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In t roduct ion  
I 

Flash Hydropyrolysis (FHP) is a s h o r t  res idence  time (1 t o  10 s e c )  gas phase non- 
c a t a l y t i c  coal hydrogenation process i n  which coa l  i s  converted d i r e c t l y  t o  l i q u i d  and 
gaseous hydrocarbon products .  Pulverized coa l  i s  contacted wi th  hydrogen a t  e leva ted  
pressure  and hea ted  a t  average r a t e s  of 20,000 t o  30 ,OOO°C/sec causing thermally-induced 
f r a c t u r e s  i n  t h e  po lycyc l i c  s t r u c t u r e  of t he  coa l  molecule. The f r e e  r a d i c a l s  formed 
r ead i ly  add on hydrogen thus  inc reas ing  t h e  hydrogen t o  carbon r a t i o  of 0.8 i n  t he  feed  
coa l  to approximately 1 t o  4 depending upon whether l i q u i d  o r  gaseous hydrocarbons are 
formed. The products  a r e  then r a p i d l y  quenched t o  te rmina te  t h e  r eac t ion  and .to prevent 
any decomposition o r  recombination. The purpose of t h i s  work i s  t o  provide da t a  on 
the  process chemistry of t h e  r e a c t i o n  by studying the  l i q u i d  and gaseous products formed 
as they vary  wi th  such ope ra t ing  parameters a s  temperature,  p ressure ,  and residence t i m e .  
These r e s u l t s  are a l s o  appl ied  t o  a k i n e t i c  model and an economic eva lua t ion  of a l a r g e  
s c a l e  in t eg ra t ed  c o a l  convers ion  process ing  p l a n t .  Experiments using c a t a l y s t s  and 
much lower  hea t ing  r a t e s  were conducted by Hitsche et a 1  (1) i n  the l a t e  1950's.  Small- 
s c a l e  non-ca ta ly t ic ,  d i r e c t  hydrogenation experiments were conducted by Graff et  a1 (2) 
as f u r t h e r  background informat ion  f o r  the work repor ted  here.  

Experimental Equipment and Procedure 

A schematic of the  experimental  equipment is shown i n  F igure  1 and a de t a i l ed  
desc r ip t ion  is repor t ed  elsewhere.(3,4) The system u t i l i z e s  a 1-in.  I . D .  en t ra ined  
down-flow tubular  r e a c t o r  w i th  coa l  fed  by g rav i ty  from above. Preheated hydrogen en- 
ters j u s t  above t h e  8 f t  heated r e a c t i o n  zone and a 3 f t  cooling s e c t i o n  and char t r a p  
a r e  below. The products  formed i n  the  r eac to r  a r e  kept in t he  gas phase a t  approximately 
25OOC and r eac to r  p r e s s u r e  u n t i l  reaching the two l i q u i d  product condensers,  one water 
cooled and the o t h e r  cooled by a r e f r i g e r a n t .  The gaseous products and excess hydrogen 
a r e  then reduced t o  atmospheric pressure  and passed through a p o s i t i v e  displacement 
i n t e g r a t i n g  gas meter be fo re  being vented. The maximum opera t ing  condi t ions  of the 
system (4000 p s i  and 800°C or 2500 p s i  and 900OC) a r e  l imi ted  by the 10,000 h r  rupture  
l i f e  of t h e  Xnconel 617 r e a c t o r .  Problems unre la ted  t o  the  mechanics of the system, 
mainly r e a c t o r  plugging a t  h igh  hydrogen p res su res ,  even when us ing  non-caking coal ,  
has l imi t ed  most experiments t o  a maximum of 2500 p s i .  

A t  t h e  beginning of each experiment,  the coa l  feeder  is charged wi th  approximately 
t h r e e  pounds of c o a l  ground t o  minus 100 mesh (< 15011). 
of about two hour du ra t ion  and c o a l  and hydrogen a r e  f ed  a t  approximately 1 l b / h r  each. 
Product samples a r e  taken every 8 minutes from one of fou r  sample t aps  loca ted  every 
2 f t  along the l eng th  of t h e  r e a c t o r .  An on-line programmable gas chromatograph i s  
used fo r  de te rmina t ion  of CO, C02, CH4, 
The heavier  l i q u i d  hydrocarbon products @$) a r e  co l l ec t ed  and measured a t  t h e  end 
of t h e  experiment. 

'the y i e lds  and d i s t r i b u t i o n  of products a s  a func t ion  of gas and coa l  p a r t i c l e  r e s i -  
dence time. There is  a l s o  another  sample t o p  loca ted  down stream of t h e  product con- 
denser  which provides  informat ion  a s  t o  t h e i r  e f f i c i e n c y .  

The experiments a re  genera l ly  

BTX (benzene, to luene ,  xy lene)  and H20. 

The use  of t he  r e a c t o r  sample t aps  provide information on both 
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Experimental Resul t s  

Product Yields and D i s t r i b u t i o n  

The process chemistry of two coa l s  are p resen t ly  be ing  s tud ied ,  a North Dakota 
l i g n i t e  and a New Mexico sub-bituminous. The u l t ima te  ana lyses  of t hese  c o a l s  a r e  
given i n  Table 1. 
completed, more experimental  d a t a  is  a v a i l a b l e  us ing  t h e  l i g n i t e .  F igure  2 shows a 
summary of t h e  BTX y i e l d s  from the  l i g n i t e  a t  hydrogen p res su res  of 500 to 2000 p s i  
and r eac to r  temperatures of 7000 t o  8OOOC. 
because of t h e i r  g rea t  number (% 50). The y i e l d  is expressed a s  f r a c t i o n  of carbon 
i n  feed  c o a l  converted t o  t h e  hydrocarbon product.  
observed between 775O and 8OOOC except a t  t h e  h ighes t  p re s su re  (2500 p s i )  s tud ied  i n  
d e t a i l  where the  y i e l d  w a s  approximately cons t an t  a t  9% a t  temperatures between 725O 
and 775OC. A s i g n i f i c a n t  i n c r e s e  i n  y i e ld  is seen a s  t h e  p re s su re  i s  increased  from 
500 t o  1000 ps i .  LiXe y i e l d  inc reases  from 4.5 t o  7%.  Fur the r  i n c r e a s e s  i n  p re s su re  
above 1000 p s i  show less s i g n i f i c a n t  i nc reases  i n  y i e l d ,  t h e  inc rease  maximum y i e l d  
going from 7 t o  9% as t h e  p re s su re  i s  increased  t o  2000 p s i .  As t h e  p re s su re  i s  
f u r t h e r  increased  t o  2500 p s i ,  no apprec i ab le  inc rease  i n  y i e l d  above 9% i s  observed; 
on ly  a reduct ion  i n  temperature a t  which t h e  maximum occurs .  Although a t  2500 p s i  
t he  maximum y i e l d  w a s  e s s e n t i a l l y  cons tan t  over a broad range  o f  tempera tures ,  t he  
c o a l  res idence  t i m e  a t  which t h i s  maximum was observed decreased from a maximum of 
approximately 9 sec  a t  725OC t o  a minimum of 2 sec a t  85OoC as shown i n  F igure  3. 
res idence  t i m e s  g r e a t e r  than  requi red  t o  produce t h e  maximum y i e l d ,  s i g n i f i c a n t  de- 
composition of t he  BTX w a s  observed. For example, i n  F igure  4 ,  t he  r e s u l t s  of an 
experiment conducted a t  2500 p s i  and 825OC, t h e  BTX i s  seen  t o  dec rease  from the  
maximum observed of 8% a t  2.5 s ec  t o  approximately 0 a t  9.5 sec .  

Since t h e  d e t a i l e d  s tudy  of t h e  sub-bituminous c o a l  is n o t  ye t  

The experimental  po in t s  were n o t  inc luded  

Maximum y i e l d s  were gene ra l ly  

A t  

Since p re sen t ly  t h e  minimum res idence  t h a t  can be measured is approximately 2 s e c ,  
i t  i s  poss ib l e  t h a t  s l i g h t l y  h igher  BTX may exist a t  s h o r t e r  r e s idence  t i m e .  This looks 
t o  b e  the  case when cons ider ing  t h e  i n i t i a l  s t e e p  g rad ien t  of t h e  BTX curve  i n  F igure  4. 
The l i q u i d  hydrocarbon products  of molecular weight g r e a t e r  than  xylene  cannot be  
measured wi th  the  on-line gas  chromatograph because they tend  t o  condense i n  the  sample 
l i n e s .  For t h i s  reason ,  they are no t  inc luded  i n  t h e  c o r r e l a t i o n s  given i n  F igure  4 
which e x h i b i t  t he  e f f e c t  of res idence  t i m e  on the  product d i s t r i b u t i o n .  These l i q u i d s  
are co l l ec t ed  i n  t h e  condenser t r a p s  and measured and analyzed v i a  gas chromatography 
a t  t h e  end of each experiment. Generally,  t hese  heav ie r  l i q u i d s  have been found t o  be 
exc lus ive ly  polynuclear aromatic hydrocarbons (PNA), approximately 40% of which i s  
naphthalene.  A t y p i c a l  composition of t h i s  l i q u i d  is g iven  i n  Table 2 .  Only on very  
rare occasions has any phenols been found and then only  i n  t r a c e  amounts. The maximum 
y i e l d  of t hese  heavier  l i q u i d s  i s  gene ra l ly  of t h e  same orde r  as t h a t  of t h e  BTX though 
obtained a t  a lower temperature.  For example, i n  F igure  5 which shows t h e  t o t a l  y i e l d  
of l i q u i d  hydrocarbon products from l i g n i t e  a t  a hydrogen p res su re  of 2,000 p s i ,  t h e  
l i q u i d s  of > C g  are seen t o  maximize a t  approximately 9% y i e l d  at  a temperature of 75OoC 
whi le  the  BTX maximum of approximately 10% occurs a t  8OO0C. These heav ie r  li u i d s  are 
a l s o  seen t o  decompose very r a p i d l y  a s  t h e  temperature i s  increased  above 750 C t o  t h e  
ex ten t  t h a t  a t  85OoC only  approximately 0.5% y i e l d  remains.  Since t h e  y i e l d  of BTX 
wi th  temperature i s  shown t o  b e  much more uniform than t h e  heavier  l i q u i d s  wi th in  t h e  
temperature range shown, t h e  t o t a l  y i e l d  of l i q u i d s  i s  seen  t o  peak a t  18% and occurs  
a t  t h e  same temperature a t  which t h e  heav ie r  l i q u i d s  peak ( 7 5 0 ' 0 .  

a 

Although t h e  y i e l d s  obta ined  from sub-bituminous c o a l  is st i l l  be ing  inves t iga t ed ,  
a s i g n i f i c a n t  amount of in format ion  has  been accumulated. 
of BTX is shown t o  b e  as h igh  as approximately 15% a t  2000 t o  2500 p s i  and decreases  
only t o  approximately 1 2 %  as t h e  pressure  i s  reduced t o  1000 p s i .  
at which t h e  maximum y i e l d s  a r e  obta ined  decrease  wi th  increased  p res su re ,  going from 
825OC a t  1000 p s i  t o  775OC a t  2500 ps i .  
formed (CH 

In F igu re  6 ,  t h e  maximum yie ld  

Also,  t h e  temperatures 

When these  y i e l d s  p l u s  t h e  gaseous hydrocarbons 
+ C 2 H 6 )  are compared t o  t h e  same products  from lignite as shown i n  F igure  7 ,  

4 
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a cons tan t  incrementa l  y i e l d  of approximately 5% f o r  both t h e  BTX and gaseous hydro- 
carbons is ohserved f o r  t h e  sub-bituminous coa l .  This  r e s u l t s  i n  an  o v e r a l l  10% 
inc rease  i n  y i e l d  of hydrocarbon products f o r  the  sub-bituminous c o a l  compared t o  t h e  
l i g n i t e .  
no t  completely inves t iga t ed ,  appears t o  be much lower than t h a t  ob ta ined  from l i g n i t e ,  
ranging  from 4.5 to  1.5% o r  less. 
however, t h e  t o t a l  l i q u i d  y i e l d  is on the  average equal  t o  o r  g r e a t e r  than t h a t  from 
l igni te .  

The y i e l d  of heav ie r  l i q u i d  products  (L C9) from t h e  sub-bituminous, although 

When t h i s  i s  added t o  t h e  maximum y i e l d s  of BTX, 

A t  temperatures of 85OoC and g r e a t e r ,  the l i q u i d  hydrocarbons a r e  seen  to  decompose 
almost e n t i r e l y  t o  produce gaseous hydrocarbons, p r i n c i p a l l y  methane and ethane. This 
p lus  the a d d i t i o n a l  gaseous products formed d i r e c t l y  from t h e  c o a l  r e s u l t  i n  maximum gase- 
ous y i e lds  ( C H  + C 2 H 6 )  shown i n  F igure  8. The format ion  of these  products appear t o  be 
a d i r e c t  func t ion  of t h e  hydrogen p res su re ,  i nc reas ing  a t  t h e  r a t e  of 18% conversion f o r  
each 500 psi i nc rease  i n  p re s su re .  
c o a l  feed r a t i o  of approximately 1 l b / l b  and a t  c o a l  res idence  t i m e s  between 2.4 and 
7 seconds. It was found t h a t  a t  s h o r t e r  r e s idence  times t h e  r eac t ion  has  no t  reached 
completion and a t  l onge r  r e s idence  t i m e s ,  decomposition of t h e  methane reduced t o t a l  
y i e l d s .  Also,  s i n c e  h ighe r  temperatures a c c e l e r a t e  t h e  decomposition, t h e  competing 
r eac t ions  of format ion  and decomposition a t  2000 t o  2500 p s i  r e s u l t  i n  t he  maximum 
y i e l d  occurr ing  a t  t empera tures  lower than t h e  maximum s tud ied  (900OC). 
ver s ion  of 88% to  CH4 and C2H6 was obta ined  a t  875OC and 2500 p s i  pressure .  

4 

These y i e l d s  w e r e  a l l  produced a t  a hydrogen t o  

A t o t a l  con- 

When t h e  hydrogen t o  c o a l  feed r a t i o  i s  reduced by approximately 4 t o  a r a t i o  of 
0 . 2 5 ,  some reduc t ion  in gaseous products is  observed (Figure 9 ) .  Some o r  a l l  of t h i s  
reduct ion  could  be a t t r i b u t e d  t o  a r educ t ion  i n  hydrogen p a r t i a l  p re s su re  caused by 
h ighe r  concen t r a t ions  of product i n  t h e  process  stream. 

The s tudy  of t h e  New Mexico sub-bituminous c o a l  i s  s t i l l  i n  progress .  The in- 
formation t o  da t e  i n d i c a t e s  i t  behaves s i m i l a r l y  t o  l i g n i t e  i n  g a s i f i c a t i o n  except 
t h a t  g rea t e r  y i e l d s  are ob ta ined  a t  lower p re s su re ,  as shown i n  F igure  10. 
t h e  l i g n i t e  y i e l d s  approximately 35% gaseous products  and the sub-bituminous 55%, an  
almost 60% i n c r e a s e  over  t h e  l i g n i t e .  
t o  produce maximum gaseous products  were approximately the same. 

A t  1000 p s i  

The temperatures and r e s idence  t i m e s  necessary 

Sulfur and Nitrogen 

To da te ,  most of t he  d e t a i l e d  de te rmina t ions  of s u l f u r  d i s t r i b u t i o n s  i n  the  
products and e f f l u e n t s  have been made on experiments us ing  l i g n i t e .  The d i s t r i b u t i o n  
of t h e  s u l f u r  among t h e  v a r i o u s  forms i n  l i g n i t e  i s  g iven  i n  Table 3 and a summary of 
t h e  d i s p o s i t i o n  of t h i s  s u l f u r  a f t e r  hydropyro lys is  i s  g iven  i n  Table 4 .  
t hese  t ab le s ,  i t  should  be  noted  t h a t  i n  most experiments g r e a t e r  than 50% of the  
s u l f u r  i n  t h e  feed l i g n i t e  is re t a ined  i n  t h e  spen t  char.  Approximately 64% of the  
s u l f u r  i n  t h e  lignite is in t h e  organic  form whi le  90% of t h e  s u l f u r  i n  t h e  char was 
found to  be  i n  the o rgan ic  form. A l s o ,  t h e  l i q u i d  hydrocarbon products  contained 
much less than  the 0.3% s u l f u r  considered t o  be t h e  maximum a l lowable  f o r  f u r t h e r  
hydro t rea t ing .  The s u l f u r  d i sso lved  i n  t h e  water produced is  probably l imi t ed  by 
the  s o l u b i l i t y  of H2S which i s  approximately 0.66 w t %  a t  t h e  temperatures (%O°C) a t  
which the water i s  c o l l e c t e d .  

I n  comparing 

The n i t rogen  ba lance  shown i n  Table 5 fo l lows  very  c l o s e l y  t h e  same d i s t r i b u t i o n  
a5 t h e  s u l f u r ,  aga in  t h e  l a r g e s t  s i n g l e  po r t ion  remaining i n  the  cha r .  In t h i s  case ,  
t h e  n i t rogen  d i s so lved  i n  t h e  water produced i s  n o t  s o l u b i l i t y  l i m i t e d  s i n c e  it i s  
assumed t o  be  i n  the form of ammonia which can be as high as 47 wtX a t  O°C. 

Reaction Scheme and Kine t i c  Model 

In  o rde r  t o  deve lop  a r eac t ion  scheme and a k i n e t i c  model, t h e  following assumptions 
were made: 
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1) 
2) 
3) Only hydrocarbons and no t  oxides of carbon considered. . 
4) 

5) 
6 )  

The r eac t ion  scheme purposed is as fo l lows:  

Isothermal condi t ions  exist along t h e  l eng th  of t h e  r e a c t o r .  
Chemical r eac t ions  a r e  t h e  r a t e  determining s t e p s .  

Methane and e thane  from decomposition of BTX are small compared t o  t h a t  

Free  carbon formed from decomposition of products  has  n e g l i g i b l e  r e a c t i v i t y .  
Liquids heavier  than  BTX a r e  in t e rmed ia t e  spec ie s .  

produced from coa l .  

K K 
Coal + H~ +.I BTX + H~ 2 C H ~  + C ~ H ~  

Coal + H~ +. C H ~  -+3 C H ~  4 c + H~ 

Coal + H2 +5C2H6 9 C + H2 
Real iz ing  t h i s  scheme t o  be  a f i r s t  approximation o f  t h e  t r u e  r e a c t i o n  mechanism, 

a k i n e t i c  model w a s  developed and t h e  appropr i a t e  ra te  cons tan ts  ca l cu la t ed .  Only those  
r e s u l t s  from experiments us ing  l i g n i t e  and i n  which s u f f i c i e n t  r e s idence  time d a t a  was 
a v a i l a b l e  were used. me r e s u l t s  are shown i n  Table 6 .  As can b e  seen from the  calcu- 
l a t e d  a c t i v a t i o n  energ ies ,  a l l  r eac t ions  a r e  chemical r e a c t i o n  ra te  l i m i t i n g  r a t h e r  
than d i f f u s i o n  l imi t ing  except poss ib ly  f o r  the decomposition of methane ( K 4 ) .  

Economic Evaluation 

K K  

K K  

A summary of t h e  r e s u l t s  from the  more r ecen t  economic eva lua t ion  f o r  u t i l i z a t i o n  
of FHP i n  a n  in t eg ra t ed  c o a l  conversion process  (5) i s  g iven  i n  Table 7 .  The feed  coa l  
w a s  assumed t o  be l i g n i t e  s i n c e  a t  t h e  i n i t i a t i o n  of t h e  s tudy  l i t t l e  exper imenta l  da t a  
w a s  a v a i l a b l e  using sub-bituminous coa l .  
(motor gaso l ine  and l i q u i f i e d  petroleum gas-LPG), p i p e l i n e  gas only, and co-products of 
l i q u i d s  and p ipe l ine  gas.  
day of l i g n i t e ,  producing 47,700 bbl/day of motor gaso l ine  in t h e  l i q u i d  process  o r  
395 MM SCFD of p ipe l ine  gas f o r  t h e  gas process .  The n e t  thermal e f f i c i e n c i e s  which 
inc lude  i n t e r n a l  p l a n t  energy needs were ca l cu la t ed  t o  vary  from 61% f o r  t h e  a l l  gas  
s l a t e  t o  72% f o r  t h e  combined product s l a t e  t o  a low of 50% f o r  t h e  a l l  l i q u i d s  slate. 
The reason  f o r  t he  low e f f i c i e n c y  of t he  a l l  l i q u i d s  s l a t e  i s  t h a t  t he  methane produced 
must be performed wi th  steam t o  produce hydrogen. 
d o l l a r s ,  ranged from a low of $839 m i l l i o n  f o r  t h e  a l l  l i q u i d s  p l a n t  t o  a h igh  of $936 
mi l l i on  f o r  t he  a l l  gases  p l a n t .  
were t h e  product s epa ra t ion  from t h e  r ecyc le  gas and the  production of hydrogen. 
t hese  represented  approximately 50% of t h e  c a p i t a l  investment.  
on ly  amounted t o  approximately 5% of the  investment.  
f u e l  o i l  equiva len t  c o s t  of production f o r  t h e  t h r e e  product slates. 
a t  $32.34/bbl i s  the  a l l  l i q u i d s ,  mostly due t o  t h e  low n e t  thermal e f f i c i e n c y  and the  
most a t t r a c t i v e  o r  cheapest a t  $23/bbl is f o r  t h e  mixed products .  

Conclusions 

Three product slates w e r e  assumed, l iqu ids  only  

The p l a n t  capac i ty  i s  assumed t o  b e  25,000 t o  30,000 tons  pe r  

The c a p i t a l  c o s t s ,  based on 1978 

In a l l  cases, t h e  two most c o s t l y  i t e m s  i n  t h e  p l a n t s  
Combined, 

The f l a s h  hydropyrolyzer 

The most expensive 
The l a s t  e n t r y  i n  Table 8 shows the  

The following conclus ions  can be drawn from t h i s  work s o  f a r .  

-The maximum y i e l d  of BTX observed from the FHP of sub-bituminous coa l  is a t  l e a s t  50% 

-The t o t a l  l i q u i d s  y i e l d s  (BTX + 5 C,) are approximately t h e  same f o r  bo th  coa l s  (%18-20%). 
-Both c o a l s  can be  hydrogas i f ied  t o  methane and e thane  up t o  approximately 85% of the  

-The sub-bituminous coa l  y i e l d s  60% more gaseous hydrocarbons a t  1000 p s i  and 875' t o  

-The gaseous y i e l d s  from both  coa ls  is d i r e c t l y  p ropor t iona l  t o  t h e  hydrogen p res su re  

g r e a t e r  than  t h a t  from l i g n i t e  (10% f o r  l i g n i t e  and 15% f o r  sub-bituminous). 

t o t a l  carbon i n  t h e  f u e l  a t  2500 p s i  and 875O t o  900°C. 

900°C than  t h e  l i g n i t e .  

i n  t h e  range of 500 t o  2500 p s i .  
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-Negligible q u a n t i t i e s  o f  t h e  s u l f u r  o r  n i t rogen  i n  the  coa l  are found i n  t h e  l i q u i d  

-The FHP r e a c t i o n s  are b a s i c a l l y  chemical rate and n o t  d i f f u s i o n  r a t e d  con t ro l l ed .  
-In t h e  commercial a p p l i c a t i o n  of FHP, a mixed product s l a t e  of l i q u i d s  and gases  i s  

hydrocarhon products.  

t he  most economical. 
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Table 1 

ULTIMATE ANALYSIS (WT PCT DRY) O F  LIGNITE 
AND SUB-BITUMINOUS COALS 

North Dakota New Mexico 
L i g n i t e  Sub-Bituminous 

Carbon 
Hydrogen 
Oxygen* 
Nitrogen 
Su l fu r  
Ash 

59.0 
4.0 

25.5 
0.9 
0.6 

10.0 

59.3 
4.2 

16 .8  
1.2 
0.8 

17.7 

*By d i f f e r e n c e .  
Table 2 

TYPICAL COMPOSITION OF OILS AND HEAVIER LIQUID HYDROCARBON PRODUCT (1. Cg) 
FROM THE FLASH HYDROPYROLYSIS OF LIGNITE 

Naphthalene 
Other 2 r i n g  a romat ics  (methyl naphthalene 

f luo rene ,  e t c . )  
Three r i n g  a romat ics  (phenanthrene, e t c . )  
Four r i n g  a romat i c s  (pyrene, e t c . )  
F ive  r i n g  a romat ics  (chrysene, etc.) 
High b o f l i n g  f r a c t i o n  (asphaltenes) 

38.1 

19.5 
11.1 
5.1 
3.1 

23 .1  

Table 3 

SULFUR DISTRIBUTION I N  NORTH DAKOTA LIGNITE 

Su l fu r  Form % i n  L i g n i t e  % of T o t a l  

SO ( so lub le )  0.089 14 .8  
Fe$ ( p y r i t i c )  0.129 21.6 
Organic 0.382 63.6 
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Table 4 

FLASH HYDROPYROLYSIS OF LIGNITE 
Sul fur  Balance 

Sul fur  Conc. i n  L ign i t e  Feed - 0.6% 

Concent ra t ion  i n  
% Dis t r ibu t ion  Product Stream 

i n  product (ut%) 

Contained i n  l i q u i d  HC 
product 1 

Contained i n  char 48-77 
Dissolved i n  water produced 12-22 
Vented t o  atmosphere 15-25* 

0.09 
0.85-1.7 
0.54-0.73 
0.1-0.15 

* 
By d i f f e rence .  

Table  5 

FLASH HYDROPYROLYSIS OF LIGNITE 
Nitrogen Balance 

Nitrogen Conc. in Lign i t e  Feed - 0.9% N 

Concentration i n  
% D i s t r i b u t i o n  Product Stream 

i n  Product (wt  % ) 

Contained i n  l i q u i d  HC product 4 
Contained i n  cha r  30-55 
Dissolved i n  water produced 15-40 
Vented to atmosphere 21-26* 

0.16 
0.6-1.1 
2.7-5.0 
0.19-0.23 

*By d i f f e rence .  

Table 6 

CALCULATED RATE CONSTANTS 
Pressure  (P 1 1500-2500 p s i  

HZ 
Temperature (T) 973-1173OK 

.004 ~ 7 1 7 0 0 f R T  
k2 = 1.33 x 1014 P 

HZ 

HZ 
4 0.07 e-29700/RT 

k3 = 3.93 x 1 0  P 

-0.043 e-15100/RT 
k = 97.5 P 

4 H2 
-44Q00f RT 

k5 = 1.03 x 10' P 

k6 = 3.30 x 1014 P 

e 
HZ 

H2 

1.17 e-85700/RT 
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Table 7 

FLASH HYDROPYROLYSIS OF COAL 

Manufacturing Cost of Product Fue l  

Main F u e l  Product Made Liquids  L iau ids  and Gases Gases 

Reactor Operating Condit ions 

Pressure,  p s i  
Temperature, OC 

Product Values 

P ipe l ine  gas 
Mot or gaso l ine  
LPG 

2500 (170 ATM) 2000 (136 ATM) 2000 (136 ATM) 
750% (1382OF) 75OoC (1382OF) 825OC (1517'F) 

-0- 159 MM SCFD 395 MM SCFD 
47,700 BBfD 47,700 BB/D -0- 
134 tons/D 134 tons/D 134 tons/D 

Operating Cost $ m / y r  $ m f y r  $ MM/yr 

L ign i t e  @ $20/ton 204.4 212.7 
Catalyst  and chemicals  5.5 5.5 
Power @15 mills/kwh 1.1 6.8 
Ash d i sposa l  2.6 2.8 
Ins. Maint. GA (8% of c a p i t a l )  57.2 71.4 
Operating l abor  8.0 8.0 

T o t a l  ope ra t ing  c o s t  278.8 307.2 
Mortgage 10% 93.4 104.8 
Depreciat ion @5% (20 y r s )  
10% ROI and income tax 
To ta l  

41.9 
167.8 

$581.9 

44.6 
178.4 

$635.0 

212.5 
5.0 
8.3 
2.7 

74.9 
8.0 

311.4 
109.9 

44.8 
187.1 
$653.2 

Se l l ing  P r i c e  (To ta l  FOE) $5.13fMM BTTJ $3.83fMM BTU $4.53fMM BTU 
P ipe l ine  gas ,  $/MSCF) $5.13/MM BTU $3.83/MM BTU $4.53/MM BTU 

Fuel  o i l  equ iva len t  (FOE) $32.34/bbl $23.00/bbl $30.17/bbl 
Motor gaso l ine ,  (90 RON) $0.77/ g a l  $0.54/gal -0- 
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EXPERIMENTAL INVESTIGATION OF PEAT HYDROGASIFICATION 

F. D. Raniere, L. P. Combs, and A. Y. Fa lk  

Energy Systems Group 
Rockwell I n t e r n a t i o n a l  

8900 De Soto Avenue 
Canoga Park, C a l i f o r n i a  91304 

INTRODUCTION 

The a v a i l a b i l i t y  and a c c e s s i b i l i t y  o f  peat as a domestic f o s s i l  resource have been 
w e l l  pub l i c i zed  by  Minnesota Gas (Minnegasco) and the  I n s t i t u t e  o f  Gas Technology 
(IGT) (References 1 and 2) .  I t  has been establ ished t h a t  peat, w i t h  an estimated 
1440 quads ( lo15 Btu)  o f  a v a i l a b l e  energy, i s  second o n l y  t o  coa l  as t h e  most abun- 
dant  f o s s i l  energy resource i n  the  Un i ted  States.  Also, hyd rogas i f i ca t i on  tes ts  a t  
IGT (Reference 1) have shown t h a t ,  due t o  pea t ' s  unique p roper t i es  o f  h igh  vo la -  
t i l i t y  and hydrogen-to-carbon r a t i o ,  peat i s  h i g h l y  r e a c t i v e  y i e l d i n g  good conver- 
s ion  t o  methane. 

Based on these s tud ies  and t h e  concurrent DOE-sponsored* development o f  a sho r t  
residence t ime  coal  h y d r o g a s i f i e r  a t  Rockwell I n te rna t i ona l ,  w i t h  the  C i t i e s  
Service Research and Development Company as a subcontractor,  an add i t i ona l  task  
t o  the  e x i s t i n g  DOE c o n t r a c t  was establ ished t o  f u r n i s h  a p re l im ina ry  performance 
p r o f i l e  f o r  peat i n  t h e  Rockwell hyd rogas i f i e r .  Rockwell and C i t i e s  Service have 
entered i n t o  an agreement t o  develop j o i n t l y  short-residence-t ime, f l a s h  hydro- 
py ro l ys i s  process technology. Acknowledgement i s  g iven  t o  both Louis Jablansky 
and Melvyn.Kopstein o f  DOE f o r  t h e i r  admin i s t ra t i on  o f  t h i s  add-on e f f o r t .  

The background technology and d e t a i l s  o f  development f o r  t h e  Rockwell hyd rogas i f i e r  
reac to r  have been p rev ious l y  repor ted  over t h e  l a s t  few years (References 3, 4, 
and 5 ) .  However, a b r i e f  review i s  necessary t o  es tab l i sh  t h e  cond i t ions  under 
which the  peat  hyd rogas i f i ca t i on  t e s t s  were made. 

The Rockwell r e a c t o r  i s  based on the  a p p l i c a t i o n  o f  rocke t  engine techniques t o  
achieve r a p i d  mix ing-react ion a t  optimum temperature and residence time. Adjustment 
o f  reac tor  cond i t i ons ,  p r i n c i p a l l y  temperature and residence time, a l lows a range o f  
product d i s t r i b u t i o n  from predominant ly l i q u i d s  t o  complete g a s i f i c a t i o n  t o  subs t i -  
t u t e  na tu ra l  gas (SNG). 
byproduct BTX (benzene, to luene, and xy lene) .  

Successful operat ion has been demonstrated a t  engineer ing sca les  from 1/4- t o  1-ton/h 
( tph )  feedrates.  Th is  success was achieved by feed ing  dry,  pu l ve r i zed  carbonaceous 
s o l i d s  ( coa l  o r  peat)  i n t o  the  reac to r  w i t h  a minimum o f  c a r r i e r  gas (dense-phase 
f low) and there ,  ach iev ing  almost instantaneous mix ing and concurrent heat ing  w i th  
a preheated gaseous hydrogen stream. Reactor cond i t ions  were c o n t r o l l e d  t o  produce 
t h e  des i red  products ( l i q u i d s  o r  gas). The cu r ren t  reac to r  development program (DOE 
Contract  ET-78-C-01-3125) w i l l  op t im ize  t h e  i n j e c t o r - r e a c t o r  con f igu ra t i on  a t  4 tph 
and be a f u l l - s c a l e  element f o r  s t ra igh t fo rward ,  mu1 t i -e lement  sca l i ng  t o  commercial- 
s i z e  reac tors .  

In termediate cond i t ions  permi t  maximized y i e l d s  o f  

REACTOR SYSTEM 

A d e s c r i p t i o n  of  t he  dense-phase, d ry -so l i ds  feed system has been presented i n  
previous papers and r e p o r t s  (References 3 and 41. Without mod i f i ca t i on ,  t h i s  

*Hydrogasi f ier  Development f o r  the  Hydrane Process, Contract  EX-77-C-01-2518, 
LOUiS Jablansky, Department o f  Energy (DOE) Program Manager. 
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Proximate Analysis (%)  
Mo i s t u r e  
Ash 
Vol a t i  l e s  
Fixed Carbon 

U l t ima te  Analysis (%) 
Mois ture 
Carbon 
Hydrogen 
Ni t rogen 
Chi o r i n e  
S u l f u r  
Ash 
Oxygen (by d i f f . )  

i 

Heating Value ( B t u / l b )  
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s i o n  and s p e c i f i c  conversion t o  l i q u i d s  
( the d i f f e rence  i s  t he  conversion t o  gas). 
L i q u i d  byproduct can be e l im ina ted  by 

As Dry h igh  temperature (>18OO0F) and longer  
Received residence t ime (12.8 s). Data p o i n t s  a re  

segregated i n t o  two reac to r  exhaust tem- 
9.40 - perature groups. This  graph shows t h a t  

~ i ~ ~ ~ ~ ~ t ~  peat 

16-87 18 62 conversion i s  a f u n c t i o n  o f  residence 
53.76 59'34 t ime and temperature predominantly and 
19.97 22104 e s s e n t i a l l y  independent o f  pressure 

w i t h i n  the  range of 500 t o  1500 ps ig.  

42:44 46-84 shown i n  F igure 4. The t o t a l  carbon 
9 40 - The m i l d  e f f e c t  o f  r e a c t o r  temperature i s  

4-50 4-97 conversion increases s l i g h t l y  as reac to r  
1.60 1 77 tempgrature i s  increased from 1550 t o  
0.03 0'03 1850 F. The apparent e f f e c t  o f  pressure 
0.18 0.20 i n  F igure 4 i s  caused by t h e  concurrent 

16-87 18:62 increase i n  residence t ime as pressure i s  
24.98 27.57 increased i n  a g iven reac to r  con f igu ra t i on .  
7,596 8,328 Two d i f f e r e n t  s i z e  reac to r  tubes were 

used t o  i s o l a t e  the e f f e c t  of pressure 



from residence time. 
Run 54, which had a reac tor  temperature of only-1000 F, a r e  dramatically shown i n  
Figure 4. 

Conversion to  benzene as a function of reactor temperature i s  magnified i n  Figure 5.  
Conversion ranged from 0.0 t o  11.7 w t  % benzene a s  an inverse function of temperature 
and residence time. This graph (Figure 5) i s  useful fo r  defining reactor conditions 
required f o r  elimination of l iqu id  product. One hundred percent s e l ec t iv i ty  to  gases 
w i t h  an overall  carbon conversios o f  84% i s  a t ta inable  in a 3-s residence reactor a t  
reactor temperatures above -1850 F. 
gas composition f o r  peat ind ica te  tha t ,  i n  general, the carbon i s  converted primarily 
to  CH4 and CO a t  a mole r a t i o  of - 2 : l  (CH4 t o  C O ) .  Almost a l l  of the carbon monoxide 
r e su l t s  from the r e l a t ive ly  h i g h  oxygen content o f  the peat. 

The low overall  conversion and Jow conversion to gases of 

As shown in Table 2 ,  analyses of the product 

DISCUSSION 

Using a computerized ana ly t ica l  model of the f lu id  dynamics and spec i f ic  hydrogena- 
t i on  reactions,  previously developed for  coal conversion (Reference 6 ) ,  peat resu l t s  
show consistent agreement w i t h  coal data (see Figure 6 ) .  The model assumes steady- 
s t a t e ,  one-dimensional (plug) flow, which i s  typical of the uniform flow patterns o f  
rocket-type in jec tors  a t  shor t  distances from the in jec tor  face. 

In order to  compare these peat r e su l t s  f o r  the Rockwell hydrogasifier with other peat 
hydrogenation inves t iga t ions ,  the t e s t  data were plotted on a published IGT graph o f  
hydrocarbon gas y i e ld  vs reactor temperature (Reference 1) for s imi la r  peat hydro- 
gas i f ica t ion  t e s t s .  Figure 7 shows t h i s  comparison. The Rockwell data a re  seen t o  
be consistent with extrapolation of the IGT data to  high reactor temperatures, and 
therefore to  higher conversion leve ls .  
peat i n  the unmodified Rockwell coal hydrogasifier, these h i g h  conversion 'levels 
provide encouraging support t o  the concept o f  peat hydrogasification t o  produce SNG. 
A commercial peat SNG p lan t  might d i f f e r  from one based on coal mainly in the more 
s t r ingent  requirements f o r  drying the peat and f o r  methanating the grea te r  quantity 
of carbon monoxide. 

Together with the re la t ive  ease of processing 

CONCLUSIONS 

The resu l t s  of t h i s  experimental investigation c l ea r ly  demonstrate t h a t  the  Rockwell 
Flash Hydrogasifier i s  one of the most ef fec t ive  reactors f o r  converting peat t o  SNG. 
Overall carbon conversions up to  84% with benzene byproduct yield ranging from 0 t o  
nearly 12% were achieved. Both overall  carbon conversion and conversion t o  benzene 
were found t o  be functions of reactor temperature and residence time, but not t o  
depend upon reactor operating pressure. 
as a prime candidate f o r  converting our abundant peat reserves t o  SNG. 

Rapid hydrogasification should be considered 
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Run 
NO. 

44 
45 
46 
47 
48 
49 
50 
51  
52 

Reactor Condi t ions Carbon Conversion Heating 
f % )  Value 

Diameter -p oT TR H /Peat To ta l  CH4 co Benzene* (Hz-Free Basis) 
( i n . )  ( w i g )  ( F) (5) 2 (Btu/scf)  
4.26 1500 16853.7  0.66 8 4 . 9 5 8 . 7 2 3 . 3  2 .1  808 
4.26 1000 1667 2.6 0.61 80.8 49.9 24.0 5.8 778 
4.26 1000 1815 1.8 0.93 83.3 52.7 28.3 1.2 76 1 
4.26 500 1610 1.3 0.53 76.6 39.8 24.8 10.5 731 
4.26 500 1760 1.1 0.84 79.0 42.7 27.1 7.9 732 
4.26 1500 1825 2.8 0.90 84.2 59.3 24.0 0.0 788 
2.83 1500 1847 1.2 0.85 83.8 56.4 25.0 1.5 792 
2.83 1500 1584 1.7 0.60 80.1 43.0 24.4 11.7 752 
2.83 535 1825 0.5 0.57 73.4 38.9 25.3 7.9 726 
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FLASH HYDROGENATION OF LIGNITE AND BITUMINOUS COAL 
I N  AN ENTRAINED FLOW REACTOR 

J .  L.  Beeson 
D .  A .  Duncan 
R .  D. Oberle 

I n s t i t u t e  of Gas Technology 
3424 S.  S t a t e  Street 

Chicago, I l l i n o i s  60616 

In t roduct ion  

This paper  is  a r e p o r t  of some r e c e n t  developments i n  a n  on-going i n v e s t i g a t i o n  
of s h o r t  r e s i d e n c e  time hydrogenolysis  of l i g n i t e  and c o a l  t o  produce f u e l  gases ,  
e thane,  g a s o l i n e  b lending  s t o c k  c o n s t i t u e n t s ,  f u e l  o i l  and s p e n t  char .  The program 
has been underway f o r  t h r e e  y e a r s ,  and i n  a d d i t i o n  t o  t h e  bench-scale u n i t  descr ibed 
h e r e  w i l l  i n c l u d e  t h e  c o n s t r u c t i o n  and o p e r a t i o n  of a process  development u n i t .  I n  
r e s u l t s  ob ta ined  t o  d a t e ,  bo th  l i g n i t e  and bituminous coa l  have been s u c c e s s f u l l y  
processed i n  t h e  bench-scale  u n i t .  I n  a t y p i c a l  run,  approximately 50% of t h e  feed 
carbon is converted to  l i q u i d  and gaseous products ;  as much as 1 5 %  of t h e  feed carbon 
has  been found t o  r e p o r t  to t h e  hydrocarbon l i q u i d  products ,  and 35% t o  carbon oxides ,  
methane, e thane  and minor amounts of propane and propylene.  
duced, a l lowing  t h e  s p e n t  char  to  be  c o l l e c t e d  as a d r y ,  f ree-f lowing m a t e r i a l .  
Approximately 50% of t h e  feed carbon remaining i n  t h e  spent  char  would be  u t i l i z e d  i n  
hydrogen product ion ,  and would be s u f f i c i e n t  f o r  a "balanced p l a n t "  o p e r a t i o n .  

Heavy t a r s  a r e  not  pro- 

Hiteshue, et. (1) observed t h a t  when c o a l  is heated r a p i d l y  i n  t h e  presence 
of hydrogen a t  high p r e s s u r e ,  high y i e l d s  of gaseous and l i q u i d  products  a r e  obta ined .  
Over the  p a s t  s e v e r a l  y e a r s ,  s e v e r a l  development programs (2 ,3 ,4 ,5 ,6 )  have been 
implemented t o  explore  t h e  var ious  a s p e c t s  of rap id  o r  " f lash"  hydropyrolys is  i n  t h e  
l i g h t  of eventua l  commercial izat ion.  The work descr ibed  h e r e  is  in tended ,  i n  g e n e r a l ,  
to  complement t h e  work of o t h e r  i n v e s t i g a t o r s ,  and a l s o  e l u c i d a t e  t h e  behavior of 
r e a c t a n t s  and products  during t h e  course of t h e  p y r o l y s i s .  The e x p l o r a t i o n  of pro- 
cess ing  condi t ions  a p p r o p r i a t e  f o r  the  recovery of maximum p o s s i b l e  y i e l d s  of l i q u i d s  
s u i t a b l e  f o r  u s e  a s  motor f u e l s  i s  an important  a d d i t i o n a l  a s p e c t  of t h e  IGT program. 
Johnson ( 4 )  p o s t u l a t e d  t h a t  t h e  hydrocarbon l i q u i d s  a r e  r e l e a s e d  e a r l y  i n  t h e  pyro lys i s ,  
and a r e  hydrogenated t o  methane and e t h a n e  i n  subsequent r e a c t i o n  s t e p s .  

In t h e  work d e s c r i b e d  h e r e ,  our  d a t a  show t h a t  i n  a d d i t i o n  t o  r e l a t i v e l y  slow 
h y d r o g a s i f i c a t i o n  t o  methane and e thane ,  t h e r e  is c o n s i d e r a b l e  vapor phase dehydroxyl- 
a t i o n  of oxygenated monoaromatics (phenols  + c r e s o l s )  and d e a l k y l a t i o n  of s u b s t i t u t e d  
benzenes which r e s u l t s  i n  s i g n i f i c a n t  changes i n  t h e  d i s t r i b u t i o n  of BTX and oxygenated 
aromatics  i n  the g a s o l i n e  b o i l i n g  range  f r a c t i o n  of t h e  hydrocarbon l i q u i d  products .  
The dehydroxylat ion and d e a l k y l a t i o n  r e a c t i o n s  appear to  be  dependent upon both  
hydrogen p a r t i a l  p r e s s u r e  and temperature  i n  a manner analogous t o  t h e  vapor phase 
d e a l k y l a t i o n  of  to luene  i n  t h e  presence of  hydrogen descr ibed  by S i l s b y  and Sawyer ( 7 ) .  

Equipment 

A f low diagram showing t h e  major equipment i n  t h e  bench-scale u n i t  used i n  t h e  
I n  o p e r a t i o n ,  s o l i d s  charged t o  t h e  feed 

l 

I 
I 

1 

work descirbed h e r e  is shown i n  Figure 1. 
hopper are metered i n t o  a c a r r i e r  stream of  hydrogen; the  hydrogen and en t ra ined  s o l i d s  
a r e  then heated c o c u r r e n t l y  i n  a 1/8- in  I . D .  h e l i c a l  tube  r e a c t o r  which i s  70 f e e t  i n  
length .  
r e a c t o r  by means of 1 2  independently c o n t r o l l e d  r a d i a n t  h e a t e r s .  The e f f l u e n t  from 

A predetermined "temperature p r o f i l e "  is imposed over  t h e  length  of t h e  
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t h e  r e a c t o r  passes  i n t o  t h e  char  t r a p  where t h e  spent  char  is d i s e n t r a i n e d  and co l lec-  
ted ;  t h e  char - f ree  g a s e s  are f u r t h e r  cooled t o  ambient temperature  t o  condense l i q u i d  
products which are c o l l e c t e d  i n  sample bombs. The cooled g a s e s  a r e  then  reduced t o  
e s s e n t i a l l y  ambient p r e s s u r e ,  and passed through a d r y e r  and methanol/dry i c e  f reeze-  
ou t  t r a i n  t o  s t r i p  benzene and o t h e r  condensable m a t e r i a l s  from t h e  make gas .  The 
s t r ipped  gases  a r e  then  metered,  sampled, and vented.  

A power p l a n t  g r i n d  (75% minus 200 mesh) of North Dakota l i g n i t e  was  used a s  
s o l i d s  feed  i n  t h e  work descr ibed  here .  Although feed  gases  can  be preheated p r i o r  to  
mixing wi th  feed  s o l i d s ,  both t h e  f e e d  hydrogen and feed  l i g n i t e  w e r e  introduced i n t o  
t h e  r e a c t o r  a t  ambient temperature .  Runs us ing  preheated hydrogen have been made, bu t  
a n a l y s i s  of d a t a  has  n o t  been completed at t h i s  w r i t i n g ;  t h e  r e s u l t s  of these  runs 
w i l l  be r e p o r t e d  at  a f u t u r e  t i m e .  

Experimental 

I n  t h e  experimental  program descr ibed  h e r e ,  t h e  o b j e c t i v e  was t o  explore  the  
e f f e c t  of  h e a t i n g  r a t e  on t h e  d i s t r i b u t i o n  of feed  carbon among products .  
of temperature  p r o f i l e  (F igure  2)  were used i n  o p e r a t i n g  t h e  equipment. I n  t h e  f i r s t  
tyRe, a l i n e a r  h e a t i n g  rate w a s  imposed on t h e  lower end of t h e  c o i l  r e a c t o r .  Due t o  
a chimney" e f f e c t ,  t h e  upper end of t h e  c o i l  w a s  hea ted  by convect ion from t h e  lower 
s e c t i o n ,  and i d l e d  a t  approximately 700°F. Using t h i s  f i r s t  type  of temperature  pro- 
f i l e ,  t h e  feed  was hea ted  t o  a maximum temperature  of  1500°F and quenched, wi th  no 
apprec iab le  r e s i d e n c e  time a t  1500'F. I n  t h e  second type  of temperature  p r o f i l e ,  t h e  
lower s e c t i o n  of t h e  r e a c t o r  w a s  opera ted  i so thermal ly  a t  1500°F, and a l i n e a r  heat ing 
r a t e  imposed on t h e  upper s e c t i o n  of t h e  c o i l e d  tube  r e a c t o r ,  so t h a t  t h e  r e a c t a n t s  
were held a t  1500°F f o r  t i m e s  which were dependent upon t h e  gas  v e l o c i t y  chosen f o r  a 
p a r t i c u l a r  run.  

Two kinds 

Experimental R e s u l t s  

The o p e r a t i n g  c o n d i t i o n s  and results of t h e  h e a t i n g  rate study are summarized i n  
Table  l w h i c h  shows t h e  d i s t r i b u t i o n  of carbon among products ,  t h e  weight percent  
gaso l ine  b o i l i n g  range l i q u i d s  obta ined  from t h e  recovered l i q u i d s ,  and t h e  weight 
percent  o f  phenols  + c r e s o l s  and naphtha lenes  p r e s e n t  i n  t h e  g a s o l i n e  b o i l i n g  range 
l i q u i d s .  Comparing Runs HR-1 and HR-3, i t  i s  apparent  t h a t  wi th  apprec iab le  res idence  
t i m e  at t h e  maximum tempera ture  (15000F), feed  carbon conversion a c t u a l l y  decreased 
wi th  increase  i n  h e a t i n g  r a t e ;  a s i m i l a r  r e s u l t  was descr ibed  by Johnson ( 4 ) .  A t  t h e  
h i g h e r  h e a t i n g  r a t e ,  t h e  l i q u i d  products  were a l s o  more h ighly  oxygenated, a s  measured 
by t h e  amounts of phenols  + c r e s o l s  p r e s e n t  i n  t h e  g a s o l i n e  b o i l i n g  range l i q u i d s .  

When a r e s i d e n c e  t i m e  a t  1500°F was al lowed,  as i n  Runs HR-4 through HR-7, the 
methane y i e l d s  improved cons iderably ,  and t h e  degree  of oxygenation of t h e  l i q u i d  
products  a s  measured by t h e  phenols  + c r e s o l s  i n  t h e  g a s o l i n e  b o i l i n g  range l i q u i d s  
decreased.  By i n s p e c t i o n ,  however, t h e r e  does n o t  appear  t o  be  any e f f e c t  t h a t  can 
be  a t t r i b u t e d  t o  h e a t i n g  rate a l o n e .  

The i n t e n s i t y  o r  s e v e r i t y  of a time-temperature h i s t o r y  can be measured by t h e  
magnitude of a s e v e r i t y  f u n c t i o n  def ined a s  - 

S e v e r i t y  Funct ion = lt k t  1) 

where k i s  a r e a c t i o n  r a t e  c o n s t a n t  and t is time. Using publ ished d a t a  f o r  t h e  hydro- 
g a s i f i c a t i o n  of an thracene  ( 8 ) ,  t h e  rate c o n s t a n t  can  be  c a l c u l a t e d  from - 
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where ko i s  9.0 X l o 5  and E is 30,700 Kcals per  gram mole. 
time-temperature h i s t o r i e s  used h e r e ,  t h e  v a l u e  of t h e  s e v e r i t y  f u n c t i o n  was obtained 
by d i v i d i n g  t h e  l e n g t h  o f  t h e  c o i l  i n t o  increments  and c a l c u l a t i n g  an incremental  
s e v e r i t y  a t  t h e  average  temperature  of t h e  s e c t i o n .  The value of t h e  s e v e r i t y  
func t ion  was  then  o b t a i n e d  from - 

For t h e  non-isothermal 

n 

i n  S e v e r i t y  Funct ion = Z k A t  3 )  

This  s e v e r i t y  f u n c t i o n ,  based on an thracene  h y d r o g a s i f i c a t i o n  k i n e t i c s  is thus  a n  
a r b i t r a r y  measure t h a t  can  be used t o  c h a r a c t e r i z e  t h e  thermal  t rea tment  under a 
g iven  s e t  of o p e r a t i n g  c o n d i t i o n s .  The d a t a  from t h e  h e a t i n g  r a t e  runs  are p l o t t e d  
a g a i n s t  s e v e r i t y  f u n c t i o n  i n  F igure  3. From t h e  f i g u r e ,  methane + e thane  y i e l d  can 
b e  seen  t o  i n c r e a s e  wi th  i n c r e a s e  i n  s e v e r i t y  f u n c t i o n ;  whi le  t o t a l  carbon conversion 
passes  through a maximum, suggest ing t h a t  i n  a prolonged t rea tment ,  p roducts  a r e  l o s t  
through thermal  degrada t ion .  
- e t  a l .  ( 6 ) .  

A s i m i l a r  r e s u l t  has  been descr ibed  by Ste inberg ,  
The t o t a l  l i q u i d s  y i e l d  a l s o  appears  t o  decrease  a t  h igh  s e v e r i t y .  

Table  1. OPERATING CONDITIONS AND SUMMARY OF RESULTS 
OBTAINED I N  HEATING RATE STUDIES WITH NORTH DAKOTA LIGNITE 

Run No. HR-2 HR-1 HR-3 HR-4 HR-5 HR-7 HR-6 
C o i l  O u t l e t  P r e s s u r e  
C o i l  O u t l e t  Temperature 
S e v e r i t y  Funct ion 
Heating Rate, OF/s 
H2/MAF Feed Weight R a t i o  
Carbon D i s t r i b u t i o n ,  % 

Liquids  
Carbon Oxides 
Methane 
Ethane + Light  Gas 
Char 

Gasol ine Boi l ing  Range Liquid,  

Phenols + Cresols  i n  C5-4000F 

Naphthalene i n  C -400°F 

w t  % t o t a l  l i q u i d s  

Liquid 

Liquid 5 

2000 2000 2000 
1500 1500 1500 

0.383 0.315 9.148 
125 152 348 

0.44 0.26 0.48 

12.25 11.03 11 .71  

12.40 10.90 10.59 
7.37 11.36 6.26 

52.20 51.23 58.87 

9.47 9.05 8.18 

51.8 55.2 49.5 

22.7 18.0 31.2 

12.6 15.2 10.8 
w 

No Residence 
Time a t  1500°F 

2000 2000 2000 2000 
1500 1500 1500 1500 

0.767 1.346 1.434 1.954 
412 155 1275 780 

0.43 0.30 0.55 0.45 

13.19 12.44 8.59 7.30 
11.27 9.72 10.35 8.47 
16.34 17.35 19.47 19.69 

8.43 8.33 8.63 8.61 
52.51 52.52 54.55 52.69 

54.1 54.5 67.5 5'8.5 

7 . 1  1 .6  0.2 Tr 

V a s  i a b  1 e 
Residence 

T i m e  a t  1500°F 

Discussion 

Using k i n e t i c s  publ i shed  by S i l s b y  and Sawyer ( 7 ) ,  t h e  change i n  t h e  h a l f - l i f e  of 
t o l u e n e  wi th  temperature  and p r e s s u r e  w a s  eva lua ted ,  and t h e  r e s u l t s  of t h e s e  calcu-  
l a t i o n s  a r e  summarized in Figure  4. From t h e  f i g u r e  it can be  seen  t h a t  t h e  dealky- 
l a t i o n  of t o l u e n e  is a c c e l e r a t e d  by both a n  i n c r e a s e  i-a temperature  and hydrogen 
P a r t i a l  p r e s s u r e .  The observed changes i n  t h e  composition of t h e  g a s o l i n e  b o i l i n g  
range  l i q u i d s  obta ined  from North Dakota l i g n i t e  a l s o  appear  t o  fo l low a n  analogous 
r u l e  i n  which t h e  dehydroxyla t ion  is a c c e l e r a t e d  by i n c r e a s e  i n  hydrogen p a r t i a l  pres- 
s u r e  (Figure 5 ) .  I n  a p r i o r  p o r t i o n  of t h e  i n v e s t i g a t i o n ,  runs  were made i n  t h e  
bench-scale u n i t  a t  system p r e s s u r e s  of  500, 1000, 1500, and 2000 p s i g ,  holding other  
parameters e s s e n t i a l l y  c o n s t a n t .  The f r a c t i o n  of phenols  + c r e s o l s  i n  t h e  gaso l ine  
b o i l i n g  range  l i q u i d s  was observed t o  decrease  wi th  i n c r e a s e  i n  opera t ing  ( e s s e n t i a l l y  
hydrogen) p r e s s u r e  whi le  t h e  f r a c t i o n  of BTX + ethylbenzene was observed t o  increase .  
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I n  the  hea t ing  r a t e  r u n s ,  t h e  phenols + c r e s o l s  f r a c t i o n  of t h e  g a s o l i n e  b o i l i n g  
range l i q u i d s  was found t o  decrease  wi th  i n c r e a s e  i n  s e v e r i t y  f u n c t i o n ,  a s  shown i n  
F igure  6 wi th  an a t t e n d a n t  i n c r e a s e  i n  BTX. The d i s t r i b u t i o n  of  benzene, to luene ,  
and xylene w a s  observed t o  change a s  shown i n  F igure  7 which shows maxima f o r  both 
to luene  and xylene e a r l y  i n  t h e  p y r o l y s i s  wi th  subsequent  d e a l k y l a t i o n  t o  benzene. 
F i n a l l y ,  l i q u i d s ,  as they a r e  devolved from t h e  l i g n i t e  a t  1200° t o  1300°F, are h ighly  
oxygenated, as shown i n  Table  2 which summarizes d a t a  from some runs  wi th  North Dakota 
1 i g n i t e .  

Table 2 .  OPERATING CONDITIONS AND SUMMARY OF RESULTS 
OBTAINED AT 1200° AND 1300°F W I T H  NORTH DAKOTA LIGNITE 

Run Number 

Coi l  O u t l e t  P r e s s u r e ,  p s i g  
C o i l  O u t l e t  Temperature, OF 
Sever i ty  Funct ion 
H2/MAF Feed Weight Rat io  

Carbon D i s t r i b u t i o n ,  % 
Liquids 
Carbon Oxides 
Me thane 
Ethane + Light  Gas 
Char 

Analysis  of Gasol ine Boi l ing  Range Liquids  
BTX + Ethylbenzene 
Cg Aromatics 
Indenes f Indans 
Phenols + Cresols  
Naphthalenes 
Not I d e n t i f i e d  

Total  

PS-3 

1500 
1300 

0.334 
0.31 

14.61 
9.46 
9.62 
6.23 

64.51 

22.9 
5.4 
5.1 

52.3 
5.4 
8.9 

100.0 

PS-5 

1500 
1200 

0.217 
0.53 

11.58 
9.23 
5.88 
5.07 

68.33 

8 . 3  
4.0 
4.0 

76.1 
3.3 
4.3 

100.0 

Conclusions 

From t h e  foregoing i t  appears  t h a t  t h e  hydrocarbon l i q u i d s  obta ined  from North 
Dakota l i g n i t e  a r e  h ighly  oxygenated a s  they are devolved from t h e  l i g n i t e ,  and are 
converted t o  BTX i n  t h e  vapor phase by r e a c t i o n  wi th  hydrogen. The conversion of oxy- 
genated compounds t o  BTX e x h i b i t s  a pressure  and temperature  dependency very  similar 
t o  t h e  d e a l k y l a t i o n  of to luene  i n  t h e  presence of hydrogen descr ibed  by S i l s b y  and 
Sawyer ( 7 ) .  The d i s t r i b u t i o n  of feed  carbon among products  and t h e  composi t ion of  the  
g a s o l i n e  b o i l i n g  range l i q u i d s  i s  a func t ion  of s e v e r i t y  of thermal  t rea tment ,  and 
appears  t o  be  independent of hea t ing  rate when h e a t i n g  r a t e s  of 150°F/s o r  h igher  are 
used. 

The p r e s s u r e  dependency of t h e  dehydroxylat ion r e a c t i o n s  would a f f e c t  r e a c t o r  
opera t ions ,  p a r t i c u l a r l y  a t  low hydrogen-to-coal feed  r a t i o s  where t h e  hydrogen p a r t i a l  
p r e s s u r e  would be s u b s t a n t i a l l y  reduced with t h e  r e l e a s e  of  methane, steam, and o t h e r  
r e a c t i o n  products .  A t  t h i s  w r i t i n g ,  t h e  experimental  work i s  be ing  extended t o  t h e  
s tudy  of t h e  e f f e c t s  of us ing  preheated hydrogen. Analys is  of d a t a  has  not  been com- 
p l e t e d ,  however, and t h e  r e s u l t s  of t h e s e  r u n s  w i l l  be r e p o r t e d  a t  a f u t u r e  time. 
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MECHANISM O F  SHORT R E S I D E i j C E  TIME HYOROPYROLYSIS 
REACTION FOR MONTANA ROSEBUD SUBBITUMIiiOUS COAL 

U. M. Oko. J .  A.  Hamshar. G. Cuneo and S.  Kim 
by 

A. Introduction 

i n  progress a t  C i t i e s  Service Research and Development Company s ince  1974. 
More than 150 individual coal runs were performed in this time period using 
a bench-scale r eac to r  recently described (1 ) .  Cost estimates f o r  SilG and 
benzene production were a l so  published ( 2 ) ( 3 ) .  

Some 50 runs were performed on Montana Rosebud Subbituminous coal a t  
various reactor conditions.  
where ( 1 ) ( 4 ) ( 5 ) .  In t h i s  r epor t ,  a k ine t i c  model or ig ina l ly  proposed by .  
Feldmann (6) i s  used t o  ca lcu la te  reac t ion  r a t e  constants f o r  carbon con- 
version f o r  these 50 runs, a t  four d i s t i n c t  temperature zones. Also, the 
e f fec t  of reac tor  conditions a r e  s t a t i s t i c a l l y  cor re la ted  w i t h  gas and l iqu id  
hydrocarbons and the  r e su i t s  of this ana lys i s  i s  reported. 

B. Kinetics of Carbon Conversion 

High heat u p  r a t e s  o f  f ine ly  divided coal pa r t i c l e s  and short residence 
time of less  than 2 seconds a t  500-1500°C under hydrogen atnosphere ( 7 )  were 
shown t o  promote carbon conversion i n t o  gas and l i qu ids .  Several reaction 
models were proposed t o  explain the k ine t ics  of t h i s  phenomenon. 
Russel e t  a1 (8) i l l u s t r a t e d  t h a t  t he  ro l e  of mass t r ans fe r  by b u l k  flow and 
diffusion including k ine t ics  of devola t i l i za t ion  i n  s ing le  pa r t i c l e s  of coal 
can be explained by assuming a f i r s t  order devola t i l i za t ion  reaction w i t h  
instantaneous heatup t o  isothermal s t a t e  and r e l a t i v e l y  long reaction time. 
Their model cons i s t s  of th ree  s e t s  of reac t ions :  primary devo la t i l i za t ion ,  
secondary deposit ion and hydrogenation. This model was shown t o  f i t  data 
generated by Anthony and Howard (9) from hydropyrolysis of s ing le  d i sc re t e  
coal pa r t i c l e s  i n  a batch reac tor .  

For continuously operating reactors a simpler model has been used by 
several inves t iga tors  including Wen, Feldmann, e t  a1 (6 ) (10 ) .  
the ra te  of gas i f i ca t ion  i s  proportional t o  the  hydrogen pa r t i a l  pressure 
and t o  the rap id- ra te  carbon material remaining in  the coal. . For coal 
gas i f ica t ion  i n t o  methane t h i s  simple model can be used by assigning the  
carbon i n  the coal i n t o  three ca tegor ies  ( 6 ) .  Type 1 carbon i s  a highly 
reac t ive  specie which i s  almost instantaneously flashed off during the  rapid 
heatup s tep .  
3 i s  the low reac t iv i ty  char carbon which wi l l  reac t  upon long duration 
exposure ( i n  order of minutes) t o  the  hot hydrogen atmosphere. Type 1 and 2 
carbon a r e  c l a s s i f i e d  "rapid r a t e  carbon" and i n  t h i s  report  a r e  considered 
as a s ing le  specie.  

action follows the r a t e  reaction (6 ) :  

Research in to  sho r t  residence time hy.dropyrolysis of coal has been 

The results of these runs were reported e l se -  

Recently, 

I n  this model 

Type ? i s  the s o l i d  carbon which readi ly  hydrogasifies and type 

For hydrogasification reaction the "rapid r a t e  carbon" and hydrogen in t e r -  

(1 1 dX = k P H ~  (a -X)  

where X i s  the  f r ac t iona l  carbon conversion, PH the hydrogen pa r t i a l  pressure. 
a the f r ac t ion  of carbon ava i lab le  f o r  r e a c t i o i  in the regime of consideration 

and k the reaction r a t e  constant.  Best f i t  f o r  conversion data were found by 
Feldmann (6) (12)  when  a = 1 .  Hence, a t  any given constant temperature: 

a2 



l n (1 -X )  = -k  P H ~  t (3 )  

where t i s  t h e  coal lhydrogen c o n t a c t  t ime  i n  the  r e a c t o r .  
t he  r e a c t i o n  r a t e  constant  k, can be c a l c u l a t e d .  

From equa t ion  3, 

C. P a r t i c l e  Residence Time i n  t h e  Reactors 

The C i t i e s  Serv i ce  R & D.Co. s h o r t  res idence t i m e  bench-scale r e a c t o r  
system shown i n  F igu re  1 was p r e v i o u s l y  desc r ibed  ( 4  ) .  
in terchangeable reac to rs  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  wide spans o f  res idence 
t ime on the  e x t e n t  o f  carbon convers ion i n t o  gas hydrocarbons and l i q u i d  
hydrocarbon products .  When s h o r t  res idence t imes a r e  des i red,  s t r a i g h t  
v e r t i c a l  reac to rs  o f  d i f f e r e n t  d iameters a r e  f i t t e d  i n s i d e  t h e  e l e c t r i c  
furnace c a v i t y .  

I t  can accept  

For  l o n g e r  res idence t imes,  h e l i c a l  r e a c t o r s  can be f i t t e d .  

The problem o f  e s t i m a t i n g ' p a r t i c l e  res idence t ime  i n  v e r t i c a l  e n t r a i n e d  
s t r a i g h t  r e a c t o r s  can be so l ved  by e s t i m a t i n g  t h e  t e r m i n a l  v e l o c i t y  o f  a s i n g l e  
char p a r t i c l e ,  and then  c o r r e c t i n g  t h i s  va lue  f o r  e n t r a i n e d  f l ow .  
was used by Gray e t  a1 (11) who used t h e  equat ion:  

T h i s  method 

t o  es t ima te  the  te rm ina l  s e t t l i n g  v e l o c i t y  (14) .  
a p p l i e d  f o l l o w i n g  Wen and Huebler  (10)  increased t h e  f i n a l  p a r t i c l e  v e l o c i t y  
by a f a c t o r  o f  about 3. 
p a r t i c l e  res idence t ime  i s  f u r t h e r  aggrevated by t h e  a lmost  t o t a l  l a c k  o f  
exper imenta l  o r  t h e o r e t i c a l  data. I n  o u r  work, we met  these shortcomings 
w i t h  g lass  co ld - f l ow  models o f  s t r a i g h t  and h e l i c a l  r e a c t o r s  and measured 
average p a r t i c l e  v e l o c i t i e s  i n  these models. 
exper ienced i n  t h e  bench-scale apparatus were used i n  t h e  model s t u d i e s .  
average average p a r t i c l e  v e l o c i t i e s  were found by feed ing  coa l - cha r  a t  c o n t r o l l e d  
r a t e  f rom feed hoppers l oca ted  above t h e  g lass  model. Coal char  was used 
because i n  most o f  these t e s t s  p a r t i c l e  res idence t i m e  exceeded 0.5 seconds. 
Coal i s  conver ted i n t o  c h a r - l i k e  m a t e r i a l  w i t h i n  0.200 seconds a t  t h e  temperature 
regimes o f  825-1000°C. 

by s imul taneously  c l o s i n g  p l u g  va lves a t  t h e  i n l e t  and e x i t .  The v e l o c i t i e s  
were c a l c u l a t e d  from t h e  we igh t  o f  t h e  s o l i d s  t rapped i n  t h e  s e c t i o n  and t h e  
feed r a t e  t o  t h e  model. Th i s  work was done by Ming-Tsai Shu and C. B. Weinberger 
o f  Drexel  U n i v e s i t y  (15 ) .  

found t h a t  t he  average average p a r t i c l e  v e l o c i t y  i s  ve ry  c l o s e  t o  t h a t  o f  
t he  s u p e r f i c a l  gas v e l o c i t y .  
p a r t i c l e  res idence t imes t: 

C o r r e c t i o n  f a c t o r s  which were 

For h e l i c a l  reac to rs ,  t h e  problem o f  e s t i m a t i n g  

The same f l o w  regimes t h a t  were 
The 

Holdup o f  p a r t i c l e s  i n  t h e  model, a t  cons tan t  f l o w  cond i t i ons ,  was measured 

Wi th  t h e  g lass  model f o r  t h e  v e r t i c a l  s t r a i g h t  r e a c t o r  o f  l e n g t h  L,(4) we 

Th is  g r e a t l y  s i m p l i f i e d  t h e  t a s k  of c a l c u l a t i n g  

t = L/?p(dp) (5)  

where ?p(dp) i s  t h e  average average p a r t i c l e  v e l o c i t y  in' ni/sec. 
reac to rs ,  a t  gas v e l o c i t y  i n  t h e  excess of 6.3 m/sec. t h e  f o l l o w i n g  semi 
e m p i r i c a l  equat ion was d e r i v e d  b y  Shu ( 1 5 )  t o  e s t i m a t e  t h e  average average 
p a r t i c l e  v e l o c i t y :  

For h e l i c a l  
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where f o r  char of Montana Rosebud subbituminous coa l :  

k, = 0.323 
a = 0.139 
b = 0.185 
c = -.lo2 

When ca lcu la t ing  the average average flow velocity of char: 

dp/dp = 1 (7 )  

and t ,  residence time, i s  ca lcu la ted  from equation 5. A p lo t  of the average 
variable s i z e  p a r t i c l e  velocity, f o r  a constant gas ve loc i ty  of 6 . 3  m/sec i s  
shown in Figure 2 .  The p lo t  ind ica tes  t ha t  s e l ec t ive  c l a s s i f i ca t ion  occurs 
i n  the he l ica l  reac tor .  This was a l so  observed v isua l ly .  The la rge  pa r t i c l e s  
tend to  s e t t l e  a t  the  g lass  model wall and because of wall f r i c t i o n  move slower 
than the f i n e  p a r t i c l e s .  Also, when the  feeding r a t e  of pa r t i c l e s  i n t o  the 
model i s  increased, the  average average p a r t i c l e  ve loc i ty  in  i t  decreases. 
This i s  because the  pa r t i c l e s  a r e  not uniformly dispersed and tend t o  concentrate 
a t  the outer periphery of the  he l ix .  

increasingly unre l iab le  and velocity of t he  pa r t i c l e s  must be in te rpola ted  from 
spec i f ic  flow measurements generated by Shu ( 1 5 ) .  
lower velocity the  equation may be used t o  pred ic t  average average p a r t i c l e  
residence times. For example, workers a t  the  University of Utah (17) using 
iron f i l i n g s  as  t r a c e r  i n  coal which was t rea ted  in  a he l ica l  reac tor  i n  hydro- 
gen a t  122 atm. and 482°C reported residence time of 9 seconds. 
was a tube of 0.48 cm in te rna l  diameter, 14.5 meters long which was coiled in to  
a 12.7 cm diameter he l ix .  The gas ve loc i ty  in  t h e i r  t e s t s  was only 5.6 ni/sec. 
Yet even w i t h  t h i s  low ve loc i ty ,  equation 6 pred ic t s  residence time of 10 sec.  

D. b d r o g a s i f i c a t i o n  Kinetics of Montana Rosebud Subbituminous Coal 

When the  super f ica l  gas ve loc i ty  i s  below 6 .3  m/sec, equation 6 becomes 

However, even a t  somewhat 

The reac tor  

F i f ty  subbituminous coal runs were performed ( 4 )  over a range of conditions 
summarized i n  Table 1 .  
from 827°C to  1000°C. 
i n  Figure 3 .  
t he  qua l i ty  of f i t  o f  each as  obtained by regression ana lys i s .  

The data was fur ther  divided in to  four temperature ranges 
P lo t  of - ln ( l -x)  versus P H ~  t i n  sec .  atm i s  displayed 

Table 2 summarizes the  equations of each of the l i n e s  indicating 

A p lo t  of 111 k vs.  1/T on Figure 4 f o r  Montana Rosebud Subbituminous coal 
is compared w i t h  r e su l t s  f o r  Pittsburgh Seam bituminous coal ( 1 1 ) .  
ac t iva t ion  energies .for both coals a r e  r e l a t ive ly  high: 
f o r  the Pit tsburgh seam coal and27 kcal/mole f o r  Montana Rosebud Subbituminous 
coal.  

The Arrhenius 
about 15  kcal/mole 

T h i s  ind ica tes  t h a t  both reactions a re  chemically cont ro l led .  

E. S t a t i s t i c a l  Correlation of Factors Affecting The Formation of Products 

S t a t i s t i c a l  treatment of the  da ta  from the  f i f t y  runs i s  used t o  de t e r -  
mine which of t he  reac tor  variables:  teniperature, pressure,  vapor residence 
time, coal t o  hydrogen r a t i o ,  so l ids  residence time o r  pa r t i c l e  diameter a re  
most l i ke ly  t o  a f f e c t  the degree of carbon conversion. The treatment can be 
extended t o  the e f f e c t s  of conditions on  the  y i e l d  of the various product 



FIGURE 1 

FIGURE 2 
CHAR PARTICLES VELOCITY IN THE 

HELICAL REACTOR AS PREDICTED BY EOUATION 

LOG MEAN PARTICLE SIZE. MICRONS 
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TABLE 1 

RANGE O f  OPERATING CONOITIOrlS FOR HYDROGASIFICATION 

OF #ONTANA ROSEBUD SUBBITUMINOUS COAL 

Temperature - "C 825 -1000 

Pressure - atmospheres 34-160 

P a r t i c l e  Residence Time - sec. 0.4-14.0 

Super f i c i a l  Gas Residence Time - sec. 0.3-4.0 

Super f i c i a l  Gas Veloc i ty  m/sec. 5.0-8.0 

Hydrogen to  Coal Weight Rat io  0.1-1.2 

TABLE 2 

DATA SUMMARY FOR EACH TEMPERATURE RANGE 

Temperature 
O C  

827 100 

877 ? 10" 

902 ? 10" 

921 ? 100 

No. o f  
Data 

Points 

15 

19 

8 

8 

Equation of  l i n e  o f  best f it 

ln(1-x)  = 1.483 x 1 0 - ~  P t + :86i 
H2 

.3974 

ln(1-x) = 2.36 x PHZt + .915 
.4036 

ln(1-X) = 4.108 X PHZt .892 
.3668 

ln(1-x) = 3.88 x PHZt t .972 
.3859 

Equation 
atm-' hr-' No. -__ 

.53 (8 )  

.85 (9 )  

1.48 (10) 

1.40 (11) 
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FIGURE 3 
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fractions:  g a s ,  l i q u i d s ,  BTX and methane plus ethane. 
used f o r  the ana lys i s  i s  ava i lab le  from IB19 (16) .  
a stepwise l i nea r  regression followed by a polynomial f i t t i n g  with orthogonal 
polynomials. 
The r e su l t s  of t h e  regression i s  expressed i n  a form of a l i n e a r  equation: 

The computer program 
I t  i s  capable of performing 

With i t ,  i t  i s  possible to  analyze the  e f f e c t  of u p  t o  40 variables.  

y bo + blxl + b2x2 + ...bnxn (12) 

where x i  x ... x n  can be entered as independent transformation functions.  
program se fec t s  the  most e f f ec t ive  functions t o  be f i t t e d  i n t o  the  polynomial 
equation (12) .  In addi t ion ,  i t  presents each dependent var iab le  in  order of 
importance and re -ca lcu la tes  the curve f i t t i n g  cor re la t ion  c o e f f i c i e n t  with 
each variable introduced. The for ty  functions shown in Table 3 were selected 
for each of the  s i x  independent var iab les :  

T - temperature i n  degrees Kelvin 

xg - hydrogen t o  coal r a t i o  - gm/gm 

The 

- hydrogen par.tia1 pressure - atmospheres - residence time of so l id s  i n  the  reac tor  - gaseous - gas residence time in the  reac tor  - msec. 
PHI 

xHdi - mean pa r t i c l e  s i z e  - microns 

and regressed aga ins t  each of t he  dependent variables:  

x - t o t a l  f rac t ion  of carbon converted 
f r ac t ion  o f  carbon converted t o  methane p l u s  ethane 2 1 f r ac t ion  of carbon converted t o  l i qu id  hydrocarbons 

yb  - f r ac t ion  of carbon converted t o  BTX. 

The following equations a n d  cor re la t ion  coef f ic ien ts  .were obtained: 

For t o t a l  f r ac t ion  of carbon converted: 

X = exp [ ?+ .1282 l n t  + 1.7611 r = 0.91 (1 3)  

For f rac t ion  of the carbon conversion in to  methane p l u s  ethane: 

yg = exp C -9428 + .4457 I n  P H ~  + l n t  + 4.633 r = 0.93 (14) 

For f rac t ion  of the  conversion i n t o  l i qu id  hydrocarbons: 

ye = exp [ 0.273 In P H ~  + 0.96 l n t  - 4.3733 r = 0.67 (15) 

For f r ac t ion  of carbon conversion t o  BTX: 

yb = exp [ + .265 1n t  + 2.8991 r = 0.87 (16) 

These r e su l t s  i nd ica t e  t h a t  w i  t h in  1 imi ts of experimental condi ti ons, 
and f o r  the  transformation functions se lec ted  gas residence time, hydrogen- 
to-coal r a t i o  and mean p a r t i c l e  diameter have no apparent e f f e c t  on the 
degree of carbon conversion i n t o  any of t h e  four products x ,  y ye, and yb. 
The two most important variables seem t o  be temperature and soyids residence 
time followed by the e f f e c t s  of pressure.  
mation functions and b e t t e r  modelling may however show t h a t  gas residence 
time may have e f f e c t  on ye. 

Future work  with o the r  t ransfor -  
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I 

Figure 5 i l l u s t r a t e s  the e f f e c t s  of temperatures and so l id s  residence 
As expected, the e f f e c t s  times on the to t a l  f rac t ion  of carbon converted. 

of so l id s  residence time are marginal compared t o  t h a t  of temperature. 
example, in order t o  achieve x = 0.3,  so l id s  residence time of 15 seconds 
i s  required a t  827OC but only 0.5 seconds i f  the  temperature were t o  increase  

For 

1 by 1 5 O O C .  

Figure 6 i l l u s t r a t e s  the e f f e c t  of temperature and pressure on conversion 

i 
of carbon to  methane and ethane. 
steeply w i t h  the temperature b u t  the e f f e c t s  of so l id s  residence time a r e  
somewhat l e s s  pronounced than in  Figure 5. 
r i s e  i n  temperature i s  required t o  drop the required s o l i d s  residence time 
from 15 seconds t o  0.5 seconds. The e f f e c t  of pressure on conversion may 
even be smaller than t h a t  of so l id s  residence time. When the pressure i s  
reduced by about 34 atmospheres, the average reduction in conversion i s  l e s s  
than 10% even a t  the high range of temperature. 
accuracy of gas analysis t h a t  can be claimed f o r  this  da ta .  

pressure of hydrogen and on residence time. 
( X  = .67), which ind ica tes  s c a t t e r  in data and poor modelling, i t  i s  hard 
t o  draw more de f in i t i ve  conclusions. B u t  when viewed w i t h  Figure 6 which 
has s teeper  slopes of carbon conversion t o  gas ,  i t  seems t h a t  optimum y ie ld  
of l iqu id  may be obtained a t  moderate temperatures, say 900°C and a t  hydrogen 
par t ia l  pressures which a re  as high as prac t icable .  

o f  l i qu id  hydrocarbons cracked t o  methane and ethane. 
dence time with increasing temperature, most of the  carbon wi l l  eventually be 
converted t o  gas probably undergoing intermediate l iquefac t ion .  BTX could 
be a product o f  l iqu id  hydrocarbons which crack to  produce methane and ethane. 
T h i s  may explain the pos i t ive  slope of the y i e ld  curves and the  r e l a t i v e l y  
la rge  e f f e c t  of so l ids  residence time on conversion. 

A t  constant pressure.  t h e  conversion r i s e s  

A t  880°C. x = 0.3 and only 60°C 

This i s  w i t h i n  the  overall  

i 

Figure 7 i l l u s t r a t e s  the dependence of l iqu id  y i e lds  on the  pa r t i a l  
Because of poor co r re l a t ion  

Figure 8 suggests t h a t  conversion of carbon t o  BTX depends on the f r ac t ion  
Given long so l id s  r e s i -  

a9 
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G. Nomenclature 

BTX 

dP 

DH 

DT 

9 

k 

L 

LHC 

PH2 
r 

Re 

R 

t 

UT 

9, 

benzene, toluene and xylene 

average pa r t i c l e  diameter - m3 

hel ix  diameter - microns 

he l ix  tube in te rna l  diameter - m 

gravity constant - m/sec2 

reaction r a t e  constant - atm-1 hr-' 

reac tor  length - m 

l iqu id  hydrocarbons produced, including the BTX f rac t ion  as 
analyzed in the gas 

par t ia l  pressure of hydrogen 

cor re la t ion  coe f f i c i en t  of regression of the  l i n e  of best  f i t  
by the root mean square through the  experimental data points 
Reynold's number 

char to  gas  weight r a t i o  

time - sec. 

terminal s e t t l i n g  ve loc i ty  - m/sec. 

average gas velocity - m/sec. 

average average p a r t i c l e  ve loc i ty  - rn/sec. 

f rac t ion  of carbon converted 

gas residence time - msec. 

hydrogen t o  coal r a t i o  gm/gm 

f rac t ion  carbon converted to  methane plus ethane 

f rac t ion  carbon converted t o  LHC 

f rac t ion  carbon converted t o  BTX 

pa r t i c l e  density - kg/m3 

gas density - kg/m3 

f rac t ion  of carbon ava i lab le  f o r  reaction 
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CORRELATION O F  FLASH HYDROGENATION YIELDS 
WITH PETROGRAPHIC PROPERTIES 

By W. men, A. LaCava and R.A. Graff 
Clean Fuels  I n s t i t u t e ,  Department of Chemical Engineering, The City 

College of The C i ty  Universi ty  of New York. New York, N.Y. 10031  

INTRODUCTION 

Recent s tud ie s  ( 1 , 2 )  ind ica ted  t h a t  the rank (as  measured by the 
carbon content)  a lone i s  no t  s u f f i c i e n t  t o  p r e d i c t  the  y i e ld  of vola- 
t i l e s  from a coal  during f l a s h  hydrogenation. The reason i s  t h a t  the 
rank provides only  a gross  means of chemical charac te r iza t ion .  I t  i s  an 
average of d i f f e r e n t  heterogeneous proper t ies  of coa l ,  and does not  ade- 
qua te ly  charac te r ize  the  chemical s t ruc tu re .  

A s  a consequence, two coals  of the  same rank may exh ib i t  markedly 
d i f f e r e n t  chemical p rope r t i e s ,  give d i f f e r e n t  y i e lds  of v o l a t i l e s  and 
present  d i f f e r e n t  product d i s t r i b u t i o n  when subjected t o  f l a sh  
hydrogenation ( 2 ) .  

On the o the r  hand, a given maceral type occurr ing i n  d i f f e r e n t  
coa l s ,  has  been reported t o  exh ib i t  s imi la r  r e a c t i v i t y  (3.4) i n  
d i f f e r e n t  processes. 

Early work by the  Bureau of Mines (5 )  es tab l i shed  the c l ea r  depend- 
ence of the l i que fac t ion  behavior of a coal  on i t s  petrographic  composi- 
t ion .  Also, experimental r e s u l t s  showed t h a t  v i t r i n i t e s  and ex in i t e s  
a r e  t h e  most r ead i ly  l i que f i ed  ( 6 ) .  while f u s i n i t e  is  almost completely 
r e s i s t a n t  t o  l i que fac t ion  ( 7 ) .  

After  the  new method of  c l a s s i f i c a t i o n  of maceral types by the 
r e f l ec t ed  l i g h t  was introduced (8). considerable  information has been 
reported on the e f f e c t  of petrographic  composition on l iquefac t ion  (9-13). 

The objec t ive  of the  present  paper i s  t o  show t h a t  i t  i s  possible 
t o  co r re l a t e  f l a s h  hydrogenation y i e lds  with petrographic  composition of 
t he  coal .  The same type of co r re l a t ion  w i l l  be used t o  p red ic t  product 
d i s t r i b u t i o n  a t  f ixed  reac t ion  condi t ions.  Correlat ions based on the 
petrographic ana lys i s  of coa l ,  can be used consequently, t o  bui ld  k ine t i c  
models of coa l  f l a s h  hydrogenation t h a t  would be appl ied t o  a large 
va r i e ty  of  coals .  

EXPERIMENTAL 

The experimental arrangements used i n  t h i s  study were s imi la r  t o  

Ex- 
those described i n  previous papers (14) .  The ana lys i s  of products was 
performed by on-line mass spectrometry o r  by gas chromatography. 
periments w e r e  c a r r i e d  on a t  100 atm. of hydrogen, a heat ing r a t e  of 
650°C/s., 10 s. of s o l i d s  contac t  time, 0.6 s. of vapor residence time 
and temperatures from 600 t o  1000 c. 0 
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A s u i t e  o f  e i g h t  U . S .  coals  from t h e  Pennsylvania S t a t e  Universi ty  
co l lec t ion ,  from l i g n i t e  t o  HVA, was used f o r  t h i s  study. Their chemi- 
c a l  p roper t ies  and rank a r e  tabulated i n  f igure  1. 

CORRELATION PROCEDURE 

The fundamental assumption used f o r  cor re la t ion  purposes i s  t h a t  
the  t o t a l  v o l a t i l e s  y i e ld  obtained during f l a s h  hydrogenation depends 
l i n e a r l y  on t h e  maceral composition: 

n 
Y =iLlr ixi  

I n  a s imi la r  form, and s ince each one of themacera lscan  give a 
d i f f e r e n t  product d i s t r i b u t i o n ,  t h e  y i e l d  of each one of t h e  products 
can be assumed to  depend l i n e a r l y  on t h e  maceral composition: 

n 
= \T ri jxi  

'j i=l 

From equations (1) and ( 2 )  and i n  order  t o  have a cons i s t en t  set  of 
d e f i n i t i o n s ;  we can deduce t h e  following proper t ies :  

Also, t h e  following co r re l a t ion  was used t o  transform t h e  u n i t s  of  
carbon conversion (% of o r i g i n a l  carbon) and weight l o s s  (% of o r i g i n a l  
dmmf. coa l )  (15) : 

y = 1.14w - 13.7  (4) 

A computer program on mult iple  l i n e a r  regression w a s  used to  f i n d  
Af te r  severa l  tests with combinations 

Consequently, 

t h e  values of ri i n  equation (1). 
of d i f f e r e n t  macerals, it was found t h a t  t h e  t o t a l  y i e ld  was a funct ion 
of the  percentage of v i t r i n i t e  and pseudo-vi t r ini te  only.  
t h e  concentration of these two macerals were used a s  var iab les  i n  a l l  
t h e  cor re la t ions .  

RESULTS 

For comparison purposes, the  da ta  on t o t a l  y i e l d s  was cor re la ted  
The co r re l a t ion  with the  rank of the  coal  (carbon percent  d.m.m.f.). 

was very poor, present ing a c o r r e l a t i o n  coe f f i c i en t  p = 0.979. 

When v i t r i n i t e  and pseudo-vi t r in i te  content  a r e  used as var iab les ,  
t h e  co r re l a t ion  improves considerably.  The cd r re l a t ion  coe f f i c i en t  of 
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the  regression now i s  p = 0.99. Note t h a t  the  number of f r e e  
parameters i n  t he  new co r re l a t ion  is the same a s  i n  the rank case. 

The co r re l a t ion  def ined by equation ( 2 )  was appl ied t o  the  y i e ld  
of ind iv idua l  components during f l a s h  hydrogenation of d i f f e r e n t  coals  
a t  f ixed conditions. Figure 2 shows the r e s u l t s  of the cor re la t ions .  

DISCUSSION AND CONCLUSIONS 

I n  view of the  success of the  attempts of co r re l a t ing  y ie lds  and 
products d i s t r i b u t i o n  with the petrographic  composition of d i f f e r e n t  
coals ,  it is poss ib le  t o  conclude t h a t  t he  maceral content of a coal  
provides more information with respect t o  i t s  r e a c t i v i t y  ( a t  l e a s t  
w i t h  respec t  to f l a s h  hydrogenation) than i t s  rank. This conclusion, 
however, i s  based on a small group of d i f f e r e n t  coa ls  (8 coals  only) 
and should be v e r i f i e d  fu r the r  with a l a r g e r  sample of coals .  

The f a c t  t h a t  t he  y i e l d  o f  ind iv idua l  components can be cor re la ted  
w i t h  the  maceral composition, o f f e r s  exce l l en t  p o s s i b i l i t i e s  fo r  the  
use of maceral content-based co r re l a t ions  i n  the  ana lys i s  of  k i n e t i c  
da t a  from f l a s h  hydrogenation, and possibly f o r  s imi l a r  processes. It  
should be kept  i n  mind t h a t  d i f f e r e n t  macerals can present  d i f f e r e n t  
s e l e c t i v i t i e s  towards ind iv idua l  components. Also, secondary react ions 
of the ind iv idua l  components (e.g., i n  t he  gas phase) could introduce 
deviat ions i n  the  cor re la t ions .  

A s  a f i n a l  conclusion, co r re l a t ions  based on the petrographic com- 
p o s i t i o n  of coa ls  a r e  a promising too l  t h a t  could allow predic t ion  of 
r e a c t i v i t i e s ,  t o t a l  v o l a t i l e  y i e lds  and product d i s t r i b u t i o n  for  any 
coa l  i n  f l a sh  hydrogenation given only i t s  maceral content .  

NOMENCLATURE 

r 

r . . :  r e a c t i v i t y  of t he  ith maceral t o  give the  jth product (dimensionless) 

x : the  maceral content  of the coal  (5) (weight % on dmmf coa l )  

y : t o t a l  v o l a t i l e  y i e l d  (% of  the i n i t i a l  carbon converted) 

yi : yie ld  of ith component (% of i n i t i a l  carbon converted) 

u : standard devia t ion  of the regression def ined from 

: r e a c t i v i t y  of  t he  ith maceral (dimensionless) i 

11 

i 

2 
u2 = f (yi,experim. - yi ,ca lc )  

- ikl  (n-2) 
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Sample 
No. 

PSOC 326 

PSOC 270 

PSOC 284 

PSOC 314 

PSOC 280 

PSOC 248 

B 2  
PSOC 240 

PSOC 246 

Rank 

HVA 

HVA 

HVA 

HVA 

HVC 

5.811. 
A 

5.Blt. 
8 

Lig- 
ni le 

Province Age State 

Eastern Carb. PA 

Eastern Carb. AL 

Interior Carb. IL 

RockyM. Cret. UT 

Interior Carb. IN 

RockyM. Cret. WY 

Pacific Tert. WA 
NorthCr. 
Plains Tert. NO 

V O l S t  

2.21 

1.27 

3.11 

4.08 

11.32 

- 

19.17 

19.73 

34.12 

0 
dmml 

5.56 

4.85 

7.12 

10. 13 

9.51 

17. M 

18.98 

21.22 

M.M, 
direc 

21.18 

17.72 

25.08 

11.55 

18.31 

- 

3.34 

16.47 

10.99 

S 
Dry OAF 

4.36 5.28 

2.34 2 7 7  

5,23 6.70 

0.76 0.84 

3.78 4.50 

0. 64 0.66 

0.50 0.60 

0.65 0.72 

- 
C 

dmml 

84.49 

85.15 

83.71 

81.47 

81.58 

- 

15.44 

73.96 

71.85 

F i g u r e  1. S e l e c t e d  coals for f l a s h  h y d r o g e n a t i o n  s t u d i e s  

C o r r .  v a r i a b l e  C o r r .  c o e f f i c i e n t  a C o m p o n e n t  

M e t h a n e  0 . 1 7 V  + 0 . 5 8 ( P V + E + R )  0 . 9 8 1 1  0 .67% 

E t h a n e  0 . 0 8 V  + 0 . 0 5 ( P V + E + R )  0 . 7 6 6 1  0.52% 

BTX 0 . 0 8 V  + 0 . 1 2 7  (PV+E+R) 0.427 0.92% 

F i g u r e  2: Correlat ions a p p l i e d  t o  i n d i v i d u a l  components 
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THE FORMATION OF BTX BY THE HYDROPYROLYSIS OF COALS 
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ABSTRACT 

The pyrolysis of British coals has been studied at hydrogen pressures of 50 
to 150 har in single- and two-stage, tube reactors at heating rates of up to 
30 K s-'. In the single stage reactor, hydropyrolysis of a high-volatile coal 
gave up to 4.5% single-ring aromatics; the results suggested that the evolution 
of volatiles and their cracking to benzene were sequential reactions. This was 
confirmed using a two-stage reactor in which the coal was heated at a controlled 
rate and the volatiles cracked in a separate zone at constant temperature. 
Yields of up to 12% benzene were obtained from a high volatile coal in hydrogen 
(similar to the yields obtained by various workers from American coals by flash 
pyrolysis) without very rapid heating of the coal. 
compounds showed that benzene was a major product of the cracking of polynuclear 
aromatics under hydrogen pressure. 

1. INTRODUCTION 

Hydropyrolysis of model 

The carbonisation of coal under hydrogen pressure is known as 'hydro- 
pyrolysis'. 
coal, which involves heating rates of hundreds of K s-l, can give appreciable 
yields of light aromatic hydrocarbons such as benzene, toluene and xylenes 
(BTX). 
two-stage hydropyrolysis of coals aimed at producing single-ring aromatics, 
especially benzene, from coal. In the single-stage reactor the carbonisation 
and cracking zones are heated by the same source, while in the two-stage reactor 
there is independent control of the carbonisation and cracking zones. 

A review of published work1 showed that flash hydropyrolysis of 

The present paper is concerned with studies of both single-stage and 

2. MATERIALS 

2.1. Coals 

The analyses of the coals used for hydropyrolysis are given in Table 1. 
The coals were ground, sized +251 -5OO)m and dried at 373 K in vacuum. 

2.2. Model Compounds 

Hydropyrolysis experiments were also carried out on six aromatic 
hydrocarbons: benzene, toluene, p-xylene, naphthalene, anthracene and 
phenanthrene. Where possible, 'ANALAR' grade chemicals were used without further 
purification. A s  the hydropyrolysis reactor was only suitable for solids, lg of 
compound was either absorbed on or mixed with 9g of active carbon (NCB 
Anthrasorb) . 
3 .  SINGLE-STAGE HYDROPYROLYSIS 

3.1. Experimental 

The design of the reactor is based on that used by Hiteshue and co- 
workers at the USBM'. A 1830 min long x 8 rn ID stainless steel, pressure tube 
in which about log of coal were secured between degreased wire wool plugs was 
heated by passing a large current (up to 1600A) through its wall. The heating 
rate was controlled by switching tappings on a transformer. The pyrolysis 
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vapours were swept o u t  of the  r e a c t i o n  zone by pressurised hydrogen a t  up to  
150 bar ,  some of t h e  l i q u i d  products c o l l e c t i n g  i n  t h e  ice-cooled t r a p .  The 
remaining l i q u i d  products  and gases were reduced to  atmospheric pressure through 
a needle va lve ,  which was  a l s o  used t o  cont ro l  the flow r a t e ,  before  being 
co l lec ted  f o r  a n a l y s i s .  
from t h e  t r a p  and ad jo in ing  tubing with chloroform. 
reac tor  w a s  weighed and analysed. 

3 . 2 .  Product Analysis  

The products i n  the  t r a p  were weighedandthen washed 
The r e s i d u a l  char i n  the 

Both gaseous and l i q u i d  products were analysed by chromatography. The 
hydrocarbon gases  were measured on an alumina column with a flame ionisa t ion  
de tec tor ,  and t h e  permanent gases on a molecular s ieve  5 A  column with a 
katharometer de tec tor .  
with a flame i o n i s a t i o n  de tec tor .  
Fisher reagent .  
char samples. 

The l i q u i d s  were measured using a s i l i c o n e  SCOT column 
Water was est imated by t i t r a t i o n  with Karl 

Proximate and u l t imate  analyses  were car r ied  out  on se lec ted  

3 . 3 .  Resul ts  

The e f f e c t  o f  v a r i a t i o n s  i n  the  f i n a l  heat-treatment temperature and 
i n  the vapour res idence  t i m e  on the  y i e l d s  of s ingle-r ing aromatics  formed by 
hydropyrolysis of h igh-vola t i le  Linby coal  was inves t iga ted  using heat ing r a t e s  
i n  the range 7 t o  30 K s-I, a pressure of 150 bar  and zero s o l i d s  res idence 
time a t  maximum temperature. 

3 . 3 . 1  The e f f e c t  o f  f i n a l  heat-treatment temperature 

The e f f e c t  of the f i n a l  carbonisat ion temperature on the  y i e l d s  of 
benzene, toluene and xylenes (BTX) and phenol, c r e s o l s  and xylenols  (PCX) is 
shown i n  Figure 1, where it can be seen t h a t  f o r  a vapour res idence time of 
approximately 10 s t h e  y i e l d s  of both BTX and PCX passed through a maximum a t  
a temperature of about 1000 K. The maximum y i e l d  of s ingle-r ing aromatics was 
approximately 4.5%, being composed of about equiva len t  amounts of BTX and 
phenolics. 

3 . 3 . 2  The e f f e c t  of vapour res idence t i m e  

The e f f e c t  of vapour res idence on t h e  y i e l d s  of BTX and PCX a t  heat ing 
r a t e s  of 10,  20 and 30 K s-l t o  a f i n a l  heat- t reatment  temperature of 1000 K 
i s  shown i n  Figures  2 a  and b .  
range of res idence times inves t iga ted  and w a s  l i t t l e  a f f e c t e d  by the heat ing 
r a t e .  I n  c o n t r a s t ,  t h e  y i e l d  of PCX passed through a maximum a t  a residence 
time of 3 s and was markedly a f f e c t e d  by the heat ing r a t e ,  at the  two higher 
heat ing r a t e s  the  PCX being almost completely destroyed a f t e r  8 s .  
Dehydroxylation of t h e  PCX t o  BTX a t  the  longer  res idence times only p a r t l y  
explains  the  f a t e  of t h e  PCX s ince  the  decrease i n  PCX i s  considerably 
grea te r  than the i n c r e a s e  i n  BTX. 

The y i e l d  of BTX increased s t e a d i l y  over the  

4 .  TWO-STAGE HYDROPYROLYSIS 

4.1 Modification t o  Apparatus 

The modif icat ion t o  t h e  hydropyrolysis  apparatus  t o  enable  the  
carbonisat ion and cracking zones to  be separated i s  shown i n  Figure 3. The 
upper por t ion  of the s t a i n l e s s  s t e e l  tube r e a c t o r ,  which servedas . the  cracking 
zone, was thermosta t ica l ly  cont ro l led  a t  temperatures up t o  1273 K using two 
muffle furnaces;  the  lower por t ion  which contained t h e  coal  was e l e c t r i c a l l y  
heated a s  previously.  
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4 . 2  Experimental 

The samples (coals, coking coals plus coke and model compounds on active 
carbon) to be pyrolysed were placed, as before, in the lower section of the tube. 
The flow of hydrogen through the reactor was established to give the required 
vapour residence time with the upper section maintained at the cracking 
temperature. Current was then passed through the lower section to heat it and 
the sample to the carbonisation temperature. The products were collected and 
analysed in the same way as with the single-stage reactor. 

4 . 3 .  Results 

4.3 .1  Effect of carbonisation time, temperature and heating rate 

The effect of varying the carbonisation time is shown in Figure 4 .  The 
methane increases monotonically with time and the benzene yield reaches a limit 
of about 11% w/w on d.a.f. coal at 9 minutes. Thus, to achieve optimum benzene 
yield with minimum methane formation, the residence time of the coal should be 
controlled. 

Varying the final carbonisation temperature from 848 to 973 K (at a 
carbonisation time of 9 minutes) while cracking the products at 1123 K gave the 
results plotted in Figure 5. Methane increases monotonically with increase 
in final carbonisation temperature whereas ethane and benzene pass through 
broad maxima at about 9 2 3  K, the benzene yield peaking at 12X w/w on d.a.f. coal 
( 1 3 . 4 %  C on C). 
temperature, some of the benzene is destroyed during the carbonisation stage. 
The volatile matter content of the char decreased from about 16% at a 
carbonisation temperature of 750 K to 5.5% at 923 K. 

The lower benzene yield at 973 K suggests that, at this 

The results of tests on the effect of heating rate show that, at a 
carbonisatiop temperature of 7 5 0  K, increasing the heating rate of the coal from 
1 to 25 K s- 
and ethane yields are reduced by the higher heating rate. 

4.3.2 

has no significant effect on benzene yields, although the methane 

Effect of cracking temperature and residence time 

The yields of gases and liquids were determined after cracking at 
temperatures from 773 to 1223 K using the relatively low carbonisation temperature 
of 750 K and a carbonisation time of 15 minutes. 

The yields of methane, ethane, benzene and tar are given in Figure 6 .  
Above 900 K, increasingly severe cracking of the carbonisation vapours gives 
continuously increasing yields of methane, whereas the ethane and benzene pass 
through broad maxima. The yield of tar decreases with increasing temperature, 
suggesting that tar vapours are the precursors of much of the ethane and benzene, 
themselves being hydrogenated to methane under more extreme conditions. 

The effect of varying the hydrogen flow rate and hence the gaseous 
residence time was also investigated. The carbonisation temperature was 873 K 
and the pressure was 1 5 0  bar. The results are summarised in Figure 7 and show 
that, as the hydrogen flow was increased, the yields of ethane and 
benzene increased and the benzene passed through a broad maximum. 
hydrogen rates, the volatiles were overcracked to give high methane yield The 
lowest hydrogen rate of 0.85g min-' (equivalent to a flow of 0.01 m3 min-'*at 
room temperature and pressure) gave a gaseous residence time of about 7 s in the 
cracking zone at 1 5 0  bar and 1 1 2 3  K. 

At the lower 
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4.3.3 E f f e c t  of  pressure  

Tests a t  50, 100 and 150 bar  i n  which t h e  vapour res idence  t i m e  was 
maintained cons tan t  by using a constant  l i n e a r  hydrogen v e l o c i t y  gave t h e  r e s u l t s  
shown i n  F igure  8. 
b u t  the benzene y i e l d  increased less  than propor t iona l ly  to  pressure.  

4.3.4 E f f e c t  of  coal-rank 

Methane and ethane y i e l d s  increased l i n e a r l y  with pressure  

The r e s u l t s  on t h e  e f f e c t  of coal-rank a r e  summarised as y i e l d s  versus  
carbon content  of coa l  i n  Figure 9 and suggest  t h a t  t h e  maximum ethane and 
benzene y i e l d s  a r e  obtained from the CRC 800 coa l s .  
gave l e s s  v o l a t i l e  hydrocarbons, and the  coking coa ls  tended t o  cake i n  the 
carboniser  and would t h e r e f o r e  be d i f f i c u l t  t o  process  continuously. 
v o l a t i l e  brown coal  contained 24.8% oxygen and t h e  oxygen appeared mainly as 
water r a t h e r  than  carbon oxides .  The Lady Vic tor ia  coal  gave comparatively low 
benzene and h igh  methane y i e l d s ,  probably r e f l e c t i n g  t h e  high a l i p h a t i c  content  
of t h i s  coa l .  

4.3.5 Model compounds 

Anthraci te ,  as expected, 

The high 

Table 2 g ives  the  r e s u l t s  of the hydropyrolysis  of t h e  aromatic 
compounds l i s t e d  i n  Sect ion 2 . 2 . ;  only the  aromatic products  a r e  l i s t e d .  
cracking temperature w a s  var ied  from 823 t o  1173 K a t  a constant  vapour res idence 
t i m e  of about 5 s .  A s  might be expected, t he  ex ten t  of decomposition increased 
wi th  increas ing  temperature, and the percentage remaining undecomposed a t  973 K 
was  taken a s  a measure of thermal s t a b i l i t y .  The s t a b i l i t y  sequence i n  order  
of decreasing s t a b i l i t y  was as follows: benzene = naphthalene > phenanthrene 
to luene)  p-xylene > anthracene. It should however be s t r e s s e d  t h a t  t h e  order  
depends on t h e  temperature. Thus, a t  1073 K toluene and p-xylene a r e  less 
s t a b l e  than anthracene.  

The 

The y i e l d  o f  benzene a t  t h ree  temperatures (973, 1073, 1173 K) from the 
model compounds i s  shown as a bar  cha r t  i n  Figure 10. Benzene survives  both 
a s  a feedstock and as a product of the  cracking of  toluene,  p-xylene and 
polynuclear hydrocarbons. I t  i s  i n t e r e s t i n g  t h a t  naphthalene, anthracene and 
phenanthrene g ive  benzene a s  a major product a t  t h e  two higher  cracking 
temperatures. 

5 .  DISCUSSION 

In l i n e  w i t h  the  var ious groups of American  worker^^-^ who have s tudied  
hydropyrolysis ,  t he  carbonisa t ion  of coal  under hydrogen pressure  has  been shown 
t o  give much higher  y i e l d s  of l i g h t  aromatics ,  i n  p a r t i c u l a r  benzene, than a r e  
obtained by convent ional  carbonisa t ion ,  i .e. a t  atmospheric pressure i n  an i n e r t  
atmosphere. 

The r e s u l t s  of t h e  experiments c a r r i e d  ou t  i n  a s ingle-s tage r e a c t o r  s imi l a r  
t o  tha t  used by Hiteshue,  Anderson and Schlesinger2 a r e  i n  good agreement with 
t h e i r  publ ished d a t a  
rates (up t o  30 K s-i) a maximum y i e l d  of 4.5% single-r ing aromatics  can be 
expected from a low-rank coa l .  

With t h i s  apparatus  which employs r e l a t i v e l y  slow heat ing 

In these s ingle-s tage r e a c t o r s  t h e  temperature cyc le  of t h e  r e a c t o r  
together  with the  hydrogen flow r a t e  through i t  determine t h e  condi t ions f o r  both 
t h e  pyro lys i s  of coa l  and the  hydrocracking of t h e  v o l a t i l e s  produced. Thus, 
it i s  impossible t o  opt imise simultaneously both the carbonis ing and cracking 
condi t ions.  However, i n  t he  two-stage hydropyrolysis  r e a c t o r ,  t h e  carbonisat ion 
and cracking processes  have t o  a l a r g e  ex ten t  been separated and i t  i s  therefore  
poss ib le  t o  opt imise s e p a r a t e l y  t h e  condi t ions  f o r  each. 
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The present  work wi th  the two-stage r e a c t o r  shows t h a t  y i e l d s  of over  10% 
benzene can be obtained from a 1 w rank coal  without t he  need f o r  hea t ing  a t  
very high r a t e s  (up t o  1000 K s-'): From t h e  poin t  of view of t he  des ign  of a 
hydropyrolysis p l a n t ,  a process employing a moderate hea t ing  ra te  should be 
preferab le  s ince  it i s  l i k e l y  t o  be d i f f i c u l t  t o  achieve very f a s t  hea t ing  on an 
i n d u s t r i a l  s ca l e .  

6. CONCLUSIONS 

The present  study has: 

( i )  confirmed t h a t  hydropyrolysis of coal  produces appreciable  y i e l d s  of 
s ingle-r ing aromatics ,  e s p e c i a l l y  benzene, and has  shown t h a t  a 
benzene y i e l d  i n  excess of 1OX can be obtained without  hea t ing  t h e  
coal  very r ap id ly ;  I 

( t i )  shown t h a t  the benzene y i e l d  depends on t h e  temperature of  t h e  
cracking zone and t h e  residence times of t h e  v o l a t i l e s  i n  t h i s  zone; 

( i i i )  demonstrated the  p o t e n t i a l  of a two-stage r e a c t o r  whereby t h e  
pyro lys i s  and cracking s tages  can be independently cont ro l led ,  and 
which should make i t  simpler t o  opt imise t h e  y i e l d s  of d e s i r e d  
products. 
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Table 2 :  Yields  of  Aromatics from Two-stage Hydropyrolysis  
of Aromatics 

Condition: Ig  of feeds tock  wi th  9g of  a c t i v e  carbon 
Carbonised a t  750K wi th  15 m i n .  s o l i d s  r e s i d e n c e  t i m e  
Heat ing r a t e  1 K s-1 
8 nun I D  carboniser  a d c racker  
Hydrogen 0.85 g min-' a t  100 bar .  

105 



0 

M 0 (u 0 P 
I, 9 - z 

I 

106 



1, 

I 

0 
W 
a 
W 

p: w 
I( 

V c 

107 



I 

108 



I 

1" 

5: \\I -- 
-0 
0 

-0 
In 

x 

I I I I 
4 N 

0 0 -  0 

1vo3 'I'O'P M I M  010 0131A 

109 



ss fu 

tfva 001 

-8 

-I 

0 
a 

_ow 

E 

$! 

*2 
v 
u 

-0 I- 

W m 
z 

z % 
'"-0 

W m 
-02 N" 

m 
I m 

-0P 
0 

4 

I 
-09 Q 

-08 
n €16 

-001 

110 


