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ABSTRACT 1 

An u n r e a c t i v e  hvC b i tum inous  coa l  has been hydrogenated  i n  a b a t c h  
s t i r r e d  r e a c t o r  u s i n g  p y r i t e ,  hydrogen s u l f i d e ,  and p y r i t e  + hydrogen s u l -  
f i d e  as c a t a l y s t s .  
c a t a l y t i c  e f f e c t s  f o r  coa l  conve rs ion .  

The d a t a  i n d i c a t e  t h a t  b o t h  H,S and p y r i t e  e x h i b i t  

INTRODUCTION 

U i  r e c t  hyd rogena t ion  processes  f o r  coa l  l i q u e f a c t i o n  a r e  g e n e r a l l y  
hampered by two p rocess ing  prob lems:  s low f o r m a t i o n  o f  d i s t i l l a t e  o i l s  a t  
" m i l d "  c o n d i t i o n s  and poor  hydrogen u t i l i z a t i o n  e f f i c i e n c y  due t o  f o r m a t i o n  
o f  l i g h t  hydrocarbon gases (C1 , -  C,,). U n f o r t u n a t e l y ,  r a i s i n g  t h e  tempera- 
t u r e  t o  i n c r e a s e  t h e  r a t e  o f  o i l  f o r m a t i o n  causes t h e  r a t e  o f  l i g h t  hydro-  
carbon '  f o r m a t i o n  t o  g r e a t l y  a c c e l e r a t e ,  l e a d i n g  t o  even poore r  hydrogen 
e f f i c i e n c y  and hence i n c r e a s e d  p r o c e s s i n g  cos ts .  TO overcome t h e s e  
probleins,  c a t a l y s t s  may be used wh ich  a r e  s e l e c t i v e  f o r  hyd rogena t ion ,  and 
a c c e l e r a t e  t h e  r a t e  so t h a t  l ower  tempera tu res  may be employed. It i s  w e l l  
known t h a t  t h e  r e a c t i v i t y  o f  c e r t a i n  c o a l s  l i q u e f i e d  by t h e  I .G.  Farben 
p rocess  d u r i n g  t h e  1930's  i n  Germany was enhanced by a d d i t i o n  o f  i r o n  
and/or  s u l f u r  t o  t h e  f e e d  s l u r r y  (1).  I n  t h e  e a r l y  1970 ' s ,  Wr igh t  and 
Severson ( 2 )  r e p o r t e d  t h a t  m i n e r a l  s presen t  i n  b i  tumi  nous coa l  m i n e r a l  
m a t t e r  served as hyd rogena t ion  c a t a l y s t s .  A d d i t i o n a l l y ,  Na, K, and Fe were 
found t o  c a t a l y z e  CO-steam l i g n i t e  l i q u e f a c t i o n .  Subsequent t o  these  
d i s c o v e r i e s ,  research  on d i s p o s a b l e  c a t a l y s t  l i q u e f a c t i o n  o f  coa l  was 
i n i t i a t e d  i n  o r d e r  t o  i d e n t i f y  t h e  a c t i v e  c a t a l y t i c  spec ies  i n  coa l  m ine ra l  
m a t t e r .  Mukher jee and Chowdhury (3) found i n c r e a s i n g  convers ion  w i t h  
i n c r e a s i n g  m i n e r a l  con ten t ,  and i d e n t i f i e d  i r o n  p y r i t e  as t h e  a c t i v e  
c a t a l y s t .  They a l s o  i n d i c a t e d  a s y n e r g i s t i c  e f f e c t  between p y r i t e  and 
o r g a n i c  s u l f u r .  E x t e n s i v e  research  by Guin e t  a l .  (4 ,  5, 6, 7 )  and T a r r e r  
e t  a l .  (8)  on t h e  c a t a l y t i c  a c t i v i t y  o f  coa l  m i n e r a l s  c l e a r l y  e s t a b l i s h e d  
t h e  r o l e  of p y r i t e  as t h a t  o f  a hyd rogena t ion  c a t a l y s t ,  and f u r t h e r  
i d e n t i f i e d  o t h e r  c a t a l y t i c  agents  p resen t  i n  coa l  m i n e r a l  m a t t e r .  Hamrin 
( 9 )  i n v e s t i g a t e d  HDS of model compounds w i t h  c o a l  m i n e r a l s  as c a t a l y s t s .  
Granoff e t  a l .  ( l o ) ,  i n  b a t c h  a u t o c l a v e  s t u d i e s  o f  m i n e r a l  m a t t e r  c a t a l y s i s  
demonst ra ted  t h e  e f f e c t  o f  p y r i t e  on p roduc t  d i s t r i b u t i o n ,  and i l l u s t r a t e d  
t h e  magnitude of t h e  observed c a t a l y t i c  e f f e c t  on n e t  o i l s  f o rma t ion .  More 
r e c e n t l y ,  Mtlssbauer a n a l y s i s  o f  1 i q u e f a c t i o n  res idues  by Montan0 e t  a l .  
(11, 12, 13)  has l e a d  t o  a g r e a t e r  unders tand ing  o f  t h e  behav io r  o f  
i rOn /SU l fUr  Species a t  l i q u e f a c t i o n  c o n d i t i o n s .  A t t a r  and M a r t i n  (14) have 
specu la ted  t h a t  an i r o n  s u l f i d e  i n t e r m e d i a t e  (between FeS,.,, and FeS,) i s  
t h e  a c t i v e  p y r i t e - d e r i v e d  c a t a l y s t .  

pe r imen ts  where H,S, p y r i t e ,  and H ~ S  + p y r i t e  were used as l i q u e f a c t i o n  

I 

T h i s  paper p resen ts  t h e  r e s u l t s  o f  b a t c h  a u t o c l a v e  hyd rogena t ion  ex- 
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tenes, and the  e f f e c t  of  H,S, p y r i t e ,  and H,S + p y r i t e  a d d i t i v e s  on t h e  
r a t e  of  coal  l i q u e f a c t i o n  as we l l  as p r o d u c t i o n  d i s t r i b u t i o n  was 
de ter in i  ned. 

EXPEKIMENTAL 

Produc ts  were ana lyzed f o r  o i l s ,  aspha l tenes ,  and p reaspha l -  

I A hvC b i tum inous  coa l  from t h e  Wadge seam o f  t h e  Energy Fue ls  Mine 
near  Yainpa, Colorado (Rocky Mountain coa l  p r o v i n c e )  was hydrogenated i n  a 
300-cc S t i r r e d  ba tch  r e a c t o r .  The coa l  employed was s i m i l a r  t o  s tandard  
Salnple PSOC-233, and was chosen due t o  i t s  low i n h e r e n t  p y r i t e  and t o t a l  
S u l f u r  con ten t ,  and r e l a t i v e l y  poo r  the rma l  l i q u e f a c t i o n  r e a c t i v i t y .  An 
a n a l y s i s  o f  t h e  coa l  sample i s  p resen ted  i n  Tab le  1. Ash a n a l y s i s  showed 
47% and 3% SiO, and A1,03 r e s p e c t i v e l y ,  and 3.3% t o t a l  i r o n  as Fez&. 
T i t a n i u m  as TiO, was 1.05% o f  t h e  ash; no o t h e r  p o t e n t i a l  c a t a l y s t s  were 
i n d i c a t e d  i n  t h e  ash a n a l y s i s .  

t h e  pa ren t  cod1 t h e n  s e p a r a t i n g  p y r i t e  f rom c o a l  on a shaker  t a b l e .  The 
p y r i t e  was ana lyzed by x - ray  d i f f r a c t i o n  and MMssbauer spec t roscopy  and 
found t o  be a m i x t u r e  o f  p y r i t e  and marcas i te ,  w i t h  m a r c a s i t e  compr i s ing  
about 38% o f  t h e  m ix tu re .  

P y r i t e  was separa ted  f rom a Kentucky b i t u -  
\ minous coal  f rom t h e  C o l o n i a l  Mine near  M a d i s o n v i l l e ,  Ky. by f i r s t  g r i n d i n g  

Hydrogenat ion  exper iments  were c a r r i e d  o u t  i n  a 300-cc s t i r r e d  ba tch  
au toc lave ,  m o d i f i e d  t o  p e r m i t  r a p i d  i n j e c t i o n  o f  coa l  i n t o  a p rehea ted  
p r e s s u r i z e d  r e a c t o r .  Exper iments were c a r r i e d  o u t  a t  380°C, i n  a 10 /1  
excess o f  t e t r a l i n  as t h e  v e h i c l e ,  200 p s i g  t o t a l  p r e s s u r e  (= hydrogen 
p a r t i a l  p ressu re ) .  Two d i f f e r e n t  r e a c t i o n  t i rnes were employed, 10 and 60  
m inu tes ,  t o  t e s t  f o r  r a t e  e f f e c t s  due t o  t h e  a d d i t i v e s  employed. Runs 
where p y r i t e  was employed as t h e  a d d i t i v e  were made by i n j e c t i n g  a c o a l /  
p y r i t e  m i x t u r e  (10% p y r i t e  by w e i g h t )  i n t o  t h e  r e a c t o r .  A t  t h e  end o f  a 
run, t h e  r e a c t o r  was quenched by r a p i d  f o r c e d - c o n v e c t i o n  c o o l i n g .  

Reac t ion  p roduc t  gases were ana lyzed  f o r  hydrocarbons  
th rough  C,, CO, C O  , H,, and H,S and t h e  l i q u i d  p r o d u c t s  were ana lyzed  by  
s e l e c t i v e  s o l v e n t  t r a c t i o n a t i o n  (SSF) t o  separa te  o i l s ,  aspha l tenes ,  
p reaspha l tenes ,  and i n s o l u b l e  o r g a n i c  m a t t e r  ( I O M ) .  I n o r g a n i c s  i n  t h e  
l i q u e f a c t i o n  r e s i d u e  were ana lyzed by Mbssbauer spec t roscopy  t o  de te rm ine  
p y r i t e l p y r r h o t i t e ,  and y i e l d s  o f  a l l  p roduc ts  were c a l c u l a t e d  based on a 
100% workup o f  t h e  p roduc t  s l u r r y .  

RESULTS AND U I S C U S S I O N  

Data f o r  coa l  hyd rogena t ion  i n  t h e  presence of  added H,S, p y r i t e ,  and 

What i s  perhaps most s t r i k i n g  
H,S + p y r i t e  a re  shown i n  F igu res  1-4 a l o n g  w i t h  b a s e l i n e  da ta  f o r  

hydrogenat ion  w i t h o u t  t h e  use o f  a d d i t i v e s .  
about these da ta  i s  t h e  i n f l u e n c e  of  added H,S i n  t h e  absence o f  added 
p y r i t e .  The percentages  o f  H,S r e f e r  t o  t h e  mole % ~ ~ s , i n  t h e  gas 
atmosphere p r i o r  t o  h e a t i n g  and r e a c t i o n  ( c o l d  c o m p o s i t i o n ) .  A 56% 
i n c r e a s e  i n  o v e r a l l  conve rs ion  i s  i n d i c a t e d  a t  t h e  10  m inu te  res idence  t i m e  
( 2 ,  5, and 10% H,S l e v e l ) ,  w i t h  a 21% i n c r e a s e  found a t  60 minu tes  when 
gaseous H,S a lone  (5  and 10% l e v e l )  i s  added t o  t h e  r e a c t i o n  gas 
atmosphere. The predominant i n f l u e n c e  on p r o d u c t  d i s t r i b u t i o n  i s  i n  t h e  
p reaspha l tene  f r a c t i o n ,  e s p e c i a l l y  a t  t h e  s h o r t  res idence  t i m e .  C l e a r l y ,  

H,S i s  a c t i n g  as a c a t a l y s t  f o r  c o a l  conve rs ion  a t  t hese  c o n d i t i o n s .  
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Concen t ra t i ons  above 2% H,S i n  t h e  i n i t i a l  gas phase m i x t u r e  do n o t  seem t o  
a p p r e c i a b l y  i n c r e a s e  t h e  c o n v e r s i o n  a t  10  minu tes ,  b u t  a s u b s t a n t i a l  e f f e c t  
i s  p resent  w i t h  i n c r e a s i n g  H2S COnCentrat iOn a t  60 minu tes .  
o f  H,S i n  t h i s  case nay  be  as e i t h e r  a homogeneous o r  heterogeneous 
c a t a l y s t .  Reb ick  (15)  has r e p o r t e d  a c a t a l y t i c  e f f e c t  o f  H,S on n- 
hexadecane p y r o l y s i s ,  and a t t r i b u t e d  t h e  no ted  e f f e c t  t o  c a t a l y s i s  o f  
hydrogen t r a n s f e r .  S ince  t h e  e a r l y  s tages  o f  c o a l  l i q u e f a c t i o n  a r e  thought 
t o  proceed v i a  f r e e  r a d i c a l  chemis t r y ,  a s i m i l a r  e f f e c t  may be o p e r a t i v e  
here .  Free  r a d i c a l s  formed r a p i d l y  by i n i t i a l  p y r o l y s i s  o f  t h e  coa l  m a t r i x  
cou ld  i n t e r a c t  w i t h  H,S i n  t h e  f o l l o w i n g  manner: 

The f u n c t i o n  

R1 - R2 + R1-.+ RE* 

R1. + H2S + R1 - H + HS. 

HS. + R1 , -  R2 + R1 - H2* + H2S 

R1* + R SH 1 HS. + 

where R1 - R, = coa l  macromolecule.  S i m i l a r  r e a c t i o n s  c o u l d  be w r i t t e n  f o r  
r a d i c a l  R,. . T h i s  mechanism a l s o  p r e d i c t s  t h a t  s u l f u r  c o u l d  become i n c o r -  
po ra ted  i n  t h e  l ower  m o l e c u l a r  w e i g h t  p roduc ts  o f  r e a c t i o n  (R SH).  
l i m i n a r y  a n a l y s i s  o f  SSF samples have shown a ve ry  smal l  i n c d a s e  i n  t o t a l  
s u l f u r  i n  t h e  o i l ,  aspha l tene,  and p reaspha l tene  f r a c t i o n s ,  and a v e r y  
l a r g e  ( f a c t o r  o f  2 t o  3) i n c r e a s e  i n  t o t a l  s u l f u r  i n  t h e  THF- inso lub les  
(IOM p l u s  m i n e r a l  m a t t e r ) .  

Pre- 

An i nc remen ta l  enhancement i n  r e a c t i v i t y  ove r  t h e  H 2 S  a lone  da ta  i s  
seen w i t h  10% added p y r i t e  and H,S a t  2, 5, and 10% i n i t i a l  H 2 S  f r a c t i o n .  
The inc rease  i n  convers ion  no ted  he re  i s  r e f l e c t e d  most s t r o n g l y  i n  b o t h  
t h e  p reaspha l tene  and o i l  f r a c t i o n s ,  e s p e c i a l l y  a t  l o n g  res idence  t imes.  
The combina t ion  o f  added p y r i t e  and H S gave t h e  h i g h e s t  o v e r a l l  o i l  y i e l d .  
The data a t  10 minutes  w i t h  p y r i t e  an8 H,S show t h e  impor tance o f  i r o n -  
s u l f u r  s t o i c h i o m e t r y  i n  m a i n t a i n i n g  t h e  c a t a l y t i c a l l y  a c t i v e  i r o n  s u l f i d e  
spec ies  i n  t h e  reac to r .  
between gaseous H S and p y r i t e l p y r r h o t i t e  i n  t h e  r e a c t i o n  mass. 
Apparen t l y ,  f o r  & i s  l ow  s u l f u r  c o a l ,  a d d i t i o n a l  s u l f u r  i s  needed t o  o b t a i n  
and m a i n t a i n  t h e  most a c t i v e  i r o n  s u l f i d e  c a t a l y s t .  A 25% inc rease  i n  
convers ion  ( a t  60 m inu tes )  i s  seen when 2% H,S i s  added w i t h  10% p y r i t e ,  i n  
comparison w i t h  10% p y r i t e  and no added H,S. No a d d i t i o n a l  b e n e f i t  i s  
d e r i v e d  by i n c r e a s i n g  t h e  H,S l e v e l  above 2% f o r  t h e  combined c a t a l y s t  
system. 
ch iomet ry  i n  t h e  l i q u e f a c t i o n  res idues .  Resu l t s  o f  t hese  ana lyses  a r e  
shown i n  Tab le  2. Obv ious l y ,  t h e  f i n a l  p y r i t e l p y r r h o t i t e  m i x t u r e  p resen t  
i n  t h e  l i q u e f a c t i o n  r e s i d u e  i s  a v e r y  s t r o n g  f u n c t i o n  o f  b o t h  res idence  
t i m e  and H,S p a r t i a l  p ressu re .  However, v e r y  l i t t l e  v a r i a t i o n  i n  t h e  s t o i -  
ch iomet ry  of t h e  p y r r h o t i t e  was observed w i t h  a change i n  H,S p a r t i a l  p res-  
sure.  
f r a c t i o n s ,  t h e  MMssbauer s p e c t r a  i n d i c a t e  t h a t  t h e  non-magnet ic phase 
( r e p o r t e d  as p y r i t e )  i s  n o t  compr ised o f  pu re  p y r i t e  (FeS ). 
s u l f u r  s t o i c i o m e t r y  o f  t h i s  non-magnet ic phase cannot be 2e termined w i t h  
t h e  p r e c i s i o n  Of t h e  magne t i c  phase. Such measurements shou ld  a l l o w  t h e  

The d a t a  c l e a r l y  show a s t r o n g  s y n e r g i s t i c  e f f e c t  

MMssbauer spec toscopy  was used t o  f o l l o w  t h e  i r o n  s u l f i d e  s t o i -  

A l though t h e  da ta  i n  Tab le  2 a r e  p resen ted  as p y r i t e l p y r r h o t i t e  

The i r o n /  

I 

f 
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a c t i v e  c a t a l y t i c  spec ies  t o  be  i d e n t i f i e d ,  as  i t  i s  c l e a r  f rom t h e  da ta  
t h a t  t h e  non-magnet ic phase i s  t h e  phase i n  wh ich  t h e  c a t a l y t i c a l l y  a c t i v e  
i r o n  s u l f i d e  i s  b e i n g  formed. 

I t  i s  a l s o  p o s s i b l e  t h a t  t h e  i n f l u e n c e  o f  added H,S was t o  s u l f i d e  
n o n - p y r i t i c  i r o n  i n  t h e  i d igenous  coa l  m i n e r a l  ma t te r .  Ash and s u l f u r  
forms a n a l y s i s  on t h e  p a r e n t  c o a l  i n d i c a t e d  t h a t  about one h a l f  o f  t h e  
t o t a l  i r o n  was p resen t  as i r o n  p y r i t e  ( i n c l u d i n g  marcas i te ) ,  w i th  t h e  re -  
ma inder  o f  t h e  i r o n  b e i n g  p r e s e n t  i n  a n o n - s u l f i d e d  s t a t e .  Hydrogen s u l -  
f i d e  i n  t h e  r e a c t i o n  gas atmosphere would q u i c k l y  s u l f i d e  any n o n - p y r i t i c  
i r o n ,  and t h u s  genera te  a d d i t i o n a l  q u a n t i t i e s  o f  t h e  a c t i v e  c a t a l y s t .  Th is  
hypo thes i s  would e x p l a i n  t h e  enhanced convers ion  found w i t h  H S o n l y  added, 
as w e l l  as t h e  l a r g e  i n c r e a s e  i n  t o t a l  s u l f u r  found i n  t h e  THf - i nso lub les .  
U n f o r t u n a t e l y ,  t h e  sma l l  sample s i z e  o f  t h i s  f r a c t i o n  p rec ludes  a n a l y s i s  
fo r  forms o f  s u l f u r .  
homogeneous or heterogeneous c a t a l y t i c  e f f e c t  i s  o p e r a t i v e  a t  t hese  cond i -  
t i o n s .  

Such i n f o r m a t i o n  c o u l d  a i d  i n  e l u c i d a t i n g  whether a 
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Table 1 

Analysis of Coal 

Penn Stdte Reference No.: PSW-233 

Seam: Madge 

Mine: Energy Fuels 

State: Colorado 

Rank: hvCb 

Ult imate Analysis (ut%. as received) 

C = 69.0 

H 5 .3  

N - 1.7 

S - 0.5 

0 - 17.8 

dSh = 5.6 

Sul fur  Forms 

P y r i t i c  - .05 

S u l f i t i c  - n i l  

Organic - .45 

Proximate analysis (ut%, as receivedl  

bi s ture - 5.8 

Ash - 5.6 

Y o l a t l l e  M t t e r  36.9 

Fixed Cat%on - 51.6 

Maceral D i s t r i b u t i o n  ( v o l l ,  OWFl 

V i t r i n i t e  - 88.8 

l n e r t i n i t e  - 6.5 

L i p t l n i t e  - 4.7 

TABLE 2 

6 s r b a w r  Results 

Residence T i e *  

10 
10 
10 
10 
KO 
KO 
KO 
60 

H2S Content(S) 

0 
2 
5 

10 
0 
2 
5 

10 

Mn-Ragentic Phase 
( P y r l t e  Fract ion)  

29 
26 
30 
41 
25 
16 
24 

27 

Magnetic Phase 
(Pyrrhot i te  Fraction) 

71 
74 

70 
59 
75 
84 
76 
73 

Pyrrhot i te  
X-value 
(Fe,S) 

.a92 

.a94 

.a91 

.E85 

.a91 

.E99 

.a91 

.E86 

a l l  runs w i t h  10% added p y r i t e  
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FIGURE 

CONVERSION TO THF-SOLUBLES 

F IGURE 3 

ASPHALTENE V I E L D  

i il 

1 

FIGURE 2 

PREASPHALTENE Y I E L D  

1 
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