ia ted  with t h e  
ASTM v o l a t i l e  matter ( 1 0 , l l ) .  

x-v 
X B C  =1-A-v 
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where V is the  ASTM v o l a t i l e  mat te r  ( inc luding  moisture) and A is t h e  ash content  of 
char ,  each expressed a s  weight  f r a c t i o n  of as-received char. 
p o r t i o n  of  the  base carbon is hydrogasif ied i n  t h e  rapid-hydrogasif icat ion regime. 

A s  mentioned above, a 

The t o t a l  amount of t h i s  " r a p i d  base  carbon" is represented 
base  carbon can be termed "slow base  carbon". Now another  
can be defined based on  t h e  slow base  carbon content  of char :  

3) 

It was assumed i n  w r i t i n g  Equations 2 and 3 t h a t  a l l  v o l a t i l e  mat te r ,  inc luding  mois- 
t u r e ,  is hydrogasif ied during t h e  rapid-hydrogasif icat ion regime and t h a t  t h e  r a t e  of 
carbon conversion r e l a t i v e  t o  t h e  rate of ash-free char conversion is cons tan t  a f t e r  
d e v o l a t i l i z a t i o n .  
mined by u l t imate  and proximate analyses  d a t a  f o r  chars  hydrogasif ied t o  var ious l e v e l s  
of conversion. 

Both of t h e  assumptions were found t o  be q u i t e  reasonable  as deter-  

Rapid Hydrogasif i c a t i o n  Regime 

The e f f e c t s  of gas-film and pore  d i f f u s i o n  on t h e  y i e l d  of rap id  base carbon 
, were i n v e s t i g a t e d  by varying t h e  gas  ve loc i ty  and p a r t i c l e  s i z e ,  conversion, 

respectivelyl(BRCAll experiments were performed a t  1000 C temperature using a feed gas 
conta in ing  only H2. 
r e s u l t e d  in only a s l i g h t  i n c r e a s e  i n  X i c  a s  shown i n  Figure 4. And increas ing  t h e  
mean p a r t i c l e  diame,ter from 450 to  2100 urn d i d  not  a f f e c t  qc a s  shown i n  Figure 5. 
Anthony, e t  a l ,  on t h e  o t h e r  hand, reported a s i g n i f i c a n t  increase  i n  t h e  y i e l d  of 
rap id  base carbon wi th  decreasing p a r t i c l e  diameter. 
d i f f e r e n c e  may be  t h a t  Anthony, e t  a l .  worked with r a t h e r  dense p a r t i c l e s  compared t o  
t h e  char  p a r t i c l e s  used i n  t h i s  s tudy which had a popcorn-like consis tency i n  which 
case  t h e  i n t e r n a l  s u r f a c e s  of  p a r t i c l e  may b e  equal ly  access ib le  t o  H2 f o r  p a r t i c l e s  of 
varying o u t e r  diameters .  

I n c r e a s i n g  t h e  s u p e r f i c i a l  gas ve loc i ty  from 0.04 t o  0.23 f t / s e c  

One explanat ion f o r  t h i s  

The +50 mesh samples denoted by closed symbols in Figure 5 were employed f o r  
determining the  dependence o f  as a func t ion  of temperature, p ressure ,  and feed 
gas composition as w e l l  a s  t h e  cgar  prepara t ion  ( d i l u t e  phase hydrogas i f ica t ion)  
temperature. 
type  of coal .  

The char  prepara t ion  temperature d id  not  appear t o  a f f e c t  qc f o r  e i t h e r  

S ince  t h e  v a r i a t i o n  among t h e  ind iv idua l  va lues  of 
average values  of f o r  t h e  e i g h t  chars  were used t o  t h e  e f f e c t  of tempera- 
t u r e  and p a r t i a l  pregsure of  H2 and CH4. The average X&, values  were found t o  depend 
on temperature and m2 b u t  n o t  on pm4.  

The d a t a  were c o r r e l a t e d  using t h e  fol lowing equat ion  which is 
Furthermore, temperature seemed to  a f f e c t  

only below 800 C. 
t o  the  one given by Johnson (11) f o r  temperatures exceeding about 850 C: 

R where k is a func t ion  of temperature. Figure 6 shows t h e  dependence of X B c  on %2 f o r  
temperaiures ranging from 800 t o  1000 C. 
temperatures  a r e  summarized below: 

The k values  obtained a t  d i f f e r e n t  1 

-1 
Temperature, C k,, atm 

700 0.0016 
750 0.0023 

)800 0.0030 

76 



It should be  pointed o u t  t h a t  Johnson d id  not  apply Equation 4 f o r  temperatures  below 
about 850 C. 

The e f f e c t  of temperature w a s  found t o  be  q u a l i t a t i v e l y  s i m i l a r  t o  t h a t  observed 
by o t h e r s  (2,10,14,15), i .e..  $c increases  with temperature u n t i l  about 850 C and 
then l e v e l s  o f f .  Actual ly ,  t h e  r e l a t i o n s h i p  between and temperature  may be q u i t e  
complex a s  shown by Pyricioch,  e t  a1 (lo), and Anthon3‘et a 1  (2). A t  temperatures 
exceeding 850 C,  Johnson found t h e  value of k t o  be  0.0092 f o r  a i r  p r e t r e a t e d  I r e l a n d  
mine coa l  char ,  containing 28.4 percent  v o l a t i l e  mat ter ,  a s  opposed t o  0.0030 f o r  t h i s  
s tudy.  The d i f f e r e n c e  i n  these  k values  is because some rap id  base carbon is hydro- 
g a s i f i e d  during d i l u t e  phase h y d r i g a s i f i c a t i o n  i n  t h e  Hydrane Process .  

Slow Hydrogasif icat ion Regime 

I t  is necessary t h a t  a s i g n i f i c a n t  p o r t i o n  of t h e  base  carbon b e  g a s i f i e d  i n  t h e  
slow hydrogas i f ica t ion  regime i f  t h e  following condi t ions a r e  t o  be met f o r  a process  
involving t h e  d i r e c t  hydrogas i f ica t ion  of h igh-vola t i le  bituminous c o a l  toge ther  with 
steam-oxygen g a s i f i c a t i o n  of char: (a)  process  opera tes  a t  a t o t a l  p ressure  of 1000 
ps ig  o r  lower. (b) t h e  hea t  content  of gas a f t e r  methanation of t h e  CO produced in  
t h e  d i r e c t  hydrogas i f ica t ion  s t a g e  is equal  t o  o r  g r e a t e r  than 950 Btu /scf ,  (c)  there  
is no excess char produced. Therefore ,  t h e  thermobalance d a t a  were analyzed t o  deter-  
mine t h e  k i n e t i c  parameters f o r  t h e  slow hydrogas i f ica t ion  regime. 

Rate Expression 

The slow hydrogas i f ica t ion  reac t ion  has been s tudied  by a number of researchers  
(10-12,15-19) and a number of r a t e  expressions have been employed f o r  t h e  same. 
of these  r a t e  expressions can be  w r i t t e n  i n  t h e  fol lowing genera l ized  form: 

Most 

where X is t h e  f r a c t i o n  of t h e  base carbon t h a t  remains i n  t h e  char  a f t e r  t h e  rapid 
hydroga%fication s t a g e  is complete, and kc, nl, n , and n3 a r e  parameters t h a t  depend 
on r e a c t i o n  condi t ions.  
l i t e r a t u r e :  

Following a r e  some spec i fzc  forms of Equation 5 t h a t  appear i n  

2 
--P dXSC k,f”(l-Xsc) 2’3exp(-a Xsc) 

d t  6b) 

The f i r s t  of t h e s e  is t h e  s imples t ,  but  not  genera l ly  found t o  b e  a p p l i c a b l e  t o  hydro- 
g a s i f i c a t i o n  (11.12). 
a t o  be 0.97. A t  t h i s  value o a, however, Equation 6b can b e  approximated by E u a t i o n  
6a s i n c e  t h e  va lue  of ( l -XSC) l f3  is with in  3 percent  of t h e  va lue  of exp(-0.97 4 ) f o r  sc values up t o  0.6 which covers t h e  range of i n t e r e s t .  Equation 6 c  was developEd by 
Gardner, et a l ,  who assumed t h a t  bRT was independent of temperature (121, un l ike  t h e  
r e s u l t s  of our  s tudy,  discussed l a t e r .  

The second equation w a s  used by Johnson who found t h e  value of 

Equation 6a, which is a good approximation f o r  Equation 6b a s  d iscussed  above, was 
found t o  be u n s a t i s f a c t o r y  f o r  hydrogas i f ica t ion  of Hydrane char ,  p a r t i c u l a r l y  at ten+ 
peraturea below 900 C.  This  is i l l u s t r a t e d  i n  F igure  7 which shows t h e  p l o t s  of  
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ln(1-X 
6a t o  val id .  However, Equation 6c was found t o  b e  appl icable  a t  a l l  condi t ions and 
was therefore  used in t h i s  study. 
is a continuous, exponent ia l  decay in t h e  r e a c t i v i t y  of the char as hydrogas i f ica t ion  
proceeds. 

) as a funct ion of t i m e ,  which a r e  expected t o  be s t r a i g h t  l i n e s  f o r  Equation 

The b a s i c  hypothesis  behind Equation 6c is t h a t  there  

The determination of parameters k 
tak ing  t h e  i n t e g r a l  of each s i d e  a s  fohows:  

and b required rearranging Equation 6c and 

7) 

where t is measured from t h e  end of t h e  rapid hydrogas i f ica t ion  regime. 
on t h e  l e f t  hand s i d e  of Equation 7 was numerically evaluated for  var ious values  of  
b t o  give the bes t  s t r a i g h t  l i n e  when p l o t t e d  aga ins t  t .  Samples of s t r a i g h t  l i n e s  
thus obtained a r e  shown in Figure 8. 

The i n t e g r a l  

E f f e c t  of Gas-Film and Pore Diffusion 

The e f f e c t  of gas-film d i f f u s i o n  on t h e  i n i t i a l  r a t e  of hydrogas i f ica t ion ,  k2, 
was found t o  be s i g n i f i c a n t  only below a gas v e l o c i t y  of about 0.15 f t / s e c  a s  shown 
in Figure 9. Wen, e t  a l ,  s i m i l a r l y  found t h a t  gas-film d i f fus ion  was not an important 
f a c t o r  in t h e i r  experiments w i th  Hydrane char  at  0.2 f t / s e c  (17). 
used f o r  studying the e f f e c t s  of t h e  v a r i a b l e s  discussed next  were kept high enough so 
t h a t  gas-film d i f f u s i o n  w a s  no t  a f a c t o r .  

The gas v e l o c i t i e s  

The e f f e c t  of p a r t i c l e  s i z e  on k f o r  Hydrane char was found t o  be q u i t e  d i f f e r e n t  
from t h a t  found by o t h e r s  f o r  preoxidjzed coa l  chars .  S p e c i f i c a l l y ,  t h e  va lue  of k2 
f o r  Hydrane char was found t o  increase  s i g n i f i c a n t l y  with mean p a r t i c l e  diameter as 
shown in Figure 10. But, Tomita, et a l ,  found t h a t  changing t h e  p a r t i c l e  s i z e  range 
of l o w  v o l a t i l e  coal  char  from -40+100 t o  -200+325 U.S. mesh resu l ted  in a 1.6-fold 
increase  i n  the  hydrogas i f ica t ion  r a t e  a t  400 ps ig  and 980 C (19). Johnson, on the  
o ther  hand, used a r a t e  expression which assumed t h e  r a t e  to  be independent of p a r t i c l e  
s i z e  (11). The reason f o r  t h e  pecul ia r  behavior of t h e  Hydrane char is y e t  unknown. 
It is suspected t h a t  t h e  v a r i a t i o n  in i n t e r n a l  sur face  proper t ies  with p a r t i c l e  s i z e  
w i l l  explain t h i s  p e c u l i a r  behiavor. 
l a r g e  enough t o  explain it. 

E f f e c t  of Char Prepara t ion  
Conditions and Coal Type 

Var ia t ion  in t h e  ash content was not  found t o  be 

1 

The char prepara t ion  temperature w a s  not  found t o  a f f e c t  the i n i t i a l  r a t e  of 
hydrogasif icat ion,  k . However, t h e  P i t t sburgh  No. 8 seam chars were found t o  be 
more reac t ive  than I f l i n o i s  No. 6 seam chars  as shown in Figure 10. 
in t h e  r e a c t i v i t i e s  of t h e  +50 mesh f r a c t i o n s ,  which near ly  represented t h e  e n t i r e  
char sample as shown i n  Table 1, w a s  even more pronounced due t o  the d i f fe rence  in 
the  mean p a r t i c l e  diameter .  On t h e  average, t h e  +50 mesh Pi t t sburgh  No. 8 chars  were 
about 25 percent more r e a c t i v e  than the  +50 mesh I l l i n o i s  No. 6 chars. Johnson, on 
the  o t h e r  hand, using preoxidized chars  found t h e  P i t t sburgh  No. 8 chars  t o  b e  about 
10 percent  less r e a c t i v e  than  I l l i n o i s  No. 6 chars  (20). Again t h i s  d i f fe rence  is 
unexplained but  is suspected t o  be due t o  v a r i a t i o n  in sur face  proper t ies .  
thing,  t h e  bulk densi ty  of P i t t sburgh  No. 8 chars  was found t o  be considerably lower 
than t h a t  of I l l i n o i s  No. 6 chars .  

The d i f fe rence  

For one 

In order t o  determine t h e  e f f e c t  of preoxidat ion on r e a c t i v i t y ,  the  k2 values 
f o r  Hydrane char from our s tudy  were compared with those reported in l i t e r a t u r e  f o r  
o ther  chars. The comparison, which was complicated due t o  v a r i a t i o n  in coal  sources 
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and k i n e t i c  expressions used t o  determine r a t e  cons tan ts ,  d id  n o t  conclusively show 
t h a t  Hydrane char  is more r e a c t i v e  than chars  produced by preoxidat ion.  
example, the  k2 value f o r  P i t t sburgh  No. 8 Hydrane char  a t  900 C using H2  only was  
found t o  be 0.074 h r - l  a t m - l .  
reported 0.021 and 0.117 hr - l  a t m - l ,  r espec t ive ly ,  f o r  preoxidized chars  from s i m i l a r  
coals .  Also, we found t h a t  the  k2 value f o r  preoxidized Synthane char  was 0.037 hr- l  
a tm-1  for t h e  same c o a l  (13). 

Ef fec t  of Pressure and Temperature 

For 

On t h e  o t h e r  hand, Johnson (11) and Gardner, e t  a1 ( 1 2 )  

Since t h e  char prepara t ion  temperature d id  n o t  s i g n i f i c a n t l y  a f f e c t  t h e  k values ,  
these  were averaged over t h e  four  types of chars  f o r  each c o a l  source.  
s e t  of temperature and pressure ,  two k2 values ,  one f o r  each c o a l  source,  were obtained. 

s i g n i f i c a n t  cont r ibu t ion  a t  higher  temperatures and methane p a r t i a l  p ressures .  
f a c t ,  t h e  value of k 
pressures  of H and &I were 33.1 and 35.9 atm, respec t ive ly .  A s i m p l i f i e d  form of 
t h e  following c o r r e l a t l o n ,  developed by Johnson. was wed:  

Thus, Zor each 

The back reac t ion  of methane t o  form carbon on char  was found t o  make a very 

was found t o  be near ly  zero a t  about 850 C when t h e  p a r t i a l  
I n  

2 

L 

l + k  p k =  2 
H Z  

where. k and k 
b r i m  constant  f o r  t h e  formation of CH However, 
a t  t h e  condi t ions used i n  t h i s  s tudy,  k4 p~~ is expected t o  be  l a r g e  compared t o  one 
(11). Thus, Equation 8 can be s i m p l i f i e d  a s  fol lows:  

a r e  cons tan ts  t h a t  depend on temperature only and KE is t h e  e q u i l i -  3 4 by r e a c t i o n  of H 2  with  8-graphite. 

But, k is expected t o  show an Arrhenius type dependence 
5 

9)  

on temperature. Thus, 

Figure 11 shows t h a t  Equation 10 is a p p l i c a b l e  f o r  I l l i n o i s  No. 6 ahars  only above 

For t h i s  range of a p p l i c a b i l i t y  
about 850 C.  
S imi la r  r e s u l t s  were found f o r  P i t t sburgh  No. 8 chars. 
t h e  following values  of ko and E 

Below 850 C,  k does not  appear t o  be  t o o  s e n s i t i v e  t o  temperature. 2 

were determined f o r  t h e  two c o a l  sources:  

Coal Source ko, min-' atm-' Eo, kcal/mole 

P i t t sburgh  No. 8 seam 106.2 . 26.5 
I l l i n o i s  No. 6 seam 1067.1 32.5 

I n  Figure 11, t h e  da ta  poin ts  f o r  higher  CH p a r t i a l  p ressures  appear t o  f a l l  , 
somewhat below those a t  lower CH 
Hydrane char is somewhat higher  than t h e  v a l u e  f o r  8-graphite. 
by t h e  f a c t  t h a t  t h e  va lue  of k2 f o r  Hydrane char  a t  850 C,  p~~ and p c ~  
33.1 and 35.9 a t m ,  respec t ive ly ,  w a s  p o s i t i v e ,  though near ly  zero ,  whil:! i t  is expected 
t o  be  negat ive f o r  @-graphi te  at  temperatures above 840 C f o r  t h e  same p a r t i a l  pressures  
of  H 2  and CH4. 

pressures .  Thls suggests  t h a t  t h e  va lue  of KE f o r  4 This  is a l s o  supported 
values  of 
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I t  is easy t o  see from Equation 6c and 10 t h a t  E corresponds t o  t h e  a c t i v a t i o n  
energy f o r  hydrogas i f ica t ion  a t  Xs equal  t o  zero. Xs increases ,  t h e  e f f e c t i v e  
a c t i v a t i o n  energy, El, increases  sgnce bRT is p o s i t i v e  an$ Equations 6c and 10 can 
be combined as follows: 

PCH -=  dXsC ko(l-XSC) exp(-E1/RT) [pH - -4 -1 
pH2 EK 

d t  2 
11) 

where El E + (bRT)XSC. 12) 

Equation 1 2  shows t h a t  t h e  char  becomes l e s s  r e a c t i v e  as sc increases .  
a l ,  assumed but  did n o t  show t h a t  bRT is independent of temperature and pressure.  
However, bRT f o r  Hydrane char was found t o  depend both on temperatures and p a r t i a l  
p ressure  of H2 and CH 4 average values based on e i g h t  chars  s i n c e  t h e  c o a l  source and char prepara t ion  tempera- 
t u r e  d id  not s i g n i f i c a n t l y  a f f e c t  bRT. Three th ings  a r e  t o  be noted i n  Figure 12. 
F i r s t ,  bRT decreases  wi th  temperature, i.e., h igher  temperatures he lp  maintain t h e  
r e a c t i v i t y .  Second, t h e  bRT is more o r  less independent of temperature above 850 C 
which i s  t h e  reglme t h a t  Gardner, e t  a l ,  operated in .  And t h i r d ,  bRT decreases wi th  
increas ing  m2. 
of r e a c t i v i t y  with increas ing  X 

Gardner, et 

as shown i n  Figure 12. The bRT values p l o t t e d  i n  Figure 1 2  a r e  

I n  o t h e r  words, higher  p ~ ~ ,  j u s t  as higher  temperature, impedes decay 

SC' 

The value of bRT a t  850 C o r  higher  f o r  100 percent  H case was found t o  be 3.6 
kcal/mole. 
func t ion  of Xsc f o r  P i t t sburgh  No. 8 chars  a s  

For these condi t ions  one can w r i t e  t h e  apparene a c t i v a t i o n  energy a s  a 

El(kcal/mole) = 26.5 + 3.6 Xsc. 

Gardner, et a l ,  on t h e  o t h e r  hand, found t h e  fol lowing re la t ionship  f o r  preoxidized 
Pi t t sburgh  No. 8 char  

13) 

El = 29.3 + 2.43 kF 
where WF can be approximated by Xs . 
r a t e  o f  deac t iva t ion  are not  a f f e c t e g  much on preoxidat ion of coal .  
t h a t  t h e  k i n e t i c  d a t a  f o r  t h e  slow hydrogas i f ica t ion  regime reported i n  t h i s  paper a re  
genera l ly  appl icable  t o  d i r e c t  hydrogas i f ica t ion  processes  whether they employ pre- 
oxidat ion o r  not. 

Thus, t h e  i n i t i a l  a c t i v a t i o n  energy, E , and 
This sugggsts 

Although t h e  r e s u l t s  on bRT are prel iminary and somewhat sketchy, they provide 
important ins ight  i n t o  t h e  f a c t o r s  respons ib le  f o r  deac t iva t ion  of chars  during 
hydrogasif i ca t ion .  

Conditions f o r  Achieving Required Carbon Conversion 

As mentioned e a r l i e r ,  about 50 percent  of t h e  carbon present  i n  r a w  c o a l  needs 
t o  be hydrogasified i n  t h e  d i l u t e  phase and f l u i d  bed s tages  f o r  balanced operat ion.  
The condi t ions required t o  achieve t h i s  l e v e l  of carbon conversion were therefore  
determined by combining t h e  d i l u t e  phase and thermobalance data .  
t o t a l  carbon conversion, inc luding  26 percent  f o r  d i l u t e  phase hydrogas i f ica t ion ,  as  
a funct ion of time, temperature, and gas composition f o r  Pi t tsburgh No. 8 char. The 
curves i n  Figure 1 3  a r e  a p p l i c a b l e  when t h e  second-stage hydrogas i f ica t ion  takes  place 
i n  a f l u i d  bed r e a c t o r  with p e r f e c t  backmixing of gas. 
product  gas composition f o r  t h e  second-stage r e a c t i o n  is t o  be used t o  determine the  
appropriate  curve i n  Figure 13.  
p l o t t e d  s ince  t h e  CH4 concent ra t ion  i n  t h e  gas from t h e  f l u i d  bed s t a g e  w i l l  be between 

Figure 13 shows the  

Under such condi t ions t h e  

Note t h a t  t h e  d a t a  f o r  100 percent  H2 case a re  not  
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25 and 50 percent ,  probably g r e a t e r  than 40 percent .  

CONCLUSIONS 

Kine t ic  da ta  were obtained on a thermobalance (TGA) f o r  hydrogas i f ica t ion  of chars 
produced i n  a d i l u t e  phase hydrogas i f ie r ,  f o r  designing a scaled-up, d i r e c t ,  f l u i d -  
bed hydrogas i f ica t ion  r e a c t o r  f o r  t h e  Hydrane process .  
were observed a t  any set of condi t ions.  
hydrogas i f ica t ion  of v o l a t i l e  matter as w e l l  as some base carbon and was over  i n  less 
than  2.5 minutes i n  t h e  TGA. 
w a s  found t o  be p r a c t i c a l l y  independent of gas  v e l o c i t y ,  p a r t i c l e  s i z e ,  and char  type. 
The y i e l d  of 
The y i e l d  of 
forward reac t ion  between c o a l  carbon and H 
CH a t  a l l  condi t ions.  Increas ing  t h e  temperatures r e s u l t e d  i n  an i n c r e a s e  i n  
u n t i l  about 800 C,  a f t e r  which it d i d  n o t  change. 

Two d i s t i n c t  k i n e t i c  regimes 
The f i r s t  regime corresponded t o  rap id  

For t h i s  regime t h e  y i e l d  of base carbon conversion, X i c ,  
increased cont inuously with pH which w a s  t he  most important  va r i ab le .  
w a s  found t o  be independent o f 2 p a  . Apparently t h e  rate of t h e  

w a s  muck higher  than t h e  rate of cracking of 
XBRC 

2 
4 

The second k i n e t i c  regime corresponded t o  t h e  s l o w  hydrogas i f ica t ion  of  base  
carbon. A k i n e t i c  model w a s  employed t h a t  properly accounted f o r  t h e  f a c t  t h a t  there 
w a s  continuous deac t iva t ion  of  char  with increas ing  f r a c t i o n a l  conversion. The rate 
of deac t iva t ion  w a s  found t o  b e  lower a t  h igher  temperatures  and p ~ ~ .  Again, t h e  char 
prepara t ion  temperature d i d  not  a f f e c t  t h e  r e a c t i v i t y .  But, t h e r e  w e r e  two unexpected 
r e s u l t s .  F i r s t ,  t h e  i n i t i a l  r a t e  of hydrogas i f ica t ion ,  k , increased wi th  p a r t i c l e  
s i ze .  And second, t h e  P i t t sburgh  No. 8 chars  were found $0 be more r e a c t i v e  than 
I l l i n o i s  No. 6 chars  r a t h e r  than t h e  opposi te .  It is p o s s i b l e  t h a t  t h e s e  two unexpected 
r e s u l t s  can be explained on t h e  b a s i s  of d i f f e r e n c e s  i n  s u r f a c e  p r o p e r t i e s . s u c h  as 
s u r f a c e  a rea ,  average pore s i z e ,  etc. Although t h e  s u r f a c e  proper t ies  of  Hydrane char 
may be d i f f e r e n t  from those  of preoxidized chars, t h e  i n i t i a l  a c t i v a t i o n  energy and 
rate of deac t iva t ion  with l e v e l  of conversion are no t .  Also, i t  cannot b e  conclusively 
shown t h a t  i n i t i a l  r a t e  of g a s i f i c a t i o n  of Hydrane chars  is higher  than t h a t  of pre- 
oxidized coa l  chars. 
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/Methanation I t 9 Hydrogasifier H I ,  

Char 

Ash 

FIGURE.1. SCHEMATIC FLOWSHEET FOR 
DIRECT HYDROGASIFICATION 
OF COAL 
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FIGURE 2. SCHEMATIC OF TWO-STAGE HYDRO- 
GASIFIER FOR THE HYDRANE 
PROCESS (Ref. 17) 
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FIGURE 3. TYPICAL THERMOBALANCE DATA FOR HYDROGASIFICATION OF CHAR 
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