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I n t r o d u c t i o n  

The goal o f  coprocessing heavy petroleum crudes and res idua w i t h  coal i s  t o  
simultaneously upgrade bo th  ma te r ia l s  i n t o  h ighe r  q u a l i t y  l i q u i d  products. 
t h e  benef i ts  o f  coprocessing i s  t h a t  i t  o f f e r s  a b r i dge  between the  present 
petroleum-based technology and t h e  syn the t i c  f ue l s  coal -based technology o f  t h e  
fu ture,  Coal and pet ro leum res idua are both low va lue hydrocarbon resources, which 
through coprocessing can be transformed i n t o  h igher  q u a l i t y  and h igher  value 
syn the t i c  fue ls .  The nature o f  the s y n t h e t i c  f u e l  produced from coprocessing would 
be q u i t e  d i f f e r e n t  f rom t h a t  o f  conventional coal l i q u e f a c t i o n  us ing  a coal -der ived 
recyc le  stream. The h i g h l y  aromatic coal -der ived s y n t h e t i c  f u e l  would already be 
combined w i t h  ample q u a n t i t i e s  o f  h i g h l y  p a r a f f i n i c  ma te r ia l s ,  making t h e  product 
more s i m i l a r  t o  f u e l s  used today. I n  add i t i on ,  the presence of coal -der ived 
syn the t i c  f u e l  i n  t h e  coprocessing product would serve as an octane booster. 
Another advantage o f  coprocessing i s  t h e  e l i m i n a t i o n  o r  min imizat ion o f  the 
coal-derived recyc le  stream used i n  conventional coal l i q u e f a c t i o n  technology. 

A number o f  petroleum mate r ia l s  have been surveyed f o r  t h e i r  a b i l i t y  t o  so l va te  
coal and t o  p a r t i c i p a t e  i n  t h e  upgrading process. (1-4) 
subbituminous coals  have been success fu l l y  used i n  combined processing (5,6). Using 
c a t a l y t i c  hydrotreatment w i t h  small  p a r t i c l e  s i z e  ca ta l ys ts ,  coal conversion o f  
greater  than 80% have been achieved f o r  both bituminous and subbituminous coals  when 
us ing  petroleum solvents.(5) The i n t e r a c t i o n  between t h e  petroleum solvent  and the 
coal i s  complex. S y n e r g i s t i c  i n t e r a c t i o n s  may e x i s t  a t  d i f f e r e n t  concentrat ion 
l e v e l s  o f  coal and petroleum solvent. I n  t h i s  work the i n t e r a c t i o n  between the  
petroleum solvent  and coa l  a t  d i f f e r e n t  so lvent  t o  coal r a t i o s  i s  examined i n  terms 
of product y i e l d  and coal  conversion. The chemical composit ion o f  t h e  petroleum 
solvent  i s  s u b s t a n t i a l l y  d i f f e r e n t  from coal -der ived so lvents . ( l )  The e f f e c t  of 
improve-ment i n  the so l ven t ’ s  a b i l i t y  t o  donate hydrogen through the  a d d i t i o n  o f  
hydroaromatic compounds on t h e  f i n a l  product s l a t e  has been invest igated.  Because 
of t h e  complexity and d i v e r s i t y  o f  t h e  coal-petroleum system, c a t a l y s t  type may 
s t rong ly  in f luence one ma te r ia l  w h i l e  n o t  being p a r t i c u l a r l y  e f f e c t i v e  w i t h  t h e  
other. Examination of t h e  e f f e c t  o f  c a t a l y s t  type on t h e  upgrading o f  t he  petroleum 
p m i A  ,111 m 2nd 3; rnn”nrr r r i^ r  - - -  

--.-.IUIII lllv vupm vL.saal~gy c a r ~  :sad t o  c a t a l y s t s  t h a t  ar’e s p e c i f i c a l l y  t a i i o r e d  
f o r  enhancement of t h e  coprocessing product s la te .  I n  add i t i on ,  t he  coprocessing 
product may be enhanced through a combination o f  a f i r s t  stage reac t i on  us ing  a 
minera l  a d d i t i v e  and a second stage w i t h  a commercial hydrogenation ca ta l ys t .  This 
concept i s  explored i n  t h i s  work. 

Among 

Both bituminous and 

Experimental 

Ma te r ia l s  and Feedstocks 

Were supplied by C i t i e s  Serv ice Research and Development Company. The s p e c i f i c  
petroleum mate r ia l s  used were Maya topper  l ong  r e s i d  (TLR) and West Texas vacuum 
shor t  res id  (VSR).  A b i tuminous I l l i n o i s  #6 coal ,  suppl ied by W i l s o n v i l l e  Advanced 

The so lvents  used i n  t h i s  study were heavy petroleum crudes and res idua which 
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Coal L ique fac t i on  Research and Development F a c i l i t y ,  was used as t h e  coal  teedstock. 
The elemental analyses of  these feedstocks are given i n  Table 1. The c a t a l y s t s  used 
i n  these react ions were minera log ica l  p y r i t e  ground t o  -200 mesh and powdered 
p resu l f i ded  Shel l  324 NiMo/A1203 t h a t  was obtained by g r i n d i n g  1/16 i n c h  p r e s u l f i d e d  
extrudates. For t he  hydrogen donor a d d i t i o n  experiments, t e t r a l i n ,  
1.2.3.4-tetrahydroquinol i n e  (THQ) and 9.10-dihydrophenanthrene (DHP) were obta ined 
from Aldr ich.  

Equipment 

The combined processing react ions were conducted i n  s t a i n l e s s  s t e e l  
micro-reactors  which have been descr ibed i n  a previous work (7) .  
volume o f  50 cc which was charged w i t h  a l i q u i d / s o l i d  s l u r r y  of 9 g and a hydrogen 
pressure o f  1250 p s i g  a t  ambient temperature a t  100% excess hydrogen f o r  t h e  
combined processing react ions.  A 69 charge was used f o r  t he  petroleum upgrading 
experiments. The pressure o f  1250 p s i g  a t  ambient temperature corresponds t o  
approximately 2950 p s i g  a t  reac t i on  temperature ca l cu la ted  by means o f  t h e  i d e a l  gas 
law and igno r ing  any s o l u b i l i t y  o f  t he  hydrogen. 
t h e  o r i g i n a l  charge was obtained from t h e  coprocessing reactions. 

The reac to r  has a 

A recovery o f  greater  than 97% o f  

Experimental Procedures 

A ser ies o f  experiments were performed us ing  I l l i n o i s  #6 coal and West Texas 
VSR i n  which t h e  so lvent  t o  coal r a t i o  was va r ied  from 1 O : l  t o  1:4. The percentage 
coal  present i n  these reac t i ons  ranged from 9.1% t o  80%. For comparison, reac t i ons  
were a l so  performed i n  which no coal was present and i n  which no so l ven t  was 
present. The reac t i on  products were analyzed by a so lvent  e x t r a c t i o n  procedure i n  
which the  reac t i on  products were sequen t ia l l y  ex t rac ted  w i t h  pentane, benzene, and 
methylene chloride/methanol. 
so lub le;  asphaltenes, pentane inso lub le ,  benzene so lub le;  preasphaltenes, benzene 
inso lub le ,  methylene chloride/methanol so lub le;  and i n s o l u b l e  organic  ma t te r  (IOM), 
methylene chloride/methanol i nso lub le .  Analyses performed on the  products o f  t h e  
coprocessing reac t i ons  were: 
Canon-Manning c a p i l l a r y  viscometer, (2)  s p e c i f i c  g r a v i t y  a t  6OoF accord ing t o  ASTM 
D-70 and ASTM D-287, and (3 )  Conradson Carbon according t o  ASTM 0-189. 

performed a t  425OC. i n  a N2 or H2 atmosphere, f o r  30 minutes. 
reac to r  was 3 grams o f  I l l i n o i s  #6 coal and 6 grams o f  t o t a l  so lvent .  The so lvent  
was composed o f  0.3 g, 1.1 g or 3.0 g o f  hydroaromatic compound w i t h  5.7 g, 4.9 g or 
3.0 g o f  Maya TLR, respec t i ve l y .  The pressure of N2 charged t o  the  r e a c t o r  was 300 
p s i g  and o f  H2 was 1250 psig. 

p r e s u l f i d e d  1/16" ext rudates were used t o  determine t h e  e f f e c t  of c a t a l y s t  t ype  on 
t h e  upgrading o f  West Texas VSR and on coprocessing o f  I l l i n o i s  #6 coal w i t h  West 
Texas VSR and Maya TLR. The reac t i ons  were preformed a t  425'C. 30 minutes, w i t h  6 g 
o f  petroleum solvent ,  3 g o f  coal and 1 g o f  ca ta l ys t .  

1250 p s i g  H2 charge, and 2 grams o f  ca ta l ys t .  
NiMo/Al& and H2S which was generated i n  s i t u  from the  reac t i on  o f  carbon d i s u l f i d e  
w i t h  hydrogen. 

The products obtained were def ined as o i l ,  pentane 

(1) v i s c o s i t y  a t  6OoC according t o  ASTM D-2171 us ing a 

The coprocs,sing reac t i ons  w i t h  t h e  a d d i t i o n  o f  hydroaromatic so l ven ts  were 
The charge t o  the 

Minera log ica l  p y r i t e  and small p a r t i c l e  s i z e  NiMo/AlzOj, ground from 

The reac t i on  cond i t i ons  f o r  s i n g l e  stage processing were 60 minutes, 425'C. 
The c a t a l y s t s  used were p y r i t e ,  
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I 

The two stage experiments were performed as two sequent ia l  30 minute reac t ions  
a t  425OC. 1250 ps i9  H2 charge, 9 grams o f  petroleum/coal s l u r r y  and 1 gram o f  
c a t a l y s t  i n  each stage. 
reac to r  was then opened and t h e  second stage c a t a l y s t  was added. 

ca l cu la ted  through t h e  a d d i t i o n  o f  t h e  gases produced dur ing  each stage. 
stage mineral c a t a l y s t  was no t  removed and was present i n  the  second stage 
react ions.  
FeS2 i s  assumed t o  r e a c t  completely t o  form FeS. 

I 

The gas weight was determined a f t e r  t he  f i r s t  stage; t he  
A f t e r  

r e p r e s s u r i z i n g  w i t h  hydrogen, a second reac t i on  was performed. The t o t a l  gases were / 
The f i r s t  

For the  c a l c u l a t i o n s  of t h e  f i n a l  amount Of reacted FeS2 remaining, the 

Resul ts and Discussion 

To t a i l o r  t h e  c o a l - r e s i d  system f o r  maximal y i e l d s  o f  h igh  q u a l i t y  l i q u i d  
products, the  i n f l uence  of t h e  petroleum solvent on the  products obtained from 
coprocessing must be known. A d d i t i o n  o f  add i t i ves  such as hydrogen donors may 
enhance t h e  des i red  product y i e l d .  
c a t a l y s t  se lec t i on  becomes more complex, f o r  a p a r t i c u l a r  c a t a l y s t  may ca ta lyze  
reac t ions  o f  one o f  t h e  m a t e r i a l s  much more s t rong ly  than t h e  other. 
c a t a l y s t  types may prove feas ib le  t o  achieve the  many d i v e r s e  reac t ions  needed t o  
achieve h igh  coal conversion and h igh  y i e l d s  o f  l i q u i d  product simultaneously. 

With two complex and d i v e r s e  m a t e r i a l s  present,  

Combination o f  

The E f f e c t  o f  Solvent t o  Coal Rat io  on Coprocessing 

One o f  t h e  advantages o f  coprocessing i s  the  e l im ina t i on  o r  min imiza t ion  o f  the 
coal-der ived recyc le  stream needed i n  convent ional  coal l i q u e f a c t i o n  technology. I n  
convent ional  l i q u e f a c t i o n  t h e  so lvent  t o  coal r a t i o  usua l l y  ranges from 1:l t o  3 : l  
w i t h  the r a t i o  being dependent on t h e  ma te r ia l s  used and the  o p e r a b i l i t y  and range 
o f  t he  mechanical equipment. I n  coprocessing, a l i m i t a t i o n  on the  so lvent  t o  coal 
r a t i o  w i l l  s t i l l  e x i s t  due t o  physical  cons t ra in ts .  I n  t h i s  study, however, we 
inves t i ga ted  a wide range o f  solvent t o  coal r a t i o s  t o  observe t h e  e f f e c t  o f  the  
so lvent  concent ra t ion  on the  f i n a l  product d i s t r i b u t i o n s  obtained. A t  low so lvent  
t o  coal  r a t i o s ,  t he  mass t r a n s f e r  o f  t he  hydrogen t o  the  coal  may be i nh ib i t ed .  
h igh  solvent t o  coal  r a t i o s ,  t h e  coal  may serve as an extender or  enhancer t o  t h e  
petroleum mater ia l ,  by s y n e r g i s t i c a l l y  promoting the  upgrading o f  t he  petroleum 
mater ia l .  

A t  

The range of s o l v e n t  t o  coal  r a t i o s  examined was ' l 0 : l  t o  1:4. The reac t ions  
were performed a t  t h e  coprocessing c o n d i t i o n s  given i n  t h e  Experimental sect ion.  
these experiments, t h e  r e a c t o r  l i q u i d  p lus  s o l i d  load ing  was kept constant so t h a t  
n ine  (9) grams o f  petroleum-coal s l u r r y  was in t roduced each time. The amount of 
c a t a l y s t  used i n  each r e a c t i o n  remained constant a t  one gram. 
percentage so lvent  and coal  changed i n  each react ion,  experimental r e s u l t s  must be 
expressed independent ly o f  t h e  amounts o f  petroleum so lvent  and coal .  The hydrogen 
consumption and coal conversion can be used d i r e c t l y .  The amount o f  mater ia l  
upgraded t o  o i l  can a l s o  be determined independently o f  t he  system by d e f i n i n g  i t  as 
o i l  product ion which i s  t he  grams o f  o i l  produced ( f i n a l  o i l - i n i t i a l  o i l )  d i v ided  by 
amount of  t he  upgradable mater ia l .  The upgradable ma te r ia l  i s  composed o f  maf coal 
and t h e  nonpentane s o l u b l e  f r a c t i o n  o f  t h e  solvent.  

As t h e  percentage o f  coal  increased from 9.1% t o  50%. coal  conversion increased 
from 42.6% t o  87.2% as presented i n  F igure  1. A t  i nc reas ing l y  h igher  l e v e l s  o f  
coal, the amount o f  coal  conversion s t e a d i l y  decreased. When no so lvent  was 
present,  a coal  conversion o f  33% was obtained. Hydrogen consumption, shown i n  
F i g u r e  2, fo l lowed t h e  same trend, g i v i n g  a maximum a t  50% coal  loading. The 
percent o i l  p roduc t ion  achieved a t  coal  percentages o f  25% t o  50% was constant a t  

I n  

Since bo th  t h e  
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-33% as shown i n  F igure 3. A s i m i l a r  va lue o f  28% o i l  product ion was obta ined a t  
9.1% coal loading. A t  h igher  coal  loading,  t h e  percent o i l  product ion decreased 
rap id l y ,  f a l l i n g  t o  -15% a t  80 and 100% coal loading. 

The complexity o f  t he  coprocessing reac t i on  system and the  many reac t i ons  which 
occur simultaneously make i t  d i f f i c u l t  t o  asce r ta in  the  reasons f o r  t he  behavior 
observed as the so lvent  t o  coal r a t i o  was varied. The i n t e r r e l a t i o n - s h i p  among coal 
conversion, o i l  product ion and hydrogen consumption i s  evident. Hydrogen 
consumption i s  d i r e c t l y  r e l a t e d  t o  t h e  amount o f  coal conversion achieved and t h e  
amount o f  o i l  product ion observed. The behaviors o f  coal conversion and o i l  
product ion as a f u n c t i o n  o f  t h e  increased weight percentage o f  coal i n  t h e  react ions 
a r e  more d i f f i c u l t  t o  expla in .  

Numerous f a c t o r s  may be i n f l u e n c i n g  these behaviors and causing i n t e r a c t i v e  
e f f e c t s .  
of t he  coal and so lvent  blends, composit ional e f f e c t  o f  t he  b lend o f  l i q u e f i e d  
ma te r ia l s ,  c a t a l y s t  po isoning and deac t i va t i on  and s o l v o l y s i s  o f  t h e  d i s s o l v i n g  coal 
m a t r i x  by the  l i q u i d  phase present. Since i n  coprocessing, t he  molecular  
composit ion va r ies  r a t h e r  d ramat i ca l l y  from h igh  so l ven t  t o  coal r a t i o s  t o  low 
so lvent  t o  coal r a t i o s ,  s o l v o l y s i s  o f  t h e  d i s s o l v i n g  coal  m a t r i x  by the  l i q u i d  
present i n  the  reac to r  may be an impor tant  f a c t o r  i n  t h e  observed behavior  o f  coal 
conversion and o i l  production. The 50% blend o f  coal t o  petroleum so lven t  may 
prov ide a good coal d i s s o l v i n g  so lvent .  Mass t r a n s f e r  of H2 t o  t h e  d i s s o l v i n g  coal 
m a t r i x  i s  most l i k e l y  b e t t e r  achieved when a h ighe r  p ropor t i on  o f  so l ven t  i s  
present. Therefore, t h e  h igher  y i e l d s  o f  o i l  and o f  coal conversion achieved a t  
h ighe r  so lvent  t o  coal r a t i o s  compared t o  the lower r a t i o s  may be due t o  the  
increased a v a i l a b i l i t y  o f  hydrogen t o  t h e  coal. The d e c l i n e  a t  h igh  coal loadings 
may be due t o  mass t r a n s f e r  l i m i t a t i o n s  On H2. I n  t h i s  system, however, i t  must be 
remembered t h a t  t h e  coal t o  c a t a l y s t  r a t i o  increased as the coal l oad ing  increased; 
o r  s ta ted  i n  another manner, t h e  c a t a l y s t  loading remained constant as t h e  percent 
coal i n  the  reac t i on  increased. The dec l i ne  i n  coal conversion and o i l  product ion 
may be due t o  c a t a l y s t  deac t i va t i on  and rap id  l o s s  o f  a c t i v i t y  i n  t h e  concentrated 
coal  matr ix .  As s ta ted  e a r l i e r ,  t he  exact reasons f o r  t h e  behavior observed can not 
be pinpointed. One poss ib le  r a t i o n a l e  i s  t h a t  several d i f f e r e n t  mechanisms are 
occu r r i ng  and t h a t  d i f f e r e n t  mechanisms are dominant a t  d i f f e r e n t  coal 
concentrat ions. 

Analyses o f  some o f  t he  phys ica l  p roper t i es  of coprocessing r e a c t i o n  products 
have been performed and are compared t o  t h e  o r i g i n a l  coprocessing so lvent ,  West 
Texas VSR, and hydrot reated West Texas VSR i n  Table 2.  Products obta ined from 
reac t i ons  us ing a 1 O : l  so lvent  t o  coal r a t i o  and a 2 : l  so lvent  t o  coal r a t i o  were 
examined. The phys ica l  p roper t i es  evaluated were v i scos i t y ,  degrees A P I  g r a v i t y ,  
s p e c i f i c  g r a v i t y  and Conradson Carbon. 
v i s c o s i t y  o f  the r e s i d  a t  60' C decreased from 324.8 t o  1.07 poise; Conradson Carbon 
decreased by almost h a l f  and 'AP I  g r a v i t y  almost doubled. The v i s c o s i t i e s  o f  t he  
ma te r ia l s  obtained from coprocessing have much lower v i s c o s i t i e s  than t h e  o r i g i n a l  
residuum. I n  the  coprocessing reac t i on  w i t h  a 10 t o  1 so lven t  t o  coal r a t i o  t h e  
v i s c o s i t y  was reduced t o  0.363 poise and t h e  Conradson Carbon was lowered t o  13.49. 
The presence of t h e  coal  may be producing synergy i n  t h a t  t h e  v i s c o s i t y  was reduced 
t o  l ess  than t h a t  o f  West Texas VSR hydrot reated i n  the  presence o f  NiMo/A1203 b u t  
i n  the  absence o f  coal. Increased coal concentrat ion r e s u l t e d  i n  an increase i n  the 
v i s c o s i t y  t o  22.7 po ise and an increase i n  Conradson Carbon t o  17.78. 

\ 

Some o f  t he  f a c t o r s  i nvo l ved  may be mass t r a n s f e r  e f fec ts ,  concen t ra t i on  

I n  t h e  hydrotreatment o f  West Tesas VSR the 

Ef fect  o f  Hydrogen Donor Add i t i on  on Coprocessiny 

Recent s tud ies  have shown t h e  importance o f  hydrogen donors and t r a n s f e r  agents 
i n  the d i s s o l u t i o n  Of coal (8-11). The r o l e  and importance of hydrogen t r a n s f e r  i n  
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coprocessing a re  i n v e s t i g a t e d  here in  by studying t h e  e f f e c t  o f  t he  add i t i on  o f  
hydrogen donor compounds such as t e t r a l i n ,  1,2,3,4-tetrahydroquinoline (THQ) and 
9,10-dihydrophenanthrene (DHP) t o  t h e  petroleum so lvent  used i n  coprocessiny. 
these coprocessing reac t ions ,  t he  coprocessing so lvent  was Maya TLR and the  coal  was 
I l l i n o i s  #6. Three l e v e l s  o f  donable hydroyen have been studied, 0.15%. 0.55% and 
1.5% i n  N2 and H2 atmospheres. 
coal conversion ob ta ined from coprocessing reac t ions  i s  presented i n  Table 3. 
coprocessing reac t i ons  i n  which t e t r a l i n  was added, bo th  coal conversion and o i l  
product ion increased when comparing N2 t o  H2 atmospheres f o r  equ iva len t  donable 
hydrogen add i t ion .  However, a t  t he  0.15% t e t r a l i n  a d d i t i o n  l e v e l  i n  t h e  H2 
atmosphere, t h e  product s l a t e  was very s i m i l a r  t o  t h a t  obtained i n  H2 us ing  only Maya 
TLR. The e f f e c t  o f  a H2,atmosphere on coal conversion was dramatic, i n c r e a s i n g  coal 
conversion from 19.6% i n  N2 t o  58.9% i n  H2 a t  t he  lowest donor hydrogen add i t i on  
l eve l .  When 1.5% donable hydrogen was present i n  the  t e t r a l i n  MayalTLR system, coal 
conversion i n  N2 was 62.1% which was e s s e n t i a l l y  equ iva len t  t o  the  coal conversion 
obtained w i th  0.15% donable hydrogen i n  a H2 atmosphere. I n  these reac t ions ,  i t  
appears t h a t  t h e  form that t h e  hydrogen i s  i n ,  whether molecular hydrogen o r  donable 
hydrogen from hydroaromat ic compounds, i s  no t  c r i t i c a l .  The necessary c r i t e r i o n  f o r  
coal conversion t o  be achieved i s  f o r  t h e  hydrogen t o  be present i n  a form which can 
be u t i l i z e d  by the  coa l .  The use of a Hp atmosphere t o  the  t e t r a l i n l n a y a  TLR system 
w i t h  1.5% donable hydrogen f u r t h e r  aided i n  coal  conversion, i n d i c a t i n g  t h a t  a 
hydrogen de f i c iency  e x i s t e d  i n  the  N2 atmosphere even when a s i g n i f i c a n t  amount o f  
t e t r a l  i n  was present. 

t he  THQIMaya TLR system was dramatic. 
increased from 23.2% i n  Ne t o  58.0% i n  H2. 
THQ/Maya TLR system a t  t he  h ighes t  donable hydrogen l e v e l  was i n s e n s i t i v e  t o  
atmosphere. 
The amount o f  pentane s o l u b l e  mater ia ls  produced was t h e  same i n  Ne regardless o f  the 
amount o f  donable hydrogen. I n  H2, on ly  a small increase i n  pentane so lub les  was 
observed by i n c r e a s i n g  the  amount o f  donable hydrogen f r o m  0.15% t o  1.5%. 

t o  t h e  0.15% t e t r a l i n  system. A poss ib le  reason f o r  t h e  increased o i l  product ion i s  
t he  a v a i l a b i l i t y  of more hydrogen t o  t h e  d i s s o l v i n g  coal  m a t r i x  r e s u l t i n g  i n  an 
increased amount of hydrogenat ion o c c u r r i n g  and the  produc t ion  o f  hydrogenated 
products s o l u b l e  i n  pentane. 
of t h e  hydroaromatic may a l so  be p a r t i a l l y  respons ib le  f o r  t he  observed change i n  
percent o i l  product ion.  F u r t h e r  e luc ida t i on  o f  t he  r o l e  o f  hydrogen donor compounds 
i n  coprocessing was sought by comparing the  e f f e c t  o f  DHP on t h e  product s l a t e  t o  
t h a t  of t e t r a l i n  and THQ. The choice of DHP was based upon i t s  comparable a b i l i t y  t o  
convert  coal as THQ (12) and upon t h e  fac t  t h a t  it i s  a hydrocarbon w i t h o u t  any o f  
t h e  de t r imenta l  charac t .e r is t i cs  genera l l y  associated w i t h  n i t rogen  conta in ing  
hydroaromatics. When compared a t  a 0.55% donable hydrogen leve l ,  DHP converted more 
coal t o  s o l u b l e  m a t e r i a l  than THQ and y i e l d e d  a h igher  percent o i l  p roduc t ion  than 
d i d  t e t r a l  in.  

I n  

The e f f e c t  o f  these add i t i ons  on o i l  p roduc t ion  and 
I n  the 

As i n  the  t e t r a l i n  system, the  e f fec t  of t he  H2 compared t o  the  N2 atmosphere on 
A t  0.15% donable hydrogen, coal conversion 

I n  cont ras t ,  coal conversion i n  t h e  

In  Ne, 89.0% coal  conversion was observed wh i le  i n  Hp, 90.4%, was seen. 

O i l  p roduc t ion  increased i n  the  1.5% donable hydrogen t e t r a l i n  system compared 

The change i n  so lvent  composi t ion due t o  t h e  presence 

Comparing the  low l e v e l s  o f  donable hydrogen us ing  t e t r a l i n  and THQ showed 
remarkably s i m i l a r  product d i s t r i b u t i o n s  i n  bo th  H2 and N2 atmospheres. 
i s  observed, however, when comparing these two a t  t he  h ighes t  donor l eve l .  
markedly lower amount o f  pentane so lub le  mater ia l  was produced than i n  t e t r a l i n .  
percent o i l  p roduc t ion  i n  t h e  1.5% donable hydrogen system i n  N2 was -30.7% i n  THQ 
and 15.9% i n  t e t r a l i n ;  l i kewise ,  i n  H2 t h e  values were 4.0% i n  THQ and 25.0% i n  
t e t r a l i n .  
t h a t  f r o m  t e t r a l i n .  

A con t ras t  
I n  THQ, a 

The 

The product s l a t e  obtained from THQ contained many more asphaltenes than 
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These r e s u l t s  are i n  agreement w i t h  those observed i n  coal l i q u e f a c t i o n  where 
hydroaromatics having a n i t r o g e n  f u n c t i o n a l i t y  r e a d i l y  d i sso l ve  coal. The reasons 
f o r  t h e i r  e f fec t i veness  r e s u l t e d  from t h e i r  a b i l i t y  t o  penetrate and swell  coal and 
t h e i r  a b i l i t y  t o  t rans fe r  hydrogen. These good features o f  t h e  n i t r o g e n  con ta in ing  
compounds were, however, overr idden by t h e i r  propensi ty  t o  form adducts w i t h  
themselves and w i t h  coal -der ived mater ia ls .  This adduct format ion has been 
extens ive ly  s tud ied by Cronauer (13). The adduct format ion i s  r e a d i l y  apparent i n  
t h e  increased l e v e l s  o f  asphaltenes observed du r ing  the  coprocessing reac t i on  
con ta in ing  THQ. 

Ef fect  o f  Cata lyst  Type on Coprocess i lg  

The e f f e c t  o f  c a t a l y s t  t ype  on the  coprocessing o f  heavy crudes and res idua w i th  
coal  has been inves t i ga ted  us ing  a minera log ica l  p y r i t e  and a small  p a r t i c l e  s i z e  
NiMo on u-Al203. Both o f  these c a t a l y s t s  were used t o  study t h e i r  e f f e c t  on 
upgrading res idua and on the  product s l a t e  from coprocessing. I n  t h e  r e s i d  upgrading 
experiments, West Texas VSR was ?sed; i n  the  coprocessing reac t i ons  bo th  West Texas 
VSR and Maya TLR were used. 
compared among the  thermal react ion,  the reac t i on  con ta in ing  p y r i t e  and t h e  reac t i on  
w i t h  small p a r t i c l e  s i z e  NiMo/A1203 ca ta l ys t .  The o r i g i n a l  s o l u b i l i t y  d i s t r i b u t i o n  
obta ined p r i o r  t o  reac t i on  i s  g iven as a reference. 
Texas VSR, the  thermal reac t i on  produced gases and IOM, l o s t  o i l ,  and increased 
s l i g h t l y  the amount o f  asphaltenes present. 
asphaltenes were v i r t u a l l y  e l im ina ted  from the  residuum, producing p r i m a r i l y  pentane 
so lub le o i l .  I n  
con t ras t ,  the presence of a small  p a r t i c l e  s i z e  NiMo/A120g c a t a l y s t  d i d  no t  change 
t h e  o i l  f r a c t i o n  but  d i d  reduce t h e  asphaltene f r a c t i o n  by 4 0 %  producing gas, 
preasphaltenes and I O M  i n  almost equal amounts. 

The ef fect  of P y r i t e  and NiMo/A1203 a d d i t i o n  on t h e  products obta ined from 
coprocessing are presented i n  Table 5. 
West Texas VSR: (1) thermal r e a c t i o n  (2)  two react ions w i t h  p y r i t e  and (3) reac t i on  
us ing  small p a r t i c l e  s i z e  NiMo/Al20g. The cond i t i ons  f o r  a l l  t h e  reac t i ons  were the 
same; bo th  p y r i t e  and NiMo/Al203 were in t roduced a t  the same gram l e v e l .  The p y r i t e  
reac t i on  produced the  most coal conversion. 87.6%, compared t o  79.3% f o r  t he  
NiMo/Al203 and 55.0% fo r  t he  thermal react ion.  
amount produced by the  p y r i t e  r e a c t i o n  f e l l  between t h a t  obtained by t h e  thermal 
reac t i on  and by the  commercial ca ta l ys t .  Due t o  the  e f f e c t  observed on the  residuum 
alone, pretreatment o f  the so l ven t  w i t h  p y r i t e  and hydrogen p r i o r  t o  us ing  as a 
coprocessing so lvent  was thought t o  be poss ib l y  b e n e f i c i a l  i n  improving t h e  e n t i r e  
product s la te.  However, comparison of t h e  product s l a t e  us ing the  hydrot reated West 
Texas VSR t o  t h a t  obtained us ing  t h e  o r i g i n a l  showed l i t t l e  improvement t h a t  could be 
a t t r i b u t e d  t o  hydrotreatment. One poss ib le  explanat ion f o r  t h i s  behavior i s  t h a t  the 
primary e f f e c t  o f  the p y r i t e  i s  i n  the  upgrading o f  the residuum-asphaltenes t o  
pentane so lub les and t h a t  t h e  reac t i on  producing pentane so lub les from coal i s  no t  
s u b s t a n t i a l l y  a f f e c t e d  by t h e  presence o f  p y r i t e .  Thus, the m a j o r i t y  o f  t h e  pentane 
so lub les produced from the  coprocessing reac t i on  us ing the  o r i g i n a l  West Texas VSR 
was produced most probably from t h e  residuum and not  from coal. 
pretreatment case, most o f  t he  upgrading o f  t he  residuum had ccurred p r i o r  t o  t h e  
coprocessing reac t i on  l eav ing  l i t t l e  m t e r i a l  from the residuum f o r  f u r t h e r  
upgrading. Consequently, l i t t l e  change i n  the  product s l a t e  was observed between the  
o r i g i n a l  and hydrot reated ma te r ia l .  When p y r i t e  was used i n  coprocessing experiments 
us ing  Maya TLR, s i m i l a r  r e s u l t s  were obtained. 

I n  Table 4, upgrading react ions o f  West Texas VSR are 

Compared t o  t h e  o r i g i n a l  West 

When p y r i t e  was added as a c a t a l y s t ,  the 

Small amounts o f  gases, preasphaltenes and I O M  were a l s o  produced. 

Four d i f f e r e n t  react ions a re  compared w i t h  

I n  terms o f  pentane so lub le  o i l s ,  the 

I n  t h e  hydrogen 
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S i n g l e  Stage and Two Stage' Coprocessing Reactions 

Two stage processing us ing  sequent ia l  and poss ib ly  d i f f e r e n t  ca ta l ys ts  i n  t h e  
f i r s t  and second stages may produce a more favorab le  product s l a t e  from coprocessing 
as we l l  as a more e f f i c i e n t  use o f  hydrogen. Two se ts  o f  experiments were performed 
t o  i nves t i ga te  the  e f f e c t s  o f  two stage processing and sequent ia l  c a t a l y t i c  
t reatment on coprocessing. One was a ser ies  o f  one hour reac t ions  i n  which p y r i t e ,  
NiMo/A1203 and H2S were used i n d i v i d u a l l y  as ca ta l ys ts  and i n  combination. 
r e s u l t s  are given i n  Table 6. I n  t h e  second se t  two stage experiments were run f o r  
a t o t a l  o f  one hour bu t  a f t e r  t h e  f i r s t  ha l f  hour the  gases were vented, a new 
c a t a l y s t  was added, and f r e s h  hydrogen was charged. The c a t a l y s t  charge a t  t he  end 
o f  both reac t ions  was 2 grams. 

These 

The s ing le  stage one hour reac t ions  showed s i m i l a r  r e s u l t s  t o  t h a t  observed 
prev ious ly .  
h ighes t  coal conversion; however, t he  conversions observed from She1 1 324 NiMo/Al203 
were a lso  both above 80%. The percent o i l  p roduc t ion  observed i s  given below f o r  
t h e  reac t ions  c o n t a i n i n g  the  d i f f e r e n t  c a t a l y s t  

The coprocessing reac t i on  us ing  p y r i t e  c a t a l y s t  again produced the  

NiMo/A1203 > P y r i t e  + NiMo/AlzOj > P y r i t e  > H2S > Thermal 1) 

The small p a r t i c l e  s i z e  NiMo/A1203 i s  by f a r  t he  most e f f e c t i v e  c a t a l y s t  i n  
producing pentane so lub le  o i l .  

To t e s t  t he  hypothesis t h a t  H2S was the  c a t a l y t i c  agent ra the r  FeS2 i n  the  
reac t ions  us ing  t h e  p y r i t e  ca ta l ys t ,  CS2 which r e a d i l y  reac ts  w i t h  H2 t o  form H2S 
was added t o  the  reac t ion .  The amount of CS2 added was equ iva len t  t o  t h a t  needed t o  
produce the  same amount of H2S as would be generated from FeS2. 
cond i t ions ,  the  product s l a t e  obtained d i d  no t  vary s i g n i f i c a n t l y  from t h e  thermal 
reac t ion .  This r e s u l t  suggests then t h a t  t he  important c a t a l y s t  i n  the  reac t ions  
u s i n g  p y r i t e  i s  t h e  p y r i t e  i t s e l f  o r  i t s  reduced form, not t he  evolved H ~ s .  

t h e  f i r s t  stage and thermal f o r  t h e  second stage; p y r i t e  i n  both stages; then p y r i t e  
i n  the  f i r s t  stage w i t h  N i M o / A l m  i n  t h e  second stage and NiMo/A1203 i n  both 
stages. The h ighes t  amount o f  coal  conversion achieved, 92.2%, occurred i n  the  
experiments us ing  p y r i t e  i n  bo th  stages. The pyr i te lNiMolA1203 and NiMo/A1203/ 
NiMo/Al203 reac t ions  a l s o  produced h igh  coal conversions, 85.9% and 84.1%. 
respec t ive ly .  
o rder  as d i d  the  s i n g l e  stage experiments. The reac t i on  w i t h  NiMo/Al203 i n  both 
stages produced t h e  most o i l  w h i l e  t h e  combination o f  p y r i  te/NiMo/A1203 was second. 

Under these 

I n  two stage processing, f ou r  se ts  o f  experiments were performed: thermal f o r  

The o i l  p roduc t ion  from t h e  two stage coprocessing showed t h e  same 

Summary and Conclusions. 

product d i s t r i b u t i o n ,  o i l  p roduc t ion  and coal conversion. The h ighes t  coal  
conversion occurred a t  a 50% coal concent ra t ion  l eve l  and maximal o i l  p roduc t ion  was 
achieved a t  30 t o  50% coal  concentrat ion.  When reacted i n  a hydrogen atmosphere, 
t h e  add i t i on  o f  hydrogen donor compounds t o  the  coprocessing so lvent  d e f i n i t e l y  
in f luenced the  products from coprocessing. A t  equ iva len t  donable hydrogen leve ls ,  
DHP produced the  h i g h e s t  coal conversion and o i l  production. A t  and above the  0.55% 
donable hydrogen l e v e l ,  THQ was very e f f e c t i v e  i n  conver t ing  coal  bu t  was 
de t r imenta l  t o  o i l  product ion.  
heteroatoms appear t o  be more e f f e c t i v e  i n  producing oil  than t h e  n i t rogen  
conta in ing  hydroaromatics. 

In coprocessing, t h e  so lvent  t o  coal  r a t i o  has a d e f i n i t e  i n f l uence  on t h e  

I n  general, t he  hydrogen donor compounds w i thout  
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The c a t a l y s t  t ype  i s  impor tant  i n  coprocessing s ince d i f f e r e n t  c a t a l y s t s  
i n f l u e n c e  d i f f e r e n t  react ions i n  t h e  two mater ia ls .  P y r i t e  a f f e c t e d  t h e  upgrading 
o f  t he  res id ium by promoting the  conversion o f  petroleum asphaltenes i n t o  o i l .  I n  
coprocessing, the notable e f f e c t  o f  p y r i t e  was the  reduct ion o f  t h e  I O M  l e v e l s  and 
consequent increase i n  coal conversion. Compared t o  the  thermal react ion,  p y r i t e  
was e f f e c t i v e  i n  i nc reas ing  the  o i l  product ion i n  coprocessing. The small  p a r t i c l e  
s i z e  NiMo/Al203 ca ta l ys t ,  however, was s t i l l  more e f f e c t i v e  i n  hydrogenating the 
d i s s o l v i n g  coal m a t r i x  and producing pentane so lub le  o i l .  I n  two s tage processing, 
t h e  combination o f  p y r i t e  i n  the  f i r s t  s tage and NiMo/A1203 i n  the  second produced a 
much improved product s l a t e  compared t o  thermal processing. The h ighes t  o i l  
product ion and coal conversion were, however, s t i l l  achieved by us ing N i M o / A l & j  i n  
bo th  stages. 
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Table 1 
Analys is  o f  Petroleum Solvents 

S t a r t i n g  Ma te r ia l s  O i l  Asphaltenes C H N S  0 Ash 
by  

d i f f e r e n c e  

I l l i n o i s  #6 Coal 68.4 4.4 1.4 3.2 12.0 10.6 
Maya TLR 79.5 20.5 85.3 10.8 0.51 4.19 0.082 
West Texas VSR 86.2 13.8 86.1 10.4 0.44 3.33 0.012 
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Table 2 

Gravi ty,  Carbon 

West Texas VSR 324.8 7.9 1.015 16.4 
Product from 0.363 13.39 0.9766 13.49 

6OoC 

1 O : l  West Texas 
VSR t o  Coal 
Coprocessi ng 
Reaction 

West Texas VSR 
t o  Coal 
Coprocessing 
React ion 

Texas VSR 

Product from 2: l  22.1 7.1 1.021 17.78 

Hydrotreated West 1.07 15.9 0.96 9.34 

Table 3 

H2 N2 H2 N2 

Maya TLR 11.8 -11.6 60.0 24.1 
0.15% Oonable Hydrogen Added 

T e t r a l i n  11.2 - 9.2 58.9 19.6 
THQ 6.7 -12.3 58.0 23.2 

0.55% Oonable Hydrogen Added 
Tet ra l  i n  10.5 0.7 58.8 39.3 
THQ 2.5 -11.4 75.4 52.7 
9.10-DHP 17.5 4.6 81.0 58.8 

Tet ra l  i n  25.0 15.9 81.0 62.1 
THQ 4.0 -30.7 90.4 89.0 

1.5% Donabl e Hydrogen Added 

Table 4 
r d i n q  o f  Wes- 

Cata lys t  
Coal 

West Texas West Texas West Texas West Texas 

NA None P y r i t e  N i  Mo/A12O3 
NA None None None 

VSR Or i s ina l  VSR VSR VSR 

Gas 0.0 3.5 1.9 3.9 
O i  1 86.2 79.1 95.3 86.6 
Asphal tenes 13.8 15.0 0.6 3.1 
Preasphal tenes 0.0 0.1 1.2 2.8 
I OM 0.0 2.3 1 .o 3.6 

H2 Consumption, % NA* 4.9 15.4 31.9 

^NA: not a p p l i c a b l e  
React ion Time: 30 minutes 
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Table 5 
E f f e c t  o f  C a t a l y s t  on t h e  Coprocessing Reactions 

s 
West Texas West Texas West Texas West Texas 

VSK Or ig ina l  VSR VSR VSR 
Cata lys t  None P y r i t e  P y r i t e  NiMo/Al203 

Gas 
O i  1 
Asphal tenes 
Preasphal tenes 
I OM 

4.2 3.3 3.0 4.3 
58.6 67.1 68.3 72.9 
15.2 19.6 16.6 13.4 

8.2 6.2 6.6 3.0 
13.8 3.8 5.5 6.4 

Coal Conversion, % 55.5 87.6 82.3 79.3 
H2 Consumption, % 24.2 37 -9 30.0 52.9 
O i l  Production, % -2.1 18.8 2.25 33.1 

*The so lvent  was hydro t rea ted  i n  t h e  presence o f  p y r i t e .  
P 

Ma a TLR 
Maya TLR Maya TLR Nifio/Al203 

Cata lys t  None P y r i t e  NiMo/Al203 

Gas 
O i  1 
Asphal tenes 
Preasphal tenes 
I OM 

4.3 
60.1 
14.7 
8.5 

12.4 

3.3 
64.6 
19.1 

7.1 
5.9 

4.7 
69.7 
16.4 

2.2 
7.1 

Coal Conversion, % 60.0 81.0 77.0 
H2 Consumption, % 18.9 40.1 55.6 
O i l  Production, % 11.7 21.5 32.9 

Table 6 
S ing le  Stage Coprocessing Using West Texas VSR 

P 

s 3  Cata lys t  P y r i t e  & 
cs2 N i  Mo/A1203 

Coal Conversion, % 58.2 57.4 89.2 85.0 83.7 
Hydrogen Consumption, % 30.4 33.3 57.1 72.5 66.5 
O i l  Production, % -8.3 -6.9 23.9 54.3 39.3 

Two Stage Coprocessing Using West Texas VSK 

F i r s t  Stage Cata lys t  None P y r i t e  P y r i t e  NiMo/Al203 
Second Stage None P y r i t e  NiMo/Al2Og NiMo/Al203 
Coal Conversion, % 64.3 92.2 85.9 84.1 
Hydrogen Consumption. % 14.5 27.5 35.6 41.1 
O i l  Production, % -0.4 26.8 43.0 58.5 
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Figure 2. Hydrogen Consumption as a Function o f  Coal Concentration 
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Figure 3. Oil Production as a Function of Coal Concentration 
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