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ABSTRACT 
-IT- 

Work t h i s  q u a r t k r  focused on staged l i q u e f a c t i o n . - ,  The e f f e c t  o f  r e s i -  
dence t i m e  on convers ion i n  s i n g l e  pass exper iments.was .found t o  be q u i t e  
d i f f e r e n t  f o r  t h e  subbi tumi nous Be l ' l e  Ayr  Mine and b i tuminous  I 1  l i n o i  s  
No. 6 coa l s  s tud ied.  W i th  b i tuminous coal ,  convers ion  t o  . s o l u b l e  mate, r i -  
a1 i s  q u i t e  h i g h  and t h e  l i m i t  o f  conve'rs ion i s  approached i n  on ly  a  few 
minutes. Wi th  a  subbitumi nous coal ,  howeve,r, convers ion ,  i s  much lower  
and t h e  l i m i t  o f  convers ion i s  approached much more s low ly .  

Shor t  con tac t  t i m e -  (SCT) d i s s o l u t i o n  o f  B e l l e  Ayr coa l  was s t u d i e d  as a 
p o s s i b l e  f i r s t  stage i n  a  two-stage process. Conversion, hydrocarbon gas 
y i e l d  and hydrogen consumption were inc reased  as res idence t ime  o r  tem- 
p e r a t u r e  were increased. Conversion was a l s o  s i g n i f i c a n t l y  inc reased  by 
p a r t i a l  s l u r r y  recyc le .  P y r i t e  was found t o  be t h e  most e f f e c t i v e  s l u r r y  
c a t a l y s t  f o r  i n c r e a s i n g  conversion, f o l l o w e d  by ammonium molybdate emu1 - 
s i o n  . and f i n a l  l y  n i c k e l  -molybdenum on alurni na. 

I l l i n o i s  No. 6 coal .was l i q u e f i e d  i n  two stages. Cond i t ions  i n  t h e  f i r s t  
s tage  d i  s s o l u t i o n  were va r i ed  ' t o  determine t h e  e f f e c t  on upgra.dabi 1  i ty i n  
t h e  second ,s tage .  A SCT ( 6  minu te )  coa l  d i s s o l u t i o n  s tage i s  p r e f e r r e d  
ove r  one a t  30 minutes because., hydrocarbon gas yie1:d was much lower '  w h i l e  
o v e r a l l  o i  1  y i e l d s  f o r  t h e  combined d isso . l .u t ion  and upgrading stages were 
n e a r l y  t h e  same. Use o f  ' a  NiMo/Al 0  c a t a l y s t  i n '  a  t r i c k l e - b e d  sec- 
ond s tage r e s u l t e d  i n  a  h i g h e r  o i l  *y?eld -and lower  p roduc t  he te roa ton  
con ten t  t han  use o f  t h e  same. ca ta ly .s t  i n  t h e  s l u r r y  phase. The t o t a l  oi.1 
y i e l d  was lower  w i t h  a  p y r i t e  . , s l u r r y .  c a t a l y s t  than  w i t h  a .  NiMo/Al2O3 

. , , . . . 
s l u r r y  c a t a l y s t .  

W i th  Be1 l e  Ayr c o a l .  and added p y r i t e ,  t h e r e  was no change i n  t o t a l  o i l  
y i e l d ,  convers ion  o r 4  p roduc t  q u a l i t y ,  brought  about by adding .an 8-minute 
f i r s t  s tage a t  450°C (84Z°F) t o  ' a '  2-hour .second s tage operated a t  420°C 
(788°F ) . 



1.0 SUMMARY --- 
Mu1 t i p l  e-s tage and s h o r t  con tac t  t ime  coa l  1  i q u e f a c t  i o n  were s t u d i e d  
d u r i n g  t h e  t h i r d  q u a r t e r  o f  1983. 

1.1 Sho r t  Contac t  Time Coal L i q u e f a c t i o n  

T h i r t e e n  runs were conducted w i t h  subbituminous B e l l e  Ayr  coa l  t o  study 
t h e  e f f e c t s  o f  res idence  t ime, temperature,  p a r t i a l  s l u r r y  r e c y c l e  and 
c a t a l y s i s  i n  s h o r t  con tac t  t ime  opera t ion .  

I n c r e a s i n g  t h e  res idence  t ime  f rom 5 t o  45 minutes w i t h  added p y r i t e  
i nc reased  t h e  hydrocarbon gas y i e l d  f rom 1.1 t o  4.6 w t  % (based on MF 
c o a l )  and lowered t h e  I O M  y i e l d  f rom 18.8 t o  8.8 wt %. T o t a l  o i l  and SRC 
y i e l d s  e x h i b i t e d  an unusua l l y  l a r g e  amount o f  s c a t t e r  and no t r e n d  was 

. observed. Hydrogen consumption inc reased  f rom 2.0 w t  % a t  5  minutes t o  
3.1 w t  % a t  45 minutes. 

I n c r e a s i n g  the temperature frola 430 t o  460°C (806 t o  860°F) w i t h  added 
p y r i t e  inePeased 1l1e hydrocarbon gas y i P l d  f r - u ~ ~  1.0 t o  3.6 w t  % and de- 
creased t h e  I O M  y i e l d  f rom 18.7 t o  8.7 wt %. S c a t t e r  was aga in  preser~ l  
i n  t h e  t o t a l  o i l  and SRC y i e l d s .  Hydrogen consumption inc reased  on ly  
s l i g h t l y  f r om 2.6 t o  2.9 w t  %. Whereas nea r l y  40 minutes res idence t ime  
was r e q u i r e d  t o  reduce I O M  y i e l d  t o  10 wt  % w i t h o u t  bottoms recyc le ,  o n l y  
10  minutes was r e q u i r e d  w i t h  recyc le .  

Three d i f f e r e n t  s l u r r y  c a t a l y s t s  were s t u d i e d  i n  t h e  SCT d i s s o l u t i o n .  
These c a t a l y s t s  were p y r i t e ,  c o b a l t  molybdenum on alumina (HDS 1442.) and 
ammonium molybdate emulsion. 

PYRITE WAS THE MOST EFFECTIVE CATALYST FOR INCREASING CONVERSION FOLLOWED 
R Y  THE AMMONIUM MOLYBDATE EMULSION, THEN HDS 1442 CATALYST. 

Correspondlng I O M  y i e l d s  were 18.1, 22.6 and 24.6 wt X .  Hydrocarbon gas 
y i e l d s  were e s s e n t i a l l y  t h e  same w i t h  a l l  o f  t h e  s l u r r y  c a t a l y s t s .  T o t a l  
o i l  y i e l d  was h i g h e s t  (19.5 wt %) w i t h  t h e  HDS 1442 c a t a l y s t  f o l l o w e d  by 
p y r i t e  (14.3 w t  %) and t h e  molybdenum emulsion (11.5 wt X). 

1.2 M u l t i p l e - S t a g e  L i q u e f a c t i o n  

1.2.1 Shor t  Contact  Time versus SRC I Coal D i s s o l u t i o n  Stages 

I 1  l i n o i s  No. 6 c o a l  was d i sso l ved  a t  sho r t  ( 6  minutes)  and convent iona l  
(30  m i n ~ ~ t e s )  con tac t  t imes  a t  450°C (842OF) and 2250 ps ig .  I n  bo th  
cases, t h e  f i l t r a t e  f r om ltie f i r s t  s l d y e  was upgraded i n  a t r i c k l e - b e d  
r e a c t o r  a t  410°C (770°F) and 0.25 LHSV. 

THE SCT FIRST STAGE I S  PREFERRED AS THE FIRST STAGE I N  THE TWO-STAGE 
PROCESS. 



The hydrocarbon gas y i e l d  was more t han  t h r e e  t imes  as g rea t  a t  30 min- 
u t e s  i n  t h e  coa l  d i s s o l u t i o n  stage t h a n  a t  6  minutes (5.3 vs 1.5 wt  %). 
Hydrogen consumption was 2.4 compared t o  1.4 wt  %, based on MF coa l .  O i l  
y i e l d  was 10.9 vs 5.2 wt  % and I O M  y i e l d  was s l i g h t l y  lower.  

The y i e l d s  i n  t h e  c a t a l y t i c  upgrading s tep  were q u i t e  s i m i l a r  w i t h  feed 
f r om e i t h e r  d i s s o l u t i o n  stage except  f o r  a  s l i g h t l y  h i ghe r  convers ion  of 
t h e  s h o r t  con tac t  t ime  SRC t o  o i l .  Th i s  was balanced by t h e  h i ghe r  o i l  
y i e l d  i n  t h e  30-minute f i r s t  stage so t h a t  t h e  o v e r a l l  o i l  y i e l d s *  were 
n e a r l y  t h e  same (36.5 wt  % w i t h  t h e  6-minute f i r s t  stage vs 34.9 wt % 
w i t h  t h e  30-minute f i r s t  stage). 

There was no evidence f o r  r e t r o g r e s s i v e  r e a c t i o n s  between 6  and 30 mi n- 
u t e s  i n  t h e  f i r s t  stage. 

1.2.2 Comparison o f  Fixed-Bed and S l u r r y  C a t a l y s t s  

I l l i n o i s  No. 6  c o a l  was d i sso l ved  a t  s h o r t  con tac t  t ime  c o n d i t i o n s  t o  
p repare  f i l t r a t e  f o r  use i n  upgrading s t u d i e s  w i t h  s l u r r y  c a t a l y s t s .  
Bo th  h i g h  q u a l i t y  (HDS 1443, NiMo/Al 0  ) and d isposab le  ( p y r i t e )  
s l u r r y  c a t a l y s t s  were i n v e s t i g a t e d  i n  t h e  %e%ond stage. 

NI/MO/AL 0 WAS LESS EFFECTIVE AS A SLURRY CATALYST THAN WHEN USED I N  
A  FIXED 8 ~ 8 .  
The t o t a l  o i l  y i e l d  was 30.2 compared t o  41.0 wt %, based on SRC f e d  t o  
t h e  second stage. I n  add i t i on ,  p roduc t  q u a l i t y  was lower. The s u l f u r  
and n i t r o g e n  were 0.14 and 0.87 wt %, r e s p e c t i v e l y ,  i n  t h e  vacuum d i s t i l -  
l a t e ,  compared t o  0.05 and 0.13 wt %. 

The t o t a l  o i l  y i e l d  was h ighe r  w i t h  t h e  NiMo/Al 0  s l u r r y  c a t a l y s t  
t h a n  w i t h  p y r i t e  (30.2 vs 23.5 wt  % a t  415OC [77g0~fa?1d 40.2 vs 27.9 wt 
% a t  430°C [806OF]). I n c r e a s i n g  t h e  r e a c t i o n  temperature t o  430 f rom 
415OC inc reased  t h e  hydrocarbon gas y i e l d  by 3.5 wt % w i t h  bo th  ca ta -  
l y s t s .  Use o f  t h e  NiMoIAl 0 c a t a l y s t  r e s u l t e d  i n  a  h i ghe r  hydrogen 
consumption a t  bo th  temperat&& (5.9 vs 3.6 wt % a t  415OC and 7.2 vs 4.5 
w t  % a t  430°C). 

1.2.3 I n t e g r a t e d  SRC I 1  Operat ion w i t h  Temperature S tag ing  

E i g h t  exper iments  were conducted t o  i n v e s t i g a t e  temperature s t a g i n g  w i t h  
subbituminous Be1 l e  Ayr  coal .  These runs were conducted w i t h  a  h igh-  
tempera tu re  f i r s t  stage and low-temperature second s tage i n  an i n t e g r a t e d  
mode w i t h o u t  dep ressu r i za t i on  o r  s o l i d s  sepa ra t i on  between stages. 

I n  a  comparison w i t h  and w i t h o u t  t h e  f i r s t  stage, t h e  f i r s t  stage ( t o p  
t h r e e  zones o f  t h e  p rehea te r )  was operated a t  450°C (842OF) w h i l e  t h e  
d i s s o l v e r  (second s tage)  was a t  420°C (788OF). The res idence t ime  was 8  
minutes i n  t h e  f i r s t  stage and 2 hours i n  t h e  second stage. 

* Sum o f  t h e  o i l  y i e l d s  f rom bo th  stages based on MF coa l  f e d  t o  f i r s t  
s t  age. 



THERE WAS NO APPARENT ADVANTAGE I N  TEMPERATURE STAGING AS PRACTICED I N  
T H I S  STUDY. 

Hydrocarbon gas y i e l d  was increased by 2 w t  %, based on MF coal,  w i t h  t h e  
h i g h  temperature f i r s t  stage but  t he re  was l i t t l e  change i n  t o t a l  o i l  
y i e l d ,  convers ion o r  product  qual i ty .  

Hydrocarbon gas y i e l d  increased t o  10.2 from 8.7 w t  %, based on MF coal, 
as residence t ime i n  t h e  f i r s t  stage was increased t o  9.4 from 6.0 min- 
utes.  There was a corresponding increase i n  second stage residence t ime 

.. t o  2.4 -from, 1.5 hours. . There was l i t t l e  e f fec t  on o i l  y i e l d ,  conversion 
,-or product .  qual  i t y ,  ..however. . 

Hydrocarbon gas y i e l d  was reduced t o  6.8 from 10.2 w t  %, based on MF 
coal ,  by decreasing t h e  setond stage ( d i s s o l v e r )  temperature t o  400°C 
(752OF) from 42U0C (788OF). Th is  was accompanied by s l i g h t  reduct ions i n  
o i l  y i e l d  and conversion. As a r e s u l t ,  t h e  r a t i o  of d i s t i l l a t e  t o  hydro- 
carbon gas increased t o  6,6 from 4.4. The d i s1 ; i l l d l e  su l fur .  l e v e l  was 
increased by a smal l  amount. 

There was no evidence t h a t  t h e  a d d i t i o n  of t i t a n i u m  tetraphenoxide, which 
has been repor ted  t o  be a c rack ing  ca ta l ys t ,  improved t h e  y i e l d  s t r u c t u r e  
a t  . the condi t ions.  i n  t h i s  study. 
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2.0. INTRODUCTION , 

' ,  

2.1 Cont rac t  Object ives 

The work repor ted  here in  was conducted a t  t he  Merriam Laboratory under a  
con t rac t *  between G u l f  Research & Development Company and t h e  DOE which 
commenced August 1, 1982. 

The Merriam Laboratory i s  conduct ing a  bench scale research i n v e s t i g a t i o n  
on advanced coal  l iquefac t ion .  The ob jec t i ves  o f  t h e  p r o j e c t  a re  to:  

o  i n v e s t i g a t e  and opt imize p o t e n t i a l  techno1 ogy. improvements- o f  
poss ib le  economic bene f i t ,  . . . . 

o  .. , improve understanding o f  the  chemistry and mechanisms, " ' ' ,  c . 
* . ,. . . . .  .. . . 

o  ' b e t t e r  'def ine ' the  r o l e ,  o f  coal  c h a r a c t e r i s t i c i  upon pe r fo r -  
ma nce , 

o i n v e s t i g a t e  sho r t  contac t  t ime coal l i q u e f a c t i o n ,  

o  i n v e s t i g a t e  the  e f f e c t s  o f  s l u r r y  phase and disposable cata- 
l y s t s ,  

o  i n v e s t i g a t e  the  e f f e c t s  of so lvent  c h a r a c t e r i s t i c s  and compo- 
nents, 

o  i n v e s t i g a t e  the  product c h a r a c t e r i s t i c s  w i t h  respect  t o  i n t e -  
g ra ted  process development and end use needs. 

Work was .conducted on two experimental tasks t h i s  quarter .  Studies on 
sho r t  .contac t  t ime coal 1 i quefac t ion  a re  discussed i n  sect ior l  3. Work on 
mu1 t i p 1  e-stage 1, iquefact ion i s  described i n  sec t ion  4. Two experiments 
inc luded i n  sec t ion  4, DOE 504RF and G, i nvo lve  a d d i t i o n  o f  t i t a n i u m  and 
cou ld  a1 so be considered as c a t a l y s t  s tud ies  ( c o n t r a c t  task l c 2 ) .  

Progress dur ing  t h e  t h i r d  quart& o f  1983 on' t he  epidemiology research 
program i s  summarized i n  sec t ion  5. 

I n fo rma t ion  on cha rac te r i za t i on  o f  d i s t i l  l a t e  products ( p a r t i c u l a r l y  by 
1 i q u i d  chromatography) i s given i n  Appendix A. Charac te r i za t l  on o f  d i  s- 
t i l l a t i o n  res idue products based on s o l u b i l i t y  i n  pyr idine/hexane mix- 
t u r e s  i s  presented i n  Appendix B. 

* Cont rac t  No. DE-AC22-82PC50001. 

5 



2.3 Future Work 

F ive  add i t i ona l  runs w i t h  Be l l e  Ayr coal, which complete the short  
contact  t ime ser ies 'begun t h i s  quarter, w i l l  be described i n  the fourth 
quar ter  1983 report .  . These are: a  base1 i ne  run wi thout  added cata lys t ,  
a  repeat o f  run DOE 500A and experiments using elemental s u l f u r  and 
carbon d i  sul  f i d e  as hydrogen s u l f i d e  progenitors. Addi t iona l  work on 
staged processing w i l l  a1 so be discussed i n  the f ou r t h  quarter  report .  
A comparison w i l l  be made between upflow and downflow reactors  f o r  
f i l t r a t e  upgrading w i t h  a  f i xed  bed o f  spherical,  nickel-tungsten 

. ca ta lys t .  . .,' 
. ,  . , ; . 

. . . . . - .  

' 1 .  
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3.0 SHORT CONTACT TIME COAL LIWEFACTION ", . . . , .. - . .  
Runs 'DOE 499-503 . , . . . . ~ . $ .  . 

8, . . , . ? : . _ .  

: 3.1 Ob jec t ives  . . .  . , . , - .  . .  

, +  

The e f f e c t s  of residence time, temperature, s l u r r y  c a t a l y s t ,  . and p a r t i a l  
s l u r r y  recyc le  on the  sho r t  contac t  t ime (SCT) d i s s o l u t i o n  o f  Amax B e l l e  
Ayr coal  were inves t iga ted .  O f  p a r t i c u l a r  i n t e r e s t  was the  e f f e c t  o f  
these va r iab les  on conversion and s o l u b i l i t y  o f  the  nondi s t i l  l a b l e  p a r t  
o f  the  h igh  temperature, h igh  pressure separator bottoms. Th i s  work f e l l  
under c o n t r a c t  tasks  1 - C - 1  and 1-C-2, "Short  Contact Time Coal L iquefac-  
t i o n  Research" - "Process Var iab les  Study" and "Disposable Cata lys ts " ,  
respec t i ve l y .  

3.2 Background 

P re l im ina ry  SCT work w i t h  B e l l e  Ayr coal  us ing  p y r i t e ,  p y r r h o t i t e  (p ro-  
cessed p y r i t e ) ,  and p rev ious l y  hydro t rea ted  so l ven t  was presented i n  t he  
t h i r d  qua r te r  1981 progress repor t* .  The e f f e c t  o f  so lvent  q u a l i t y  and 
p y r i t e  a d d i t i o n  were discussed i n  the  f i r s t  qua r te r  1983 report**.  Si'g- 
n i f i c a n t  f i n d i n g s  a re  tha t :  

1. P y r i t e  a d d i t i o n  i s  b e n e f i c i a l  w i t h  bo th  SRC I and Lummus so l -  
vents, r e s u l t i n g  i n  increased conversion (reduced i n s o l u b l e  
organic mat te r  [ I O M ]  y i  e l  d) . 

2. O i l  y i e l d  i s  h igher  w i t h  SRC I so lven t  than w i t h  Lummus solvent .  
O i l  y i e l d  i s  increased by p y r i t e  a d d i t i o n  w i t h  SRC I solvent ,  
b u t  t he re  i s  no e f f e c t  on o i l  y i e l d  w i t h  Lummus solvent.  

3. Increas ing  p y r i t e  a d d i t i o n  l e v e l  i s  b e n e f i c i a l  over a  c e r t a i n  
range. 

4. To ta l  conversion t o  p y r i d i n e  so lub le  ma te r i a l  i s  q u i t e  s i m i l a r  
w i t h  SRC 11, f i l t e r e d  Lummus o r  SRC I solvents. 

5. Y ie lds  are  improved w i t h  SRC I so lven t  when the  so l ven t  has been 
p rev ious l y  hydrotreated. 

* "Research on So lvent  Ref ined Coal," Q u a r t e r l y  Technical Progress 
Report f o r  t he  Per iod  J u l y  1, 1981 through September 30, 1981; J u l y  
1982, PC40005-9. 

** "Advanced Coal L i q u e f a c t i o n  Research, " Q u a r t e r l y  Technical Progress 
Report f o r  the  Per iod  January 1, 1983 through March 31, 1983; December 
1983, PC50001-15. 



3.3.1 Run Cond i t ions  

Residence t imes o f  5, 10, 15, 30 and 45 minutes were i n v e s t i g a t e d  i n  runs 
DOE 499A, B, and C, and 500A and B. Temperatures o f  430, 440, 450, and 
460°C . (806, 824, 842 and 860°F) were run  i n  DOE 500A, C, D , and F. A 
s h o r t  supply o f  so l ven t  fo rced us t o  use reclaimed* so l ven t  i n  runs DOE 
500E, F, and G. The e f f e c t  o f  reducing the  p y r i t e  l e v e l  t o  1 w t  % from 2 
w t  % was determined when comparing run  DOE 5006 t o  DOE 500A. Other run  
c o n d i t i o n s  a r e  shown i n  Table I. 

' I  3.3.2 Coal 

The coal  was from the  Amax B e l l e  Ayr Mine i n  Campbell County, Wyoming, 
( Wyodak-Anderson seam) and ranks as subbi tumi nous. It i s  a run-of-mine 
sample, ground by Empire Coke and sieved through a 150 mesh screen a t  
Merr iam before  use. Runs DOE 499 through DOE 500E used a l o t  rece ived i n  

. 3/82, wh i l e  DOE 500F through DOE 503 used a coal  rece ived i n  2/83 ( l o t  RM 
"1030). These l o t s  a re  be l l eved  t o  be o f  s l a ~ i l d r .  r e a c t i v i t y .  

The composi t ional  analyses f o r  bo th  l o t s  a re  shown i n  Table I I i a  and the  
' 

pe t rograph ic  a n a l y s i s  o f  the  second l o t  i s  shown i n  Table I I I c .  

. 3 . 3 . 3  A d d i t i v e  

The p y r i t e  used i n  runs DOE 499 through 501R was obta ined from C-E Miner- 
a l s  ( a  d i v i s i o n  o f  Combustion Engineer ing)  and was mined a t  Washington, 
Geor i a ,  as a d i s c r e t e  minera l .  The c a t a l y s t  was f i n e l y  ground i n  n i t r o -  
gen % y the  J e t  Pulvel ' lzer Co., Pal~r~yr.a, New Jersey. A p a r t i c l e  s i ze  
d i s t r j b u t i o n  i s  shown i n  F igu re  1. Other a v a i l a b l e  analyses a re  shown i n  
Table I V .  

' ' Cyanamid HDS 1442 (cobal  t-molybdenum on alumina), developed f o r  the  H- 
Coal process, was used i n  run DOE 502. It was suppl ied as nominal 1/16" 
c y l i n d r i c a l  ex t rudates  and was ground by hand t o  pass 150 mesh before  
use. Measurements performed by Coors Spectro-Chemi c a l  Laboratory o f  
Golden, Colorado, be fore  and a f t e r  g r i n d i n g  showed no appreciable l o s s  o f  
surface area. A v a i l a b l e  analyses a re  shown i n  Table I V .  

An aqueous emulsion o f  ammonium molybdate was used i n  run  DOE 503. Th i s  
was prepared a t  Merriam by d i s s o l v i n g  (NH ) Mo 0 4H 0 (Mal- 

, l i nckrodt  a n a l y t i c a l  reagent grade) i n  water. The 4s061u~i&4*wa~ added t o  
o i l  b o i l i n g  >250°C (482°F) and blended i n  a Ross e m u l s i f i e r  f o r  f i v e  ( 5 )  
minutes. The emu1 s ion  was reasonably s t a b l e  and was added t o  the  m i x  p o t  

' as  another component o f  the feed s l u r r y .  

* Reclaimed from run DOE 499 and e a r l i e r  p a r t s  o f  run  DOE 500. 



3.3.4 Sol ven t  

The so l ven t  used i n  runs DOE 499A through DOE 500D was from the F o r t  
Lewis p i l o t  p lan t .  Due t o  t he  s h o r t  supply, i t  was rec la imed by d i s t i l -  
l a t i o n  f o r  use i n  runs DOE 500E, F, G, 502, and 503. The so l ven t  was 
recyc led  i n  run  DOE 501R. Ava i l ab le  analyses a re  presented i n  Table V. 

3.4 Resu l ts  

The y i e l d s  and product  analyses are  shown i n  Table I 1  and the  so l ven t  
e x t r a c t i o n  data i n  Table V I .  D e t a i l e d  s o l u b i l i t y  analyses o f  t he  
res idue products a re  g iven i n  Appendix B. 

3.4.1 O p e r a b i l i t y  

Run DOE 499 was uneventful  except  f o r  p y r i t e  p lugg ing  a t  t h e  end o f  p a r t  
C. Apparent ly t h e  low feed r a t e  a1 lowed the ,  suspended p y r i t e  t o  s e t t l e  
out .  

D i f f i c t i l t y  w i t h  ca lc ium carbonate p lugs  was experienced du r i ng  p a r t s  F 
and G o f  r un  DOE 500. Th i s  was probably a r e s u l t  o f  extended run  t ime i n  
t h e  s i n g l e  pass mode - n o t  v a r i a b l e s  be ing  s tud ied  i n  those p a r t s  o f  t he  
run. While no major o p e r a b i l i t y  problem was observed i n  runs DOE 500A o r  
B, t he  repo r ted  water y i e l d s  a re  u n r e a l i s t i c a l l y  low. Th i s  i s  be l i eved  
t o  be due ,to the  s h o r t  ma te r i a l  balance p e r i o d  and f l u c t u a t i o n s  i n  t he  
produc t  stream con ta in ing  t h e  bu lk  o f  the .water .  

NO probl&ms w i t h  c a l  cium carbonate p lugs  were encountered when i n  the  
r e c y c l e  mode o f  ope ra t i on  du r i ng  run  DOE 501R. 

Problems w i t h  ca lc ium carbonate p lugs  were again experienced du r i ng  
runs  DOE 502 and 503. 

3.4.2 . E f f e c t  o f  Residence Time on SCT Processing o f  B e l l e  Ayr Coal 

The e f f e c t  t h a t  res idence t imes from f i v e  ( 5 ) "  t o  f o r t y - f i v e  (45) 
minutes had on y i e l d s  i s  shown i n  F igu re  2 and i n  Table V I I .  

3.4.2.1 Y ie lds  

I nc reas ing  the  res idence t ime increased t h e  hydrocarbon gas y i e l d  from 
1.1 w t  % (based on MF coa l  ) a t  5  minutes t o  4.6 w t  % a t  45 minutes. Due 
t o  a l a r g e  amount o f  s c a t t e r  i n  t h e  data, t h e  e f f e c t  o f  res idence t ime on 
t h e  t o t a l  o i l  y i e l d  can n o t  be determined. The s c a t t e r  i s  probably due 
i n  p a r t  Lo the  u t l r e a l i s t i c a l l y  low water y i e l d s  i n  runs DOE 500A and B 
which a f f e c t  the  y i e l d s  o f  t he  hydrocarbons. The v a r i a t i o n  i n  o i l  y i e l d  
was over a f a i r l y  small range (19-24 w t  %) .  Wi th t he  except ion  o f  t h e  
r u n  a t  10 minutes residence time, t he  SRC y i e l d  was f a i r l y  cons tan t  
( v a r y i n g  from 43 t o  46 w t  %) over  t he  res idence t imes studied.  The I O M  
y i e l d  decreased w i t h  i nc reas ing  res idence t ime from 18.8 w t  % a t  5 
minutes t o  8.8 w t  'R; a t  45 111inutes. Iiydrogen corlsumption increased from 
2.0 w t  % a t  5  minutes t o  3.1 w t  % a t  45 minutes. 



3 .4 -2.2 Product Qua1 i ty 

The elemental analyses o f  t he  vacuum d i s t i l l a t e s  genera l l y  showed only a  
s l i g h t  decrease i n  s u l f u r  l e v e l  w i t h  i nc reas ing  residence time. Analys is  
o f  t h e  d i s t i l l a t i o n  res idue i n d i c a t e s  t h a t  t h e  s u l f u r  l e v e l  decreased 
w i t h  i nc reas ing  residence t ime w h i l e  t h e  n i t r o g e n  l e v e l  increased. 

S o l u b i l i t y  da ta  (Table X I I )  i n d i c a t e  t h a t  t h e  maltene and p r e a ~ p h a ~ l t e n e  
l e v e l s  have apparent minimums and maximums, respect ive ly ,  near 15 minutes 
res idence time. 

3.4.3 E f f e c t  o f  Temperature and Solvent  

The e f f e c t s  o f  temperature on SCT processing of B e l l e  Ayr coal a re  shown 
i n  F i g u r e  3  and Table V I I I .  

3.4 .3 .1  Yields 

The y i e l d  o f  hydrocarbon gases increased w i t h  i nc reas ing  temperature from 
1.7 w t  % . a t  430°C t o  3.6 w t  % a t  460°C. To ta l  o i l  y i e l d  increased w i t h  
i n c r e a s i n g  temperature: 15.7 w t  % a t  430°C t o  20.3 w t  9: a t  460°C. SRC 
y i e l d  increased f rom 46.9 w t  % a t  430°C t o  49.2 w t  % a t  460°C. Sca t te r  
was observed i n  both t h e  t o t a l  o i l  and SRC y i e l d s  which was due t o  a  low 
water  y i e l d  i n  run DOE 500A. The I O M  y i e l d  showed a  steady decrease w i t h  
i n c r e a s i n g  temperature: from 16-19 w t  % (depending on so l ven t )  a t  430°C 
t o  8.7 w t  % a t  440°C. 

The e f f e c t  o f  us ing  rec la imed r a t h e r  than f r e s h  so lvent  can be seen when 
comparing run DOE 500E t o  5008. No e f f e c t  i s  apparent on e i t h e r  t h e  
hydrocarbon gas y i e l d  o r  hydrogen consumed. Using reclaimed s o l  vent 
lowered t h e  t o t a l  o i i  and SRC y i e l d s  dpproximately 2 w t  X .  The IOM y i e l d  
increased by 2.7 w t  X .  

3.4.3.2 Product Q u a l i t y  

Ana lys i s  o f  t h e  vacuum d i  s t i  1  l a t e  and d i  s t i  1  l a t i o n  res idue i nd i ca tes  no 
no t i ceab le  p a t t e r n  o r  e f f e c t  due t o  t h e  reac t i on  temperature (Table 11). 
The e f f e c t  o f  temperature i s  confounded by t h e  use of two d i  f f e r c n t  pro-  
cess solvents. 

? 
3.4.4 E f f e c t  o f  P a r t i a l  S l u r r y  Recycle 

3.4.4.1 Yie lds 

Table I X  shows t h e  e f f e c t  o f  p a r t i a l l y  r e c y c l i n g  t h e  h igh  temperature 
separa tor  bottoms (HTSB) and solvent .  I n  run DOE 501R equal amounts o f  
HTSB and d i s t i l  l a t e  so lvent  were recycled as t h e  l i q u i d  and s o l i d  compo- 
nents o f  feed s l u r r y .  Th is  had t h e  des i red  e f f e c t  i n  t ha t  t h e  I O M  y i e l d  
was reduced t o  10.4 w t  % w i t h  only  a  10 minute residence t ime a t  440°C 
(824°F ) . 



3.4.4.2 Product Q u a l i t y  

When p a r t i a l  s l u r r y  recyc le  was used, a  decrease i n  t h e  l e v e l s  o f  carbon 
and n i t r o g e n  was observed i n  t h e  vacuum d i s t i l l a t e  wh i l e  the  hydrogen and 
oxygen l e v e l  s  increased (Table I I ) .  

3.4.5 E f f e c t  o f  S l u r r y  c a t a l y s t s  

3.4.5.1 Y ie lds  
1 

The e f f e c t s  o f  s l u r r y  c a t a l y s t s  a re  compared i n  Table X. Run DOE 502 
used c o b a l t  molybdenum on alumina (HDS 14421, run  DOE 503 used an ammoni- 
um molybdate emu1 sion,. and p y r i t e  was used i n  run  DOE 5006. 

P y r i t e  was s i g n i f i c a n t l y  more e f f e c t i v e  i n  i nc reas ing  convers ion (de- 
c reas ing  I O M  y i e l d )  than the  o the r  c a t a l y s t s .  Th i s  i s  i n  c o n t r a s t  t o  
o t h e r  comparisons i n  which the  o the r  c a t a l y s t s  a re  more e f f e c t i v e  than 
p y r i t e  i n  e f f e c t i n g  hydrogenation l e v e l s  ( o r  i n  i nc reas ing  d i s t i l  l a t e  
y i e l d s  i n  t h e  SRC I 1  process).  Th i s  suggests t h a t  p y r i t e  p lays  some r o l e  
i n  promoting the  d i s s o l u t i o n  o f  B e l l e  Ayr '  coal  o the r  than t h a t  o f  a  hy- 
drogenat io l :  c a t a l y s t .  

Hydrocarbon gas y i e l d  was lowest  (2.1 w t  %, based on MF coa l  ) when us ing  
p y r i t e .  When u s i n g  HDS 1442 o r  ammonium molybdate emulsion, gas y i e l d  
was about 0.5"wt % higher.  No d i f f e r e n c e  was apparent between the  molyb- 
denum c a t a l y s t s .  

When us ing  HDS 1442, t o t a l  o i l  y i e l d  was h ighes t  (19.5 w t  %), f o l l owed  by 
p y r i t e  (14.3 w t  %) ,  w i t h  the  emulsion g i v i n g  t h e  lowest  y i e l d  (11.5 w t  %). 

HDS 1442 c a t a i y s t  gave the  lowest  SRC y i e l d  (33.4 w t  %). P y r i t e  and 
ammonium molybdate emulsion gave h igher  SRC y i e l d s ,  47.6 and 46.5 w t  % 
respec t i ve l y .  

The hydrogen consumption was h ighes t  when us ing  HDS 1442, 3.2 w t  % com- 
pared t o  2.6 w t  % when us ing  ammonium molybdate and 2.2 w t  % w i t h  py- 
r i t e .  

3.4.5.2 Product Qua1 i ty 

Us ing  p y r i t e  as the  base1 i n e  case, ground HDS 1442 c a t a l y s t  increased the  
l e v e l s  o f  hydrogen i n  bo th  the  vacuum d i s t i l  l a t e  and d i s t i l l a t i o n  res idue 
(Tab le  11). S u l f u r  l e v e l  decreased i n  the  vacuum d i s t i l l a t e  and d i s t i l -  
l a t i o n  residue. N i t rogen l e v e l s  i n  t he  vacuum d i s t i l l a t e  were about the  
same and decreased i n  the  d i s t i l l a t i o n  residue. The fus ion  p o i n t  de- 
creased by about 25OC. The ma1 tene and asphaltene l e v e l s  increased wh5le 
t h e  preasphaltene l e v e l  decreased. 

Ammonium molybdate emulsion, compared t o  p y r i t e ,  decreased l e v e l s  o f  
hydrogen and s u l f u r  i n  the  vacuum d i s t i l l a t e  w h i l e  the  n i t r o g e n  l e v e l  was 
unchanged. A s l i g h t  decrease i n  t h e  hydrogen, s u l f u r  and n i t r o g e n  l e v e l s  
was noted i n  t he  d i s t i l l a t i o n  res idue.  The f u s i o n  p a i n t  decreased 
s l i g h t l y  (ahout  10°C). The ma1 tene l e v e l  Increased s l  i g h t l y  w h i l e  t he  
asphal tene and preasphal tene 1  eve1 s  were unchanged. 



3.4.6 E f f e c t  o f  P y r i t e  Add i t i on  Level 

3.4.6.1 Y i e l d s  

Table X I  compares t h e  e f f e c t  o f  p y r i t e  a d d i t i o n  l e v e l s  o f  1 w t  % (DOE 
5006) and 2  w t  % (DOE 500A1, s l u r r y  basis. Although the  comparison i s  
confounded by a  change i n  solvent ,  the  t rend  i s  i n  the  expected d i rec-  
t i o n .  When inc reas ing  the  p y r i t e  l e v e l ,  d i  s t i l  l a t e  y i e l d s  increased 
w h i l e  the  I O M  y i e l d  decreased. 

3.4.6.2 Product  Qua1 i ty 

Ana lys is  o f  the  vacuum d i s t i l l a t e  showed t h a t  increas ing the  p y r i t e  l e v e l  
decreased t h e  hydrogen content  wh i l e  i nc reas ing  the  s u l f u r  and n i t rogen  
l e v e l s .  However, t h e  y i e l d  o f  heavy d i s t i l l a t e  (which i s  s i m i l a r  i n  
b o i l i n g  range t o  vacuum d i s t i l l a t e )  was 22.5 w t  % i n  DOE 500A ( 2  w t  % 
p y r i t e )  and 1.2 w t  % i n  DOE 5006 ( 1  w t  % p y r i t e ) .  The l e v e l s  of s u l f u r ,  
n i t r o g e n  and carbon i n  the  d i s t i l l a t i o n  res idue increased when increds ing 
t h e  p y r i t e  l e v e l .  The hydrogen l e v e l  and fus ion  p o i n t  decreased w i t h  
i ncreasing p y r i t e  l e v e l  . 

, - 

3.5 Conclusions 

Inc reas ing  the  residence t ime over the  range o f  5-45 minutes w i t h  B e l l e  
Ayr coal r e s u l t s  i n  more conversion ( lower  I O M  y i e l d )  b u t  t h i s  a l so  i n -  
creases t h e  hydrocarbon gas y i e l  d. 

An increase i n  conversion can be obta ined bay inc reas ing  the  reac t i on  
temperature. Th is  increase w i l l  a l s o  produce more t o t a l  o i l  and hydro- 
carbon gas. 

P a r t i a l  s l u r r y  r e c y c l e  increases the  conversion o f  B e l l e  Ayr coal (de- 
, creased I O M  y i e l d )  w i t h  a  s l i g h t  decrease i n  t o t a l  o i l  y i e l d .  L i g h t  

hydrocarbon gases appear t o  increase b u t  the  d i f f e r e n c e  i s  w i t h i n  exper i -  
mental e r r o r .  Recycle a1 so appears t o  e l  i m i  nate calc ium carbonate depo- 
s i  t i o n .  

P y r i t e  appears t o  be more e f f e c t i v e  i n  i nc reds i r~ r j  conversion than e i t h e r  
cobal t-molybdenum on alumina (HDS 1442) o r  an aqueous emu1 s ion  o f  ammoni- 
um molybdate. However, there  was more than fou r  ( 4 )  t imes as much p y r i t e  
added compared t o  molybdenum. Hydrocarbon gases were on ly  s l i g h t l y  a f -  
f e c t e d  by the  d i f f e r e n t  ca ta l ys ts .  The HDS 1442 c a t a l y s t  gave the  l a rg -  
e s t  t o t a l  o i l  y i e l d ,  fol lowed by p y r l t e  and thcn the  enrul sion. 

Conversion can a l s o  be increased by i nc reas ing  the  amount o f  p y r i t e  fed. 
An increase i n  p y r i t e  l e v e l  from 1 t o  2 w t  X increased t h e  conversion and 
t o t a l  o i l  y i e l d .  L i g h t  hydrocarbon gas y i e l d  was e s s e n t i a l l y  t he  same 

. ( w i t h i n  experimental e r r o r ) .  Th is  increase I n  conversion was a t  the 
expense o f  a  h igher  hydrogen consumption. 



4.0 MULTIPLE-STAGE LIQUEFACTION 

4.1 Object ives 

Three se r ies  o f  experiments were conducted t o  exp lore  the  concept o f  
enhancing coal 1 i q u e f a c t i o n  by op t im iz ing  cond i t i ons  f o r  each o f  several 
stages. The work t h i s  quar ter  invo lved two-stage processing. 

The o b j e c t i v e  i n  the  f i r s t  se r ies  was t o  determine the  e f f e c t  o f  condi- 
t i o n s  i n  a f i r s t  stage coal d i s s o l u t i o n  on u p g r a d a b i l i t y  i n  t h e  second 
stage. I n  the  second ser ies,  s l u r r y  c a t a l y s t s  were compared t o  those i n  
a f i x e d  bed f o r  upgrading. I n  the  f i n a l  b lock o f  work, t he  staged tem- 
pera ture  approach was u t i l i z e d ,  b u t  an i n t e g r a t e d  system was employed 
w i thou t  depressur iza t ion  and s o l i d s  separat ion between stages. 

These experiments are a l l  p a r t  o f  c o n t r a c t  task 1-B-6: "Coal Liquefac- 
t i o n  Var iab le  Research; Mu1 t i p l e  Stage Reactors. " 

4.2 Backsround 

Staged l i q u e f a c t i o n  was f i r s t  s tud ied i n  depth a t  Merriam dur ing  the  
second quar te r  o f  1983. The poss ib le  advantages o f  such an approach were 
discussed i n  the  r e p o r t  cover ing  t h a t  t ime period*. The work dur ing  t h e  
second quar ter  consisted o f  two se r ies  o f  3-stage l i q u e f a c t i o n  runs. * In  
these two ser ies,  I l l i n o i s  No. 6 coa l  was d isso lved a t  450°C (84Z°F), 
2250 p s i g  and 6 minutes residence t ime i n  t h e  f i r s t  stage o f  a 3-stage 
process. 

S t r ipped f i  1 t r a t e  from the  f i r s t  stage coal d i  ssolu t i o n  was hydrogenated 
i n  a t r i c k l e  bed o f  NiMoIAl 0 c a t a l y s t  a t  2250 p s i g  and a l i q u i d  
hour ly  space v e l o c i t y  o f  0.25: %o ta l  o i l  y i e l d  increased t o  41 frorn.:16 
w t  % as temperature was increased from 356 (673) t o  412°C (774°F). Hy- 
drocarbon gas y i e l d  rose t o  4.4 from 0.6 w t  %, based on SRC fed. The 
hydrogen l e v e l  i n  the  products went through a maximum, however, peaking 
i n  t h e  range of 380-400°C (716-752°F). T h i s  l e v e l  v a r i e d  from 8.0 t o  9.3 
w t  % i n  the  h igh  temperature, h igh  pressure separator bottoms compared t 6  
6.5 w t  % i n  the  feed. 

Hydrogenated f i l t r a t e  from the  second stage was thermal ly  hydrocracked a t  
10 minutes residence t ime and 2250 psig.  Increas ing the  hydrocracking 
temperature t o  475°C (887°F) from 460°C (860°F) increased o i l  y i e l d  by 
on ly  2 w t  %, t o  13.5 w t  %, based on SRC fed, wh i l e  doubl ing hydrocarbon 
gas y i e l d  t o  3.5 w t  %. Adding p y r i t e  a t  460°C increased o i l  y i e l d  by 4 
w t  % wh i l e  hydrocarbon gas was unaffected. The d i s t i l l a t i o n  res idue was 
dehydrogenated dur ing  the  hydrocracking step, dropping from 7.4 w t  % 
hydrogen i n  the  nondi s t i l  l a b l e  p a r t  o f  t he  feed t o  6.7-7.0 w t  % depending 
on opera t ing  temperature and whether p y r i t e  was added. The hexane solu- 
b i l  i ty was a1 so s i g n i f i c a n t l y  decreased. 

* "Advanced Coal L i q u e f a c t i o n  Research, " Q u a r t e r l y  Technical Progress 
Report f o r  the  Per iod  A p r i l  1, 1983 through June 30, 1983; December 
1983, PC50001-18. 



4.3 Shor t  Contact  Time versus SRC I Coal D i s s o l u t i o n  Stages 
(Runs DOE 493 through 4 9 9 )  

4.3.1 Experimental  

4.3.1.1 Run Cond i t ions  

Cond i t ions  f o r  a l l  runs are  summarized i n  Table I. 

4.3.1.1.1 Coal D i s s o l u t i o n  (Runs DOE 493 and 494) 

Run DOE 493 was conducted a t  the  same c o n d i t i o n s  used f o r  t h e  s h o r t  con- 
t a c t  t ime coal  d i s s o l u t i o n  steps i n  t he  two prev ious  staged l i q u e f a c t i o n  
series'. Run DOE 494 was a l so  made a t  those nominal c o n d i t i o n s  except  
t h a t  the  s l u r r y  residence t ime was increased t o  30 from 6 minutes*. ' The 
l a t t e r  res idence t ime i s  t y p i c a l  of SRC I ( s o l i d  product)  operat ions. 
Both  runs were s i n g l e  pass (no r e c y c l e  o f  so lvent ) ,  

I n  each c a w ,  about 60 k g  of , f i l t e r e d  Ri'gh temperature, h igh  pressure 
separator  bottoms was prepared. The f i l t r a t e s  were s t r i p p e d  t o  175°C 
(347°F) under vacuum t o  o b t a i n  about 50 w t  % n o n d i s t i l l a b l e  ( a t  270°C 

. . 
[518OF] and 2 mmHg) ma te r ia l  i n  t he  product.  

4.3.1.1.2 F i l t r a t e  Upgrading (Run DOE 495) 

The s t r i p p e d  f i l t r a t e s  from the  coal  d i s s o l u t i o n  runs were hydro t rea ted  
a t  415°C (77g°F, nominal), 2250 p s i g  and a l i q u i d  hour ly  space v e l o c i t y  
o f  0.5, based on t o t a l  feed (0.25 based on f r e s h  feed). Th i s  tem e r a t u r e  
was somewhat h ighe r  than llsed i n  the  c a t a l y t i c  step (second stagey o f  t h e  
p rev ious  s e r i e s  because the re  were on l y  two stages i ns tead  o'f three. The 
feed was comprised o f  50 w t  % f r e s h  s t r i p p e d  f i l t r a t e  and 50 w t  % recy- 
c l e d  h igh  temperature separator  bottoms (HTSB), 

Due t o  r e l a t i v e l y  low o i l  y i e l d s  i n  t he  hydro t rea ter ,  t he  HTSB products 
f rom the  f i r s t  two p a r t s  o f  run  DOE 495 were passed through the  reac to r  
aga in  a t  t h e  same cond i t i ons  t o  determine the  amount o f  a d d i t i o n a l  d is -  

, t i l l a t e  t h a t , c o u l d  be obtained. Again, t h e  feed was 50 w t  % f r e s h  mater- 
i a l  w i t h  t h e  balance made up o f  recyc le  HTSB. 

' .  

4.3.1.2 Coal 

The coal  used i n  runs DOE 493 and 494 was from the  Conso l ida t ion  Coal 
Company's Burn ing  S t a r  No. 2 Mine (11 l i n o i s  Nn. 6 seam) i n  DuQuoirl, Pcr ry  
County, Ill i n u i s ,  and i s  rmdrlked as h igh  v o l a t i l e - C  bi tuminous. The coal  
was cleaned a t  t h e  convent ional  mine-s i te  p repa ra t i on  p l a n t ,  Coal ~ s e d  
i n  these runs  was from a 33 drum l o t  rece ived i n  March 1983. It was 
ground by Empire Coke Co. and s ieved through a 150 mesh screen a t  
Merr iam before  use. 

* The hydrogen feed r a t e  was a l s o  increased t o  2 from 1 w t  %, based on 
s l u r r y ,  because t h e  convers ion was expected t o  be h igher .  



The composit ional ana lys i s  o f  the  coal  i s  shown i n  Table I I I a  and the  
pe t rograph ic  ana lys i s  i n  Table I I I b .  

4.3.1.3 Solvent  

The so l ven t  used i n  runs DOE 493 and 494 was from a  23 drum shipment 
rece ived from the F o r t  Lewis P i l o t  P l a n t  ( L o t  2335). It was a  f u e l  o i l  
b lend which conta ined 53.3 w t  % o i l  b o i l i n g  below 250°C (482OF) .as  re- 
ceived. It was s t r i p p e d  t o  250°C a t  GR&DC, Harmarv i l le ,  be fore  use. 
Ava i l ab le  analyses are  shown i n  Table V.  

. . 
4.3.1.4 C a t a l y s t  System 

The She l l  324 c a t a l y s t  used i n  t he  t r i c k l e - b e d  hyd ro t rea te r  was prov ided 
by C-E Lummus as modi f ied* f o r  t h e i r  use. The c a t a l y s t  conta ined 2.7 w t  
% N i  ( as  N i )  and 13.2 w$ % Mo (as Mo) on alumina. T t y  sur face area o f  
f r e s h  c a t a l y s t  was 150 m /g and the  pore volume 0.48 cm /g. 

The bed was comprised o f  th ree  d i f f e r e n t  m a t e r i a l s  s ince t h e  c a t a l y s t  was 
i n  s h o r t  supply. About 75 v o l  % o f  the  bed was c a t a l y s t  from run DOE 490 
which had been washed w i t h  toluene, then acetone, and a i r  dr ied.  About 
18 vo l  % o f  the  bed was c a t a l y s t  from run DOE 486. Th i s  ma te r i a l  had 
been washed w i t h  toluene, then acetone, and f i r e d  a t  550°C (1022°F) t o  
remove v i s i b l e  carbon. The remainder o f  the  bed was f i l l e d  w i t h  g lass  
begds. The volume o f  t he  c a t a l y s t  bed exc lud ing  g lass  beads was 1819 
cm (upon which the  1  i q u i d  hour ly  space v e l o c i t y  was based). 

Since most o f  the c a t a l y s t  was a l ready i n  t he  s u l f i d e  form, i t  was f e l t  
t h a t  the  s u l f u r  i n  t h e  s t a r t u p  o i l  would be s u f f i c i e n t  t o  s u l f i d e  the  
r e s t .  The temperature i n  t he  bed was brought  up s lowly t o  a l l o w  adequate 
t ime f o r  s u l f i d i n g  t o  occur. 

4.3.2 Resu l ts  

The y i e l d s  and product  analyses f o r  a l l  runs a re  shown i n  Table I 1  and 
the s o l u b i l  i t i e s  o f  t he  d i s t i l  l a t i o n  res idues i n  hexane, to luene and 
p y r i d i  ne i n  Table V I  . L i q u i d  chromatography analyses o f  the d i  s t i l  l a t e  
products a re  presented i n  Appendix A and c h a r a c t e r i z a t i o n  o f  the  res idues 
by d e t a i l e d  s o l u b i l i t y  ana lys i s  i n  Appendix B. 

4.3.2.1 O p e r a b i l i t y  

4.3.2.1.1 Coal D i s s o l u t i o n  (Runs DOE 493 and 494) 

Al thouyh rro d i f f i c u l t i e s  were repor ted  du r ing  run  DOE 493, coal  p a r t i c l e s  
apparent ly  s e t t l e d  o u t  o f  the  feed s l u r r y  i n  run  DOE 494, ' b i ock ing  the  
charge pump check valves. Since the  fo rmula t ions  and pump ra tes .were  the  
same f o r  bo th  runs, t he  d i f f e r e n c e  i n  behavior i s  n o t  understood. It may 
be t h a t  the  s l u r r y  was i n a d v e r t e n t l y  heated du r ing  run DOE 494. 

* The c a t a l y s t  i s  t r e a t e d  t o  reduce the  c rack ing  f u n c t i o n  and i s  suppl ied'  
as 1/32 i n c h  ex t rudates  r a t h e r  than 1/16 i n c h  as normal ly  produced. ' 

15 . . 



4.3.2.1.2 F i l t r a t e  Upgrading (Run DOE 495) 

P a r t  A o f  t he  run  was unevent fu l ,  b u t  pumping problems developed when 
p a r t  B was s ta r ted .  Th i s  was apparent ly  because o f  an increase i n  feed 
v i s c o s i t y *  which cou ld  n o t  be immediately accommodated f o r  by an increase 
i n s l u r r y  temperature. 

There were s a l t  depos i ts  i n  t he  product  separa t ion  system du r ing  the  l a s t  
t h r e e  p a r t s  o f  t h e  run  which were c leared by water i n j e c t i o n .  Plugging 
o f  t he  s l u r r y  letdown valves was a l so  a problem throughout most of the 
experiment and l e d  t o  a shutdown o f  the  l a s t  pa r t .  w 

4.3.2.2 Comparison o f  Shor t  Contact Time and SRC I 
Coal D i s s o l u t i o n  Stages i n  Two-Stage Processing 

4.3.2.2.1 Y ie lds  

The y i e l d s  a re  compared below fo r  t he  coal  d i s s o l u t i o n  stage, the f i l -  
t r a t e  upgrading stage and f o r  t he  combined f i r s t  and second stages: 

t DOE 493/495A DOE 494/495B 
Cond i t ions  

Residence Time i n  F i r s t  Stage, min 6.0 31.5 

Y fe lds ,  &% 

1 s t  Stage (based on coal  

C -C 1.5 5.3 
~ b t a O  o i l  5.2 10.9 
S RC 12.4 62.1 
I OM 6.7 5.3 
H2 Consumed 1.4 2.4 

2nd Stage (based on SRC)  

C -C 4.1 4.1 
~ b t a ' f  o i l  41 .O 36.4 
SRC 52.5 57.4 
H2 Consumed 7.9 7.6 

Combined (based on coal  
C =C I 4.6 8.0 
~ b t i f  o i l  .. . 36.5 34.9 
5RC 36.2 34 .6 

:' IOM 6.7 5.3 
HZ Consumed 7.4 7.4 

t Both  f i r s t  stages a t  450'-451°C (842-A44'F) and 2250 p s i g  w i t h  36 
w t  X I l l i n o l s  No. 6 coa l  i n  t he  s l u r r y  and 1 o r  2 w t  % hydrogen, 
based nn s l u r r y .  Both sccnnd st.ager a t  410-411'6 (710-'//YUF) , 2250 
p s l g  and 0.5 LHSV w i t h  50 wt % s t r i pped  f i l t r a t e  from F i r s t  stage 
and 50 w t  % r e c y c l e  HTSB I n  t h e  feed. 

* P a r t  A was s t a r t e d  w i t h  a m ix tu re  of so l ven t  and s t r i p p e d  f i l t r a t e .  
The so l ven t  was replaced by recyc led  h igh  temperature separator bottoms 
as the  run  progressed. P a r t  B was u n i n t e n t i o n a l l y  s t a r t e d  w i t h  feed 
c o n s i s t i n g  e n t i  r e l y  o f  s t r i p p e d  f i  1 t r a t e ,  which was much h igher  i n  
v i  scosi  t y  . 



The hydrocarbon gas y i e l d  i n  t he  f i r s t  stage was more than th ree  t imes as 
g r e a t  a t  t h e  longer  residence t ime wh i l e  hydrogen consumption was. i n -  
creased t o  2.4 from 1.4 w t  %, based on MF coa l .  O i l  y i e l d  was increased 
t o  10.9 from 5.2 w t  % and I O M  y i e l d  was s l i g h t l y  lower a f t e r  32 minutes. 

The y i e l d s  i n  t he  upgrading step were q u i t e  s i m i l a r  i n  bo th  ser ies.  
Although the  convers ion o f  SRC t o  o i l  was somewhat h igher  w i t h  t h e  SCT 
f i l t r a t e ,  t h i s  does n o t  necessar i l y  mean t h a t  t he  SRC made a t  6 minutes 
res idence t ime was more reac t i ve .  The most r e a c t i v e  p a r t  o f  t he  SRC may 
have a l ready been converted t o  o i l  i n  t he  f i r s t  stage a t  32 minutes r e s i -  
dence time. 

The o v e r a l l  o i l  y i e l d s  from the  combined stages were nea r l y  t he  same, i n  
f a c t .  The d i f f e r e n c e  i n  hydrocarbon gas y i e l d s  i n  t he  f i r s t  stages i s  
s t i l l  apparent i n  the  o v e r a l l  y i e l d s  as i s  t he  d i f f e r e n c e  i n  conversion. 

I t  must be k e p t  i n  mind t h a t  t he  y i e l d s  shown are  f o r  single-pass* runs  
and do n o t  represent  t h e  r e s u l t s  t h a t  would be obta ined i n  a r e c y c l e  
operat ion.  I n  p a r t i c u l a r , .  hydrogen consumption woul d be considerably 
1 ower i f  t h e  we1 1-hydrogenated sol  vent  range ma te r ia l  were recycled.  I t  
i s  f e l t  t h a t  the  t rends determined i n  t h i s  work a re  v a l i d ,  however. 

4.3.2.2.2 Product Q u a l i t y  

The d i s t i l  l a t e  products from the  SCT and SRC I coal  d i s s o l u t i o n  stages 
were n o t  much d i f f e r e n t  (Table 11). The products from the  SRC I opera- 
t i o n  tended t o  be l i g h t e r  ( l ower  b o i l i n g )  and s l i g h t l y  more hydrogenated. 
There were no c l e a r  t rends i n  heteroatom content.  The res idue from t h e  
30-minute d i s s o l u t i o n  was lower i n  molecular  weight  and/or f u n c t i o n a l  
group concentrat ion,  having a 1 ower fus ion  p o i n t  and 1 ower preasphal- 
tene** l e v e l  (Table V I ) .  

The d i s t i l l a t e  products from the  f i l t r a t e  upgrading stages were a l s o  
q u i t e  s i m i l a r .  There appeared t o  be a t r e n d  towards lower n i t r o g e n  
l e v e l s  and h igher  s u l f u r  l e v e l s  i n  t he  SCT product,  b u t  t he  abso lu te  
values were small ( genera l l y  l e s s  than 0.1 w t  %)***. 

* So lvent  was no t  r*ecycled back t o  t h e  f i r s t  stage. 
** Toluene i n s o l u b l e / p y r i d i  ne soluble.  

*** See a1 so Appendix A. 



The res idues  from the  second stage are  compared below: 

DOE 4931495A DOE 494/495B 

Residence Time i n  F i r s t  Stage, min. 6.0 31.5 ' 

D i  s t i  11 a t i o n  Residue Analyses 

Composition, w t  % 
H 
S 
N t 
Ma1 tene t t  
Asphal tene 
Preasphal tene - 

Fus ion Po in t ,  O C  

t Nondi s t i l l  eble/hexane soluble.  
tt Hexane inso lub le / to luene  soluble.  

The d i f f e r e n c e s  i n  elemental analyses a re  small. The res idue from 
upgrading o f  SCT f i l t r a t e  was h igher  i n  ma1 tene and preasphal tene and 
l ower i n  asphal tene. 

4.3.2.3 Comparison o f  Two-Stage and Three-Stage Processing 

The o v e r a l l  y i e l d s  from processing w i t h  two o r  t h ree  stages are  compared 
be1 ow: 

DOE DOE 
493/495A 488/490E/49 1A** 

---""--..n-. 

Condi t ions* 

Number o f  Processing Steps 2 

Y ie lds ,  w t  % MF Coal 

S RC 
I OM 
Ha Consumed 

* Run Cond i t ions  DOE DOE . -  DOE DOE 
488 8 493 490E 49 18 - 49 5 A  

Temperature, O C  450 403 ' 459 41 1 
O F  (842) (757) (858) (772) 

Pressure, p s i g  <------------------ 2250----------------> 
ResidencelTime, m i  n. 6 - - 10 - - 
LHSV, hr -  -- 0.5 - - 0.5 

** "Advanced Coal L i q u e f a c t i o n  Research," Q u a r t e r l y  Technical Progress 
Report f o r  t h e  Per iod  A p r i l  1, 1983 through June 30, 1983; December 
1983, PC50001-18. 



There was l i t t l e  d i f f e r e n c e  i n  y i e l d s  except f o r  a s l i g h t l y  h igher  o i l  
y i e l d  and hydrogen consumption and s l i g h t l y  lower SRC y i e l d  i n  the  3- 
stage sequence. Since t h e  increase i n  o i l  y i e l d  was small and the re  was 
a l s o  an increase i n  hydrogen consumption, t he re  seems t o  be l i t t l e  advan- 

, tage i n  going t o  th ree  stages. 

4.3.2.4 Reprocessing o f  Hydrotreated F i l t r a t e  

4.3.2.4.1 Y ie lds  

The h igh  temperature separator bottoms products from runs DOE 495A and B 
were passed through the  reac to r  again a t  t he  same cond i t i ons  i n  runs DOE 
495D and C, r espec t i ve l y :  

DOE 495D DOE 495C 

Residence Time i n  Coal 
D i s s o l u t i o n  Stage, min. 6 .O 31.5 

Yie lds,  w t  % SRC Fed 

C -C 4.7 4.9 
~ b t a f  o i l  26.5 20.4 
S RC 70.9 74.2 
Hz Consumed 3.8 4.5 

Somewhat more o i l  was produced from t h e  sho r t  con tac t  t ime SRC as was the  
case dur ing  the  f i r s t  pass through t h e  hydrotreater .  Hydrocarbon gas 
y i e l d s  and hydrogen consumption were n o t  very d i f f e r e n t .  I n  bo th  cases, 
t h e  y i e l d  o f  o i l  was l e s s  than i n  t h e  f i r s t  pass through the  hydro t reater  
(20-27 vs 36-41 w t  %). 

4.3.2.4.2 Product Q u a l i t y  

The d i s t i l  l a t e  products from the reprocessing were e s s e n t i a l l y  t he  same 
as those from the  f i r s t  pass through t h e  hyd ro t rea te r  except f o r  s l i g h t l y  
lower  hydrogen l e v e l s  i n  the  naphthas and middle d i  s t i l l a t e s .  

The n i t r o g e n  l e v e l s  i n  the  res idues were f u r t h e r *  reduced by t h e  addi- 
t i o n a l  processing as were the  fus ion  p o i n t s  and preasphal tene 1 eve1 s. 

4.3.3 Conclusions . 

There was no evidence t h a t  re t rog ress i ve  reac t i ons  (producing a more 
r e f r a c t o r y  SRC) took p lace between 6 and 32 minutes residence t ime i n  
the coal  d i  s s o l u t i o n  stage. 

Shor t  con tac t  t ime coal d i s s o l u t i o n  i s  p re fe r red  as the  f i r s t  stage o f  a 
two-stage process because o f  t he  much lower hydrocarbon gas y i e l d  and t h e  
small  d i f fe rence i n  o ther  o v e r a l l  r e s u l t s .  

There i s  l i t t l e  advantage t o  thermal hydrocracking i n  a separate stage 
subsequent t o  hydrogenation of f i l t r a t e  f o r  producing h igh  d i  s t i l l  a t e  
y i e l d s .  
-- -- 

* From what they were i n  the  f i r s t  hyd ro t rea t ing  step. 



4.4 Comparison of Fixed Bed and Slurry Catalys ts  
( D O E  496 - 498) 

4.4.1 Experimental 

I l l i n o i s  No. 6 coal was dissolved a t  shor t  contact  time (SCT) condit ions 
t o  prepare f i l t r a t e  f o r  upgrading s tud ies  (run DOE 496). Previously, a 
high grade, f ixed bed, commercial c a t a l y s t  was used i n  the  second stage 
t o  e s t ab l i sh  what could be accomplished when using a high concentration 
of qual i ty  c a t a l y s t .  In the current  work, the  fixed bed has been re- 
placed w i t h  s lu r ry  phase ca t a ly s t s ,  both commercial grade (run DOE 497) 
and disposable py r i t e  ( r u n  DOE 498). 

4.4.1.1 Run Conditions 

All run condit ions a re  summarized i n  Table I .  

4.4.1.1.1 F i l t r a t e  Preparation 

Run DOE 496 ( f i l t r a t e  preparation) was conducted a t  450°C (842°F) and 
2250 psig a t . a  nominal residence time of six ( 6 )  minutes. The r u n  condi- 
t i o n s  were chosen t o  match those used i n  previous shor t  contact  time 
f i l t r a t e  preparations.  The feed solvent was a heavy o i l  supplied by the  
Fo r t  Lewis pi . lot  plant .  The formulation fo r  the f i l t r a t e  preparation was 
36 w t  % I l l i n o i s  No. 6 conventionally cleaned coa l?  63.9 w t  % solvent,  
and 0.1 w t  % sodium carbonate (added t o  prevent possible ammonium chlo- 
r i d e  deposi ts  i n  l a t e r  upgrading). 

The high temperature separator bottoms (HTSB) product was f i l t e r e d ,  then 
s t r ipped  t o  175°C a t  2 mmHg. The residue from the s t r ipp ing  process was 
supposed t o  be a solution of 1:l d i s t i l l a t e  t o  SRC. Actually, the  res i -  
due was over s t r ipped so solvent s t r ipped t o  250°C (atmospheric) was 
added back during the s lurry  formulation process. 

4.4.1.1.2 Upgrading F i l t r a t e  w i t h  HDS 1443 Slurry Catalys t  

I n i t i a l  condit ions f o r  f i l t r a t e  upgrading using HDS 1443 a s  a s lurry  
c a t a l y s t  ( r u n  DOE 497) were 400°C (752"F), 2250 psig ,  2 hours residence 
time, 5 w t  % c a t a l y s t ,  and 1 w t  % hydrogen, based on s lurry .  The cata- 
l y s t  was reclaimed from the products and recycled. The decision t o  use 
the c a t a l y s t  i n  this way was based on 1) our shor t  supply, and 2)  i f  i t  
was ever t o  be used a s  a s lu r ry  c a t a l y s t  i n  a large-scale plant ,  co s t  
would d i c t a t e  t h a t  i t  be recovered. Therefore, the c a t a l y s t  being fed t o  
the reactor  was a mixture of reclaimed and f resh ca ta lys t .  I n i t i a l l y ,  
t h e  formulation was t o  contain 5 w t  % added ca ta lys t .  T h i s  appeared t o  
be too  h i g h  t o  sus ta in ,  so the level was dropped t o  2.5 w t  %. Based on 
inpu t  and output ra tes ,  a considerable amount of the c a t a l y s t  fed (ap- 
proximately 290 grams) remained i n  the reactor.  

Preliminary observations of gas y i e ld s  and product composition during DOE 
497A indic'ated a need fo r  more conversion so the temperature was . i n -  
creased t o  415OC (779°F) .for run DOE 497B. No data a r e  reported fo r  DOE 
497A due t o  a formulation e r r o r  during the material balance period. The 



The c a t a l y s t  being fed  i n  DOE 4978 cont inued t o  be a m ix tu re  o f  rec la imed 
and fresh. Fresh c,ata lyst  was added on ly  t o  make up f o r  hand l ing  
1 osses. 

Once a l l  o f  the f r e s h  c a t a l y s t  had been used, t h e  run cont inued a t  t h e  
same cond i t i ons  and t h e  c a t a l y s t  being used cons is ted o f  c a t a l y s t  t h a t  
had a l l  been reclaimed from previous products and had an oppor tun i t y  t o  
age somewhat. The change between f resh/ recyc l  e c a t a l y s t  and a1 1 r e c y c l e  
i s  denoted as runs DOE 497B-1 and DOE 4978-2, respec t i ve l y .  

The reac to r  temperature was increased t o  430°C (806°F) f o r  run  DOE 497C, 
a l l  o the r  cond i t i ons  being the  same as i n  DOE 4978. 

4.4.1.1.3 Upgrading F i l t r a t e  w i t h  P y r i t e  S l u r r y  Ca ta l ys t  

Run cond i t i ons  f o r  DOE 498A and 4988 were the  same as i n  DOE 4978 and DOE 
497C, respect ive ly ,  w i t h  the  exception t h a t  p y r i t e  was s u b s t i t u t e d  f o r  
t h e  HDS 1443 c a t a l y s t .  The p y r i t e  was n o t  reclaimed and recyc led s ince 
i t  i s  considered t o  be a disposable ca ta l ys t .  

4.4.1.2 Coal 

The coal used i n  run DOE 496 ( f i l t r a t e  prepara t ion)  was from the Consol i-  
d a t i o n  Coal Company's Burning S ta r  No. 2 mine ( I 1  l i n o i  s  No. 6 seam) i n  
DuQuoin County, I l l i n o i s ,  and i s  ranked as h igh  v o l a t i l e  - C bituminous. 
The coal was conventional l y  cleaned a t  t he  mine s i t e  prepara t ion  p lan t .  
The coal was from a 33 drum l o t  received i n  March 1983. It was ground by 
Empire Coke Company and sieved through a 150 mesh screen a t  Merriam be- 
f o r e  use. 

The composit ional ana lys i s  o f  t he  coal i s  shown i n  Table I I I a  and t h e  
petrographic ana lys i s  i n  Table I I Ib. 

4.4.1.3 Add i t i ves  

Sodium carbonate ground t o  pass 150 mesh was added du r ing  run DOE 496 i n  
t h e  amount o f  0.1 w t  % based on s lu r r y .  Sodium carbonate was added t o  
reduce the  chance o f  forming ammonium c h l o r i d e  s a l t  ,deposits which have 
been responsib le f o r  t h e  u n i t  p lugging i n  the  pas t  when l i q u e f y i n g  coa ls  
con ta in ing  h igh  l e v e l s  o f  ch lor ine .  

The s l u r r y  c a t a l y s t  being inves t iga ted  i n  run  DOE 497 was Cyanamid HDS 
1443 c a t a l y s t  (nickel-molybdenum on alumina). It was suppl i e d  as nominal 
1 /16 '  c y l i n d r i c a l  ext rudates and was ground by hand a t  Merriam t o  pass 
150 mesh. Analys is  o f  t h i s  c a t a l y s t  i s  presented i n  Table I V .  

The s l u r r y  c a t a l y s t  i nves t i ga ted  i n  run  DOE 498 was' p y r i t e  ob ta ined from 
C-E Minerals ( a  d i v i s i o n  of Combustion Engineering) which was mined a t  
Washington, Georgia, as a d i s c r e t e  mineral .  The c a t a l y s t  was f i n e l y  
ground under n i t rogen  by the  J e t  P u l v e r i z e r  Company, Palmyra; New Jersey. 
Ava i l ab le  analyses are  shown i n  Table I V .  



The so lven t  used i n  run  DOE 496 was rece ived from the  F o r t  Lewis p i l o t  
p l a n t ,  l o t  2397. Ava i l ab le  analyses are  shown i n  Table V. 

The feedstock t h a t  was prepared i n  DOE 496 was used i n  runs DOE 4978-1, 
4978-2,' 497C, 498A, and. 498B. Due t o  i n i t i a l l y  over s t r i p p i n g  the  feed- 
stock, i t  was necessary t o  add some d i s t i l l a t e  ( s o l v e n t  s t r i p p e d  t o  
2,50°C, 482'F) d u r i n g  t h e  s l u r r y  prepara t ion  step so t h a t  t he  r a t i o  o f  
d i s t i l ' l a t e  t o  SRC would be 1:l. 

4.4.2 Resu l ts  

The y i e l d s  and product  analyses are  shown i n  Table I 1  and the  so l ven t  
e x t r a c t i o n  data i n  Table V I  . L i q u i d  chromatography analyses o f  d i s t i l -  
l a t e s  and d e t a i l e d  s o l u b i l i t y  analyses o f  res idues a re  g iven i n  Appen- 
d i c e s  A and B, respec t i ve l y .  

4.4.2.1 O p e r a b i l i t y  

No process r e l a t e d  problems were encountered du r ing  runs DOE 496, 497 o r  
498. 

4.4.2.2 F i l t r a t e  Product ion 

Y i e l  ds f o r  recen t  f i l t r a t e  prepara t ion  runs are  shown be1 ow. React ion 
c o n d i t i o n s  were nominal ly  t h e  same f o r  a1 1  runs. 

Compari son o f  F i l t r a t e  Prepara t ion  Runs 

DOE DOE DOE DOE 
485 488 493 496 - - --  

Yield,  w t  % MF Coal 

C1-C4 1.6 1.5 1.5 1.9 

T o t a l  O i l  ( l o s s )  2.8 5.8 5.2 (0.3) 

Hz consumed, 

w t  % MF coal  1.4 1.4 1.4 1.3 

D i f f e r e n c e s  between t h e  runs are: . . 
1. DOE 485 used a  d i f f e r e n t  l o t  o f  I l l i n o i s  No. 6  coal  than the  

o t h e r  runs. 

2. DOE 496 used F o r t  Lewis so l ven t  l o t  2397, whereas t h e  previous . .. 
runs  ,used l o t  2335. 

,' 3. I n  DOE 496, 0.1 w t  X sodium carbonate was added i n  the  s l u r r y  
. . rec ipe .  



I n  run  DOE 496 t h e  feed appears t o  be l e s s  r e a c t i v e  (h ighe r  I O M  y i e l d )  
and i t  produced more hydrocarbon gas and l e s s  o i l  than the  o the r  runs. 
The on ly  poss ib le  reason f o r  the  lower r e a c t i v i t y  i s '  t h a t  DOE 496 used 'a 
d i f f e r e n t  l o t  of so lvent .  The so l ven t  used i n  DOE 496 (2397) i s  s i g n i f i -  
c a n t l y  l i g h t e r  and i s  a l so  o f  lower hydrogen content.  Table V shows 
a v a i l a b l e  ana lys i s  f o r  t he  2335 and 2397 solvents. 

4.4.2.3 F i l t r a t e  Upgrading; F i xed  Bed versus S l u r r y  C a t a l y s t  

A t r i c k l e  bed o f  h igh  q u a l i t y  S h e l l .  324 c a t a l y s t  was used i n  run DOE 
495A. Th i s  run  was repor ted  i n  sec t i on  4.3. That c a t a l y s t ,  s u p p 1 i e d . b ~  
C-E Lummus, conta ined 2.7 w t  % N i  ( a s  N i )  and 13.2 w t '  % Mo (as  Mo) .on 
alumina. The c a t a l y s t  had been rec la imed from prev ious  runs. 

4.4.2.3.1 Y i e l d  S t ruc tu re  

Run cond i t i ons  and r e s u l t s  compared t o  a  run us ing  HDS 1443 (3.0 w t  ,% 
n i c k e l  and 10.3 w t  % molybdenum on alumina) as a  s l u r r y  c a t a l y s t  a re  
presented be1 ow: 

Run cond i t ions :  
DOE 495A DOE 4978-2 

Pressure, p s i g  
Temperature, O C  

(OF) 
L i q u i d  Hour ly  

Space Vel o c i  t y  , hr-' 
Residence Time, , h r  
Hydrogen feed r a t e ,  

w t  % based on s l u r r y  
C a t a l y s t  

3.1 
F i xed  Bed 
NiMo/A1203 

--- 
2.0 

1 l o  
S l u r r y  

NiMo/Al j0, 

Y ie lds,  w t  X 
based on SRC f e d  

C -C 4.1 5.1 
~ b t a f  o i l  41 .O '- .30.2 
S RC 52.5 . 62.,6 , 

Hydrogen consumed 7.9 5.9 

The She l l  324 c a t a l y s t  gave g rea te r  y i e l d s  o f  t o t a l  o i l ,  as would be 
expected due t o  b e t t e r  mass t r a n s f e r  c h a r a c t e r i s t i c s  o f  . the t r i c k l e  bed 
compared t o  the  s l u r r y  c a t a l y s t .  A l a r g e r  hydrogen consumption r a t e  was 
a1 so observed. 

4.4.2.3.2 Product Q u a l i t y  

The t r i c k l e  bed processing produc-ed a  c leaner  product  t h a n  t h a t  produced 
w i t h  the  s l u r r y  c a t a l y s t .  Elementa'l analyses o f  t he  vacuum d l  s t i l  l a t e s  
and d i s t i l l a t i o n  res idue f o r  bo th  runs a re  shown below: 



ELEMENTAL ANALYSES OF 

Vacuum D i s t i l l a t e  D i s t i l l a t i o n  Residue 
Ru n  % C % H  % S % N % 0  % C % H % S % N % 0  

The vacuum d i s t i l  l a t e  produced when processing f i l t r a t e  i n  the  t r i c k 1  e  
bed mode w i t h  She l l  324 c a t a l y s t  was more h i g h l y  hydrogenated and lower 
i n  s u l f u r ,  n i t r o g e n  and oxygen than t h a t  produced us ing  ground HDS 1443 
as  a  s l u r r y  c a t a l y s t .  

The d i s t i l l a t i o n  res idue from run  DOE 4 9 5 A  was lower i n  n i t rogen  b u t  
h ighe r  i n  s u l f u r  compared t o  t h a t  produced when us ing  the  s l u r r y  cata- 
l y s t .  

1.1.2.1 E f f e c t  o f  Temperature and Cata ly  S L  on F i !  t r a t e  Upgradlncj 

4.4.2.4.1 Y i e l d  S t r u c t u r e  

The e f f e c t s  o f  temperature and c a t a l y s t  on hydrocarbon gas, t o t a l  o i l  and 
SRC y i e l  ds and hydrogen consumption du r ing  f i l t r a t e  upgrading are  shown 
I n  F i g u r e  4. 

I nc reas ing  t h e  temperature from 415OC t o  430°C (779 t o  8U6"F) increased 
t h e  hydrocarbon gas y i e l d  about 3.5 w t  %, based on SRC fed, w i t h  bo th  
c a t a l y s t s .  The ground HDS 1443 s l u r r y  c a t a l y s t  ( rec la imed) produced 
e s s e n t i a l l y  the  same amount o f  hydrocarbon gas as p y r i t e  a t  bo th  tempera- 
t u res .  

The t o t a l  a i l  y i e l d  increased by nea r l y  4.5 w t  X (based on SRC fed)  when 
i n c r e a s i n g  the  temperature from 415 t o  430°C w i t h  p y r i t e  s l u r r y  c a t a l y s t .  
When us ing  HDS 1443 a  10 w t  % inc rease was observed. The HDS 1443 pro- 
duced h igher  o i l  y i e l d s  than p y r i t e  a t  bo th  temperatures studied. 

SRC y i e l d s  decreased by about 7 w t  % when inc reas ing  temperature us ing  
p y r i t e  c a t a l y s t .  Decreasing the  temperatcrre when us ing  HDS 1443 de- 
creased SRC y i e l d s  by nea r l y  13.5 w t  %. 

Inc reas ing  the  temperature from 415OC t o  430°C increased hydrogen con- 
sumption 1.2 w t  % ( f r om approximately 6 t o  7.2 w t  %) us ing  HDS 1443 and 
0.9 w t  % ( f rom 3.6 t o  1.5 w t  "Al us ing  p y r i t e  as  the  c a t a l y s t .  

N e i t h e r  t h e  p y r i t e  nor  the  HDS 1443 c a t a l y ~ t s  gave y i e l d s  camparahle tn  
those obta ined when f i l t r a t e  was processed i n  the  t r i c k l e  bed mode us ing  
She1 1 324 c a t a l y s t .  The d i f f e r e n c e  i s  be l i eved  t o  be a  r e s u l t  o f :  

1. b e t t e r  mass t r a n s f e r  c h a r a c t e r i s t i c s  i n  a  t r i c k l e  bed (on l y  a  
t h i n  f i l m  o f  l i q u i d  i s  p resent  between t h e  hydrogen gas and 
c a t a l y s t  sur face) ,  

2 l e s s  favorab le  concent ra t ion  o f  s l u r r y  c a t a l y s t  r e l a t i v e  t o  the  
charge o f  f i l t r a t e  being processed. 



4.4.2.4.2 Product Qua1 i ty 

When us ing  s l u r r y  ca ta l ys t s ,  the  HDS 1443 produced a  lower n i t r o g e n  l e v e l  
i n  t he  vacuum d i s t i l l a t e s  than t h a t  obta ined when us ing  p y r i t e .  I n  com- 
par ison,  t he  t r i c k l e  bed run  (DOE 495A, sec t i on  4.3) was s u b s t a n t i a l l y  
b e t t e r ,  as can be seen below. 

Basic N i t rogen  (%)  
Run Number C a t a l y s t  i n  Vacuum D i s t i l l a t e  

DOE 495A She1 1  324 ( t r i c k l e  bed) 0.1 
DOE 497B-2 HDS 1443 ( s l u r r y )  0.5 
DOE 498A C-E p y r i t e .  ( s l u r r y )  0.6 

F igures  5 and 6 show the  e f f e c t  o f  temperature and c a t a l y s t  on t h e  e le -  
mental analyses (oxygen, n i t rogen,  and s u l f u r )  o f  the  d i  s t i l  l a t i o n  
res idue and d i s t i l l a t e  o i l s ,  respec t i ve l y .  It should be noted t h a t  the  
product  from run DOE 496 was the  feed used f o r  upgrading i n  runs DOE 
4978, 497C, 498A, 4988. 

It can be seen i n  F igu re  5  t h a t  t he  HDS 1443 c a t a l y s t  was e f f e c t i v e  i n  
t h e  removal o f  s u l f u r ,  n i t rogen  and oxygen. There was a  dec l i ne  i n  ac- 
t i v i  t y  when recyc l  i ng HDS 1443, b u t  i ncreas i  ng the  r e a c t i o n  temperature 
from 415 t o  430°C (779 t o  806OF) compensated. P y r i t e ,  which was n o t  
recycled,  was e f f e c t i v e  i n  removing s u l f u r  and oxygen from the  d i  s t i l  l a -  
t i o n  residue; however, i t  was n o t  as  e f f e c t i v e  as the  HDS 1443. P y r i t e  
had l i t t l e  e f f e c t  on the  n i t r o g e n  removal i n  t h e  d i s t i l l a t i o n  residue. 
I nc reas ing  the  temperature when us ing  p y r i t e  had no apparent e f f e c t  on 
n i t r o g e n  o r  s u l f u r  l eve l s ,  b u t  d i d  b r i n g  about a  decrease i n  the  oxygen 
1  eve1 . 
Elemental ana lys i s  o f  t he  d i s t i l l a t e  o i l s  (F igu re  6 )  shows s i m i l a r  t rends  
f o r  t he  HDS 1443 c a t a l y s t  as those observed i n  t h e  d i s t i l l a t i o n  residue. 
The HDS 1443 c a t a l y s t  was e f f e c t i v e  i n  t h e  removal o f  s u l f u r ,  n i t rogen  
and oxygen. There was a  dec l i ne  i n  a c t i v i t y  du r ing  c a t a l y s t  r e c y c l i n g  
(except  i n  sul  f u r  removal ) b u t  i nc reas ing  the  r e a c t i o n  temperature from 
415 t o  430°C compensated. S u l f u r  removal was apparent when us ing  p y r i t e ,  
b u t  no r e a l  e f f e c t  was n o t i c e d  -in r1.i trogen o r  oxygen removal. I nc reas ing  
t h e  temperature when us ing  p y r i t e  had no no t i ceab le  e f f e c t  on e i t h e r  n i -  
t r ogen  o r  s u l f u r  l e v e l s .  However, t h e  oxygen l e v e l  increased when i n -  
c reas ing  the  temperature. 

When inc reas ing  the  temperature w h i l e  us ing  p y r i t e ,  oxygen-bearing com- 
pounds are  apparent ly  being t ran 's fe r red  from the  d i s t i l l a t i o n  res idue t o  
t h e  d i s t i l l a t e  o i l .  Ph i s  i s  indicated by t h e  decrease i n  oxygen l e v e l  i n  
t h e  d i s t i l  l a t i o n  res idue and a  corresponding increase i n  t he  d i s t i l l a t e  
o i l  . Care shoul d be exerci sed when i n t e r p r e t i n g  p a t t e r n s  concerning 
elemental oxygen s ince t h i s  component i s  determi ned by d i  f ference.  

4.4.3 Conclusions 

Processing f i l t r a t e  w i t h  s l u r r y  c a t a l y s t s  does n o t  y i e l d  as much o f  the  
des i red  products as when us ing  Shel 1  324 c a t a l y s t  i n  t he  t r i c k l e - b e d  triode 
of  operat ion.  



I nc reas ing  t h e  f i l t r a t e  processing temperature increases the  hydrogen 
consumption and the  y i e l d s  o f  hydrocarbon gas and t o t a l  o i l .  

HDS 1443 ( n i c k e l  molybdenum on alumina) s l u r r y  c a t a l y s t  y i e l d s  more t o t a l  
o i l  and consumes more hydrogen than p y r i t e  i n  t he  s l u r r y  phase mode. 

4.5 I n t e g r a t e d  SRC I 1  Operat ion w i t h  Temperature Staging 
(Dot  504RA through HI 

4.5.1 Experimental  

S ince t h e  e a r l i e r  work had demonstrated 1 i ttl e advantage i n  a high-tem- 
pe ra tu re  h-ydrocracking stage fo r  product  upgrading, a h igh  temperature 
was a p p l i e d  i n  a f i r s t  stage i n  t h i s  ser ies. '  

4.5.1.1 Run Cond i t ions  

Cond i t ions  f o r  a l l  runs  a re  shown i n  Table I. The i n i t i a l  cond i t i ons  i n  
t h e  d i s s o l v e r  (s tage 2) matched those i n  an e a r l i e r  run* which represent- 
ed  t h e  l owes t  temperature and l onges t  residence t ime used p rev ious l y  w i t h  
t h i s  coal .  A l l  o f  t he  runs i n  t h i s  ser ies,  i n  f ac t ,  were conducted w i t h  
a r e l a t i v e l y  low temperature (400-420°C) and l o n g  residence t ime (1-112 
- 2-112 hours) i n  t h e  second stage d i sso l ve r .  Th i s  has been found t o  
g i v e  a h ighe r  d i s t i l 1 a t e : C  - C  r a t i o  ( 6  vs about 4 )  than convent ional  
processing a t  h igher  temperhtu$es and s h o r t e r  residence times. The tem- 
pe ra tu re  i n  t h e  top  th ree  zones o f  t he  preheater  (s tage 1) was r a i s e d  t o  
450°C (842°F) i n  an at tempt t o  e f f e c t  hydrocracking. 

I n  p a r t s  B through E o f  t he  run, an e f f o r t  was made t o  op t im ize  the  y i e l d  
s t r u c t u r e  by v a r y i n g  the  temperatures and residence t imes i n  bo th  stages. 
I n  p a r t s  A, B and C, t h i s  was accomplished by changing the  pump ra te .  I n  
p a r t  D, t h e  res idence t ime i n  the  f i r s t  stage was changed by runn ing  j u s t  
t h e  top two zones o f  the preheater  a t  the  h igher  temperature i ns tead  o f  
th ree .  

T i t an ium tet raphenoxide has been repo r ted  t o  e x h i b i t  hydrocracking a c t i v -  
i t y  i n  coa l  l i q u e f a c t i o n  and was added t o  the  feed s l u r r y  i n  a d d i t i o n  t o  
p y r i t e  a t  two d i f f e r e n t  d i s s o l v e r  temperatures and pump r a t e s  (DOE 504RF 
and G ) .  

The f i n a l  p a r t  o f  t he  run was a c o n t r o l  w i t h  the  same temperature i n  the  
t o p  p a r t  o f  t h e  preheater  and d i sso l ve r .  

4.5.1.2 Coal 

The coal used i n  a1 1 runs was from the  Amax B e l l e  Ayr Mine i n  Campbell 
County, Wyomi ng ( Wyodak-Anderson seam) and ranks as subbi tumi nous. The 
coa l  i s  a run-of-mine sample, ground by Empire Coke Company and s ieved 

* Run D o t  4S/RD, "Research on Sol vent  Ref ined Coal," Technical Progress 
Report f o r  t h e  Per iod  A p r i l  1, 1982 through J u l y  31, 1982; October 
1982, PC40005-23. 



through a 150 mesh screen a t  Merriam before  use. Th i s  coal  was rece ived 
a t  Merriam i n  February 1983 ( l o t  RM1030). 

The composi t ional  analyses are  shown i n  Table I I I a  and the  pe t rograph ic  
a n a l y s i s  i n  Table I I Ic. 

4.5.1.3 Add i t i ves  

4.5.1.3.1 P y r i t e  

The p y r i t e  used i n  a l l  runs was obta ined from C-E Minera ls  ( a  d i v i s i o n  o f  
Combustion Engineer ing)  and was mined a t  Washington, Georgia, as a d i  s- 
c r e t e  minera l .  The c a t a l y s t  was f i n e l y  ground under n i t rogen  by the  J e t  
P u l v e r i z e r  Company; Palmyra,' New Jersey. L o t  RM1003 was used i n  p a r t s  A 
through G o f  run DOE 504 and l o t  RM1024C i n  p a r t  H. Ava i l ab le  analyses 
f o r  bo th  l o t s  a re  shown i n  Table I V .  The c a t a l y t i c  . a c t i v i t y  o f  the  two 
samples i s  be1 ieved t o  be s i m i l a r .  

4.5.1.3.2 T i tan ium T e t r a ~ h e n ~ x i d e  

T h i s  chemical was purchased from Sharpe Chemicals Company, Burbank, Cal i- 
f o r n i a  ( l o t  OM-1106). I t  was 88 w t  % pure based on ashing a t  Merriam. 
No o the r  analyses were performed. 

4.5.2 Resu l ts  

4.5.2.1 O p e r a b i l i t y  

Operat ion was s a t i s f a c t o r y  i n  p a r t  A w i t h  2 hours residence t ime i n  the  
d i  ssol  ver  . ( second stage) a t  420°C (788°F). Conversion dropped o f f  quick- 
l y  i n  p a r t  B, however, when the  residence t ime was decreased t o  1-1/2 
hours. The feed s l u r r y  became very t h i c k ,  even a f t e r  the  l e v e l  o f  o i l  
was increased t o  10 from 4 w t  %. The c o n d i t i o n s  were changed (pump r a t e  
decreased) be fo re  p a r t  B was completely l i n e d  ou t  t o  avo id  a shutdown. 
Operat ion a t  t he  p a r t  B cond i t i ons  does n o t  appear t o  be feas ib le .  

Operat ion was smooth i n  p a r t s  C and D w i t h  2-1/2 hours residence t ime i n  
t h e  d i  ssulver- at; 420°C. Operat ion again became d i ' f f i c u l  t i n  p a r t  E when 
t h e  d i  ssol  ve r  temperature was dropped t o  400°C (75Z°F), b u t  steady stage 
was achieved. . The f i n a l  3 p a r t s  o f  t h e  run  proceeded smoothly. 

The ash balance i n  run  DOE 504RG was low a t  92%,,' b u t  t h e  reason coul d n o t  
be determined. The balances i n  t he  o the r  p a r t s  o f  the run  ranged from 
103 t o  116% ( a f t e r  c o r r e c t i o n  f o r  s u l f a t e  i n  t h e  ash) and are  reasonable 
f o r  t h i s  low rank coal.  These imbalances a r e  be l i eved  t o  be due t o  vola-  
t i l e  losses  and a re  the re fo re  forced. 



4.5.2.2 E f f e c t  o f  Temperature Staging 

4.5.2.2.1 Y i e l d  S t r u c t u r e  

The e f f e c t  o f  temperature s tag ing ( runn ing t h e  top th ree  zones o f  the  
preheater  a t  454"C, 849°F) i s  shown below: 

Condi ti onst 

Temperature i n  F i r s t  Stage, "C (OF) 
( t o p  3 zones o f  preheater)  

Y ie lds ,  w t  % MF Coal 

Hydrogen Consumption, w t  % MF Coal 

(by gas balance) 

DOE 
504RH 

t For  both, temperature i n  t h e  second stage was 420°C (788OC), 
pressure was 2250 p s i g  and residence t ime was 7.5-7.6 minutes 
i n  t h e  f i r s t  stage and 1.9 hours i n  the  second stage. 

Al though t h i s  comparison ind i ca tes  a small improvement i n  o i l  y i e l d  and 
convers ion  due t o  the  f i r s t  stage, t h i s  r e s u l t  was n o t  borne o u t  dur ing  
t h e  o t h e r  p a r t s  o f  t he  run*. I n  the  o the r  runs w i t h  a f i r s t  stage tem- 
p e r a t u r e  o f  450°C (842°F) and second stage temperature o f  420°C (780°F), 
t o t a l  o i l  y i e l d  ranged from 46.5 t o  48.7 w t  % and I O M  y i e l d  from 2.5 t o  
2.8 w t  %. It appears, therefore,  t h a t  any increase i n  o i l  y i e l d  o r  con- 
v e r s i o n  brought  about by t h e  h igh temperature i n  the  f i r s t  stage was very 
smal l .  The hydrocarbon gas y i e l d  was increased t o  9.5 from 7.4 w t  % by 
t h e  h igher  f i r s t  stage temperature. 

4.5.2.2.2 Product ~ u a l ' i t y  

t h e r e  were no s ign i . f i can t  d i f f e rences  i n  product  q u a l i t y  due t o  the  high- 
e r  temperature i n  t h e  f i r s t  stage (Tables I 1  and V I ) .  . 

4.5.2.3 E f f e c t  o f  Residence Time 

4.5.2.3.1 y i e l d  St ruc tu re  

Residence t ime was v a r i e d  i n  bo th  stages ( d i s s o l v e r  and top o f  pre- 
hea te r )  : 

* The y i e l d s  i n  run  DOE 504RA were b e t t e r  than expected, as discussed i n  
t h e  next  section.' 



Condi t i  onst 

DOE DOE DOE DOE 
504RB 504RA 504RC 504RD - 

Residence Time 
F i r s t  Stage, m i n  6.0 7.5 9.4 6.3 
Second Stage, h r  1.5 1.9 2.4 2.4 

Yields, w t  % MF Coal 

C -C 
~ b t a f  Oil 

Hydrogen Consumed, 
k t  % Mk Coal 

(by gas balance) 4.8 5 .O 5.7 5.6 

t All a t  2250 psig and 443-454°C (829"-849°F) i n  the f i r s t  stage 
and 419-421°C (786-790°F) in  the second stage. 

The hydrocarbon gas yield increased as the residence time i n  both stages 
increased from DOE 504RB to A to  C .  There was an unexplained maximum i n  
o i l  yield and minimums in SRC and IOM yields  a t  the intermediate . r e s j -  
dence time ( D O E  504RA). The higher apparent react ivi ty  in part  A may 
have been due to the fresh reactor*. Part  B of the run was not complete- 
ly  1 ined o u t  and total  oi l  yield would be expected to  go lower and SRC 
yie ld  higher i f  a steady s t a t e  could be reached. There was no signifi.- 
cant difference in .y ie lds  brought about by ,reducing the residence time i n  
the f i r s t  stage while keeping the second stage residence time constant 
(DOE 504RD vs 504RC). . . 

4.5.2.3.2 Product Quality 

There were no s ignif icant  differences in d i s t i l l a t e  elemental analyses i n  
the f i r s t  four parts of pun DOE 504R (Table 11). The reason for  the 
unusually low nitrogen level in the DOE 504RA heavy d i s t i l l a t e  i s  not 
known. 

There was also l i t t l e  difference in d i s t i l l a t i o n  residue proper,'ties ex- 
cept for  a s l igh t  decrease i n  preasphaltene level (Table V I )  a s  residence 
time in the dissolver was increased. 

* I .e.,  from the clean metal surface or longer actual residence time 
prior  to  possible deposition of solids l a t e r  in the r u n .  An e f f e c t  of 
t h i s  s ize i s  not expected, however. 



4.5.2.4 E f f e c t  o f  Temperature 

4.5.2.4.1 Y i e l d  S t r u c t u r e  

The d i s s o l v e r  temperature was lowered i n  p a r t . E  o f  t h e  run: 

Condi ti onst  
DOE 504RC DOE 504RE 

Temperature, 'C ( O F )  

i n  D i s s o l v e r  (2nd stage) 420 (788) 400 (752) 

Yie lds,  w t  % MF Coal 

C -C 
~ h t a ' f  O i l  
S RC 
I OM 

Hydrogen Consumed, 
N t  % Mk Coal 

(by  gas balance) 

t Temperature o f  448-449°C (838-840°F) i n  f i r s t  stage, 2250 p s i g  
and residence times o f  9.4-9.7 minutes i n  the  f i r s t  stage and 
2.4 hours i n  t h e  second stage. 

The hydrocarbon gas y i e l d  was s i g n i f i c a n t l y  h igher  a t  t he  h igher  second 
stage temperature and SRC y i e l d  lower. Hydrogen consumption was i n -  
creased. There was a1 so a s l i g h t  increase i n  t o t a l  o i l  y i e l d  and s l i g h t  
decrease i n  I O M  y i e l d  a t  420°C (788°F). The d i s t i l l a t e  t o  gas r a t i o  was 
much h igher  a t  t h e  lower  d i s s o l v e r  temperature (6.6 vs 4.6). 

4.5.2.4.2 ~ r o c l u c t  Q u a l i t y  

The s u l f u r  l e v e l  i n  t h e  d i s t i l l a t e  products was h igher  a t  t h e  lower d i s -  
s o l v e r  temperature i n  run DOE 504RE (Table 11). There was n o t  much 
change i n  o the r  d i s t i l  l a t e  analyses. 

The two d i s t i l l a t i o n  res idues a l so  had s i m i l a r  p r o p e r t i e s  except f o r  a 
s l  i g h t l y  1 ower preasphal tene l e v e l  a t  t he  h igher  d i  ssol  ve r  temperature. 



. . 

4.5.2.5 E f f e c t  o f  T i tan ium Add i t i on  

4.5.2.5.1 Y i e l d  S t ruc tu re  
. . . * 

T i  taniu'm was added a t  two sets o f  cond i t ions :  

DOE 
504RA 

Condi t i o n s t  

Temperature i n  Stage 2 420 
(D isso l ve r ) ,  "C (OF) (788) 

Residence Time i n  
Stage 1, min. 7.5 
Stage 2, hrs .  1.9 

T i tan ium Added N o 

Yields,. w t  % MF Coa.1 

DOE I 
504RG I 

1 
I 

420 1 
(788) 1 

I 
7.8 1 
2.0 1 
Yes I 

I 

DOE 
504RE 

400 
(752) 

9.5 
2.4 
No .. 

DOE 
504RF 

9.7 
2.5 
Yes 

, Hydrogen Consumpti on, 
a I 

w t  % MF Coal I 
(by gas balance) 5.0 5.1 I 5.0. 5.1 . 

t A1 1 w i t h  448-454OC (838-849°F) i n  t he  f i r s t  stage and.2250 psig.  
. . . . . . . ,  . 

There was no evidence t h a t  t i t an ium,  which has been repo r ted  t o  be a 
c rack ing  c a t a l y s t ,  improved the  y i e l d  s t ruc tu re .  I n  f ac t ,  i n  t he  two 
compari sons above, the y i e l  ds were b e t t e r  w i thou t  t i t a n i u m  add i t i on .  The 
t o t a l  o i l  y i e l d s  were h igher  and SRC and I O M  y i e l d s  lower. 

4.5.2.5.2. Product Q u a l i t y  

I n  most cases, the  hydrogen and s u l f u r  contents o f  t h e  d i s t i l l a t e  pro- 
duc ts  were s l i g h t l y  l e s s  when t i t a n i u m  was added (Table 11). There was 
n o t  much d i f f e r e n c e  i n  o the r  d i  s t i l  l a t e  analyses. 

The res idue from p a r t  G had a h igher  preasphaltene l e v e l  than t h a t  from 
p a r t  A (Table VI )  a l though the  fus ion  p o i n t  was lower. The d i s t i l l a t i o n  
res idues from p a r t s  E and F o f  t he  run had near ly  i d e n t i c a l  p roper t ies .  

4.5.3 Conclusions 

There i s  no apparent advantage i n  temperature s tag ing  as p r a c t i c e d  i n  
t h i s  work. Hydrocarbon gas y i e l d  i s  increased by adding a h igher  temper- 
a t u r e  f i r s t  stage w i thou t  a s i g n i f i c a n t  increase i n  t o t a l  01'1 ySe ld  o r  
conversion. 



A t  a second stage ( d i s s o l v e r )  temperature o f  420°C, the re  i s  no improve- 
ment ' i n  y i e l d s  brought  about by i nc reas ing  the  residence t ime i n  the  
f i r s t  stage t o  9.4 from 6.0 minutes and i n  the  second stage t o  2.4 from 
1.5 hours. The system does n o t  appear t o  be operable a t  . t he  sho r tes t  
.residence time, however. 

A t  400°C ( 7 5 2 ' ~ ) '  d i s s o l v e r  temperature, t he  o i l  y i e l d  and conversion are  
s l i g h t l y  lower  than a t  420°C (788OF). The gas y i e l d  i s  much lower, how- 
ever, r e s u l t i n g  i n  a much higher r a t i o  of d i s t ' i l l a t e  t o  gas. 

The a d d i t i o n  o f  t i t a n i u m  (as t i t a n i u m  tetraphenoxide) does n o t  improve 
t h e  y i  e l  d' s t r u c t u r e  o r  product  qua1 i ty , 



5.0 EPIDEMIOLOGY RESEARCH - 

E f f o r t s  t h i s  qua r te r  were concentrated on the  1 ocat ion,  c o l l  e c t i o n  and 
p repa ra t i on  f o r  computer izat ion o f  medical records f o r  a1 1 workers i n -  
vo lved w i t h  the  SRC process. Ex t ra  e f f o r t s  were requ i red  t o  l o c a t e  the  
medical records f o r  former empl oyees n o t  r e a d i l y  avai 1 ab l  e from w i t h i n  
t h e  medical department. A l l  in-house medical records have been pro- 
cessed, coded and computerized and have undergone p re l im ina ry  e d i t  
checks. However, due t o  var ious  phys ica l  exami n a t i o n  forms the  computer- 
i z e d  data s t i l l  need t o  be standardized f o r  f u t u r e  s t a t i s t i c a l  analys is .  

Other work t h i s  qua r te r  centered around coding o f  the  d e t a i l e d  work h i s -  
t o r y  f o r  t he  SRC employees. Th i s  requ i red  l o c a t i n g  and o b t a i n i n g  copies 
o f  t he  personnel records f o r  a1 1 employees. D i  f f i c u l  ty was encountered 
i n  l o c a t i n g  personnel records o f  the  former Merriam Lab (Spencer Chemi- 
c a l )  employees because o f  the  e a r l y  yea rs  i n  which they worked. Only 
records f o r  8 o u t  o f  39 Spencer Chemical employees have been found and 
e f f o r t s  a re  be ing  cont inued t o  l o c a t e  the  remaining records. The de- 
t a i l e d  work h i s t o r y  coding f o r  a l  1 F o r t  Lewis employees (N=389) was com- 
p l  eted. S i m i l a r  coding f o r  the  Harmarv i l  l e  P-99 u n i t  employees was begun 
a t  which t ime an a d d i t i o n a l  39 se rv i ce  (maintenance) employees were 
i d e n t i f i e d  and have now a l s o  been inc luded i n  the  cohor t  f i l e .  

The ' fo l low-up o f  Gu l f  employees w i t h  a survey quest ionna i re  has been. 
delayed due t o  the  necess i ty  o f  r e c e i v i n g  approval from OMB t o  admin is te r  
t he  quest ionnaire.  A proposal f o r  o b t a i n i n g  t h i s  approval was d r a f t e d  and 
sent  t o  D,OE f o r  t h e i r  review. , Several r e v i s i o n s  were made t o  t h e  propo- 
sa l ,  per  DOE'S suggestions. The f i n a l  d r a f t  w i l l  be forwarded t o  OMB by 
DOE. Desp i te  t h i s  delay, o ther  work f o r  p repa ra t i on  o f  the fo l low-up 
survey was continued. A id  was e n l i s t e d  from several former G u l f  F o r t  
Lewi s empl oyees i n  i d e n t i f y i n g  addresses and f u r n i  sh i  ng o ther  1 eads f o r  
l o c a t i n g  the  ex-For t  Lewis employees who s t i l l  had an unknown address 
a f t e r  checks o f  l o c a l  telephone and Polk d i r e c t o r i e s .  



6 .0  BENCH SCALE UNIT MODIFICATIONS - -- .- -. 

6 . 1  T r i c k l e  Bed Reactor 

A t r i c k l e - b e d  hydrotera ter  was i n s t a l l e d  i n  t h e  r e a c t o r  a i r  furnace f o r  
run DOE 495R. The r e a c t o r  vessel (DOE #2) was 1-112 inches ID .by 59 
inches long. It  was packed w i t h  c a t a l y s t  as described i n  sect ion 
4.3.1.4. 



TABLE I 

Condi t i  ons summary 

Opergtlng Mode 
Coal 
D l  ssol ver 

S lu r r y  Formulatlon, 

S lu r r y  Composltlon, wtS b 

Coal 
Mlddle D l s t l l l a t e  

( 193-250°C, 380-48Z°F) 
Heavy D I s t i l  l a t e  

( >250°C, 482'F) 
S RC 

Slur ry  Feed Rate 
g/hr 
1 b /hr / f t3c  

Reactor Nomf nal s l u r r y C  
Resldence Tlme, h r  (min) 

L i q u i d  Hourly Space 
Velocl ty ,  h r  

Preheater Noml nal S lu r r y  d 

Resldence Tive, mln 
Coal Feed Rate 

g/hr 
1 b /h r / f  t3 

Hydrogen Feed   ate^ 
Mol e/hr  
w t  Xfbase$ on s lu r r y  
MSCF /ton of coal 

Pressure, ps lg  
Reactor Temperature, O C  

Ayerage (OF) 
D 1 ssol ver zone9 

6 ( t op )  
5 
4 
3 
2 
1 (bottom) 

Preheater ~ e m ~ e r a t u r e ~ ,  O C  

Top 
M I  ddl e 
Bottom 

DOE 495A 1 DOE 4950 1 DOE 495C 1 DOE 495D 
I I I 

DOE 493 

SCT . -F l l  t r a t e  Upgrading-- --------> - - I -- I - - 
.-------- DOE 2-------- --------> 
Downflow T r i c k l e  Bed 

I 

DOE 494 

SRC I 

I 
50 w t  % s t r ipped 

F i l t r a t e  from DOE: 
493 1 494 

50 w t  % Recycle H T S B ~  
I 

c - I l l i n o i s  No. 6----> 
Short 

Contact 
Tfme I 

36 w t  % coal 
64 w t  % +250°C 
SRC I 1  Solvent 

I <-------36.0-------> 

I 
50 w t  % H T S B ~  from I 

DOE : 
4950 1 495A 

50 w t  S Recycle HTSB 
I 



. 
TABLE I (Continued) 

Condl t l o n s  

Operatlng Mode 
: 

coal  a 

Sol vent  

D l  ssol ver b S l u r r y  Formulation, wt % 
Coal 
Solvent I 

F l l  tl;ate 
HTHP Bottoms (Recycled) 
AMI t i v e  

b S l u r r y  Composition, wt % 
Coal 
Middle D i s t i l l a t e  

( 193-250°C, 380-482OF) 
Heavy O l s t l l l a t e  

( >250°C, 482OF) 
SRC 
Add i t i ve  

Feed Rate, g /hr  
S l u r r y  
Coal 

Feed Rate, 1 b /hr / f  t3 
S l u r r y  
Coal 

Add1 t i v e  Add1 t l o n  Rate, 
w t  X based on S lur ry  

N1 
Mo 
Fe 

Nominal S lu r r y '  Rest dence 
Tlme, Hr CMln.1 

Reactor 
Preheater e . 

Hydrogen Feed Rate, 
Mole/Rlr 
w t  Xf based on s l u r r y  
MSCF / ton o f  coal 

Pressure, p s l g  
D l  ssol ver Temperature, *C 

Average 
Ols6ol  ver  zoncg 

6 (trip) 
5 
4 
3 
2 
I (bottom) 

Preheater ~ e m p e r a t u r e ~ ,  O C  

TOP 
Ml ddl e 
Bottom 

DOE 
496 

..Coal 
Dt sso lu t ion  
I l l l n o i s  446 

Conventional l y  
Cleaned 

Ft. Lewls 
Heavy 01 1 

SCT ( 2 0 0 ~ ~ )  

36 .O 
63.9 -- - - 
0.1 

Na2C03 

36.00 

8.66 

52.97 
2.27 
0.10 

2236.4 
791.1 

698.1 
246.9 

-- -- - - 

(6.2) 
(10.0) 

11.42 
1.03 

11.0 

451 

45WO 
45lTO 
451~11 - 
402+2 
395? 
3 2 ~ 5  - 

0 OE 
4978-1 

DOE 
4978-2 

<-------- 

-- 

- - 
<----------DOE 

-- - - 
48.75 
48.75 

e.s 
<--------HDS 

- - 
2.56 

54.06 
40.88 

2.50 

1233.5 -- 
35.5 -- 

0.075 
0.26 - - 

2.0 
'18.2) 

25.13 
4.11 - - 

415 

415+0 
4 l G O  
41GO 
41GO 
41sO 
4 1 E 1  

401+0 
39970 
388Fl - 

DOE 
4988 

DOE 
497C 

DOE 
498A 

Stage)-------> 

- - 
-- 

- - 
. -- 

48.75 
40.75 

2.5 
<----pyrfte---> 

- - 
2.64 

52.96 
41.90 
2.50 

1237.9 - - 
35.6 - - 

-- - - 
1.06 

2.02 
'(18.1) 

25.12 
4.09 - - 

430 

432+0 
431TO 
431n 
42pO 
43170 
4t970 - 
403+0 
40GO 
38eO 

Hydrogenatlon (2nd 

- - 
- - 

- - 
-- 

-- 
-- 

ff2 

- - - - 
48.75 
48.75 

e.5 

- - 
2.62 

53.40 
41.48 
2.50 

1240.8 - - 
35.7 -- 

0.075 
0.26 -- 

2.01 
(18.1) 

25.13 
4.08 - - 

<---------------1-------------2250---------------.------> 

415 

41540 
41670 
41GO 
41GO 
41GO 
41GO - 
401+1 
40170 
389TO - 

Upf l  OW 

-- - - 
48.75 
48.78 

2.5 
1443.-------> 

- - 
2.80 

55.58 
39.12 
2.50 

1228.5 -- 
35.3 - - 

- 0.074 
0.26 - - 

2.03 
(18.3) 

25.13 
4.12 -- 

431 

430+0 
431TO 
43170 
431T0 
431TO 
'131zl 

404+0 
402T2 
390T1 - 

(2170~~) - - - - - - - ->  

-- -- 
48.75 
18.75 

2.5 

-- 
2.92 

51.83 
42.75 
2.50 

1250.2 - - 
36.0 -- 

-- - - 
1.06 

2.00 
(17.9) 

25.12 
4.05 - - 

415 

4 1 9 0  
416% 
4 1 e l  
414FO 
416TO 
4 1 0  

403+1 
39970 
386Tl - 



TABLE I (continued) 

Condi t i o n s  

Operating Mode 
Coal 
Sol vent 
01 ssol ver 
S lu r ry   orm mu la ti on^, wt S 

Coal 
Sol vftnt 
HTHP Bottoms 
Add i t i ve  

Feed Rate, g/hr 
S lu r ry  
Coal 

Feed Rate, I b / h r / f t 3  
S lu r ry  
Coal 

Addi t i v e  Addi t i o n  Rate. 
wt S based on s l u r r y  

Fe . 
Co 
Mo 

Nomi nal ~ i u r r y  Residence 
Time, Hr.,(Mln.) 

Reactor: 
Preheater 

'Hydrogen Feed   ate^ . 
Mole/hr 
wt %, based on s l u r r y  
MSCF / ton  o f  coal 

Pressure. ps ig  
D i  ssolver Temperpture, *C 

Average 
01 ssolwer zoneg 

6 ( top )  
5 
4 
J 

2 
1 (bottom) 

Preheater Temperatureg. O C  

TOP 
Middle . 
Bottom, . 

DOE DOE DOE DOE DOE DOE DOE DOE DOE DOE 
A 4998 499C 500A 5008 500C 5000 5OOE 5OOF 5OOC I 



TABLE I (Con t'i nued) 

Condt t tons  

Operat t  ng Mode 

. Coala 
So lven t  
Dt  ssol v e r  
S1urr.y ~ o n n u l a t l o n ~ ,  wt. x 

Coal 
S o l v ~ j n t  . 
HTHP 
A d d i t i v e  . 

. . 
s l u r r y  composirion, wt  x b 

Coal 
Mtdd le  D i s t i l l a t e  

( 193-2509C, 380-482°F) 
Heavy D i s t i l l a t e  

( >250°C, 482OF) 
SRC 
I OM 
Ash 
Py r't t e  

Feed Rate, g /h r  
S l u r r y  
Coal 

Feed Rate, lb/hr./FL 3 
S l u r r y  

' . . Coal 
Add1 t l v e  A d d t t t n n  99te.  

. w t  % bascd on s l u r i y  
based on coal '  

Fe 
C u . .  . 
Mo 

Nominal S l u r r y  Residence 
Ttme, Hric(M1n.). 

Reactor 
Preheater: 

Hydrogen Feed  ate^, 
Mol e /h r  
w t  'tt based on , s l u r r y  
MSCF / t o n  o f  c o a l  

Pressure, p s i g  
D l  ssol ve r  Temperature, "C 

Average 
Dt  ssol ver  zone9 

6 ( t o p )  
5 
4 

. 3 -  
2 
1 (bot tom) 

 ret ti eater ~ e m ~ e r a t u r e ~ ,  OC 
TOP 
M i d d l e  
Bottom 



TABLE 1 (Cont inued)  

Operating Mode 
Coal 
D isso lve r  
S l u r r y  Formr la t ion,  wtS b 

c o i l  
Recycled' H T S B ~  
Recycle Solvent 
~ d d i  t i  ve 

S l u r r y  Composition, wt% 
b 

Coal 
Midd le D i s t i l l a t e  

(193-288'C, 380-550°F) 
Heavy O i s t i l l a t e  

( >288'C, 55O0F ) 
SRC 
I OM 
Ash ( f rom recyc led HTSB) 
P y r i t e  
T I  tanium Tetraphenoxide 
To ta l  Sol ids 

S l u r r y  Feed Rate 
g/h> 
1 b / h r / f t 3  

D i  sso lver  Nomi na l  S l u r r y  
Residence Time. h r  (min lc  

Preheater Nomlnal Sluj i ry 
Residence Tlme, mln 

High Temperature Zone 
Low Temperature Zvne 

Coal Feed Rate 
~ - 

g /hr  
1 b / h r / f t 3  

Hydrogen Feed   ate^ 
Mo le lh r  
w t  Sfbased on s l u r r y  
MSCF / t o n  o f  coal 

Pressure, ps ig  
Oi sso lver  'Temperature. OC 

Average OC 
(OF) 

O i  ssol ver  zone9 
6 ( t o p )  
5 

1 (bottom) 
P~.ehccts~~  Tes~peracure. "C 

Average i n  High Temp. Zone 
( F i r s t  Stage) 

Preheater Zone 
High Temperature Zone 

5 ( t o p )  
4 
3 

Preheater Zone 
3 
2 
1 (bottom) 

3 3 a) See Table I 1 1  f o r  coal analyses. b )  Dry coal basis. c )  Reactor volume 200 cm (0.00706 f t  ) f o r  runs DOE 494, 496, 
3 3 3 4998 8 C. 500A-G, 501, 502 and 503; 1091 cm (0.03853 f t 3 )  i n  run DOE 494; 2170 cm (0.07663 f t  ) i n  runs DOE 495, 4975- 

3 3 3 1 8 2. 497C. 498A 8 B and 504 A-H; 445 cm (0.01571 f t  ) i n  DOE 499A; assumed s l u r r y  dens i ty  1.15 gm/cm . d) Preheater 

volume - 240 cm i n  runs DOE 504A-H, 325 cm3 i n  others. Top two zones o f  preheater used as f i r s t  stag? reac to r  i n  run  

,DOE 504RD. Top 3 zones used as such i n  o the r  p a r t s  o f  run DOE 504R. e l  Hydrogen feed r a t e s  do no t  i nc lude  t h a t  added 

as DP c e l l  purge. f )  One thousand cubic  f e e t  a t  60°F and one atmosphere. g) Average and standard dev ia t i on .  h) High 

DOE 
504RA 

<-------- 
< -------- 
< - - - - - - - - 
30.0 
64.4 

4.0 
1.6 

30.0 

4 .O 

21.5 
26.8 

2.2 
13.9 

1.6 
*- 

47.7 

1333 
38.3 

1.87 

7.5 
5.0 

388 
11.2 

24.91 
3.77 

48.7 

420 
(788) 

420+0 
42170 
42070 
4 2 070 
42070 
4 1 9x6 

454 

456+5 
455T6 
4 5 1 7 4 .  

430+2 
33E10  

temperature, high pressure separator but lu l l~s.  

DOE 
504RC 

DOE 
504R8 

.-----------SRC 
,.---------. 
. - - - - - - - - - 

30.0 
64.4 

4 .O 
1.6 

30 .O 

3.3 

20.2 
28.2 

3.1 
13.6 

1.6 - - 
48.3 

1645 
47.3 

1.52 

6.0 
4.0 

479 
13.8 

34-27 
4.21 

54.2 

419 
(786) 

419+0 
419TO 
41970 
419TO 
419TO 
419zO 

443 

442+3 
4 4 6 1  
442x2 

430t2 
3 7 c 3  

DOE 
504RO 

DOE 
504RE 

11 w i t h  ----------- 
. - - - - - - - - - - - 

30.0 
64.4 

4.0 
. 1.6 

30.0 

6.2 

18.7 
26.8 

3.1 
13.6 
1.6 - - 

48.3 

1055 
30.3 

2.37 

9.4 
6.3 

307 
8.8 

(--------.------- 
3.76 

40.5 

420 
(788) 

420+0 
42070 
420TO 
42070 
420Tl 
42EO 

449 

448+0 
45071 
448z1 

4 3 5 ~ 1  
3 1 7 9  

, 

. 

DOE 
504RF 

----------.--- . 
Ayr-------.----------.----------.------> 
2---------.----------.--------*-.------> 

30.0 
60.8 

7 .O 
2.2 

30.0 ' 

4.4 

25.0 
25.2 

3.0 
10.2 

1.6 . 
0.6 

45.4 

1020' 
. 29.3 . 

2.45 

9.7 
6.5 

296 
8.5 

3.89 
50.3 

. 401 - 
(754) 

400+1 
40170 
39971 

, 401TO 
40lTO 9 

401:O 

448 

451+1 
451T1 ' 

443Zl . 
. . 

414+2 
334z16 

1 I1 
Temperature Staging-- 

)- ----- B e l l e  
. . - - - - - - - DOE 

30.0 
64.4 

4.0 . 
1.6 

30.0 

4.6 

19.2 
27.4 

3.2 
14.0 

1.6 - - 
48.8 

1045 
30.0 

2.39 

6.3 
9.5 

303 
8.7 

DOE 
504RG 

L> . 
0 ' .. 

30.0 
6'3 : 8 
; 4,O 

2.2 

'.30.0 

. 3.2 

23.7 
' 23.9 

3.1 
13.9 

.. .1.6 
0,6 

49.2 . 
1'273 

-36.6 

1.96 

7.8 
5.2 

369 
10.6 

<-----24.91-----> 

30.0 
61.4 

7.0 
1.6 

30.0 

4.1 

24.7 
26.9 

2.7 
10.0 
-1.6 -- 

44.3 

1042 
30.0 

2.39 

9.5 
6.4 

303 
8.7 

19.64----------------> 

DOE 
504RH 

-- 

30.0 
61.4 

7.0 
1.6 

30.0 

3.6 

25.2 
26.0 
2.6 

11.0 
1.6 -- 

45.2 

1315 
37.8 

1.90 

7.6 
5.0 

382 
11.0 

3.80 1 4 E 1  49.1 
<------------------.-----------.--------2250-------------------------------.------> 

421 
(790) 

421+0 
421TO 
42070 
42071 
42171 
42EO 

451 

4 5 0 ~ 2  
4 5 2 ~ 1  

4 2 6 ~ 3  
35721 
27223 

3.95 
51.2 

: 420 
( 708 1 

421+0. 
42070 

,419TO 
421TO 

. 4 2 1 a  
42QZO 

,449 

452+1 
451'il 
4 4 3 3  

411+2 
314z16 

3.83 
49.4 

420 
(788) 

420+0 
420TO 
418% 

,42170 
. 4 2 1 0  

42OLO 

417 

421+1 
42051 

' 411x1 

376+1 
3 4 7 3  



TABLE I 1  

Resul ts  Summary 

C + (gas) 
~ i ~ h t h a ,  <193OC (380°F) 
Mlddle D l s l l l a t e  

193-250°C (380-482OF) 
Heavy D l s t l l l a t e  

>250°C (482OFl 
Tota l  011 

(C5-Heavy D l  st11 l a t e )  

SRC 
Inso lub le  Organlc Matter  
Ash 
Total  

Hydrogen Consumed 
(by gas balance) 

Product- 

Naphtha 
% C 
% li 
% S 
% N 
% 0 (by d i f fe rence)  

Mlddle D l s t l l l a t e  
% C 
% H 
% S 
2 3  
% 0 (by d l f fe rence)  

Heavy D l s t l l l a t e  
% C 
% H 
fB S 
% N 
% 0 (by d l f fe rence)  : 

D l s t l l l a t l o n  Resldue 
% C 
% H 
% S 
% N 
% Ash 
% 0 (by d l f fe rence)  
Fuslon Polnt, O C  

DOE 493 

2.4 
0.2 
1 .o 
0.9 
0.1 

0.7 
0.4 

.0.3 
0.1 
1.5 

0.8 
5.8 

(13.4) 

12 .o 

5.2 

72.4 
6.7 

11.0 
101.4 

1.4 

83.93 
12.33 
1.44 
0.15 
2.15 

85.10 
8.92 
0.40 
o.is 
4.84 

87.15 
8.81 
0.26 
0.97 
2.81 

85.41 
5.66 
1.33 
1.94 
0.08 
5.58 
155 

DOE 494 

4.3 
0.3 
1.3 
1.3 
0.1 

2.3 
1.4 
1.1 
0.5 
5.3 

. 1.5 
10.2 

(0.3) 

(0.5) 

10.9 

62.1 
5.3 

11.5 
102.4 

2.4 

84.16 
12.47 
1.16 
0.20 
2.01 

84.99 
9.10 
0.41 
0.74 
4.76 

. 87.56 
8.66 
0.37 
0.99 
2.42 

87.00 
5.72 
0.83 
2.10 
0.02 . 4.33 
125 

1 DOE 495A 

7.2 
0.0 
0.0 
1.3 
1 .8 

1.5 
1.1 
0.9 

. 0.6 
4.1 

1.7 
13.9 

15.6 

9.8 

41 .O 

52.5 -- -- 
107.9 

7.9 

86.31 
1 A .btl 
0.18 
0.02 - - 

87.81 
11.93 
0.03 
0.05 
0.18 

88.73 
11.08 
0.011 
0.05 
0.10 

89.44 
7.12 
0.20 
1.05 -- 

, 2.19 
72 

[ DOE 4958 

6.4 
0.0 
0.0 
1.3 
2.0 

1.4 
1.1 
1 .o 
0.6 
4.1 

1.6 
10.1 

13 -8 

10.9 

36.4 

57.4 -- -- 
107.6 

7.6 

86.23 
13.65 
0.02 
0.02 
0.03 

87.83 
11.77 
0.01 
0.08 
0.31 

89.27 
10.18 
0.03 
0.12 
0.40 

90.22 
6.93 
0.05 
1.11 - - 
1.69 
69 

DOE 495C 

3.6 
0.0 
0.0 
0.5 
0.9 

1.4 
1.1 
1.2 
1.2 
4.9 

3.6 
9.2 

12 .8 

(5.2) 

20.4 

74.2 - - -- 
104.5 ' . 

4.5 

86.55 
13,15 
0.05 
0.01 
0.24 

87.82 
11.61 
0 193 
0.04 
0.50 

89.32 
10.30 
0.02 
0.10 
0.26 

90.79 
7.17 
0.04 
0.69 -- 
1.31 
51 

DOE 4950 

1.4 
0.0 
0.0 
0.1 
0.2 

1.4 
1 .o 
1.2 
1.1 
4.7 

2.7 
9.7 

12.7 

1.4 

26.5 

70.9 - - -- 
103.8 

3.8 

86.62 
13.25 

' 0.16 
0.00 
0.00 

87.80 
11.84 
Q.03 
0.00 
0.33 

88.97 
10.82 
0.02 
0.02 
0.17 

90.59 
7.46 
0.03 
0.62 - - 
1.30 
<40 



TABLE I I (Continued) 

Yfelds, w t  %a 

Naphtha, C -193OC (380°F) 
Middle D l  s j i l  l a t e  193-250°C 

( 380-482OF) (1  OSS) 
Heavy D i s t l l l a t e  * 

>250°C (482°F) 

Total  O i l  
(C5-Heavy D i s t i l l a t e )  

SRC 
Inso lub le  Organic Matter  
Ash - 
Total  

Hydrogen Consumed 
Cata lys t  Conversion 

Byproducts 

Product ~ n a l y s e s ,  w t  % 

Naphtha 
% C  .: 
% H 
% S 
% N  I 

% 0 (b. i  di 'fference) 

Middle D i s t l l l a t e  
% C 
% H 
% s 
X N 
% 0 (by d i f fe rence)  

Heavy   is till ate^ 
% C 
% H 
a s 
% N 
% 0 (by d i f fe rence)  

D l  s t i l l a t l o n  Residue 
% C 
a H 
% S 
% N 
% Ash 
Fusion Point, O C  

I DOE 
I 496 

1.9 
0.2 

' 1.2 
1.1 
0.1 

0.8 
0.5 
0.4 
0.2 
1.9 

1 .o 

(10.9) 

9.6 

(0.3) 

76.5 
7.3 

11.6 

101.3 

1.3 

-- . 

83.57' 
12.60 
2.05 
0.18 
1.60 

83.00 
9.63 
1.19 
0.55 
5.63 

89.36 
7.26 
0.76 
1.85 
0.77 

85.89 
5.71 
1.18 
1.91 - - 
140 

DOE 
4978-1 

6.2 
0.0 
0.0 
1.2 
1.1 

1.8 
1.3 
1.3 
0.8 
5.2 

8.9 

7.0 

17.3 

33.2 

* 59.2 - - 
0.0 

106.2 

6.2 

- - 

- - -- - - 
. -- - - 

- - - - - - -- - - 

89.91 
8.22 
0.20 
0.81 
0.86 

90.36 
6.88 
0.07 
1 .A0 - - 

7 4 

4 1 

DOE 
4978-2 

5.8 
0.0 
0.0 
1.2 
1 .o 

1 .8 
.1.3 
1.2 
0.8 
5.. 1 

8.1 

6.2 

15.9 

30.2 

62.6 -- 
0.0 

105.9 

5.9 

- - 

- - - - - - 
- - 
- - 

- - - - - - - - 
- - 

I 

89.73 
8.25 
0.14 
0.87 
1.01 

89.26 
6.81, 
0.14 
1.44 - - 

7 7 

DOE 
497C 

6.9 
0.1 
0.0 
1.2 
1.3 

3.0 
2.2 
2.1 
1.3 
8.6 

11.7 

10.0 

18.5 

40.2 

48.9 - - -- 
107.2 

7.2 

- - 

- - - - - - 
- - 
* = 

- - - - 
- - - - -- 

90.18 
8.29 
0.10 
0.79 
0.64 

90.1A 
8.29 
0.10 
1.36 -- 

7 8 



TABLE I1  (Continued) 

Naphtha, C -193'C (380°F) 
Middle D l s ~ i l l a t e  193-250eC 

(380-482'F) ( loss)  
Heavy D l s t l l l a t e  

>250°C (482'F) ( loss )  

Total  011 
(C5-Heavy D l  s t l l l a t e )  

SRC 
Insoluble Organic Mat te r  

Total  

Hydrogen Consumed 
Cntnly s t  Cnnvsrsinn 

Byproducts 

Product Analyses, wt S 

vacuum  stillat ate^ 
s C 
% H 
% s 
% N 
S 0 (by di f ference)  

D l r t l l l a t l o n  Residue 
% C 
% H 
% s 
s N 
S Ash 
Fusion Point. OC 

DOE 
499/\ 

7.1 
0.6 
6.5 
1.1 
0.2 

1.1 
0.7 
0.5 
0.2 
2.5 

3.4 

(4 .3)  

20.1 

19.2 

06.0 
14.5 
6.6 

34.4 

2.6 

1.8 

97.83 
'7.58 
0.39 
0.81 
3.39 

35.55 
6.49 
0.34 
1.65 
0.44 -- 

DOE 
4998 - 

6.8 
0.5 
6.5 
1.1 
0.1 

1.6 
0.9 
0.8 
0.3 
3.6 

6.4 

3.4 

15.1 

23.9 

43.2 
12.3 
6.5 

.04.5 

2 . 7  

1.8 

87.80 
7.79 
0.34 
0.76 
3.31 

85.73 
6.19 
0.32 
1.73 
0.22 -- 

DOE 
499c - 

7.6 
0.6; 
6.9 
1.4 
0.1 

1.9 
1.2 
1 .o 
0.5 
4.6 

7.0 

5.5 

10.8 

23.3 

44.9 
8 .8  
6.5 

04.9 

3.1 

1.8 

87.97 
7.74 
0.33 
0.78 
3.18 

86.45 
6.18 
0.31 
1.81 
0.26 -- 

DOE 
500A - 

0.2 
0.5 
5.9 
1.4 
0 .1  

1.0 
0.6 
0.5 
0.2 
2.3 

2.4 

(3.2) 

22.5 

21.7 

52.3 
13.6 
6.7 

04.7 

2.9 

1.8 

87 483 
7.78 
0.37 
0.75 
3.27 

85.13 
6.22 
0.51 
1.72 -.. 

116 

DOE 
50UC - 

7.9 
0.5 
6.5 
1.2 
0.1 

1.3 
0.8 
0.6 
0.3 
3.0 

1.3 

3.0 

15.2 

19.5 

47.8 
11.9 
6.2 

04.6 

2.8 

1.8 

87.76 
7.60 
0.36 
0.75 
3.54 

85.48 
6.05 
0.38 
1.73 -- 

132 

DOE 
500E - 

7.2 
0.4 
6.3 
1.2 
0.1 

0.7 
0.5 
0.3 
0.2 
1.7 

5.8 

2.5 

7.4 

15.7 

46.9 
18.7 
6.2 

04.4 

2.6 

1 .8 

87.80 
7.82 
0.36 
0.71 
3.31 

84.02 
6.25 
0.34 
1.54 -- 

142 

DOE 
500F - 

7.7 
0.6 
6.1 
1.2 
0.1 

1.6 
1 .o 
0.7 
0.3 
3.6 

6.9 

2.9 

10.5 

20.3 

49.2 
8.7 
7.1 

104.7 

2.9 

1.8 

87.79 
7.77 
0.38 
0.73 
3.33 

86.31 
6.13 
0.38 
1.63 -- 

130 

DOE 
500G - 

6.3 
0.5 
6.2 
0.8 
0.1 

0.9 
0.6 
0.4 
0.2 
2.1 

7.4 

5.7 

1.2 

14.3 

47.6 
18.1 

7.2 

03.1 

2.2 

0.9 

87.85 
7.98 
0.34 
0.70 
3.13 

84.66 
6.36 
0.29 
1.50 -- 

135 



TABLE I I  (Cont inued) 

Y ie lds ,  w t  %a 

~ a ~ h t h a , ' ~  -193OC (380°F) 
M idd le  ~i s?i  1 l a t e  193-250°C 

(380-482°F) ( 1  OSS) 
Heavy D i  s t i l  l a t e  

>250°C (482OF) ( l o s s )  

T o t a l  O i l  
(C5-Heavy D i s t i l l a t e )  

S RC 
I n s o l u b l e  Organic M a t t e r  
Ash 

T o t a l  

Hydrogen Consumed 
C a t a l y s t  Conversion 

Byproduc t s  

Product  Analyses, w t  % 

Naphtha 
X C 
% H 
% s t 

9; 
% N . - 
% 0 (by  d i f fer 'er ice)  

M idd le  D i s t i l l a t e  
% C 
% H 
% s 
% N 
% 0 (by d i f f e r e n c e )  

Heavy D i s t i l l a t e C  
% C 
2 # 
% S 
% N 
% 0 (by  d i f f e r e n c e )  

D i s t i l  l a t i o n  Residue 
'X, C 
% H 
% S 
% N 
% Ash 
Fus ion  Po in t ,  "C 

DOE 
501R 

DOE DOE 
503 

6;2 
0.7 
4.8 
0.3 
0.1 

1.2 
0.7 
0.6 
0.3 
2.8 

5.6 

8.7 

(2.81 

11.5 

46.5 
22.6 

7.2 

102.8 

2.6 

0.2 

-- 
- - - - - - 
? - 

-- 
- - 
-- 
- - 
- - 

87.89 
7.90 
0.29 
0.70 
3.22 

85.48 
6.31 
0.25 
1.38 - - 

124 



TABLE I I (Con ti nued) 

Yields, wt %a 

- ( a c )  hphtRa. < i 9 j b c  /380°11 
Middle O i s i l l a t e  

193-288OC ( 380-550°F) 
Heavy O i s t i l l a t e c  

,288"C (550°F1 
Tota l  O i l  

(C5-Heavy D l  s t i l l a t e )  

SUL 
Inso lub le  Organic Ha t te r  
Ash 
Tota l  

Hydrogen Consumed 
(by gas balance) 

Ca ta lys t  Conversion Byprodkcts 

Product Analyses 

Naphtha 
b C 

Middle D i s t i l l a t e  
d 

% C 
% H 
% s 
7, N 
r u i by  d i f ference)  

Heavy n l s t i l l a t e e  
% C 
% H 
% s 
% N 
% 0 (by d i f ference)  

D l  s t i  1 l a t l o ~ t  Residue 
% C 
R H 
% S 
% N 
% Ash 
Fusion Point, O C  

DOE 
504RF 

8.6 
1.1 
5.5 
1.9 
n . 3  

2.6 
1.7 
1 .o 
1 .0 
7.1 

1.6 
9.4 

15.7 

14.9 

41.6 

30.4 
3.6 
7.0 

107.1 

,5.1 
2 .o 

83.90 
12.27 
0.46 
0.15 
3.22 

83.09 
9.20 
0.15 
0.75 
6.81 

87.63 
8.73 
0.08 
0.91 
2.65 

66.50 
4.71 
3.66 
1.15 

27.99 
135 

a) Based on SRC fed  i n  runs DOE 495. 4978-1 6 2. 49713. 498A 6 8; based on dry feed coal i n  others. 

b) lncludes H2S from added p y r i t e .  

C )  Vacuum d i s t i l l a t e  from h igh  temperature, h igh pressure separator bottoms I n  runs DOE 4978 d C, 498A 6 8.. 500 A-G, 

502 and 503. 



TABLE 111 
Coal Analysesa 

a. Composi t ional  Analyses 

Coal I d e n t i f i c a t i o n  
Company Consol Ama x Amax 
Mine Burning Star  B e l l e  Ayr B e l l e  Qr 
Seam I l l i n o i s  No. 6 Wyodak-Anderson Wyodak-Anderson 

Composite 33 Drums Composl t e  
(RM 1032) (RM 1030) (Received 3/82) 
71-115880 71-115879 71-93666 

Proximate Analysis 
% Ash 
% V o l a t i l e  
% F ixed Carbon 

% Moisture 3.22 6.74 4.96 

Heatlng Value, B tu / lb  

Free Swel l ing Index 

Su l fu r  Forms 
% P y r i t i c  Su l f u r  
% Su l fa te  Su l fu r  
% Oiganlc Su l fu r  

U l t imate  Analysis, w t  % 
Carbon 
Hydrogen 
Ni t rogen 
Chl or1 ne 
Su l fu r  
Ash 
Oxygen ( d l  f ference) 

Mineral Analyses o f  Ash, w t  % 
I g n i t e d  Basis 

S i l i c a ,  Si02 
Alumina, A1 O3 
T i  tania, ~ i 8 ~  
F e r r i c  Oxide, Fe203 
Lime, CaO 
Magnesia, MgO 
Potassium Oxide, K20 
Sodium Oxide. Na20 
Su l fu r  Tr ioxlde,  SO 
Phos. Pentoxide. P 8 
Strontium peroxide? 2r0 
Barium Oxide, BaO 
Manganese 0x1 de. Mn304 
Undetermined 

I r o n  i n  Coal 1.26 ,, -- 0.26 

Fusion Temperature o f  Ash, O F  

(Reducing) 
I n i t i a l  Deformagion 2125 2110 2060 
Sof t en i  ng (H=W) 2175 2140 2090 
Softening (H=1/2W) 2220 2 160 2110 
F l u i d  2260 2185 2145 

% Equ i l ib r ium Yoisture 10.34 19.74 27.66 

a)  A l l  analyses performed by C o m r i c a l  Test ing 8 Engineering Company. A l l  analyses except 
leolstur'e arSr oa d dry basis. 
b )  H = cone height; W = cone width. 

45 



TABLE I I I (Continued) 

b. Petrographic. Analysis of Illinois No. G Coal 

WCICERLU. (\NCILYSIS 
' (VOLUM PERCENT J 

(MINERAL-HATTER CONTCIININO BASIS) 

W c E W L  mCEkAL GROUP 

VITRINITE 83. 4 VITRINITE 83. 4 

PSEUDOVITRINITE 0. 0 

EXINITE 1. 4 EXXNITE 1. 9 
(L IPTINITE)  

RESINliE 0. 1 

FUSINITE 2 3 

TOTAL 100% 

l U l RL REACTIW3- 86. 7 
TOTAL XNERTG- 13. 3 

CfWI-D 1/3 RCRCTIVe. 213 lMERT FOR PURPOSES OF 
COKE STABILITY PREDICTIONS. 

** CALCULATED FROHl0.84 X WVASH, 3. 14  X DRY SULFUR 

Distribution o f  V i  t r i n l  t e  Reflectance Readings: 
%I& 

Mean-Maximum V i t r i n i  tt Ro: 0.46 

0.35 0.40 0.45 0.50 0.55 

l l l l  1 1 I I l 1 1 1 I  1 1 ' 1  1 1 1 1 1 1 1 1 1  
X X x X X X X X X X X X X X X X X  
X X X x X X X x X X X  X X X X X X  
X  X X X X X X X X X  X X X X  Nurrber of Counts 

) I X J X X X X X  x X I  
X X X X X X X X  a X (Total - 118 1 
X X X X X X X X  X  
X X X X X X X X  X  

X X X k k r r  V-Type Table f o r  V i  t r i n l  tes (-100%) 
X X X X X X X  

X X X X  x v- 3 v- q v- 5 v- 
X  X X 
X  X  X  

1.6 78.0 19.5 
, '  

X  X  
X  X  
X  X  V-Type Table f o r  V i t r i n t t e s  (= 83.4 I) 

(Adjusted to = k c e r s l  X of Reactive V t t r i n i r  

v- 3 v -  4 v- 5 V- 
2.0 65.1 a6.3 - 



TABLE I1  I (Cont inued) 

c, Pe t rograph ic  Analys is  o f  B e l l e  Ayr Coal (RM 1030) 

nncERnL n N n ~ , ~ s  I s 
1 VOLUME PERCENT ) 

(MINERAL-MATTER CONTAINING BRSIS)  

HACERAL MACERAL GROUP 

V I T R I N I T E  83. 7 V I T R I N I T E  83. 9 

PSEUDOVITRINITE 0. 2 

E X I N I T E  1. 4 

RESINITE 0. 4 

SEMI-FUSINITE* 9. 1 

SEMI-WACRINITE* 0. 0  

FUSINITE 1 .  3 

HACR I N I  TE 0. 0  

U I C R I N I T E  0. 0  

MINERCbL tiRTTERaa 3. 9 

TOTAL 100% 

E X I N I T E  1. 8 
( L I F ' T I N I T E )  

TOTAL, REACT1 VES- 8 C .  6 
. TOTAL INERTS- 11.  3 

CONSIDERED 1/3 REACTIVE. 2/3 INERT FOR PURPOSES OF 
COKE STABIL ITY PREDICTIONS. 

** C~LCULATED FROH 7.07 X DRYASH. 0.57 X DRY SULFUR 

D i s t r i b u t i o n  o f  V i  t r i n i  t e  Ref lectance Readings: 
Z Ro 

kan-Maximum V i t r i n i t e  Ro: 0.35 

1 ~ 1 1 I 1 1 1 1 1 1 1 l I 1 1 I I . I l l l l l l ~ l l l l  
X  X X X X X X X X X X X X X X X X  

X X X X X X X X X X X X X X X X  kumber' of Counts 
X X X X X X X X X X X X X X X  

X X X  X X X X X X X X  (To ta l  = 114 1 
X X X  X X X X X X X  
X X X  X . x X X X X X  

X X  X X X  X X X  
X X  X X X  X  
X X  X  X  X  
X  X X X  
X  X X X  

X  X  X  
X X X  
X  X .  

V-Type Table  f o r  V i t r i n i t e s  (=loo%) 

- v- 3 v- 4  v- V 2 
8.8 80.7 10.5 

V-Type Table  f o r  V i t r i n i t e s  (= 83.9  Z )  

(Adjusted t o  =Maceral % of ~ e a c t i v e  ~i t r i n i :  
v- 2 v- 3 v- 4 V- 
7.5 67.6 8.B 



Composition, w t  %a 

TABLEIV 

A d d i t i v e  Analyses 

CoMo NiMo 
C-E P y r i t e  C-E P y r i t e  on Alumina on Alumina 
(RM 1003) (RM 1024C) (HDS 1442) (HDS 1443) 

COO , 3.1) 
N i O  ' 3.8 
MOO 16.1 
Na d 15.5 

0.01 0.02 
SO: 0.3 0.6 

Physical ~ r o ~ e r t i e s ~  

2 d Surface Area, m /g 5.2 28 7 312 
Average P a r t l c l e  Size*, m 

(by Coul t e r  Counter) 1.9 2.4 

* Conducted by Jet Pulverizer Compan.~; p a r t t c l e  sfze dist.r ihut.fons show11 i n  F igure  1. 

:) Dry basis. 
b )  Wet basis; 
C )  AS fed. 
d) B.E.T. measurement by Coors Spectro-Chemical Laboratory. 



TABLE V 

A n a l y s i s  o f  Feed S o l v e n t s  

a .  E lementa l  Analvses 

so l  vent  x c % H % s % N~ % ob 

2335 So lvent  a 87.97 7.76 0.33 1.06 
87.99 7.81 0.31 1.07 

Average 87.98 7.79 0.32 1.07 2.84 

- 2397 Sol vent  89.70 7.29 0.53 0.53 
89.55 7.29 0.56 

Average 89.63 7.29 0.54 

I B T  So lvent  87.68 7.80 0.46 
87.61 7.77 0.42 

Average 87.64 7.78 0.44 

b .  Vacuum D i s t i l l a t i o n  

SRC I 1  
Sol vent 
t o  S t i l l  

2335 Weight, gm 1705.2 
Welght S . 

. . 

IBT Wclght, gill 2039.1 
1961.2 

Tota l  4000.3 
Weight X 

Recyc 1 e 
Sol vent 

1652.77 
96.92 

1892.3 
1791.4 
3683.6 
92.08 

D i s t i l -  
. l a t i o n  
Rest due 

36.5 
2.14 

137.2 
152.9 
290.1 

7.25 

Pressure 
Cold Endpolnt *C 8 Endpolnt 
Trap Loss Vapor Pot  mn Hg . 

a )  Bottoms from atmospheric d i s t i l  l a t i o n  t o  250°C. 



TABLE V (Cont inued)  

c. Sitnul a t e d  D i s t i l  1 a t i o n  ( b y  Gas 

F r a c t i o n  B o i l  i ng 
Below, % 

I BP 
5 

10  
15 
2 0 
25 
30 
3 5 
40 
45 
5 0 
5 5 
60 
65 
70 
75 
8 0  
85 
90  
95 

F BP 

O i l  , IBP-193°C 
O i l  , 193-250°C 
O i l ' ,  >250°C 

2335 
Sol ven t  

2397 
Sol ven t  

IBT 
Sol ven t  

Temp ("C) 
200.5 
229.8 
237.8 
245.7 
253.6 
253.9 
262.2 
270.5 
270.9 
278.1 
285.4 
293.2 
293.6 
309.6 
317.9 
325.9 
341.4 
357.1 
372.8 
404.2 
479.5 

Temp ("C) 
104.7 
186.9 
195 .O 
208.8 
215.6 
223.4 
23163 
238.9 
239.3 
247 .O 
254.8 
255.1 
263.6 
271.9 
286.3 
294.4 
310.9 
326.9 
350.5 
381.5 
468.9 

Temp ("C) 
82.8 

208.9 
223.7 
238.5 
246.4 
254.4 
262.7 ," 

271,4 
219.0 
286.4 
294.6 
310.4 
318.6 
319.3,. 
334.4 
342.6 
357.8 
373.2 
389.3 
428.3 
499.6 

T o t a l  100.00 100.0l) 100.00 

a )  The h i g h e s t  va1,ue from t h e  K j e l d a h l  a n a l y s i s  i s  b e l i e v e d  t o  be t h e  most 
accu ra te  and i s  t h e r e f o r e  t h e  o n l y  number'used i n  t h e  average. 

b )  Oxygen by l i f f ~ r e n c e .  
c )  Bottoms from atmospheric d i s t i l l a t i o n  t o  250°C. 



TABLE VI 

Solvent  Extrac.t ion of D i  s t i  1 l a t i o n  Residue 

L iquefac t ion  Condit ions 

Operating Mote 
Tmperature, C 

O F 
Pressure, ps lg  
Residence Time, mln. 
L i q u i d  Hourly Space 

Vel oc l  t y  , h r  
S lur ry  Formul a t l o n  

DOE 493 DOE 494 DOE 495A DOE 4958 DOE 495C DOE 495D I 

36 wt % coal 
64 w t  % +250°C 
SRC I 1  Solvent 

SCT SRC I 
451 450 

(844) ( 842 ) 

6 .O 31.5 

S o l u b i l i t y  o f  D i s t i l l a t i o n  
Residue. w t  % i n  

<- -- - - - -- -- F i l t r a t e  Upgrading----------->' 
411 410 411 412 

(772) (770) (772) (774) 
<-------------------.---------2250-----------------------------> -- - - - - - - 

i 
Hexane 

Toluene' 

Py r i d lne  

Rat io  o f  Average Sol u- 
i l l t i e s  

50 w t  % s t r ipped 50 w t  % HTSB from 
F i l t r a t e  from DOE: DOE : 

493 494 4958 495A 
50 w t  % Recycle HTSB 50 wt % 'Recycle HTSB 

Residue Compos4ltion, wt  % 

M P I  tenea I.? .2 27.7 
Asphal tene 44.7 49.5 
Preasphal teneC 37.9 22.8 



TABLE VI (Continued) 

DOE I DOE DOE DOE I DOE DOE 
496 . 1 4978-1 4978-2 497C 1 498A 4988 

I - , -  - I- - 
L t  quefact lon Condl t l ons  I I 

I I 
Operattng Mode 

Coal 
Sol vent 

Average D I s sol ve r 
~emperature,  O C  

(OF) 

Dt ssolver Pressure, pstg 
Residence Time, h r  (mt n) 

S o l u b t l t t y  o f  D l s t l l l a t l o n  
Resldue. w t  % i n  

Hexane 

Toluene 

Coal i < -------------- Hydrogenatton------------> 
' n t  ssCl1uttu11 I - - GI 

I 
I l l l n o t s # 6 1  -- - - a - 
F o r t  Lewls I -- - - -.. -- -- 
Heavy O i l  I I 

, NpeeO, ( ~ . - i i i ~ ~ ~ ~ m m ( l n $  1443-------->I <----Pxrfto---> 
I Fresh/ KecIal l~ea I 
I Reclaimed I 
I I 

450 1 415 415 430 1 415 430 
(8421 1 (779) , (779) (806) 1 (779) (806) 

<-----------1----------------2250------ I --------------> 
(6.2) 1 2.02 2.01 2.03 1 2.00 2.02 

I I 

I I 
Pyridinc 99.9 I 100.0 99.9 99.9 1 99.8 99.6 

99.9 1 100.0 99.9 99.9 1 99.8 YY.5 
I I 

Rat10 o f  Average S o l u b l l t t t e s  . . I I .  
I I 

Rest due Composil t lon,  wt  X I I 
I I 

Maltenea 21.9 1 22.6 22,9 76.2 1 30.1 34.6 
Asphal tene 43.1 1 76.9 74.5 73.3 1 67.1 62.6 
Preasphal teneC 34.9 1 0.4 2.6 0.4 I 2.7 2.3 



TABLE V I  (Continued) 

Liquefact ion Condi t i m s  

Operating Mode 
Coal 
Sol vent 
Average D l  ssol ver  

Temperature, 'C 
( CF) 

Dissolver  Pressure, psig 
Residence Time, h r  (nn n) 

S o l u b i l i t y  o f  D i s t l l 1 , a t i o n  
Ln 
U Residue, wt Z i n  

Hexane 

Toluene 

Pyr id ine  

DOE ,,DOE DOE I DOE DOE DOE DOE I DOE DOE DOE 
499A 4998 1 500A 500C 500D 1 500E 500F 5006 - . -  

I - - - - - 
I - 

Rat io  o f  Average S o l u b i l i t i e s  

Hexane/Pyridi ne 0.284 0.333 0.427 i 0.373 0.344 0.308 0.378 i 0.281 0.368 0.371 
Toluene/Pyridl ne 0.710 0.730 0.828 1 0.691 0.759 0.725 0.772 1 0.719 0.752 0.741 

I I 
Resl due Composition, wt X ! I 

*a1 tenea 
Asphal tene 
Preasphal teneC 



TABLE VI (Cont inued) 

L ique fac t i on  Condl t l o n s  

Operatl  ng Mode 
Coal 
Sol vent 
Ca ta l ys t  

Average b l  ssol ver 
Te~~~peral;ure, "C 

( O F )  

D l  ssol ver Pressure, p s i  
Residence Time. h r  (mln! 

S o l u b l l l t y  o f  O l s t l l l a t l o n  
Residue, wt  % i n  

Hexane 

Toluene 

P y r l  d l  ne 

Rat io  o f  Average S o l u b l l l t l e s  

Hexane/PyrlCl ne 
'Toluene/Pyrl d l  ne 

R.osidue Composll t l on ,  wt  % -. - 
r a l  tenea 
Asphal tcnc  
Preasphal teneC 

DOE DOE 
501R - 502 - 

DOE 
503 - 

SRC I 1  SRC I SRC I 
(zs-;  ------ Amax B e l l e  r-------OW-> 
Recycled <------Rec aimed------> 

P y r l  t e  HOS1442 
Y 

Ammonium 
Molybdate 



TABLE V I  (Cont inued)  

L i q u e f a c t i o n  Cond i t ions  

Average Tenperahre,  O C  ("F) 
F i r s t  Stage 
( t o p  zone o f  preheater)  
Second Stage 
( d i  ssol ves) 

Pressure 
Residence Time, h r  (min) 

F i r s t  Stage 
Second St3ge 

T i  t a n i  um Tetraphenoxi de 
A d d i t i o n  Xate, wt % s l u r r y  

30E DOE 

S o l u b i l i t y  o f  D i s t i l l a t i o n  Residue, w t  % i n  

Hexane 

Toluene 

P y r i d i n e  

R a t i o  o f  Average S o l u b i l i t i e s  

Hexane/Pyri dine 
Toluene/Pyr id i  ne 

Residue Composition, w t  % 

~ a l  tenea 
Asphal tene 
Preasphal teneC 

DOE DOE I DOE DOE DOE DOE 
504RC 504RD I 504RE 504RF 504RG 504RH 

I - 

a) Non-di s t i l  l a b & - h e ~ a n e  so luble.  
b )  Hexane inso lub le - - to luene  so luble.  
c )  Toluene i n s o l u b l e - - p y r i d i n e  so lub le.  



TABLE .VI I 

E f f e c t  o f  Residence Time on Processing B e l l e  Ayr Coal 

DOE DOE DOE DOE DOE 
Run 5008 500A - - 499B 499A 499C 

Residence Time, min. 5  10 15 3 0 45 

Y ie lds .  w t  % MF Coal 

C1-C4 1.1 2.3 2.5 3.6 4.6 

T o t a l  O i l  23.3 21 .7 13.2 23.3 23.3 

SRC 43.1 52.3 46.0 43.2 44.9 

I OM 18.8 13.6 14.5 12.3 8.8 

Hydroqen Consumed 2.0 2.8 2.6 2 * ?  3,1 

Run Cond i t ions :  440°C, 2250 ps ig,  36% B e l l e  Ayr coal ,  62% solvent ,  
2% CE p y r i t e ,  2% hydrogen ( s l u r r y  bas i s ) .  

TABLE' VI I 1  

Ef fec t  o f  Temperature on Processing B e l l e  Ayr Coal 

Run DOE DOE DOE DOE DOE 
500D 500E 500A - 500C - 500F - 

Temperature, O C  430 430 440 450 460 
Sol vent* A I3 A A B 

Y ie lds ,  w t  % MF Coal 
C -C 

1 4  
1.8 1.7 2.3 3.0 3.6 

T o t a l  O i l  17.8 15.7 21.7 19.5 20.3 

Hydrogen Consumed 2.6 2.6 2.9 2.8 2.9 

* Sol ven t  A i s SRC I process so l  ven t  con ta in ing  8% nondi s t i l l  ab le  ma te r i a l  . 
Sol ven t  B i s  d i  s t i l  l a t e  rec la imed from DOE 499 and DOE 500A-C. 

Run Condi t i o n s :  10 mi nutes res idence time, 2250 ps ig ,  36% Be1 1 e Ayr coal ,  
62% solvent ,  2% CE p y r i t e ,  2% hydrogen ( s l u r r y  bas is ) .  



TABLE I X  

E f f e c t  o f  P a r t i a l  S l u r r y  Recycle on Process ing  B e l l e  Ayr Coal 

Cond i t ions*  
DOE 500A DOE 501R 

S l u r r y  Formulat ion,  wt % 
B e l l e  Ayr Coal 
Recyc le  Coal. S o l u t i o n  
Sol  ven t  
CE P y r i t e  

Y ie l ds .  w t  % MF Coal 

C1-C4 
T o t a l  O i l  

S  RC 

H Consumed (gas ba lance)  
2 

* Both  a t  440°C, 10 minutes res idence t ime, 2250 ps ig .  

TABLE X 

Compari son o f  S l u r r y  C a t a l y s t s  on  Process ing Be1 l e  Ayr Coal 

DOE 5006 DOE 502 DOE 503 
Cond i t ions*  

C a t a l y s t  P y r i  t e  CoMolAl 203 Ammonium 
Molybdate 

(HDS 1442) Emu1 s i  on 
A d d i t i o n  Rate, w t  % 

FeS, o r  Mo based 
on h~ coa l  2.5 0.60 0.60 

Y ie l ds ,  w t  % MF Coal 

C1‘C4 2.1 2.6 2.8 

T o t a l  O i l  14.3 19.5 11.5 

S RC 47.6 33.4 46.5 

Hydrogen Consumed 2.2 ' .  3.2 . 2.6 

* A1 1  a t  440°C (824"F), 2250 p s i g  and 10 minu tes  res idence  t ime 
w i t h  36% Be1 l e  Ayr coa l .  



TABLE X I  

E f f e c t  o f  P y r i t e  Level an Processing B e l l e  Ayr Coal 

P y r i  1e bevel 
Sol vent* 

Y ie lds .  w t  % MF Coal 

C1-C4 
T o t a l  O i l  

Hydrogen Consumed 2 , 2  2.9 

* Sol ven t  A i s  SRC I process sol vent. cnn ta in ing  8% 
nondi s t i l  l a b l e  mater ia l  . 

So lvent  B i s  d i s t i l l a t e  rec la imed from DOE 499 and 
DOE 500A-C. 

Run Cond i t ions :  440°C, 10 m i  nutes res idence t ime, 
2250 p s l g ,  36% coa l .  



TABLE XI1 

Ef fec t  o f  Residence Time on the  Elemental Analyse and 
S o l u b i l i t y  Data When Processing Be l le  Ayr Coa 1 

a. Elemental Analyses 

Run Residence 
NO. - Time, min Vacuum D i s t i  1 l a t e  D i s t i l l d t i o n  Residue 

% C  % H  % S  % N  % C  % H  % S  % N  

b. S o l u b i l i t y  o f  D i s t i l l a t i o n  Residue 

Run 
NO. - 

Ratio o f  S o l u b i l i t i e s  
Residence W t  % Soluble i n  Hexane/ To1 u ene/ 
Time, min hexane Toluene Pyr idine Pyridine Pyridine 

Residue Composition 

I4altenea Asphaltene preasphal teneC 

a)  Non-dist i l  lable--hexane soluble 
b) Hexane insoluble--toluene soluble 
c )  Toluene i nsoluble--pyridi ne soluble 



Figure 1 

Par t ic le  Size Distr ibut ion o f  C-E Pyrite 





Figure 2 

E f f e c t  o f  Residence Time on B e l l e  Ayr Coal Yields* 

m a <  Run No. g g g m U m m 
ul CR 

m m *  * * 

Run No. z%Z m CT o m 
3 m 

m m *  * 

* Run Conditions: 440°C, 22SU psig, 36 w t  % coal ,  62% solvent,  2 1  C-E P y r i t e  



Figure 3 

Effect  of  Temperature on Yields w i t h  Belle Ayr Coal* 

430 440 450 460 
Temperature, "C 

- 
430 440 450 460 
Temperature, O C  

0 First Pass Solvent 

54 - 
53 , 

H 52 - 
Q 51 
2 5 0 1  
V) V) 

0 Reclaimed Solvent 

* Run Conditions: 10 minutes residence time, 2250 ps ig ,  36 w t  % coal ,  
62% solvent ,  2% C-E Pyrite, 2 w t  % H2. 

-0 49 V) - - 14 - 
48 - 

S F  

47 - 10 -  
46 - 0 

8 - 0 
I I I I I 1 I I 

430 440 450 460 430 440 450 I60 
Temperature, O C  Temperature, O C  

0 H 20 . 
+ 18 -  
7 5  16 . 

0 



Figure 4 

E f f e c t  o f  Temperature and Catalyst  on Yields 
using SRC Derived from I l l i n o i s  #6 Coal 

4 i 5  430 
Temperature, O C  

41 5 430 
Temperature, O C  

41 5 430 
Tempera t u n ,  " C 

Q HDS 1443 s lurry  cata lyst  - Runs DOE 4978-2, 497C 

Q P y r i t e  s lu r ry  ca ta lys t  - Runs DOE 498A, 4980 

A Shell  324M ( t r i c k l e  bed) - Run DOE 495A 



Figure 5 

Effect of Catalyst and Temperature on 
the Elemental Analysis o f  the Distil latfon Residue 



Figure 6 

Effect of Catalyst and Temperature on 
the Elemental Analysis of Distillate Oils 

Run Number 



APPENDIX A 

CHARACTERIZATION OF DISTILLATE PRODUCTS 

A . l  Shor t  Contact Time versus SRC I Coal D i s s o l u t i o n  Staqes 
(Runs DOE 493-495D) 

A l . l  I n t r o d u c t i o n  

Th is  se r ies  o f  experiments was done t o  study the  c a t a l y t i c  hydrogenation 
of s t r i p p e d  f i l t r a t e  made i n  t h e  sho r t  con tac t  t ime opera t ing  mode and t o  
compare i t s  r e a c t i v i t y  t o  f i l t r a t e  made i n  the  normal SRC I opera t ing  
mode. Burning S t a r  coal  was used w i t h  s t r i pped  SRC 11 so lven t  made a t  
F o r t  Lewis ( l o t  2335). The shor t  con tac t  t ime run (DOE 493) was done 
w i t h  6.0 minutes nominal r e t e n t i o n  t ime a t  450°C and w i t h  2250 p s i g  pres- 
sure. The conventional SRC I process was run w i t h  the  same coal and 
so lven t  b u t  w i t h  30 minutes r e t e n t i o n  t ime a t  2250 p s i g  and w i t h  450°C 
r e a c t o r  temperature. I n  each case, the  h igh  temperature, h igh  pressure 
separator  bottoms product  was f i l t e r e d  and s t r i pped  t o  a nominal 1:l 
p r o p o r t i o n  o f  d i s t i l  l a t i o n  res idue t o  res idua l  sol vent. 

The s h o r t  con tac t  t ime s t r i pped  f i l t r a t e  was hydrogenated i n  experiment 
DOE 495A and the  conventional SRC I s t r i p p e d  f i l t r a t e  was hydrogenated i n  
experiment DOE 4958. I n  order  t o  study t h e  e f f e c t  o f  more conversion, 
t h e  product  from DOE 495B was reprocessed i n  run DOE 495C and the  product  
from p a r t  A was reprocessed i n  DOE 495D. 

L i g h t  o i  1 blends ( h igh  temperature, h igh  pressure separator overheads) 
were prepared t o  represent  each o f  these experimental segments. I n  addi- 
t i o n ,  t h e  o i l  recovered by d i s t i l l a t i o n  o f  the  hydrogenated f i l t r a t e  
samples ( h igh  temperature separator bottoms) was a1 so analyzed. The 
bas ic  n i t r o g e n  ana lys i s  was used t o  f o l l o w  the  course o f  the  experiment 
by t i t r a t i o n  o f  a number o f  d i s t i l l a t e s  dur ing  the  runs. T h i s  al lowed 
some in format ion  t o  he developed regard ing t h e  c a t a l y s t  a c t i v i t y  and the  
repeatabi  1 i ty o f  the  hydrogenation. Selected sampl es were analyzed f o r  
elemental composit ion as we1 1. 

A1.2 Process Contro l  

I n  order  t o  c o n t r o l  temperature i n  the  c a t a l y s t  bed, i t  was necessary t o  
b lend 1 p a r t  o f  recyc le  hydrogenated product  w i t h  1 p a r t  o f  f resh  
s t r i p p e d  f i l t r a t e .  Th is  r e t u r n  o f  ma te r ia l  consumed some o f  t he  hydro-' 
genated product. The remainder was s p l i t  i n t o  two par ts ,  one being d i s -  
t i l l e d  t o  rec la im the  o i l  and determine the  r a t i o  o f  d i s t i l l a t e  t o  r e s i -  
due be ing obtained, and the  o the r  s tored f o r  some f u t u r e  app l i ca t i on .  
The d i s t i l l a t e  o i l  was t i t r a t e d  f o r  basic n i t rogen  content  as i t  was 
obtained, and these values were used t o  determine i f  the c a t a l y s t  re- 
mained s tab le  and t o  o b t a i n  a p re l im ina ry  i n d i c a t i o n  o f  the  e f f e c t  o f  t he  
va r iab les  i n  t h e  experiment. 



Basic N i t rogen Content o f  
Run D o t  495 Vacuum D i s t i l l a t e s  

P a r t  A 
SCT 
Product  

P a r t  B 
SRC 1 
Product  

Product  % Basic Product 
Number Ni t rogen Number 

P a r t  D 
11 0.0605 

Rework A 9 3 
15 0.0654 97 

p i , r t  C 
0.0863 81 
0.0886 Rework B 85 
0.0935 88 
0.1092 
0.1111 
0.1162 
0.1073 

A1.3 Resu l ts  o f  Elemental Analvses 

% Basic 
Ni t rogen 

The elemental analyses of t he  l i g h t  o i l  blends from the f i l t r a t e  prepara- 
t i o n s  are  presented below. It can be seen t h a t  t he  compositions o f  the  
l i g h t  products i s  n o t  g r e a t l y  in f luenced by the  choice o f  sho r t  contac t  
t ime o r  normal SRC I operat ing  mode. The r e s u l t s  are presented f o r  o i l s  
which have been r e d i s t i l l e d  and washed i n  our usual procedure t o  e l i m i -  
na te  the  e f f e c t  o f  d isso lved ammonia and hydrogen su l f i de .  

DOE493 

Residence Time, min. 6 

Composition, w t  % 

Carbon 86.07 
Hydrogen 9.26 
N i t rogen  0.78 
S u l f u r  0.45 
Oxygen 3.44 

Basic N i t rogen  0.616 0.531 
Saturates by ASTM D 1019 

(volume %) 12 20 
3 '  

The elemental analyses of l i g h t  o i l  blends from hydrogenation o f  the  
s t r i p p e d  f i l t r a t e s  a re  presented below. Condi t ions used al lowed f o r  
ex tens ive  hydrogenation of t he  f i l t r a t e  and t h e  1 i g h t  o i l s  produced were 
comparat ive ly  low i n  heteroatom content. The K je ldah l  method f o r  deter- 
m i n i n g  t o t a l  n i t r o g e n  i s  near i t s  lower l i m i t  f o r  these samples, wh i le  
t h e  basic n i t rogen  t i t r a t i o n  can s t i l l  be done w i t h  good prec is ion .  

. Probably t h e  r e s u l t s  from the  t i t r a t i o n  should be given.:more weight i n  
comparison o f  these resu l t s .  



Composition, w t  % ' : DOE 495A DOE 4958 DOE 495C DOE 495D 

Carbon 
. .  . 

87.26 86.99 , 88.20 88.00 
Hydrogen 12.57 11.87 11.43 . 11.76 
N i t rogen 0.035 0.07 0.06 . : 0.01 
S u l f u r  , . .. 0.11 0.02 0.03 0.06 
Oxygen 0.025 1.05 0.28 0.17 

Basic N i t rogen 0.0277 . 0.0620 0.0448 0.0078 
Saturates by ASTM D 1019 

(volume %) 68 53 5  0  5  4  

The elemental analyses o f  the  o i l s  reclaimed by vacuum d i s t i l l a t i o n  o f  the  
hydrogenated f i l t r a t e s  are  presented below f o r  one sample chosen from repre- 
sen ta t i ve  po r t i ons  o f  each run. 

DOE DOE DOE DOE 
Composition, w t  % 495A(34) 495B(76) 495C(88) 495D(97) 

Carbon 
Hydrogen 
N i  t rogen 
S u l f u r  
Oxygen 

Basic N i t rogen 0.0688 0:1073 0.0212. . 0.0175 
Saturates by ASTM D 1019 . .  . 

(volume %) 23 13 23 - 23 
. . 

A1.4 Discussion of Elemental Ana lys is  Resu l ts  

The l i g h t  o i l s  der ived from e i t h e r  of the  SRC processes are r i c h  i n  func- 
t i o n a l  groups conta in ing  su l fu r ,  n i t rogen  o r  oxygen. There i s  l i t t l e  
d i f f e r e n c e  whether t h i s  i s  made i n  sho r t  con tac t  t ime o r  normal r e a c t i o n  
t ime mode. It i s  n o t  poss ib le  t o  assign q u a n t i t i e s  t o  the  amounts made 
from the  sol  vent o r  made from the coal.  From experience w i t h  we1 1  h-ydro- 
genated so lvent  repor ted  previously,  i t  i s  ev ident  t h a t  some o f  t he  ma- 
t e r i a l  i s  made from each. The appearance o f  t h i s  much func t i on  i n  the  
l i g h t  o i l  i s  evidence t h a t  t he  v o l a t i l e  products escape from the reac to r  
q u i c k l y  i n  the  vapor phase. It i s  ev ident  t h a t  reduct ion  o f  these com- 
pounds i s  prevented by r a p i d  removal o f  t he  substances i n  the  vapor 
phase. The normal contac t  t ime product  conta ins  more hydrogen and satu- 
ra tes .  

The f i l t r a t e  was s t r i pped  t o  175OC a t  2mm pressure, removing the  most 
v o l a t i l e  ha1 f o f  the  res idua l  sol  vent. When t h e  res idue was hydrogenated 
w i t h  the  She l l  c a t a l y s t  a t  415OC; t h e  y i e l d  o f  l i g h t  o i l  was moderate due 
t o  the  small c rack ing tendency o f  t h i s  mod i f i ed  ca ta l ys t .  The feedstock 
was heavy enough t o  remain i n  contac t  w i t h  the  c a t a l y s t  and t o  a l l ow  
e f f e c t i v e  hydrogenation o f  the  res idua l  so l ven t  as we l l  as the  nondis- 
t i l l a b l e  components der ived from the  coal.  The modest amount o f  l i g h t  
o i l  made was ex tens ive ly  converted, being r i c h  i n  s a t ~ l r a t e s  and low i n  
res idua l  'heteroa toms. The shor t  contac t  t ime mate r ia l  was processed 



f i r s t  and produced a  l i g h t  o i l  w i t h  only 0.028 percent  o f  bas ic  n i t rogen,  
and a  d i s t i l l a t e  o i l  averaging between 0.06 and 0.07 percent  basic n i t r o -  
gen. The normal con tac t  t ime s t r i pped  f i l t r a t e  was processed second. 
Both  t h e  l i g h t  o i l  and the  reclaimed d i s t i l l a t e  conta ined increased 
amounts o f  basic n i t rogen.  Some dec l ine  i n  c a t a l y s t  a c t i v i t y  may be 
invo lved,  b u t  the  step increase i n  n i t rogen  content  suggests t h a t  the  
normal con tac t  t ime mate r ia l  i s  more r e f r a c t o r y ,  r e s i s t i n g  deni trogena- 
t i o n  by comparison t o  the  behavior o f  the  sho r t  con tac t  t ime mate r ia l .  

. T h i s  i s  a l so  conf irmed by the reprocessing experiments i n  which the  order  
o f  feed was reversed, t h e  normal con tac t  t ime product being fed  before  
t h e  sho r t  con tac t  t ime product. I n  t h i s  case, the  n i t rogen  content  o f  
t h e  ma te r ia l  made from the sho r t  contac t  t ime product  i s  again lowest  
even though i t  i s  made l a s t  ( w i t h  the  most aged c a t a l y s t ) .  Th is  p a t t e r n  
i s  a l s o  seen i n  t h e  d i s t i l l a t e  o i l s .  

A1.5 L i q u i d  Chromatographic Results* 

.The l i g h t  o i l s  were chromatographed us ing fou r  amine columns i n  se r ies  
. and the  e l u t i o n  program developed t o  maxlmire reso lu t i on .  The o i l s  from 

t h e  f i l t r a t e  prepara t ions  were i n j e c t e d  as 10% s o l u t i o n s  i n  hexane wh i le  
t h e  more hydrogenated mate r ia l  s  made i n  the  f i l  t r a t e  hydrogenation proce- 
dures were run a t  h igher  concentrat ions t o  a l l ow  inspec t ion  o f  t races  o f  
n i t r o g e n  and oxygen con ta in ing  ma te r ia l s  l e f t  i n  the  products. 

F i g u r e  A -1  i s  t h e  d i sp lay  f o r  DOE 493 l i g h t  o i l s .  Because o f  the  low 
concen t ra t i on  o f  sa tura tes  present, i t  was poss ib le  t o  run  the  r e f r a c t i v e  
index detec tor  ( r i g h t  hand s ide o f  cha r t )  a t  16X throughout the  whole 
use fu l  range. Th is  c h a r t  has been o f f s e t  t o  make room f o r  the  r a t h e r  
l a r g e  t h i r d  peak area on the  UV detec tor  c h a r t  ( l e f t  hand s ide  o f  char t ) .  
These peaks have been numbered t o  a l l ow  easy c o r r e l a t i o n  o f  the  two 
detectors.  The f i r s t  R I  de tec to r  peak i s  due t o  saturates and shows 
t h r e e  we1 1 resolved shoulders. Peak 2 i s  a compasi t e  ~f compounds prob- 
a b l y  l i m i t e d  t o  one res idua l  aromatic r i n g  and peak 3, which i s  a  compo- 
s i t e  o f  more aromatic mater ia ls ,  i s  t he  most abundant group i n  the  hydro- 
carbon array. V o l a t i l i t y  o f  h igher  ma te r ia l s  i s  t oo  low f o r  much o f  t h i s  
k i n d  o f  ma te r ia l  t o  appear i n  the  l i g h t  o i l  blend. A r i c h  ar ray  o f  peaks 
i s  observed i n  the  basic n i t rogen  reg ion  ( 80-140 min.) and again i n  the  
phenols reg ion  (140-250 min.). It i s  c l e a r  from t h i s  c h a r t  t h a t  an abun- 
dance o f  p o l a r  m a t e r i a l  4s co r~ ta ined  i n  the  l i g h t  o i l  blend. 

F i g u r e  A-2 i s  t h e  d i sp lay  f o r  DOE 494 l i g h t  o i l s .  I t  was run a t  condi- 
t i o n s  matching the  f i r s t  char t .  The f i r s t  R I  peak due t o  saturates i s  
observed t o  be about h a l f  again l a r g e r  than was observed f o r  t h e  sho r t  
con tac t  t ime product. The second peak i s  a l i t t l e  smaller,  wh i l e  the  
t h i r d  i s  s l i g h t l y  l a rge r .  The same ar ray  o f  m a t e r i a l s  i s  present  
throughout  the  hydrocarbon ar ray  i n  each case and on ly  the  r e l a t i v e  
amounts have been s h i f t e d  as noted. A considerable d i f f e r e r ~ c e  appeetrs i n  
t h e  normal contac t  t ime product  (F igu re  A-2) i n  the  area j u s t  f o l l o w i n g  

* The l i q u i d  chromatography method was discussed i n  "Research on Solvent  
Ref ined Coal ," Technical Progress Report f o r  t h e  Per iod  A p r i l  1, 1982 
through J u l y  31, 1982; October 1982, PC40005-23; Appendix B. 



t h e  methylene c h l o r i d e  so lvent  f r o n t .  (Th i s  i s  a t  80 t o  84 minutes reten-  
t i o n  t ime).  The peaks i n  t h i s  area a re  considerably s t ronger  f o r  t h e  
normal con tac t  t ime product. Throughout t he  bas ic  n i t r o g e n  and the  phe- 
n o l s  region, t he  same ar ray  o f  peaks appears on bo th  char ts .  The r e l a -  
t i v e  i n t e n s i t y  o f  several peaks changes i n  response t o  the  increase i n  
r e a c t i o n  t ime i n  the normal SRC I mode. 

The l i g h t  o i l  b lend o r i g i n a t e s  by d i s t i l l a t i o n  o f  m a t e r i a l s  from the  
so l ven t  and by thermal decomposition o f  t he  coal  and the  so l ven t  as we1 1. 
It i s  n o t  poss ib le  t o  assign the  o r i g i n  o f  a  component t o  solvent ,  o r  t o  
coa l  i n  these cases, s ince the  so l ven t  has considerable heteroatom con- 
t e n t  which cou ld  appear i n  the  v o l a t i l e  products. The d i f f e rences  from 
one case t o  the  o ther  appear t o  be d i f f e rences  i n  amounts and n o t  i n  a  
tendency f o r  d i f f e r e n t  substances t o  be made. 

The f i l t r a t e  was vacuum s t r i p p e d  t o  175OC a t  2mm. When hydrogenated over  
a  c a t a l y s t ,  the  coal der ived ma te r ia l  r e a c t s  b u t  a  major consumption o f  
reagent  must be by the  res idua l  so l ven t  b o i l i n g  over the  175°C c u t  p o i n t .  
T h i s  makes up h a l f  of the  feedstock. Again the  l i g h t  o i l s  obta ined 
o r i g i n a t e  i n  the  hydrogenation products o f  bo th  the  coal  and the  solvent,  
b u t  the  p r o b a b i l i t y  i s  t h a t  the  so l ven t  i s  the  major c o n t r i b u t o r .  The 
1  i q u i d  chromatographic s tud ies  were, there fore ,  extended t o  ana lys i s  o f  
bo th  the  l i g h t  b lend and the  o i l  rec la imed by d i s t i l l a t i o n  o f  t he  hydro- 
genated f i l t r a t e .  The l i g h t  o i l  blends w i l l  be discussed f i r s t .  

The l i g h t  o i l  from run DOE 495A i s  shown i n  F igure  A-3. The elemental 
a n a l y s i s  i n d i c a t e d  h igh  conversion t o  hydrogenated ma te r ia l  and t h i s  i s  
conf i rmed by the l a r g e  s i z e  o f  the  peak f o r  sa tura tes  (which i s  the  f i r s t  
peak on the  r e f r a c t i v e  index detec tor ) .  The low concentrat ion.  o f  hetero- 
atoms shown i n  the  elemental ana lys i s  i s  a l so  a  fac to r ,  these c h a r t s  
be ing  run  w i t h  samples a t  25% concent ra t ion  r a t h e r  than a t  10% as has 
u s u a l l y  been done i n  the  past. Th i s  a l lows enough p o l a r  ma te r i a l  t o  be 
i n j e c t e d  t o  show the  l o c a t i o n  o f  the  t races  o f  res idua l  ma te r i a l  present.  
The sa tura tes  peak i s  run  a t  128X and the  second peak and t h e  remainder 
o f  t he  R I  c h a r t  a t  16X. The sa tura tes  and the  3-double-bond reg ion  ac- 
count  f o r  most o f  .the hydrocarbons present. A f t e r  64 minutes, the  UV 
d e t e c t o r  was s e t  t o  0.05 absorbance u n i t s  f u l l  scale (AUFS). The so l ven t  
f r o n t  due t o  methylene c h l o r i d e  i s  a t  80 minutes and i s  fo l lowed by 
several  peaks i n  the  80 t o  88 minutes region. These substances have n o t  
been i d e n t i f i e d ,  though peaks f o r  hydrocarbons i.n t h i s  reg ion  u s u a l l y  
correspond t o  fu l  l y  aromatic hydrocarbons w i t h  several r i ngs . .  I d e n t i  f i -  
c a t i o n  by t rapp ing  and subsequent ana lys i s  may be d i f f i c u l t  a t  t h i s  low 
concent ra t ion  b u t  has n o t  been done i n  any case. Peaks i n  the  bas i c  
n i t r o g e n  region, corresponding t o  hydrogenated qu i  no1 i nes and re1 a ted  
compounds, a re  o f  very low i n t e n s i t y .  Th i s  i s  a1 so t r u e  f o r  t he  peaks i n  
t h e  reg ion  associated w i t h  phenol s. 

The l i g h t  o i l  b lend from run DOE 4958 i s  shown i n  F igu re  A-4. Th i s  Sam- 
p l e  was run  a t  25% concent ra t ion  i n  hexane w i t h  a l l  cond i t i ons  matching 
t h e  DOE 495A sample. A t  128X t h e  f i r s t  peak on the  r e f r a c t i v e  Index 
c h a r t  i s  a  l i t t l e  smal ler  and the  second peak i s  a  l i t t l e  l a r g e r  than the  
corresponding peaks i n  t he  DOE 495A case. Thus, the  ins t rumenta l  method 
agrees w i t h  the  r e s u l t s  shown by the  ASTM method f o r  sa tura tes  and adds 



t h e  i n fo rma t ion  t h a t  t he  d i f f e r e n c e  i s  most ly  due t o  more 3-double-bond 
m a t e r i a l  i n  t he  hydrocarbon array. The whole ar ray  tends t o  con ta in  
s l i g h t l y  more o f  each o f  t he  aromatic species observed i n  t he  case o f  t he  
DOE 495A sample. The area j u s t  f o l l o w i n g  the  methylene c h l o r i d e  f r o n t  
con ta ins  several  peaks st rong enough t o  run  o f f  scale o r  nea r l y  f u l l  
c h a r t  w id th  on t h e  0.05 AUFS s e n s i t i v i t y .  The bas ic  n i t rogen  reg ion  a l so  
shows a  number o f  we l l - de f i ned  peaks which are  s u b s t a n t i a l l y  s t ronger 
than those i n  t he  DOE 495A sample. Peaks i n  the  phenols reg ion  are  no t  
enhanced, however. 

The l i g h t  o i l  b lend from run DOE 495C i s  shown i n  F igu re  A-5. Th i s  sam- 
p l e '  was made by reprocessing the  product  from DOE 4958. The chromato- 
grams f o r  DOE 4958 and C a re  s i m i l a r .  The peaks j u s t  f o l l o w i n g  the  sol -  
ven t  f r o n t  were l e f t  a t  0.5 AUFS t6 avo id  the r i s k  t h a t  they would run  

. o f f  scale. It appears t h a t  t h i s  would have been the  case. It appears 
t h a t  the  peaks i n  t he  phenols reg ion  a re  smal ler  wh i l e  on ly  minor d i f f e r -  
ences can be seen i n  t h e  bas ic  n i t r o g e n  region.  

t 

The l i g h t  o i l  b lend from run DOE 4950 i s  shown i n  F igu re  A-6. Th i s  sam- 
p l e  r e s u l t s  from reprocessing the  f i l t r a t e  hydrogenated i n  DOE 495A. 
Again, t he  chromatograms from A and D resemble each o the r  and d i f f e r  from 
t h e  s e t  ob ta ined i n  DOE 4958 and C. The reprocessing procedure made a 
l i g h t  o i l  which l ooks  a  l i t t l e  l e s s  sa tura ted  and which has more o f  the 
3-double-bond group o f  compounds i n  it. The group o f  compounds emerging 
j u s t  a f t e r  t he  methylene c h l o r i d e  f r o n t  i s  a l so  a  l i t t l e  stronger. The 
bas i c  n i t r o g e n  r e g i o n  and the  phenols reg ion  con ta in  on ly  weak peaks near 
t h e  l i m i t  o f  observa t ion  a t  t h i s  concent ra t ion  and wavelength. 

Based on t h e  l i g h t  o i l  blends, the s h o r t  con tac t  t ime ma te r ia l  seems t o  
be more r e a d i l y  reduced ( I n  heteroatoms) i n  bo th  the  f i r s t  and second 
pass h y d r o t r e a t i n g  runs  than was the  case f o r  the  normal con tac t  t ime 
m a t e r i a l .  Th i s  i s  supported by the  r e s u l t s  o f  t he  bas ic  n i t r o g e n  t i t r a -  
t i o n  and by the  l i q u i d  chromatography ana lys i s  o f  t he  l i g h t  o i l s  d fs -  
t i l l e d  as the  hydrogenated product  i s  f lashed from the  reac tor .  The 
elemental a n a l y s i s  and bas ic  n i t r o g e n  r e s u l t s  a v a i l a b l e  suggest t h a t  the 
same p a t t e r n  i s  p resent  i n  t he  o i l s  d i s t i l l e d  under vacuum from the  hy- 
drogenated product.  I t  was, there fore ,  considered necessary t o  analyze 
these ma te r ia l  s  as we1 1, 

The vacuum d i s t i l l a t e  from run  DOE 495A i s  shown i n  F igu re  A-7. T h i s  o i l  
con ta ins  l e s s  sa tura ted  ma te r ia l  than the  corresponding 1  i g h t  o i l  b lend 
and produces a  s i m i l a r  s ize  peak a t  64X on the  R I  de tec to r  as the  peak a t  
128X f o r  t h e  l i g h t  o i l  blend. Some d i f f i c u l t y  was experienced i n  a t -  
tempt ing t o  run  the  ASTM D 1019 method f o r  saturates, as the  sample 
tended t o  overheat. The method was mod i f i ed  t o  moderate the  r e a c t i o n  by 
adding t h e  o i l  t o  some s u l f u r i c  a c i d  t o  p a r t l y  react the sample, then 
adding t h e  s u l f u r i c  acid-P 0 reagent  t o  t he  p a r t l y  reacted sample. 
The value ob ta ined may be $ ?earonable r e s u l t  based on the  s i r e  of the  
f i r s t  R I  peak. The second R I  peak i s  l a r g e r  than the  corresponding peak 
f o r  t he  l i g h t  o i l  b lend also. The UV t r a c e  shows t h a t  t he  more aromatic 
components are  present  a t  h igher  concent ra t ions  also. The peak which 
emerges w i t h  the  methylene c h l o r i d e  so l ven t  f r o n t  was run  a t  0.5 AUFS and 
i s  comparati,vely la rge .  A se r i es  o f  moderate s i z e  peaks i s  found i n  the  



bas ic  n i t r o g e n  reg ion  and l i t t l e  i n d i c a t i o n  of phenol ic  ma te r i a l  i s  e v i -  
dent. The correspondance i n  peak l o c a t i o n  on the  c h a r t  f o r  the  d i s t i l -  
l a t e  o i l  and the  l i g h t  o i l  b lend c h a r t  i s  n o t  c lose,  suggesting t h a t  n o t  
much t r a n s f e r  o f  compounds from one b o i l i n g  range t o  the  o ther  i s  i n -  
vo lved here. I n  t h i s  c a t a l y t i c  reac t ion ,  the  l i g h t  o i l  i s  we l l  reduced 
and the  heavy o i l  remaining i n  contac t  w i t h  the  SRC* i s  a l so  being re-  
duced w i t h  good e f f e c t .  The amount o f  ma te r i a l  observed by the bas ic  
n i t r o g e n  t i t r a t i o n  c o r r e l a t e s  w i t h  the  amount o f  ma te r i a l  observed i n  the  
bas ic  n i t rogen  reg ion  o f  the  l i q u i d  chromatogram. 

The vacuum d i s t i l l a t e  from run DOE 4958 i s  shown i n  F igure  A-8. The 
l i q u i d  chromatographic ana lys i s  o f  t h i s  o i l  agrees w i t h  the  r e s u l t s  from 
elemental ana lys i s  and t i t r a t i o n  f o r  bas ic  n i t rogen,  t h a t  the  normal 
con tac t  t ime ma te r ia l  was n o t  as e f f e c t i v e l y  hydro t rea ted  as the s h o r t  
con tac t  t ime product. The sa tura tes  peak i s  smal le r  and the  hydrocarbon 
a r ray  i s  more aromatic i n  character .  Th i s  i s  observed by comparison o f  
t h e  amount o f  ma te r i a l  e l u t i n g  i n  t he  l a s t  p a r t  o f  the  ar ray  (between 60 
and 80 minutes, f o r  example). The peaks f o l l o w i n g  the  methylene c h l o r i d e  
f r o n t  a re  l a r g e r  as we l l .  The peaks i n  t he  bas ic  n i t rogen  reg ion  a re  
s t ronger  w i t h  th ree  peaks ( r e t e n t i o n  t imes o f  110, 116 and 122 minutes) 
tend ing  t o  emerge st ronger than the  r e s t .  These a re  observed i n  t h e  
l i g h t  o i l  b lend suggesting t h a t  the  vapor pressure o f  these ma te r ia l s  i s  
s u f f i c i e n t  t o  cause some d i s t i l l a t i o n  t o  the  l i g h t  o i l  f l ash .  Peaks i n  
t h e  phenol s  r e g i  on a re  qu i  t e  'weak. 

The vacuum d i s t i l l a t e  from run DOE 495C i s  shown i n  F igure  A-9. Th i s  
ma te r i a l  was made by reprocessing the  product  from DOE 4958 i n  which the  
normal r e t e n t i o n  t ime f i l t r a t e  was hydrogenated. When t h i s  ma te r i a l  was 
reprocessed, t he  hydrogenation o f  t he  heavy o i l  increased and the  bas ic  
n i t r o g e n  content  decreased. The f i r s t  peak on the  R I  c h a r t  increased i n  
he igh t ,  and the  second peak i s  a l so  l a r g e r .  The UV t r a c e  shows t h a t  t h e  
areas due t o  the  more aromatic substances i n  t h e  hydrocarbon ar ray  de- 
crease as would be expected i f  the  product  were more completely hydro- 
t rea ted .  The subs tan t i a l  decrease i n  the  bas ic  n i t rogen  content  shown by 
t h e  t i t r a t i o n  i s  conf irmed by the  marked reduc t i on  o f  the peaks i n  t h e  
100 minute t o  130 minute r e t e n t i o n  t ime region. These peaks are  q u i t e  a 
b i t  smal ler  than those i n  t he  corresponding l i g h t  o i l  blend. Possib ly  
t h i s  i s  an i n d i c t i o n  o f  inadequate f l u s h i n g  o f  the  sample rece i ve rs  f o r  
t h e  f l a s h  components, p a r t i c u l a r l y  s ince the  p a t t e r n  o f  the  bas ic  com- 
pounds resembles the  p a t t e r n  i n  t he  p a r t  B  l i g h t  o i l  blend. An a l t e rna -  
t i v e  cause cou ld  be the  r e t e n t i c n  o f  q u i t e  a  b i t  o f  t h i s  k i n d  o f  ma te r i a l  
i n  the  feed (see the  d i s t i l l a t e  o i l  f o r  DOE 495B and compare t o  the  DOE 
495C l i g h t  o i l  blend).  I f  contac t  i s  inadequate, t h i s  ma te r i a l  may va- 
p o r i z e  and be observed i n  t he  f lashed o i l .  A l onge r  run would be re- 
qu i  red  t o  determine the  mechanism i nvol ved. 

The vacuum d i s t i l l a t e  from run DOE 495D i s  shown i n  F igure  A-10. As 
would be expected from the increase i n  hydrogen content,  the  f i r s t  peak 
i n  t he  R1 de tec to r  c h a r t  i s  the  s t rongest  response f o r  sa tura tes  i n  t h i s  
s e t  o f  samples. The second peak i s  reduced i n  i n t e n s i t y  and the  remain- 
der  o f  the hydrocarbon ar ray  i s  reduced i n  response compared t o  the DOE 

* Product  which I s  n o n d i s t i l l a b l e  b u t  so lub le  i n  product  o i l .  



495A vacuum d i s t i l l a t e  o r  t o  the  DOE 495C vacuum d i s t i l l a t e .  It i s  ev i -  
den t  t h a t  reprocessing t h i s  ma te r i a l  has removed most o f  the basic  n i t r o -  
gen f u n c t i o n  which can be observed a t  t h i s  s e n s i t i v i t y .  Only t r a c e  peaks 
can be observed i n  the  phenol s  region. 

A1.6 D iscuss ion  

I t  i s  ev iden t  t h a t  a  d i  f fe rence i n  r e a c t i v i t y  e x i s t s  when the  s h o r t  con- 
t a c t  t ime f i l t r a t e  i s  compared t o  t h e  normal con tac t  t ime f i l t r a t e .  More 
convers ion i s  obta ined i n  t he  longer  r e a c t i o n  t ime of the convent ional 
SRC I process and a  more hydrogenated product  w i t h  a  h igher  o i l  y i e l d  i s  
ob ta ined i n  t he  f i r s t  step. T h i s  does n o t  he lp  i n  t he  second stage where 
t h e  f i l t r a t e  i s c a t a l y t i c a l  l y  hydrogenated, however. Here the  r e a c t i v i t y  
o f  t h e  s h o r t  con tac t  t ime f i l t r a t e  appears h igher  and n i t rogen  removal i s  
more complete. When t h e  mater i  a1 s  are reprocessed ( t o  e f f e c t i v e l y  double 
t h e  r e a c t i o n  t ime),  t he  advantage o f  t he  s h o r t  contact. t ime appears t o  be 
r e t a i n e d  though the  longer  t ime tends t o  b r i n g  bo th  feedstocks ' t o  more 
n e a r l y  the same end composit ion. 

The cause f o r  t h i s  d i f f i c u l t y  w i t h  the  normal r e t e n t i o n  t ime product  i s  
obscure. When t h e  composit ion o f  t h e  vacuum bottoms (VB) i s  considered, 
t h e  sho r t  con tac t  t ime ma te r ia l  conta ins  more s u l f u r  and l e s s  n i t rogen  
p e r  u n i t  weight. The sho r t  contac t  t ime VB has 1.33% s u l f u r  and 1.94% 
n i t r o g e n  i n  i t  ( w i t h  5.58% oxygen by d i f f e rence ) .  The normal contac t  
t ime  VB has 0.83% o f  s u l f u r  and 2.10% n i t r o g e n  i n  i t  ( w i t h  4.33% oxygen 
by d i f f e rence ) .  It seems probable t h a t  s i m i l a r  behavior  w i l l  be assocl-  
a t e d  w i t h  t h e  so l ven t  range o i l s .  Thus, t he  thermal chemistry o f  t he  
p o o r l y  ca ta lyzed step resu l  t s  i n  t he  p r e f e r e n t i a l  e l  i m i  n a t i o n  o f  sul f u r  
and oxygen and i n  the  concent ra t ion  o f  n i t r o g e n  as the  r e a c t i o n  t ime i s  
increased. The n i t r o g e n  remaining may a l so  be the  more thermal ly  s t a b l e  
m a t e r i a l  o r  even rearrangement t o  more s t a b l e  molecules lnay be a  fac to r .  

A.2 Com~ar ison o f  F i xed  Bed and S1urr.y C a t a l y s t  
(Runs DOE 496-498B) 

A2.1 I n t r o d u c t i o n  

T h i s  sequence o f  runs was s t a r t e d  w i t h  a  s h o r t  con tac t  t ime conversion o f  
Burn ing  S t a r  coal  u s i n g  the  l o t  2397 so l ven t  made a t  F o r t  Lewis. The 
coa l  concent ra t ion  was 36% and the  nominal r e t e n t i o n  t ime was 6.0 minutes 
u s i n g  450°C r e a c t o r  temperature and a  pressure o f  2250 ps ig.  These con- 
d l  t l o n s  match prev ious  preparat ions,  t he  on ly  d i f f e r e n c e  i n -  the  opera t ion  
be ing  the  s u b s t i t u t i o n  o f  a  d i f f e r e n t  l o t  o f  SRC I 1  der ived o i l  as sol -  
vent .  The s o l u t i o n  ob ta ined was f i l t e r e d  and then s t r i p p e d  t o  make a  
feedstock w i t h  about 50% o f  d i s t i l l a t i o n  res idue and 50% o f  d i s t i l l a t e  
o i l .  A l l  o f  the s t r i p p e d  products were blended t o  make a uniform feed- 
s tock which was then used i n  runs DOE 497 and DOE 498. 

About. h a l f  o f  the feedstock was used f o r  DOE 497. The o b j e c t i v e  i n  t h i s  
r u n  was t o  use powdered HDS 1443 n i c k e l  molybdenum on alumina c a t a l y s t  i n  
an upflow reac tor .  A  l i m i t e d  supply of t h i s  ma te r i a l  was ava i lab le ;  
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there fore ,  i t  was necessary t o  rec la im  and reuse the  c a t a l y s t .  Th i s  was 
a l s o  done t o  study aging e f f e c t s  ( w i t h  any e f f e c t  of the rec la im  proce- 
dure added i n ) .  It was found t h a t  a feed r a t e  o f  2.5% c a t a l y s t  and a 
r e a c t o r  temperature o f  415°C appeared t o  develop a system w i t h  opera t ing  
c h a r a c t e r i s t i c s  which cou ld  be susta ined w i t h  the  amount 'of  c a t a l y s t  a t  
hand. ' A considerable amount o f  the c a t a l y s t  f ed  i n i t i a l l y  remained i n  
t h e  r e a c t o r  based on i n p u t  r a t e s  and ou tpu t  r a t e s  observed. A steady 
c o n d i t i o n  cou ld  be susta ined a t  the  2.5% r a t e  wh i l e  the  5% r a t e  i n i t i a l l y  
used seemed t o  be t o o  h igh  t o  sustain. The feed s l u r r y  cons is ted  o f  1:l 
f r e s h  f i l t r a t e  t o  recyc le  and r e t e n t i o n  t ime was 2.0 hours which matches 
t h e  pump r a t e  used i n  the  t r i c k l e - b e d  c a t a l y s t  runs. 

DOE 4978-1: Dur ing  t h i s  p a r t  o f  the  experiment the  c a t a l y s t  cons is ted  o f  
some f r e s h  ma te r ia l  and some rec la im  c a t a l y s t  as requi red.  The r e a c t o r  
was run  a t  415OC. 

DOE 497B-2: Dur ing  t h i s  p a r t  o f  the  experiment, the  c a t a l y s t  cons is ted  
o t  on ly  r e c y c l e  c a t a l y s t .  Th i s  was rec la imed by to luene washing the  
c a t a l y s t  recovered by f i l t r a t i o n  and r i n s i n g  the  to luene away w i t h  ace- 
tone then a i r  dry ing.  The reac to r  was run  a t  415OC. 

DOE 497C: The r e a c t o r  temperature was increased t o  430°C w h i l e  t he  cata- 
l-urn procedure developed and used i n  p a r t  A-2 was continued. 

A l l  o f  t he  components o f  the reac to r  were taken apa r t  and thoroughly 
cleaned t o  remove c a t a l y s t  res idues before  going t o  the  p y r i t e  ca ta lyzed 
experiment, DOE 498. The remaining h a l f  o f  the  feedstock made i n  DOE 496 
was consumed i n  t h i s  work. 

The f i r s t  p a r t  o f  DOE 498 was l i n e d  o u t  w i t h  2.5% p y r i t e  i n  t he  feed 
s l u r r y .  The r e a c t o r  temperature was s e t  a t  415OC t o  match the  c o n d i t i o n  
i n  497A-2. The p y r i t e  was n o t  rec la imed and reused s ince p l e n t y  was 
a v a i l a b l e  t o  work i n  a single-pass mode. 

The second experiment used p y r i t e  a t  t he  same concent ra t ion  and the  tem- 
pe ra tu re  o f  t he  reac to r  was r a i s e d  t o  430°C. Th i s  then compares p y r i t e  
w i t h  the  HDS 1443 c a t a l y s t  a t  t he  h igher  temperature us ing  the  same feed- 
s tock and ope ra t i ng  condi t ions .  

I n  bo th  runs w i t h  e i t h e r  the  HDS 1443 c a t a l y s t  o r  w i t h  p y r i t e ,  t he  opera- 
t i o n  was managed t o  a l l o w  an accounting o f  t he  amount o f  c a t a l y s t  fed  and 
t h e  amount o f  c a t a l y s t  recovered from products. Any product  removed from 
t h e  system was f i l t e r e d  and t h e  used c a t a l y s t  was reclaimed, washed and 
d r i ed .  T h e w  da ta  a l lnwed a p re l im ina ry  est imate ~f the  amount of cata- 
l y s t  s e t t l e d  i n  t he  reac tor ,  which appeared t o  be about 30% by weight  o f  
t.ntal ma te r i a l  i n  t he  reac tQr  i n  e i t h e r  case. 



A26.2 On L i n e  Observat ions o f  Product O i l  

D u r i n g  these experiments the  o i l  reclaimed by d i s t i l l a t i o n  o f  the  h igh 
temperature separator  bottoms (HTSB) product  t o  270°C a t .2 .0  mm was ti- 
t r a t e d  w i t h  p e r c h l o r i c  a c i d  t o  determine the  bas ic  n i t rogen  content.  The 
behav ior  o f  t h e  c a t a l y s t  cou ld  thus  be fo l lowed du r ing  the  course o f  the  
run.  The HDS 1443 c a t a l y s t  i n  t he  upflow system was n o t  as e f f e c t i v e  as 
t h e  S h e l l  c a t a l y s t  i n  t h e  t r i c k l e - b e d  mode*. Th i s  i s  thought t o  be 
l a r g e l y  due t o  the  e f f e c t  o f  mix ing  and the  l e s s  favorab le  concent ra t ion  
o f  c a t a l y s t  r e l a t i v e  t o  t h e  charge being reacted. D i f f e rences  i n  cata- 
l y s t  a c t i v i t y  may be present  b u t  a re  n o t  considered t o  be the  c o n t r o l  l i n g  
f a c t o r .  P y r i t e  i n  t h e  same con f i gu ra t i on ,  i s considerably l e s s  e f f e c t i v e  
i n  n i t r o g e n  and sul f u r  removal . The bas ic  n i t r o g e n  r e s u l t s  ( i n ,  weight  %) 
f o r  t h e  d i s t i l  l a t e  o i l  f o l l ow :  

Product  I n t e r v a l  DOE 4978-1 

::::: 
0.419 
0.425 
0.428 
0.438 
0.449 

DOE 4978-2 
0.451 
0.463 
0.475 
0.472 

Product I n t e r v a l  
5 

8 
14 
18 : 
23 
27 
3  1 
3  3  
3 7  

DOE 498A 
- - - .  - 

0.507 
0.571 
0.574 
0.590 
0.596 
0.599 
0.602 
0.613 

DOE 4988 
0.598 
0.603 
0.611 
0.625 
0.599 

' 0.606 

The o i l  l e f t  i n  con tac t  w i t h  the  d i s t i l l a t i o n  res idue i n  t he  s t r i pped  
f i l t r a t e  feed was repor ted  t o  have the  fo l l ow ing  ana lys is :  carbon 
89.32%, hydrogen 7.27%, sul f u r  0.78%, n i t rogen  1.00% and oxygen by d i  f- 
ference 1.63%. The d i s t i l l a t i o n  res idue had an ana lys i s  o f :  carbon 
85.89%, hydrogen 5.70%, n i t r o g e n  1.91%, s u l f u r  1.19%, ash 0.34% and oxy- 
gen by d i f f e r e n c e  4.97%. Since the  f i l t r a t e  conta ined an average o f  
51.45% o f  d i s t i l l a b l e  o i l ,  t he  computed composit ion o f  the feed i s  as 
Follows: c d r b ~ r ~  87.66%, hydrogen 6.51%, ni t roqen 1.64%, s u l f u r  0.98% and 
oxygen by d i f f e r e n c e  3.21%. 

A2.3 Elemental Ana lys is  o f  L i g h t  O i l  Composites 

The h igh  temperature separator ov.erheads from the  s h o r t  contac t  t ime 
f i l t r a t e  p repa ra t i on  step were r e d i  s t i l l  ed and the  1  i g h t  f r a c t i o n s  were 
washed w i t h  water as usual t o  el i ,minate the  d isso lved ammonia and hydro- 
gen s u l f i d e .  The f r a c t i o n s  were then analyzed and the  .composit ion o f  the 

* Run DOE 495A, see prev ious sect ion.  
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c lean sample was calculated.  The combined sample was used f o r  determina- 
t i o n  o f  t he  basic n i t rogen  and f o r  t he  l i q u i d  chromatographic analysis. 
To save labo r  the  recombined sample was used f o r  elemental ana lys is  as 
w e l l  as f o r  t he  basic n i t rogen  and saturates dete.rminat ion f o r  al.1 o f  the  
f l a s h  condensates from the  c a t a l y t i c  runs. These resu l  t s  f o l l  ow: 

DOE DOE DOE DOE DOE DOE 
Composition, w t  % - 496 4978-1 4978-2 497C 498A 4988 - - 
Carbon 86.42 87.98 87.48 87.88 86.15 86.14 
Hydrogen 9.62 10.04 10.20 10.33 9.17 9.13 
N i  t rogen 0.54 0.53 0.60 0.55 0.77 0.90 
S u l f u r  1.07 0.06 0.08 0.05 0.12 0.21 
Oxygen 2.35 1.39 .2.24 1.19.  3.79 3.62 

Basic Ni t rogen 0.365 0.394 0.456 0.406 0.582 .0.668 
Saturates ASTM, 

(volume %) 16 26 2 6 29. 16 16 

A2.4 Elemental Analys is  o f  Vacuum D i s t i l l a t e  O i l s  and 
D i  s t i  11 a t i o n  Residues 

The elemental analyses f o r  the  d i s t i l  l a t e  o i l s  and d i s t i l  l a t i o n  res idues 
recovered from vacuum d i  s t i l  l a t i o n  o f  the  f i l t r a t e  feed o r  hydrogenated 
product  are presented i n  the  f o l l o w i n g  tab les :  

Vacuum D i s t i l l a t e  DOE DOE DOE DOE DOE DOE 
Composition, w t  % - 49 6 4978-1 4978-2 - 497C 498A 4988 - - 
Carbon 
Hydrogen 
N i trogen 
S u l f u r  
Oxygen 

Basic N i t rogen 0.52 0.45 0.47 0.44 0.60 0.61 
Saturates ASTM 

(volume %) 1-2 3-4 4 4- 5 2 2 

D i s t i l  l a t i o n  
Residue Corn- DOE DOE DOE DOE DOE DOE 
pos i t i on ,  w t  % 496 4978-1 4978-2 497C 498A 498B - - - 
Carbon 
Hydrogen 
N i trogen 
S u l f u r  
Ash 
Oxygen 

It can be seen t h a t  t he  HDS 1443 c a t a l y s t  i n  t h i s  opera t ing  mode was e f -  
f e c t i v e  i n  rernovriny s u l f u r  from both  the  o i l ,  phase and the  d i s t i l l a t i o n  
residue. A dec l i ne  i n  a c t i v i t y  i s  observed w i t h  use, and t h i s  l o s s  i s  



compensated f o r  by the  temperature increase. . P y r i t e  i n  t he  same operat- 
i n g  mode i s  n o t  e f f e c t i v e  i n  n i t rogen  removal b u t  has considerable e f f e c t  
on s u l f u r  and oxygen removal. A t  t he  h igher  temperature i t  appears t h a t  
p y r i t e  may cause format ion o f  o i l  which moves t o  the  d i s t i l l a t e  category 
w ' i  t h  f u n c t i o n a l i t y  i n t a c t .  . 

. . 
A2.5 Inspec t i ons  by L i q u i d  Chromatography 

F o r  the  p a s t  few months we have concentrated on the  composit ion and t h e  
chromatographic ana lys i s  o f  the  1 i g h t  o i l  composite represent ing  t h e  
m a t e r i a l  s f l  ashed a t  r e a c t o r  pressure and near t he  ope ra t i ng  temperature 
o f  the  reac to r .  It was hoped t h a t  t h i s  k i n d  o f  sample would y i v e  some 
advantage i n  cons ider ing  the  reac t i ons  which r e s u l t  i n  t he  format ion o f  
c rack ing  products  o r  c e r t a i n  substances which appear t o  form a t  low mo- 
l e c u l a r  weight  and which ca r ry  a func t i ona l  group o u t  o f  the  r e a c t o r  
promptly a f t e r  t he  event which for*m$ t he  ma te r ia l ,  Th i s  i n v e s t i g a t i o n  
has been extended t h i s  month t o  i nc lude  the  vacuum d i s t i l  late's" from the 
h i g h  temperature separator  bottoms s ince i t  has become apparent t h a t  
m a t e r i a l  i n  t h i s  b o i l i n g  range i s  a l so  produced i n  s i g n i f i c a n t  amounts. 
Charts  have been obta ined which w i l l  a1 low the  1 i g h t  o i l  blends and the  
d i s t i l l a t e  o i l  i n  t he  process t o  be compared. 

F i g u r e  A - 1 1  i s  a l i q u i d  chromatogram o f  the  d i s t i l l a t e  o i l  recovered by 
vacuum d i s t i l l i n g  t h e  DOE 496 s t r i p p e d  f i l t r a t e  t o  determine the  propor- 
t i o n s  o f  d i s t i l l a t i o n  res idue and d i s t i l l a t e  i n  t h e  feedstock. The sam- 
p l e s  were made a t  10% weight/volume concent ra t ion  throughout  t h i s  ser ies.  
The d i f f e r e n t i a l  re f rac tometer  ( r i g h t  hand s ide  u f  c h a r t )  was operated a t  
16X w h i l e  t he  UV spectrophotometer was operated a t  0.5 absorbance u n i t s  
f u l l  scale (AUFS) f o r  about the  f i r s t  88 minutes us ing  274.5 nm. The 
remainder o f  t he  c h a r t  was run  a t  the same wavelength b u t  a t  0.10 AUFS. 
The f i r s t  peak on the  d i f f e r e n t i a l  re f rac tometer  t r a c e  i s  q u i t e  small 
conf i rming t h e  ASTM t e s t  f o r  sa tura tes  which a l s o  gave a small value near 
t h e  l i m i t  of de tec t i on  i n  t h i s  case. The second peak (3-double-bond 
compounds) i s  q u i t e  weak on bo th  the  UV and t h e  R I  t races.  See the  15 
minute r e t e n t i o n  t ime region. The R I  t r a c e  i n d i c a t e s  more o f  the  h igher  
a r o m a t i c i t y  cornpourids and peaks a t  a r e t e n t i o n  t ime of about 48 minutes. 
T h i s  p a t t e r n  i s  a1 so observed i n  t h e  UV t r a c e  w i t h  t h e  h igher  s e n s i t i v i t y  
o f  the  heavy components tending t o  skew t h i s  t o  emphasize these mater i -  
a l s .  The hydrocarbon ar ray  i s  n o t  f u l l y  e l u t e d  a t  t he  p o i n t  where methy- 
l ene c h l o r i d e  breaks through, and a few l a r g e  area peaks a re  seen j u s t  
f o l l ow i r i g  t h i s  f raont  (see t h e  reg ion  from 80 t n  88 minutes r e n t i o n  t ime).  
A t t e n t i o n  i S  d i r e c t e d  t o  a complex o f  peaks a t  96 t o  100 minutes reten-  
t i o n  t ime. Another c h r a c t e r i s t i c  group appears from 115 t o  121 minutes 
r e t e n t i o n  t ime. Both o f  these are  be l i eved  t o  be bas ic  n i t rogen  com- 
pounds i n  p a r t l y  reduced form. Another c h a r a c t e r i s t i c  group appears a t  
160 t o  about 172 e ~ i n u t e s  r e t e n t i o n  t ime which may be due t o  a qu ino l ine-  
1 i k e  m a t e r i a l  o r  t o  a phenol ic  ma te r i a l .  The s t ronges t  peak due t o  bas ic  
n i t r o g e n  compounds fa1 1s near t he  120 t o  121 minute  r e t e n t i o n  t ime and a 
r e l a t i v e l y  l a r g e  peak f a l l s  a t  about 115 t o  116 minutes r e t e n t i o n  time. 
T h i s  peak i n  p a r t i c u l a r  i s  due t o  a r e a c t i v e  ma te r ia l  t h a t  can be ob- 
served t o  disappear i n  t he  course o f  the  c a t a l y t i c  reduct ions.  



Three l i q u i d  chromatograms a r e  presented f o r  vacuum d i s t i l l a t e s  from t h e  
r e d u c t i o n  o f  t he  f i l t r a t e  a t  e i t h e r  415°C o r  a t  430°C u s i n g  t h e  HDS 1443 
c a t a l y s t  (F i gu res  A-12, A-13 and A-14). I n  each case t h e  f i r s t  peak on 
t h e  R I  d e t e c t o r  i s  s t r onge r  than  i n  t h e  feedstock and a  s h i f t  i n  t h e  
hydrocarbon d i s t r i b u t i o n  i s  observed which inc reases  t h e  amount o f  3- 
double-bond m a t e r i a l  (peak 2 )  and which decreases t h e  amounts o f  t h e  
h i g h e r  a roma t i c i  ty substances. A1 1  of t h e  c h a r t s  a r e  s i m i l a r  th roughout  
t h e  hydrocarbon reg ion ,  and i t  i s  doub t f u l  t h a t  t h e  r e s o l u t i o n  ob ta i ned  
i s  enough t o  j u s t i f y  conf idence i n  m inor  s h i f t s  f rom one c h a r t  t o  an- 
o the r .  Genera l ly ,  about  t h e  same amounts o f  t h e  same k i n d s  o f  m a t e r i a l s  
a r e  observed. The s i z e  o f  t h e  area f o l l o w i n g  t h e  methylene c h l o r i d e  
f r o n t  i s  reduced i n  a1 1  cases by comparison t o  t h e  area on t h e  feed  ma- 
t e r i a l  cha r t .  The more i n t e r e s t i n g  observa t ions  a r e  concerned w i t h  t h e  
b a s i c  n i t r o g e n  reg ion .  Here t h e  complex of  peaks a t  96 t o  100 minu tes  
r e t e n t i o n  t ime i s  reduced t o  a  f r a c t i o n  o f  t h e  o r i g i n a l  area i n  t h e  o i l  
f rom t h e  feed. The peak a t  115 minu tes  i s  s u b s t a n t i a l l y  reduced a lso.  
A t  t h e  same time, a  peak has developed a t  about  109 minu tes  r e t e n t i o n  
t ime  which was n o t  p resen t  i n  t h e  feedstock. A  s t r ong  peak i s  observed 
a t  about  134 minutes r e t e n t i o n  t ime which seems r e s i s t a n t  t o  r e d u c t i o n  
w h i l e  t h e  complex o f  peaks a t  160 t o  172 minu tes  r e t e n t i o n  t ime  appears 
a t  reduced i n t e n s i t y .  

Two c h a r t s  a r e  presented showing t h e  chromatographic a n a l y s i s  o f  t h e  
vacuum d i s t i l l a t e  o i l  ob ta ined  u s i n g  p y r i t e  c a t a l y s i s  a t  e i t h e r  415°C o r  
a t  430°C (F igu res  A-15 and A-16). These show t h e  k i n d  o f  response which 
ought  t o  be observed i n  t h e  case o f  a  l e s s  e f f e c t i v e  c a t a l y s t .  The satu- 
r a t e d  peak i s  small i n  b o t h  cases, and t h e  hydrocarbon a r r a y  i s  o f  i n t e r -  
mediate a r o m a t i c i t y  between t h e  feedstock case and t h e  HDS 1443 c a t a l y s e d  
case. The complex o f  bas i c  n i t r o g e n  peaks a t  96 t o  100 minu tes  i s  s t i l l  
p resen t  a t  moderate i n t e n s i t y  though much reduced from the  feedstock 
values. The peak a t  121 minutes r e t e n t i o n  t ime i s  t h e  major  component i n  
t h e  bas i c  n i t r o g e n  r e g i o n  and i s  a c t u a l l y  l a r g e r  than  i n  t h e  feedstock 
case. T h i s  suggests t h a t  t h i s  m a t e r i a l  i s  coming from the  n o n - d i s t i l l -  
a b l e  component o f  t h e  system. The peak a t  about  135 minutes remains 
prominent,  b u t  t he  peak a t  109 minutes, which developed over  t h e  HDS 
c a t a l y s t ,  i s  n o t  p resen t  i n  any app rec iab le  amount. Only minor  a l t e r a -  
t i o n s  i n .  t h e  group a t  160 t o  172 minu tes  r e t e n t i o n  t ime a r e  ev iden t ,  t h e  
tendency f a r  t h e  f i r s t  peak t o  d i m i n i s h  and t h e  second t o  r e t a i n  i t s  peak 
h e i g h t  i s  noted. 

The l i g h t  o i l  composite r ep resen t i ng  t h e  s h o r t  c o n t a c t  t ime  d i s s o l u t i o n  
o f  t h e  coa l  t o  make t h e  s o l u t i o n  which was f i l t e r e d  and s t r i p p e d  t o  pre- 
pa re  t h e  feedstock was made w i t h  condensates c o l l e c t e d  i n  t h e  p roduc t  
i n t e r v a l  from 101 through 140. The f i r s t  r un  o f  t h i s  sample w i t h  t h e  
1  i q u i d  chromatograph produced an u n s a t i  s f a c t o r y  base1 i ne on t h e  R I  detec- 
t o r  b u t  produced a  s a t i s f a c t o r y  UV c h a r t  ( F i g u r e  A-17). A r e p e a t  r u n  was 
done l a t e r  and t h i s  gave a s a t i s f a c t o r y  base l i ne  f o r  t he  R I  de tec to r ,  b u t  
t h e  pump r a t e  was somewhat h i ghe r  o r  t h e  a c t i v i t y  o f  t h e  column had de- 
c l i n e d  enough t o  shor ten  t h e  r e t e n t i o n  t ime o f  a  number o f  peaks ( F i g u r e  
A-18). F i g u r e  A-18 i s  now cons idered  because t h e  base l i n e  i s  b e t t e r  i n  
t h e  R I  c h a r t ,  b u t  t h e  r e t e n t i o n  t ime  skew should be remembered when com- 
p a r i n g  i t  t o  o t h e r  c h a r t s  i n  t h i s  set .  The f l r s t  peak on t h e  R I  c h a r t ,  
due t o  sa tu ra tes ,  i s  f a i r l y  s t r ong  on t h e  16X a t t enua t i on ,  an obse rva t i on  



i n  l i n e  w i t h  the  r e s u l t  from the ASTM measurement. Use o f  the  l o t  2397 
s o l v e n t  r e s u l t e d  i n  t h e  appearance o f  a small peak area f o r  t he  3-double- 
bond reg ion  seen as t h e  second R I  peak o r  t h e  f i r s t  UV peak. A number o f  
more aromatic substances appear i n  t he  t h i r d  reg ion  and probably a re  due 
t o  d i s t i l l a t i o n  o f  t h e  more v o l a t i l e  p a r t  o f  the solvent.  These must 
c o n t a i n  f o u r  o r  more double bonds. F i n a l l y ,  the  low v o l a t i l i t y  o f  the 
s o l v e n t  r e s u l t s  i n  a low concent ra t ion  o f  t he  heavy so lvent  der ived ma- 
t e r i a l s  and l i t t l e  response i s  observed i n  t he  r e t e n t i o n  t ime area from 
about  50 t o  80 minutes. A number o f  the  peaks observed i n  the  bas ic  
n i t r o g e n  reg ion  a r e  present  i n  the  vacuum d i s t i l l a t e  and i n  t he  l i g h t  o i l  
composite. Th i s  suggests t h a t  they are  present  i n  the  l i g h t  o i l  by par- 
t i a l  d i s t i l  l a t i o n  i n  the  h igh  pressure f l ash .  A number o f  peaks i n  t he  
phenols r e g i o n  appear i n  t he  l i g h t  o i l  composite b u t  dn n o t  appear t o  any 
s i g n i f i c a n t  amount i n  t he  vacuum d i  s t i l l  ate. Presumably, these m a t e r i a l s  
must come from the  s h o r t  contac t  t ime d i s s o l u t i o n  o f  the  coal .  Both of 
t h e  runs w i t h  t h e  DOE 496 l i g h t  o i l  composite a re  shown t o  i l l u s t r a t e  how 
the e F f c c t  o f  v a r i a t i o n  i n  temperature o r  column a c t i v i t y  o r  t he  occa- 
s iona l  l y  e c c e n t r i c  pumping may cu~rlbi I I ~  t o  a1 t c r  t he  chroma~ogram. The 
cause o f  t he  d r i f t  i s  n o t  we l l  es tab l ished,  b u t  a small change i n  the  
pump r a t e  seems the  most 1 i k e l y .  T h i s  change seems t o  be associated w i t h  
t h e  l n a b i l  i ty o f  the  computer c o n t r o l l i n g  the  pump t o  ho ld  an absolute 
re ference t o  produce the  same flow r a t e  a t  a l l  times. 

The chromatograms f o r  the  l i g h t  o i l  composites f o r  DOE 4979-1, 4979-2 and 
497C are  a l l  s i m i l a r  (F igures  A-19, A-20 and A-21). The f i r s t  peak on 
t h e  R I  de tec to r  has t h e  same h e i g h t  i n  a l l  t h ree  char ts .  The second peak 
accounts f o r  much o f  the remaining hydrocarbon ma te r ia l  and a l s o  matches 
w e l l  on a1 l t h ree  chdr ts .  The h igher  b o i l i n g  and l e s s  hydrogenated hy- 
drocarbons are  genera l l y  present  i n  minor t o  t r a c e  amounts. The bas ic  
n i t r o g e n  reg ion  from about 90 t o  125 minutes conta ins  two main peaks and 
a number o f  minor peaks which match reasonably we l l  on a l l  t h ree  char ts .  
General ly ,  these a l s o  match s i m i l a r  peaks i n  the  vacuum d i s t i l l e d  o i l  and 
appear t o  be p a r t i a l  d i s t i l l a t i o n  products f lashed i n  the  h igh  pressure, 
h i g h  temperature separator. The 1 i g h t  o i l  composite appears t o  con ta in  
modest amounts o f  pheno l ic  ma te r i a l  n o t  present  i n  the. vacuum d i s t i l l a t e  
o i l  b u t  which matches peaks seen i n  the  s h o r t  con tac t  t ime l i g h t  o i l .  
The presence o f  these substances suggests t h a t  t he  sho r t  con tac t  t ime SRC 
s t i l l  r e t a i n s  oxygen which can be e l im ina ted  as promptly formed pheno l ic  
compounds which a re  a l so  v o l a t i l e .  

The chromatograms f o r  t h e  l i g h t  o i l  blends from DOE 498A and 4988 con- 
cludr! t h i s  s e r i e s  (F igures  A-22 and A-23). These match each o the r  rea- 
sonably w e l l  b u t  d i f f e r  s i g n i f i c a n t l y  f r l s n ~  t he  l l g h t  v i l s  made w i t h  the  
HDS c a t a l y s t .  When p y r i t e  i s  used, i t s  lower e f f l c f e n c y  i s  evident,  
f i r s t  i n  a lowered Concentr.dLio~~ o f  sa tura tes  and s ~ c n n d  i n  a tendency 
f o r  a more aromatic r i c h  d i s t r i b u t i o n  o f  hydrocarbons t o  be formed. The 
p a t t e r n  o f  bas ic  n i  t rogen compounds i s  s h i f t e d  sf gn i  f i c a n t l y  a1 so. The 
s t rong  peak a t  about 121 minutes r e t e n t i o n  t ime i s  preceded by a moderate 
s i zed  peak appearing a t  about 119 t o  120 minutes r e t e n t i o n  time. A t  t he  
same t ime, t h e  peak a t  about 110 minutes r e t e n t i o n  t ime has n o t  developed 
i n  the  way t h a t  i t  i s  observed w i t h  the  HDS c a t a l y s t  system. F i n a l l y ,  
more pheno l ic  ma te r i a l  i s  observed a t  bo th  415OC and a t  430°C opera t i ng  



cond i t ions .  Here i t  seems ev ident  t h a t  phenol i c  ma te r ia l  o r i g i n a t e s  i n  
t h e  f i l t r a t e  conversion step and t h a t  t h e  e f f i c i e n c y  o f  t he  c a t a l y s t  f o r  
oxygen reduct ion  has an in f l uence  on the  amount which escapes react ion.  

A2.6 Discussion 

The chromatographic ana lys is  o f  t he  whole s u i t e  o f  o i l s  i nvo lved  i n  these 
runs has al lowed observat ion o f  the  e f f e c t  o f  c a t a l y s i s  and opera t ing  
c o n d i t i o n  changes on a v a r i e t y  o f  substances i n  the  so lvent  a r ray  o r  
der ived by conversion o f  the coal.  The source o f  a p a r t i c u l a r  ma te r ia l  
can be deduced i n  many cases by no t ing  the  l o c a t i o n  w i t h  regard t o  b o i l -  
i n g  range and the  response t o  vary ing  c a t a l y i c  po ten t ia l s .  Thus, the  
phenols are predominantly a product from the  coal conversion step b u t  
seem t o  be made a t  some r a t e  from the low conversion SRC ma te r ia l  as 
we l l .  Ce r ta in  ma te r ia l s  are n o t  very s tab le  and reduce f i r s t  and, i n  
some instances, may be the  precursors f o r  more s tab le  substances which 
appear a t  in termediate stages. A t  h igh  reduct ion  p o t e n t i a l s  these a re  
t h e  l a s t  t o  be consumed. Products tend t o  move t o  saturated hydrocarbons 
as a l i m i t .  Th is  can be best  observed by reference t o  cha r t s  from mater- 
i a l s  made on the  t r i c k l e - b e d  c a t a l y s t  system repor ted i n  t h e  previous 
sec t ion  o r  t o  the  mater ia l  made on the  vapor phase hyd ro t rea t ing  r e a c t o r  
system repor ted i n  the  second quar te r  o f  1983* (see DOE 484R). 

It seems ev ident  t h a t  one o f  t he  problems i n  reduct ion  o f  f unc t i ona l  
groups i s  design o f  a system which w i l l  ma in ta in  the  ma te r ia l  i n  contac t  
w i t h  the  c a t a l y s t  f o r  l ong  enough a t  s u i t a b l e  condi t ions.  The v o l a t i l e  
substances which can escape promptly and which ca r ry  a heteroatom o u t  
account f o r  much o f  t he  low product  q u a l i t y  t h a t  i s  ev ident  i n  coal con- 
vers ion  mater ia ls .  The vapor phase r e a c t o r  i n t e r c e p t s  these and f i n i s h e s  
t h e  reac t ion .  Perhaps t h i s  can be done w i t h  a t r i c k l e  bed o f  s u f f i c i e n t  
1 ength. The prospect f o r  e f f i c i e n t  heteroatom removal i n  systems w i t h  
powdered c a t a l y s t  suspensions o r  e b u l l a t i n g  p e l l e t s  o f  c a t a l y s t  appears 
poor because o f  mix ing  e f fec ts .  Those mate r ia l s  made near the  top o f  t h e  
r e a c t o r  w i l l  1  i k e l y  escape from the  pr imary r e a c t i o n  (though a f o l l o w i n g  
vapor phase reac to r  could p o l i s h  the  f i n i s h  we1 1, most l i k e l y ) .  

* "Advanced Coal L ique fac t i on  Research," Q u a r t e r l y  Technical Progress 
Report f o r  the  Per iod  A p r i l  1, 1983 through June 30, 1983; December 
1983, PC50001-18. 

















































APPENDIX 8 

CHARACTERIZATION OF RESIDUE PRODUCTS 

The s o l u b i l i t y  o f  d i s t i l l a t i o n  res idues has been determined us ing  5% 
increments o f  p y r i d i n e  mixed w i t h  hexane as t e s t  reagents. The samples 
were d isso lved i n  p y r i d i n e  and the  mix tures  were prepared by p i p e t t i n g  
these stock so lu t i ons  i n t o  vo lumet r ic  f l a s k s  con ta in ing  t h e  requ i red  
amounts o f  p y r i d i n e  and f i l l i n g  t o  the  mark w i t h  hexane. For  d e t a i l s ,  
see the  f i r s t  qua r te r  1983 progress repor t ,  Appendix C*. 

B l  Shor t  Contact Time Coal .- - L i q u e f a c t i o n  
(Runs DOE 499A-C) 

B1.l I n t r o d u c t i o n  

A se r i es  o f  experiments was run w i t h  B e l l e  Ayr coal  i n  the s h o r t  con tac t  
t ime mode t o  exp lore  ways t o  ob ta in  increased conversion t o  so lub le  ma- 
t e r i a l . '  Run DOE 499 was a  base case experiment i n  which the  coal  was 
reac ted  i n  t h e  presence o f  p y r i t e  as a  c a t a l y s t  and i nc reas ing  . react ion 
t imes a t  440°C and 2250 p s i g  hydrogen pressure were used as process con- 
d i t i o n s .  Each experiment r e s u l t e d  i n  t he  prepara t ion  o f  a  number o f  
f i l t e r e d  samples and these were d i s t i l l e d  t o  o b t a i n  the  SRC component f o r  
eva lua t ion .  S o l u b i l i t y  o f  these res idues was determined i n  the  graded 
s e r i e s  o f  hexane-pyridine t e s t  reagents t o  study the  e f f e c t  o f  extending 
the  r e a c t i o n  time. 

81.2 S o l u b i l  i t v  Data 

Charts a re  presented showing the  s o l u b i l i t y  o f  the  d i s t i l l a t i o n  res idues 
obta ined a t  15, 30 and 45 minute nominal r e t e n t i o n  t imes (F igures  B-1, 2 
and 3, respec t i ve l y ) .  An increase i n  t h e  s o l u b i l i t y  i n  hexane was ob- 
served as the  r e a c t i o n  t ime increased. A t  the  cond i t i ons  chosen, t he  
y i e l d  o f  o i l  increased w i t h  reac t i on  t ime and t h e  y i e l d  o f  I O M  decreased. 
I t  must be presumed t h a t  the  SRC component i s  be ing  c o n t i n u a l l y  a l t e r e d  
by the  removal o f  ma te r i a l  t o  make d i s t i l l a t e  and by the  p a r t i a l  replace-  
ment o f  t h i s  w i t h  ma te r i a l  moving from the I O M  category t o  the  SRC cate-  
gory. Th i s  tends t o  ho ld  the  l e v e l  of ma te r i a l  i n  the  s o l u b i l i t y  a r ray  
roughly constant,  t he re fo re  no l a r g e  s h i f t s  i n  the  s i ze  o f  the  f r a c t i o n s  
a t  each concent ra t ion  o f  p y r i d i n e  i n  the  t e s t  reagent a re  ev ident .  

When i n d i v i d u a l  f r a c t i o n s  a re  compared, i t  i s  seen t h a t  the tendency i s  
f o r  the  l e s s  so lub le  f r a c t i o n s  t o  decrease i n  concent ra t ion  as the reac- 
t i o n  t ime i s  increased. I n  a  few instances, t he  peak s o l u b i l i t y  i s  found 
a t  an in te rmed ia te  time, again suggest ing movement from l o c a t i o n s  r e q u i r -  
i n g  h igher  concentrat ions o f  p y r i d i n e  t o  d i sso l ve  the  ma te r ia l  t o  loca-  
t i o n s  r e q u i r i n g  l e s s  py r i d ine .  

* "Advanced Coal L i q u e f a c t i o n  Research, " Q u a r t e r l y  Technical Progress Re- 
p o r t  f o r  the  Per iod  January 1, 1983 through March 31, 1983; December 
1983, PC50001-15. 



82 Mu1 t i ~ l  e Staqe L i a u e f a c t i o n  --- - 

82.1 Shor t  Contact  Time versus SRC I Coal D i s s o l u t i o n  Stages 
(Runs Dot  493 and 494) 

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

A s h o r t  con tac t  t ime (SCT) and a  normal con tac t  t ime were used t o  prepare 
feedstock f o r  convers ion i n  t h e  t r i c k l e - b e d  reac to r  t o  determine i f  the  
p r e p a r a t i v e  step had any substant ive e f f e c t  on the  upgrading. The coal  
used i n  bo th  cases was convent ional  l y  cleaned Burning S t a r  ( I 1  1  i n o i  s  No. 
6 )  and the same drum o f  so lvent  was used t o  make bo th  stocks. The sho r t  
c o n t a c t  t ime run  was DOE 493 ( a t  6  minutes nominal r e t e n t i o n  t ime) and 
t h e  normal con tac t  t ime run was DOE 494 ( a t  30 minutes nominal r e t e n t i o n  
t ime) .  Whcn the  o i l  y i e l d s  'iri the coa l  d i s s n l l ~ t i o n  s tep  were comparcd, 
t h e  30 minute r e t e n t i o n  t ime r e a c t i o n  produced more o i l ,  as would be 
expected. When t h e  o i l  y i e l d s  i n  the  ca ta lyzed upgrading step were com- 
pared, the  y i e l d  from the  SCT feedstock was a l i t t l e  l a r g e r ' t h a n  the 
y i e l d  from t h e  30 minute  r e t e n t i o n  t ime feedstock. When the  f i r s t  and 
second stages were taken together ,  t h e  o i l  from the  sum o f  the  steps was 
n e a r l y  the  same i n  bo th  cases. 

It i s  t h e r e f o r e  o f  i n t e r e s t  t o  compare the  s o l u b i l i t y  d i s t r i b u t i o n  of the  
d i s t i l l a t i o n  res idues from each feedstock t o  see i f  some d i f f e r e n c e  can 
be found t h a t  would e x p l a i n  the  d i f f e r e n c e  i n  r e a c t i v i t y ,  

82.1.2 S o l u b i l i t y  Data 

F igu res  0-4 and R-5 show t h a t  the  s o l u b i l i t y  o f  the  d i s t i l l d t i v n  res idue 
increased i n  the  hexane r i c h  t e s t  reagents when the  r e a c t i o n  t ime was 
i ncreased from 6  minutes nominal t o  30 minutes nominal . Th i  s  behavior i s  
accompanied by e l i m i n a t i o n  o f  some o f  the f r a c t i o n s  so lub le  on ly  i n  the  
h i g h e r  concent ra t ions  o f  py r i d ine .  Thus, on the  bas i s  o f  s o l u b i l i t y  
behavior ,  i t  i s  demonstrated t h a t  p rogress ive  r e a c t i o n  o f  the  vacuum 
d i s t i l l a t i o n  res idue ma te r ia l  i s  t a k i n g  p lace as the  r e a c t i o n  t ime i s  
i ncreased. 

82.2 Comparison o f  F i xed  Bed and S l u r r y  Ca ta l ys t s  
(Runs DOL 496 - 4988) 

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

Run DOE 496 was a s h o r t  con tac t  t ime coal  d i s s o l u t i o n  run  which was used 
t o  prepare f i l t e r e d  h igh  temperature, h igh  pressure separator.  bottoms f o r  
upgrading studies.  T h i s  feed was used w i t h  HDS 1443 ( N ~ M o / A I ~ U ~ )  and 
p y r i t e  s l u r r y  c a t a l y s t s  i n  runs DOE 497 and 498, respec t i ve l y .  

82.2.2 S o l u b i l i t y  Data 

The s o l u b i l i t y  curves were determined f o r  t he  DOE 496, 4998 and 497C 
d i s t i l l a t i o n  res idues (F igures  8-6, 8-7 and 8-8). Th is  was done because 



t h e  s o l u b i l i t y  p a t t e r n  repor ted  by the Soxhlet  e x t r a c t i o n  method was 
p e c u l i a r  i n  t he  sense t h a t  the  to luene s o l u b i l i t y  seemed h igh  r e l a t i v e  t o  
t h e  hexane s o l u b i l  i ty. The e x t r a c t i o n  by hexane appeared incompl e t e  and 
i t  appears necessary t o  use the  p r e c i p i t a t i o n  method ( t h i s  study) t o  
check the  r e s u l t s .  

The c h a r t  obta ined f o r  t he  DOE 496 d i s t i l l a t i o n  res idue (F igure  B-6) 
compares favorab ly  w i t h  the  c h a r t  presented f o r  DOE 479A* w i t h  conven- 
t i o n a l l y  cleaned Burning S t a r  coal a t  6 minutes r e t e n t i o n  t ime and w i t h  
2000,,psig hydrogen pressure. When the  pressure was increased t o  2250 
p s i g  i n  DOE 496, the  d i s t i l l a t i o n  res idue was s l i g h t l y  more so lub le  i n  
hexane and i n  the  lower percentages o f  p y r i d i n e  added t o  hexane. These 
a r e  smal l  s h i f t s  b u t  a re  be l i eved  t o  be s i g n i f i c a n t .  

When the  f i l t r a t e  was reacted i n  t he  presence o f  HDS 1443 c a t a l y s t ,  t he  
SRC component o f  the  feedstock was hydrogenated and the  s o l u b i l i t y  of the  
d i  sti1.1 a t i o n  res idue was s u b s t a n t i a l l y  increased. The so lub i  1  i ty i n  
hexane was found t o  be 74% f o r  the  ma te r ia l  processed a t  415OC and 80% 
f o r  t h e  ma te r ia l  processed a t  430°C. See F igures  8-7 and 8-8. The l e a s t  
so lub le  f r a c t i o n s  i n  t he  feedstock have been e l im ina ted  and the  res idua l  
m a t e r i a l  has been s h i f t e d  t o  more so lub le  f r a c t i o n s  i n  bo th  cases. More 
s h i f t  i s  observed a t  the  430°C temperature than a t  t he  415°C temperature. 
Thus, i n  a d d i t i o n  t o  removal o f  s u l f u r  and n i t r o g e n  from the  SRC compo- 
nent  o f  the  r e a c t i o n  product, a  subs tan t i a l  a l t e r a t i o n  i n  t he  s o l u b i l i t y  
o f  t h i s  ma te r i a l  has been obtained. It should be noted t h a t  t he  hexane 
s o l u b i l i t y  by t h i s  method 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 the  s o l u b i l i t y  
by the  Soxh le t  e x t r a c t i o n  method. I t  i s  be l i eved  t h a t  t he  Soxh le t  r e s u l t  
i s  n o t  dependable f o r  t h i s  k i n d  o f  ma te r i a l ,  though the  cause i s  obscure. 
The powdered sample forms a  gummy mass i n  t he  th imb le  and i t  appears t h a t  
t h e  so l ven t  i s  n o t  able t o  penet ra te  the  ma te r ia l .  The c l u e  t h a t  t r o u b l e  
i s  p resent  i n  t h i s  e x t r a c t i o n  i s  t h a t  the  s o l u b i l i t y  i n  to luene i s  very 
h igh  w h i l e  t he  s o l u b i l i t y  i n  hexane i s  n o t  very h igh  by the  method. 

When the  f i l t r a t e  was reacted i n  t he  presence o f  p y r i t e ,  the  increase '  i n  
s o l u b i l i t y  was a l so  subs tan t i a l  (F igures  B-9 and B-10). The hexane solu- 
b i l i t y  was 64.5% a t  415°C and 70.0% a t  430°C. Th i s  i s  reasonable based 
on the  observat ion t h a t  t he  hydrogen content  o f  t he  d i s t i l l a t i o n  res idue 
was nea r l y  t he  same as the  hydrogen content,  o f  t he  res idue processed w i t h  
t h e  HDS c a t a l y s t .  Thus, the  m o d i f i c a t i o n  o f  t he  d i s t i l l a t i o n  res idue by 
hydrogenation was l a r g e l y  accompl i shed w i t h  e i t h e r  c a t a l y s t ,  the  d i f f e r -  
ence i n  behavior  being main ly  the  e f f i c i e n c y  w i t h  which heteroatoms were 
removed. The lower e f f i c i e n c y  o f  p y r i t e  i s  ev iden t  s ince the  s o l u b i l i t y  
f o r  m a t e r i a l s  i n  hexane i s  ahout 1.0% l e s s  a t  each temperature than the  
s o l u b i l i t y  i n  t he  corresponding HDS processed ma te r ia l .  A 1 essor s h i f t  
i n  t he  s o l u b i l i t y  o f  h igher  f r a c t i o n s  i s  a l so  ev iden t  i n  t he  case o f  
p y r i t e  c a t a l y s i s .  

I t  has been est imated t h a t  bo th  t h e  HDS 1443 c a t a l y s t  powder and the  
p y r r h o t i t e  der ived from the  p y r i t e  tended t o  accumulate i n  the  upf low 

* "Advanced Coal L i q u e f a c t i o n  Research, " Q u a r t e r l y  Technical Progress 
Report f o r  t he  Per iod  January 1, 1983 through March 31, 1983; December 
1983, PC50001-15. 



r e a c t o r  t o  e s t a b l i s h  s o l i d s  l e v e l s  ' i n  t h e  v i c i n i t y  o f  30%. Ne i the r  o f  
these c a t a l y s t s  has done as 'wel l  as the  She l l  324 c a t a l y s t  working i n  t he  

' t r i c k l e - b e d  mode. There a r e  several d i f f e rences  i n  the  mode o f  opera t ion  
which a r e  l i k e l y  t o  .account f o r  t h i s  behavior.  F i r s t :  t he  r a t i o  o f  
c a t a l y s t  so l i 'ds t o  subs t ra te  i s  lower f o r  t he  powdered ma te r ia l ,  though 
t h e  dwel l  . t ime i n  the  t r i c k l e  bed i s 1  i k e l y  sho r te r  than i n '  the u p f l  ow 
r e a c t o r .  Second: t he  back mix ing  i n  t h e  up f low reac to r  w i l l  substan- 
t i a l l y  a l t e r  t h e  .contact  t ime p a t t e r n  a l l o w i n g  a  p a r t l y  reacted f r a c t i o n  
t o  e x i t  t h e  r e a c t o r  f a i r l y  soon a f t e r  i t  i s  introduced. F i n a l l y ,  i t  i s  
e v i d e n t  t h a t  p y r i t e  alone does n o t  have t h e  heteroatom removing p o t e n t i a l  
(and p o s s i b l y  t h e  c rack ing  p o t e n t i a l ,  as we l l  ) o f  the more a c t i v e  metal 
s u l f i d e s  on alumina. 

. a  

B2.2;3 Conclusions 

I n  the  exper iments.  from run DOE 484 through the  present  ser ies,  we tlavr 
exp lored t h e  use o f  several, catalys't 's I n  var lous  opera t ing  modes. I t i s  
e v i d e n t  t h a t  t h e  b e s t  p o t e n t i a l  f o r  heteroatom removal l i e s  i n  the  vapor- 
phase r e a c t o r  and t h a t  a f t e r  t h a t  t he  t r i c k l e - b e d  reac to r '  i s  most e f fec -  
t i v e .  Each ' o f  these system's has s t r i n g e n t  requirements f o r .  feedstock i n  
terms o f  v o l a t i l i t y  and absence. o f  so l ids .  These requirements can be 
s a t i s f i e d  by processing d i s t i l  l a t e  o r  c a r e f u l  l y  f i l t e r e d  .mater ia l .  D i  s- 
t i l l a t e  can be made i n  the  SRC I 1  mode us ing  p y r i t e  as the  c a t a l y s t ,  
e i t h e r  as a  n a t u r a l  component of the coal  o r  as an a d d i t i v e  where i t  f s  
absent. The product ion  o f  sho r t  con tac t  t ime f i l t r a t e  has been demon-. 
s t r a t e d  as a  method fo r  making a feedstock which can be processed on a  
t r i c k l e - b e d  reac to r .  The c a t a l y t i c  reac t i ons  a r e  run a t  l t l i l d  cond i t i ons  
and do n o t  generate much hydrocarbon gas. A l l  o f  the heteroatoms are 
removed as hydrogenated products except . for t h a t  p a r t  o f  the  oxygen which 
i s  e l i m i n a t e d  as carbon monoxide and carbon d iox ide.  These are  taken out 
i n  the  i n i t i a l  so lut . lun r e a c t i o n  and on ly  minor amounts are made i n  the  
c a t a l y t i c  step. 

Use o f  t h e  powdered c a t a l y s t s  o r  o f  e b u l l a t i n g  p e l l e t s  i n  the  upf low mode 
appears t o  develop a  much lower p o t e n t i a l  f o r  f i n i s h i n g  the  heteroatom 
removal reac t ions .  It would appear t h a t  t he  on ly  advantage i n  t h i s  sys- 
tem i s  t h e  to le rance fo r  minera l  ma t te r  which can be a l lowed t o  remain i n  
t h e  feedstock. The same advantages and d i  sadvantages apply t o  errrul s f  on 
generated c a t a l y s t s ,  w i t h  t h e  added d i  sadvantage t h a t  concentrat ions are  
i n h e r e n t l y  low and t h a t  considerable o i l  and water have t o  be added t o  
s u s t a i n  t h e  c a t a l y s t  a d d i t i o n  ra te .  

It i s  e v i d e n t  t h a t  t he  most r e a c t i v e  species added i s  the raw coal and 
t h a t  t he  nex t  most r e a c t i v e  species i s  the  preasphaltene der ived from the  
coa l .  As materSal i s  reacted, thermal bond breaking and hydrogenation o f  
t h e  r e s u l t a n t  f r e e  r a d i c a l s  appear t o  be the  dominant r e a c t i o n  mechanism. 
T h i s  resu l  t s  i n  a  progress ive ly  more thermal ly  s t a b l e  and hydrogenated 
product  a r r a y  (which i s  p rogress ive ly  more so lub le  i n  hexane) approaching 
sa tu ra ted  hydrocarbons as a  l i m i t .  Not  much d i f f e r e n c e  i s  observed from 
one c a t a l y s t  t o  another i n  t h i s  regard, the  more po ten t  c a t a l y s t s  tending 
t o  cause more e f f e c t  a t  a  g iven ope ra t i ng  c o n d i t i o n  b u t  products a t  
e q u i v a l e n t  stages o f  conversion appear t o  be a v a i l a b l e  even w i t h  crude 



c a t a l y s t s  i f  these are  used i n  s u i t a b l e  ways. It appears t h a t  hydrogena- 
t i o n  requ i res  some k i n d  o f  ca ta l ys t ,  and i t  appears t h a t  c rack ing t o  make 
d i s t i l l a t e  a1 so requ i res  ca ta l ys i s .  Coal minera ls  must supply some o f  
each func t i on  s ince t h e  SRC I 1  process i s  operable on coal minerals 
alone, g iven s u f f i c i e n t  i r o n  i n  the  feed coal.  By inference, the  c l a y s  
a r e  the  o the r  component o f  na tura l  ca ta l ys i s .  The s tud ies  w i t h  Burning 
S t a r  coal washed i n  var ious  ways tend t o  support t h i s  conclusion, p a r t i c -  
u l a r l y  s ince t h e  unwashed sample made one o f  t h e  h ighest  d i s t i l l a t e  
y i e l d s .  

Working w i t h  na tu ra l  c a t a l y s i s  has been a d i f f i c u l t y  s ince the  a c t i v i t i e s  
a re  low. The quest ion i s  then, how can more a c t i v e  c a t a l y s t s  be appl ied? 
General ly,  t h i s  means a separat ion o f  t he  mineral mat ter ,  cons t ruc t i on  o f  
a mineral t o l e r a n t  c a t a l y s t  system, o r  reprocessing o f  d i s t i l l a t e  from a 
c rude ly  cata lysed r e a c t i o n  i n  recyc le  mode (SRC I 1  o r  even EDS type d is -  
t i l l a t e ) .  It does n o t  appear t h a t  c a t a l y s i s  app l i ed  o u t  of d i r e c t  con- 
t a c t  w i t h  the  coal  der ived mater ia l  i s  as e f f e c t i v e  as c a t a l y s i s  i n  t h e  
d i s s o l u t i o n  reactor .  The turnover r a t e  f o r  t h e  c a t a l y s t  i n  the  reac to r  
outruns the  e f f e c t  o f  a reac t i on  conducted on ly  t o  improve the  solvent. 
Th is  seems t o  be the  main chemical problem i n  t h e  EDS s t ra tegy  w h i l e  
backmixing i s  1 i k e l y  t h e  main chemical problem i n  any o f  the  processes 
us ing  an e b u l l a t i n g  bed o f  ca ta l ys t .  



Figure €3-1 

So Iub i l  i t y  o f  Residue from Vacuum Loisti1 l a t i o n  o f  High Temperature, 
High Fressure Sepzrator Bottoms. Run DOE 499A* 
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Figure  C-2 . . 
. . 

S o l u b i l i t y  o f  ~ e s i d u e  from Vacuum D i s t i l l a t i o n  o f  High Temperature, 
High Pressure Separator  Bottoms. Run DOE 499B* 
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Solub i  1 i t y  o f  Residue f rom Vacuum D i s t i  1 l a t i o n  o f  High Tempereture, + .  

H igh Pressure Separator  Bottoms. Run DOE 499C* 
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Figure  8-4 

So lub i  1 i t y  o f  Residue f rom Vacuum D i s t i l  l a t i o n  o f  High Temperature, 
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Figure  B-5 

S o l u b i l i t y  o f  Residue f rom Vacium D i s t i l l a t i o n  o f  High Temperature, 
H'gh Pressure Separator  Bottoms. Run DOE 494* 
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Figure  E-6 
S o l u b i l i t y  o f  Residue f rom Vacuum D i s t i l l a t i o n  o f  High Temperature, 

High Pressure Separator  B o t t o m .  4un DOE 496* 
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F igu re  E-? 
S o l u b i l i t y  o f  Residue from Vacuum D i s t i l  l a t i o n  o' H igh Temperature, 

High Pressure Separator  Bottoms. Run DOE 497B-2* 

* HDS C a t a l y s t  at 41E°C 



Figure  e-3 
Solub i  1  i ty of Residue f rom vacuum Di s t i  1.1 a t i o n  o f  n i g h  ~ e m ~ e r a t u r e ,  

High Pressure Separator  bottoms. Run DUE 497C* 

* HDS C a t a l y s t  i t  430°C 
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Figure  3-9 
S o l u b i l i t y  o f  Residue f rom Vacuum D i s t i  l l a t i o n  o f  High T,emperature, 

H igh  Pre.jsure Separator  Bottoms. Run UOE 49EA* 
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3 .  F igu re  "D l0  

! 
s o l  u b i  1  i t y  o f  Residue f rom Vacuum D i s t i l  l a t i o n  o f  Hign Temperature, 

High Pressure Separator Bottoms. Run DOE 498B* 
n 

* P y r i t e  C a t a l y s t  a t  430°C 




