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INTRODUCTION 

The Advanced Coal L ique fac t i on  R & D F a c i l i t y  a t  W i l sonv i l l e ,  Alabama has been 
operating f o r  over 14 years t o  develop a l t e r n a t e  technologies f o r  producing low cos t  
fue ls .  A recen t l y  completed close-coupled i n teg ra ted  (CC-ITSL) processing mode was 
an important development i n  the  Wi l sonv i l l e  program f o r  making c lean d i s t i l l a t e  
fue ls .  In  the  CC-ITSL mode the  two reactors  were d i r e c t l y  coupled w i thou t  any 
pressure letdown. In ters tage cool ing was done on ly  t o  the ex ten t  requ i red  t o  con t ro l  
the second reactor  temperature. Such close-coupled operat ion should o f f e r  several 
process bene f i t s  such as increased ove ra l l  thermal e f f i c i ency ,  reduced p o t e n t i a l  f o r  
re t rogress ive react ions which m a y  take place i n  the  absence o f  hydrogen a t  longer  
residence times, and improved product qua l i t y .  

This paper i s  focused on two-stage coal l i q u e f a c t i o n  process performance w i th  
close-coupled reactors. Run 253 and Run 254. 
Run 253 processed h igh ash I l l i n o i s  No. 6 coal and used Shell  317 1/20" t r i l o b e  
bimodal c a t a l y s t  i n  both reactors. 
discussed. Cata lyst  performance comparisons f o r  Shell  317 (Run 253) and Amocat 1A 
and 1 C  (Run 251-1 and Run 2521 are made i n  terms o f  d i s t i l l a t e  y ie lds ,  c a t a l y s t  
deac t i va t i on  and c a t a l y s t  replacement rates. 

Run 254 processed low ash Ohio No. 6 coal and used Shel l  317 1/20" t r i l o b e  
bimodal c a t a l y s t  i n  both reactors. 
feed coal, h igh r e s i d  recycle, h igh  second stage reac t i on  temperature and h igh  space 
v e l o c i t y  a re  presented. The e f f e c t  o f  t he  coal type on the d i s t i l l a t e  y i e l d  i s  
discussed i n  comparisons o f  I l l i n o i s  No. 6 and Ohio No. 6 coals. 
c a t a l y s t  equ i l i b r i um a c t i v i t y  l e v e l  i s  discussed. Cata lyst  performance data a t  
d i f f e r e n t  second stage reac t i on  temperatures a re  presented i n  terms o f  c a t a l y s t  
deac t i va t i on  and c a t a l y s t  replacement rates. Optimum and cascading c a t a l y s t  requi re-  
ments are discussed. 

Cata lyst  proper t ies used i n  the  close-coupled i n teg ra ted  runs (Run 250-254) are 
l i s t e d  i n  Table 1. Cata lyst  performance i n  the close-coupled configurati!n has been 
extens ive ly  studied and repor ted i n  the  previous EPRI and DOE con t rac to rs  
conferences (1,2,3,4). Relat ive process economics evaluations (5), con f i gu ra t i on  
e f f e c t s  on process performance (6) and developments o f  ITSL models ( 7 )  were repor ted 
e l  sewhere. 

Results a re  presented f o r  two runs: 

Product y i e l d  and product q u a l i t y  data a r e  

The e f f e c t s  on process performance o f  the low ash 

The f i r s t  stage 
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PROCESS DESCRIPTION 

A block flow diagram of the catalytic-catalytic CC-ITSL process is shown i n  

integrated by the recycle of CSO (Crit ical  

Figure 1. The process consists of a slurry preparation step and two ca ta ly t ic  
reaction stages followed by hydrotreated solvent recovery and c r i t i ca l  solvent 
deashing systems. The system was 
Solvent Deashing) resid, hydrotreated solvent, and low-pressure flash bottoms 
containing ash, unconverted coal,  hydrotreated resid,  and hydrotreated solvent. 
Solids recycle allowed an increased concentration of solids i n  the CSO feed and hence 
a lower CSO feed rate.  The solvent recovery system consists of atmospheric flash and 
vacuum flash equipment. The recycle d i s t i l l a t e  was fractionated in a vacuum tower to 
reduce the l i g h t  ends (650'F- fraction) i n  the recycle solvent. 

RUN 253 RESULTS 

Catalyst Activity and Deactivation 

Run 253 was the f i r s t  CC-ITSL run w i t h  a significantly extended operation of 
catalyst  addition to  the f i r s t  stage ( 2  lb/ton MF coa l ) .  
catalyst  addition was about 27 days. The impact of the ca ta lys t  addition was very 
significant. 
3000 lb  resid + CI/lb ca ta lys t  of the second stage catalyst  age, compared t o  the 
yield l inearly extrapolated from the batch deactivation data. 

A s l igh t  decline of the slope indicates tha t  2 lb/ton addition is  not suf f ic ien t  
a t  385 MF lb/hr coal feed r a t e  to maintain ca ta lys t  ac t iv i ty  to achieve the "all-  
d i s t i l l a t e "  product slate w i t h  69 w t  % MAF C4+ d i s t i l l a t e .  This observation i s  
further substantiated in the catalyst  requirement data for  the resid exti,nction mode. 
Using the estimated ca t a lys t  ac t iv i ty  data approximately 4.0 lb/ton catalyst  addition 
i s  projected fo r  the "a l l -d is t i l l a te ' '  product s l a t e  w i t h  a 69 w t  % d i s t i l l a t e  yield.  
A t  480 MF lb/hr h i g h  coal feed rate,  the ca ta lys t  requirement is doubled t o  8.1 
lb/ton (Table 2 ) .  

These higher ca ta lys t  requirements for Run 253 w i t h  Shell 317 ca ta lys t  (approxi- 
mately 2 t o  3 times h ighe r  than those for  Run 251-1 and 252 w i t h  Amocat 1 A  and 1 C  
catalysts)  (Tables 2 and 3) were attr ibuted to  l e s s  catalyst  charges i n  both reactors 
by 12 w t  % and lower TSL ca ta lys t  ac t iv i ty  a s  compared in Figures 2 and 3. Shell 317 
catalysts for Run 2536 showed a lower C4+ d i s t i l l a t e  y ie ld  by 10 w t  % MAF coal a t  a 
similar ca ta lys t  volume basis and by 3 w t  % MAF a t  the same ca ta lys t  weight basis 
(Figure 21, compared to Amocat 1A/K ca ta lys t s  used in Run 251-IC. 
Amocat IC/lC ca ta lys t s  fo r  Run 2528 showed a higher C4+ d i s t i l l a t e  y ie ld  by 5 w t  % 
MAF coal a t  a similar ca ta lys t  volume and the same ca ta lys t  weight basis, compared t o  
Amocat I A / l C  ca ta lys t s  used i n  Run 251-ID and IE (Figure 3) .  

Each stage catalyst  ac t iv i ty  was much d i f fe ren t  from TSL ca ta lys t  ac t iv i ty  
trends discussed before; Run 253 Shell 317 ca ta lys t  ac t iv i ty  was lower i n  the f i r s t  
stage and higher in the second stage reactor, compared to Run 251-1 and 252 Amocat 1A 
and 1 C  ca ta lys t s .  Run 253 Shell 317 ca ta lys t  deactivation rates for both reactors 
appeared to  be very similar t o  those for Runs 251-1 and 252 Amocat 1 A  and IC cata- 
l y s t s  (2,3).  

The operation time with the 

The C4+ d i s t i l l a t e  yield is approximately higher by 21 w t  % MAF coal a t  

In addition, 
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Cata lyst  s e l e c t i v i t i e s  i n  TSL hydro enat ion and heteroatom removal were d is-  
cussed and compared i n  Run 253 Report (87. S e l e c t i v i t i e s  were s tud ied w i t h  r e l a t i o n  
to TSL hydrogen consumption, which i s  an i n d i c a t i o n  o f  TSL process seve r i t y .  Run 253 
wi th  Shel l  317 and Run 252 w i t h  Amocat 1C c a t a l y s t  showed s l i g h t l y  h ighe r  selec- 
t i v i t i e s  f o r  the po ten t i a l  l i q u i d  y i e l d  (C4+ res id )  production by 1 t o  3 w t  % MAF 
coal, compared t o  Run 251-1 w i t h  Anocat 1A and I C  ca ta l ys ts .  This was p r i m a r i l y  
a t t r i b u t e d  t o  l ess  C1-C3 gas make. Overal l  heteroatom (N, S, 0) removal was s i m i l a r  
f o r  a l l  three runs. However, Run 253 w i t h  Shel l  317 and Run 252 w i t h  Anocat I C  
c a t a l y s t  showed h igher  n i t rogen  removal a c t i v i t y .  
ca ta l ys ts  used f o r  Run 253 ind i ca ted  the  f i r s t  stage as a guard bed by removing 
c a t a l y s t  deact ivat ion and poison mater ia l  before going to the second stage. The 
second stage aged c a t a l y s t  showed lower carbon deposi ts  by 6 w t  % o f  c a t a l y s t  than 
the f i r s t  stage and a h igher  hydrogenation a c t i v i t y  value by 50 (m moles o f  hydrogen 
consumed) i n  hydrogenation o f  naphthalene. 
observed w i th  other  ca ta l ys ts  such as Pmocat 1A and 1C used f o r  Run 251-1 and Run 252 
(2.3). 

Analyses o f  aged Shel l  317 

This guard bed e f f e c t  was a l s o  comnonly 

Product Qual i t y  

Run 253 product q u a l i t y  data are l i s t e d  i n  Table 4. During Run 253 t h e  recyc le 
d i s t i l l a t e  was f rac t i ona ted  i n  a vacuum column t o  reduce the l i g h t  ends i n  the 
recyc le solvent. The naphtha and d i s t i l l a t e  y i e l d s  were about the same i n  a l l  t he  
periods (C, E and F). The gas-o i l  y i e l d  was the lowest i n  the concentrated coal 
s l u r r y  t e s t .  Other than t h i s  there were no major d i f ferences i n  product  q u a l i t y  
among various Run 253 tests .  
i nd i ca ted  a s i g n i f i c a n t  reduct ion o f  the d i s t i l l a t e  product end po in t ,  by 30 t o  80’F. 
This was achieved by increas ing the  recyc le o f  65OoF+ by 8 w t  % i n  the  recyc le 
process solvent (from 89 to 97 w t  % I .  

Prel iminary l abo ra to ry  analyses o f  d i s t i l l a t e  products 

RUN 254 RESULTS 

Run 254 processed low ash Ohio No. 6 coal i n  a c a t a l y t i c - c a t a l y t i c  close-coupled 
conf igurat ion.  Unwashed h igh  ash Ohio coal w i t h  about 10-12 w t  % ash was used f o r  
the s ta r tup  process so lvent  e q u i l i b r a t i o n  a t  500 MF l b / h r  coal feed ra te .  Low ash 
Ohio coal w i th  6 w t  % ash was prepared by washing the run-of-the-mine coal  w i t h  heavy 
media. During the operation with 40 w t  % r e s i d  l e v e l ,  t he  “ a l l - d i s t i l l a t e ’ ’  product 
s l a t e  could no t  be achieved because o f  h igh p o t e n t i a l  d i s t i l l a t e  (C4+ r e s i d )  y ie lds ,  
76-78 w t  % MAF coal, and h igh  excess r e s i d  y ie lds ,  8-10 w t  % MAF processing the  low 
ash Ohio No. 6 coal. I n  order  to achieve one o f  t he  run object ives o f  t he  r e s i d  
ex t i nc t i on ,  i t  was recognized t h a t  a h igher  c a t a l y s t  ac t i v . i t y  l e v e l  i s  required, 
since Ohio No. 6 coal apparently has lower r e s i d  conversion a c t i v i t y  than I l l i n o i s  
No. 6 coal .  The h igher  l e v e l  o f  r e s i d  recyc le cou ld  a l so  lmprove s i g n i f i c a n t l y  r e s i d  
conversion, as observed i n  the  previous runs (8.91, t h a t  i s ,  0.3 w t  % MAF coal 
d i s t i l l a t e  y i e l d  increase per  1 w t  % r e s i d  content increase i n  the recyc le  process 
solvent. 

Low Ash Ohlo No. 6 Coal 

w i th  10 w t  % are t h r e e f o l d  as shown i n  Tables 5 and 6; (1) an increase o f  t he  
po ten t i a l  l i q u i d  y i e l d  (C4+ res id )  by 6 wt % MAF coal, (2) an increase o f  coal 
conversion by 3 w t  % MAF coal, and (3) a decrease o f  organic re ject , ion by 8 w t  X MAF 
coal. The increase o f  coal conversion i s  probably due to removal o f  l e s s  reac t i ve  

Advantages o f  the low ash Ohio No. 6 coal w i t h  6 wt % as opposed t o  the  high ash 
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coal components such as i n e r t i n i t e s  by c leaning w i t h  heavy media (IO). 
y i e l d  with the low ash coal reduced the organic r e j e c t i o n  and consequently increased 
the po ten t i a l  l i q u i d  y i e l d .  The r a t i o  o f  the organic  r e j e c t i o n  t o  the  UC y i e l d  was 
2.68, same f o r  both periods, which i nd i ca tes  t h a t  t he  UC y i e l d  i s  a prlmary v a r i a b l e  
a f f e c t i n g  the organic re jec t i on .  

E f f e c t  o f  Second Stage Reaction Temperature 

was s tud ied dur ing per iods 254C-0 and 254F-6. The observed C4+ d i s t i l l a t e  y i e l d  
increase due t o  t h e  temperature increase was very s i g n i f i c a n t ,  about 11 w t  % MAF c o a l  
dur ing 254C-0. The hydrogen consumption was a lso increased i n  a r e l a t i v e l y  small 
degree from 6.1 t o  6.7 w t  % MAF, which g ives a s i g n i f i c a n t l y  b e t t e r  hydrogen 
e f f i c i e n c y  a t  79OOF (10.3 vs 9.5 l b  C4+ d i s t / l b  H2 consumed). C1-C3 gas make and 
organic r e j e c t i o n  were s i m i l a r  f o r  both periods. 
dur ing 254F-6 due t o  the  second stage reac t i on  temperature change from 76OOF t o  79OOF 
was 8 t o  9 w t  % MAF coal, which i s  s l i g h t l y  lower than t h a t  dur ing 254C-0. 

d i s t i l l a t e  response du r ing  254C-0. 
53,750 B tu / l b  mole f o r  t he  second stage reac t i on  temperature range o f  760'F t o  790OF. 
A s i m i l a r  value o f  47,800 Btu/lb-mole was a l so  observed dur ing 254F-6 f o r  t he  per iods 
a t  a h igher  l eve l  o f  r e s i d  recyc le  about 50 w t  %. 
Ohio No. 6 coal i s  s l i g h t l y  h igher  than t h a t  processing I l l i n o i s  No. 6 coal (42,300 
B tu / l b  mole f o r  t he  temperature range o f  720°F to 770'F) (11). 

The e f f e c t  o f  t h e  second stage reac t i on  temperature change from 790'F t o  81OOF 
was s tud ied dur ing pe r iod  2545-K. The estimated C4+ d i s t i l l a t e  response due t o  t h e  
second stage reac t i on  temperature change by 2OoF was 6 w t  % MAF coal, which cor- 
responds t o  the a c t i v a t i o n  energy 69,000 B tu / l b  mole f o r  t he  temperature range o f  
790'F t o  810'F. This  a c t i v a t i o n  energy i s  much h ighe r  than t h a t  observed f o r  the 
temperature range o f  76OOF t o  790'F (47,800 B tu / l b  mole). 

e f f i c i e n c y  and d i s t i l l a t e  s e l e c t i v i t y  by producing more C1-C3 gas make ( 2  w t  % MAF 
coal ) ,  compared t o  a t  79OoF (2545). 

E f f e c t  o f  High Resid Recycle 

e f f e c t  o f  50 w t  % r e s i d  recyc le i n  the recyc le process so lvent  on process per for -  
mance. Per iod 254D was selected f o r  comparisons w i t h  40 w t  % r e s i d  recycle. 
S i g n i f i c a n t  advantages o f  t h e  50 w t  % h igh r e s i d  recyc le a re  found i n  process 
performance improvements; (1) 6 w t  % MAF coal increase i n  the C4+ d i s t i l l a t e  y i e l d  
and (2) a h igher  hydrogen e f f i c i e n c y  (11.1 vs 10.3 l b  C4+ d i s t / l b  H2 consumed). 
C t - C 3  gas make and organic r e j e c t i o n  were s i m i l a r  f o r  both periods. The " a l l -  
d l s t i l l a t e "  product s l a t e  became poss ib le  f o r  pe r iod  2546-H wi th  more r e s i d  con- 
version through h ighe r  recyc le o f  the reac t i ve  res id .  The C4+ d i s t i l l a t e  increase 
was s l i g h t l y  h igher  than the pro jected (5 w t  % MAF). The economic impact i n  the 
commercial p l a n t  design w i l l  be s l i g h t l y  compensated due to the h ighe r  r e s i d  recyc le  
by 40% and the h ighe r  s l u r r y  r a t e  by IO%, although the  production r a t e  o f  t he  
d i s t i l l a t e  i s  increased by about 9%. 

The low UC 

The e f f e c t  of t he  second stage react ion temperature change from 76OOF to 790°F 

The C4+ d i s t i l l a t e  y i e l d  response 

Ac t i va t i on  energy f o r  t he  second stage c a t a l y s t  was ca lcu lated based on the C4+ 
The a c t i v a t i o n  energy was approximately 43,300- 

This a c t i v a t i o n  energy processing 

The h igh  second stage reac t i on  temperature a t  810OF (25410 lowers hydrogen 

Very carefu l  experimentation f o r  periods 2546-H was conducted t o  evaluate the  
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During per iod 2546 the  C4+ d i s t i l l a t e  y i e l d  was 78 w t  % MAF coal, t h e  h ighes t  
ever observed a t  Wi lsonv i l le ,  the lowest organic r e j e c t i o n  7 w t  % MAF (25411, and t h e  
h ighest  coal conversion 97 w t  % MAF. The hydrogen e f f i c i e n c y  was very high, 11.3 l b  
C4+ d i s t / l b  He consumed. This h igh l y  improved d i s t i l l a t e  production can be achieved 
by a moderate c a t a l y s t  add i t i on  below 5 l b / t o n  o f  MF coal .  Three main reasons can be  
a t t r i b u t e d  t o  these exce l l en t  process achievements; (1 )  h igh coal conversion a c t i v i t y  
o f  t he  low ash Ohio coal, (2)  h igh  d i s t i l l a t e  s e l e c t i v i t y  a t  79OOF o f  t h e  second 
stage reac t i on  temperature, and (3)  high recyc le o f  the reac t i ve  res id .  

E f f e c t  o f  Space Veloc i ty  

Three d i f f e r e n t  coal feed rates, 440, 365 and 300 MF l b / h r  were s tud ied dur ing 
periods 254H. I and J .  
equ i l i b r i um c a t a l y s t  age o f  610 l b  MF c o a l / l b  c a t a l y s t  due to t he  c a t a l y s t  add i t i on  
a t  3 l b / t o n  o f  MF coal, whi le  the  second stage c a t a l y s t  ages were d i f f e r e n t ,  
gradual ly  increasing, due to the batch mode o f  operation. The C4+ d i s t i l l a t e  y i e l d  
was 72 w t  % MAF coal a t  365 MF l b / h r  coal feed r a t e  (254H) and increased t o  76 w t  % 
MAF a t  300 MF l b / h r  (2541) and then s i g n i f i c a n t l y  decreased t o  64 w t  % MAF a t  440 MF 
l b / h r  (2545). The response f o r  300 MF l b / h r  (2541) was r e l a t i v e l y  smal ler  than the 
expected ( 4  w t  % vs 8 w t  %) .  This was due to t h e  c a t a l y s t  a c t i v i t y  dec l ine i n  the  
second stage a t  a low coal feed ra te .  S imi lar  observations were made dur ing Run 253 
processing I l l i n o i s  No. 6 coal. Cata lyst  requirements f o r  440 MF l b / h r  w i l l  be high, 
no t  des i rab l y  f o r  t h e  p r a c t i c a l  operation, more than 5 l b / t o n  o f  MF coal, which i s  
suggesting the operation a t  a h igher  second stage temperature than 790OF. 

The e f f e c t  o f  the coal feed r a t e  decrease from 440 t o  375 MF l b / h r  a t  810'F o f  t he  
second stage reac t i on  temperature was s tud ied dur ing per iod 254K-L. The estimated 
C4+ d i s t i l l a t e  response due t o  the coal feed r a t e  change was 8 w t  % MAF coal. 
C1-C3 gas make and organic r e j e c t i o n  were s i m i l a r  f o r  both periods. Ca ta l ys t  
requirements f o r  440 MF l b / h r  i s  estimated t o  be below 5 l b / ton  o f  MF coal  (Table 71, 
much l e s s  than a t  79OOF o f  the second stage reac t i on  temperature. This  was due t o  
the h igh  second stage c a t a l y s t  a c t i v i t y  a t  810'F (F igure 6). 

Ca ta l ys t  A c t i v i t y  and Deact ivat ion 

y i e l d  t r e n d  data. Ohio NO. 6 coal w i th  both h igh  (2548) and low (254C) ash contents 
s i g n i f i c a n t l y  reduced the  C4+ d i s t i l l a t e  y i e l d  by 7 w t  % MAF coal i n  t h e  batch mode 
o f  operation, compared t o  I l l i n o i s  No. 6 coal w i t h  a h igh ash content  (253D). 
addi t ion,  i n  comparisons o f  2540 and 253EFG Ohio No. 6 coal requi red a h igher  
c a t a l y s t  a d d i t i o n  ( 3  vs 2 l b / t o n  o f  MF coa l )  and a h ighe r  second stage reac t i on  
temperature (790'F vs 76OOFl f o r  a s i m i l a r  C4+ d i s t i l l a t e  y i e l d  (70 w t  % MAF coa l ) .  
These i n d i c a t e  t h a t  Ohio No. 6 coal has lower r e s i d  conversion a c t i v i t y  than I l l i n o i s  
No. 6 coal. Run 2548 i n  the  batch operation processing Ohio No. 6 coal showed a 
s i m i l a r  two-stage c a t a l y s t  deac t i va t i on  r a t e  t o  t h a t  f o r  Run 2530 processing I l l i n o i s  
No. 6 coal. 

recyc le (50 w t  $1 were analyzed f o r  the two-stage system, f i r s t  stage and second 
stage, based on two-stage r e s i d  make and r e s i d  + UC conversion. The f i r s t  stage 
equ i l i b r i um a c t i v i t y  l e v e l  w i t h  3 l b / t o n  o f  MF coal c a t a l y s t  add i t i on  was achieved a t  
t he  c a t a l y s t  age near to 550 l b  MF c o a l / l b  c a t a l y s t  ( ca l cu la ted  equ l l i b r i um age = 610 
l b  MF c o a l / l b  ca ta l ys t ) ,  as i l l u s t r a t e d  i n  F igure 5. The f i r s t  stage c a t a l y s t  ages, 

The f i r s t  stage c a t a l y s t  ages were s i m l l a r  approaching the  

Two-stage c a t a l y s t  a c t i v i t y  was compared i n  F igure 4, based on C4+ d i s t i l l a t e  

I n  

Ca ta l ys t  a c t i v i t y  trends f o r  Run 254 operation w i t h  a h igh l eve l  o f  r e s i d  
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550 and 610 l b  MF c o a l / l b  c a t a l y s t ,  are corresponding t o  the second stage c a t a l y s t  
ages, 2000 and 3000 l b  r e s i d  + C I / l b  ca ta l ys t ,  respect ive ly .  
measured f i r s t  stage c a t a l y s t  a c t i v i t y  values w i t h  the  c a t a l y s t  add i t i on  are very 
c lose t o  the  t h e o r e t i c a l l y  ca l cu la ted  by us ing the  estimated batch deac t i va t i on  data, 
which conf i rms t h a t  t h e  f i r s t  stage batch c a t a l y s t  a c t i v i t y  data i n  F igure 6 are 
reasonable f o r  f u r t h e r  c a t a l y s t  requirement ca l cu la t i ons .  

c a t a l y s t  deac t i va t i on  r a t e  was gradual ly  decreased and became p r i m a r i l y  dependent on 
the  second stage deac t i va t i on  ra te .  
d i f ferences i n  the second stage c a t a l y s t  a c t i v i t y  a t  d i f f e r e n t  reac t i on  temperatures, 
76OoF, 79OOF and 810OF. 
790°F, and f u r t h e r  t o  810'F s i g n i f i c a n t l y  increased c a t a l y s t  a c t i v i t y  l eve l s ,  
although the second stage deac t i va t i on  r a t e  f o r  81OOF was s i g n i f i c a n t l y  h igher  ( b u t  
f o r  79OoF, s l i g h t l y  h igher)  than f o r  760'F. A t  the same reactor  temperature o f  810'F 
f o r  both stages, the second stage c a t a l y s t  a c t i v i t y  was higher than t h a t  o f  the f i r s t  
stage and t h e  second stage c a t a l y s t  deac t i va t i on  r a t e  was lower. 
a t  810°F o f  t he  second stage reac t i on  temperature need to be substant ia ted because o f  
l i m i t e d  data po in ts  a t  h igh c a t a l y s t  ages (1600-2100 l b  MF c o a l / l b  c a t a l y s t  o f  second 
stage c a t a l y s t  ages). 

Cata lyst  requirements a t  79OOF o f  the second stage react ion temperature were 3.1 
t o  4.6 l b / t o n  o f  MF coal t o  achieve the  " a l l - d i s t i l l a t e "  product s l a t e  (77 w t  % MAF 
coal C4+ d i s t i l l a t e  y i e l d )  f o r  300 to 370 MF l b / h r  coal feed ra tes  (Table 7). 
E f fec ts  o f  t he  81OOF o f  the h igh  second stage reac t i on  temperature on c a t a l y s t  
performance were very subs tan t i a l  (Table 7 and F igure 7 ) :  (1)  increased coal 
throughput, (2) increased c a t a l y s t  a c t i v i t y ,  (3)  lower c a t a l y s t  requirements and (4)  
lower d i s t i l l a t e  s e l e c t i v i t y  (C4+ d i s t i l l a t e  y i e l d  decreased t o  74 w t  % MAF coal 
because o f  a h igh  C1-C3 gas make) (F igure 8) .  

g t i m u m  Cata lyst  Requirements and Cascading 

Cata lyst  replacement r a t e s  repor ted i n  Table 7 and Figure 7 were calculated, 
assuming t o  achieve each stage performance experimental ly measured a t  t h e  W i l  s o n v i l l e  
p i l o t  p lan t .  Considering t h e  s i g n i f i c a n t  d i f ferences i n  each stage c a t a l y s t  a c t i v i t y  
due t o  d i f f e r e n t  r e a c t i o n  temperatures employed f o r  CC-ITSL con f igu ra t i on  studies, 
one might v i s u a l i z e  t h a t  there would be an optimum c a t a l y s t  requirement f o r  a f i x e d  
coal feed r a t e  with r e s i d  e x t i n c t i o n  only  by s h i f t i n g  each stage c a t a l y s t  requirement 
loading. For instance, F igure 9 presents g raph ica l l y  optimum c a t a l y s t  requirements 
f o r  300 and 370 MF l b / h r  coal feed rates. The va r iab le  selected as X-coordinate i s  
the f i r s t  stage r e s i d  + UC conversion. The p l o t s  are simply showing t h a t  t he  optimum 
c a t a l y s t  requirement i s  not  on l y  a func t i on  of t he  coal feed r a t e  b u t  a l so  o f  t he  
f i r s t  stage r e s i d  + UC conversion. I n  add i t i on  the operation range f o r  t he  optimum 
i s  very narrow w i t h i n  1 t o  3 w t  % v a r i a t i o n  o f  t he  f i r s t  stage r e s i d  + UC conversion. 
Data i n  Figure 9 were generated w i thou t  considering c a t a l y s t  res idual  a c t i v i t i e s  and 
based on 77 w t  % C4+ d i s t i l l a t e  y i e l d  w i t h  r e s i d  ex t i nc t i on .  Organic r e j e c t i o n  was 
assumed t o  be 8 w t  % MAF coal. Operating condi t ions were 81OOF f i r s t  stage tmpera -  
ture, 7 9 0 T  second stage temperature, 2.3 solvent/coal r a t i o ,  50 w t  % r e s i d  and 12 w t  
% C I  i n  the recyc le process solvent. 

I n  F igure 5 the  

Because o f  the continuous c a t a l y s t  add i t i on  i n  the f i r s t  stage, t h e  two-stage 

F igure 6 shows a graphical presentat ion o f  

Second stage reac t i on  temperature increases from 760'F t o  

These observations 
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Other i n t e r e s t i n g  po in ts  can be made from p l o t s  i n  F igure 9, t h a t  i s ,  (1) 
c a t a l y s t  cascading i s  p r a c t i c a l l y  poss ib le  w i t h  a poss ib le  reduct ion o f  c a t a l y s t  
add i t i on  about 1 t o  2 l b / t o n  o f  MF coal ( t h i s  saving can be considered as maximum) 
and (2) W i l s o n v i l l e  p l a n t  experimentations were conducted a t  operat ing cond i t i ons  o f  
optimum c a t a l y s t  requirements (Run 2541 and GH). 

cading p o s s i b i l i t y .  Results were generated w i t h  consider ing c a t a l y s t  res idual  
a c t i v i t i e s  and a re  sumnarized below. The c a t a l y s t  add i t i on  f o r  t h e  cascading i s  
l i s t e d  f o r  the range o f  i n te res t .  
c a t a l y s t  a c t i v i t y ,  which needs t o  be experimental ly determined. The upper l i m i t  has 
on ly  theo re t i ca l  meaning f o r  an equal amount o f  t h e  c a t a l y s t  add i t i on  f o r  both stages 
w i t h  zero cascading c a t a l y s t  a c t i v i t y .  
add i t i on  than the optimun. 

Four d i f f e r e n t  cases were s tud ied f o r  optimum c a t a l y s t  requirements and cas- 

The actual amount i s  dependent on t h e  cascading 

This upper l i m i t  shows a h igher  c a t a l y s t  

Case 
Base data 

1 2 3 4 
-2547- rrw;FT - 2 n r  -254R 

Coal feed, MF l b / h r  300 370 375 440 

Second stage T, OF 790 790 810 810 

C4t d i s t  w i t h  r e s i d  e x t i n c t j o n  
w t  % MAF coal 

Cata lyst  add i t i on  
l b / ton  o f  MF coal 

experimental ly measured 
f i r s t  stage 
second stage 
t o t a l  

9+!$ stage 

W t a g e  

EiF- 

77 

2.4 
0.7 
J;T 

77 

3.3 
1.3 

74 

3.3 
0.2 
375 

73 

3.8 
0.7 
3-3 

2.4 3.3 0.3 1.1 
0.5 1.0 1.2 1.8 
-2-3 4-3 l 3  -m 

1.8 2.6 0.9 1.6 
1.8 2.6 0.9 1.6 

1 T 3 . 6  27T5.2 -1.8 1 7 3 . 2  

As already pointed out, i n  Cases 1 and 2 a t  79OOF o f  t he  second stage reac t i on  
temperature, optimum c a t a l y s t  requirements on l y  improve s l i g h t l y  about 0.2-0.3 l b / ton  
o f  MF coal ,  since Wi l sonv i l l e  p i l o t  p l a n t  data were generated near a t  t he  optimum 
operat ing condi t ions.  Another s i g n i f i c a n t  improvement can be made by doing cascading 
from t h e  second stage t o  the f i r s t  stage reactor, p o t e n t i a l l y  reducing the  c a t a l y s t  
requirement by 1.1 t o  1.7 l b / ton  o f  MF coal. 

second stage reac t i on  temperature. Optimum ca lcu la t i ons  are suggesting t h a t  
W i l sonv i l l e  p l a n t  experimentations were n o t  conducted a t  operat ing cond i t i ons  o f  

Very unusual s t r i k i n g  r e s u l t s  were revealed f o r  t he  operat ion a t  81OOF o f  t he  

163 



optimum c a t a l y s t  requirements (Run 254L and K) and therefore, i f  operated a t  optimum, 
c a t a l y s t  savings w i l l  be about 1.6 t o  2.0 l b / ton  o f  MF coal. Addi t ional  reduct ion O f  
c a t a l y s t  add i t i on  can be made by 0.6 to 1.3 l b / t o n  o f  MF coal by doing c a t a l y s t  
cascading ( t h i s  can be considered as a maximum po ten t i a l  1. These observations need 
to be substant ia ted by f u r t h e r  experiments a t  young c a t a l y s t  ages, which data are no t  
ava i l ab le  a t  t he  present t ime. The assumption made f o r  t h e  second stage c a t a l y s t  
a c t i v i t y  a t  810'F should be f u r t h e r  i nves t i ga ted  and experimental ly proved, before 
making d e f i n i t e  conclusions o f  s i g n i f i c a n t  process pe r fonance  achievements a t  81OoF 
o f  the second stage reac t i on  temperature. 

opposed t o  79OOF l i e s  i n  an increase o f  t he  coal throughput by 47% and t h e  C4+ 
d i s t i l l a t e  product ion r a t e  by 40% (Cases 1 and 4). Optimum c a t a l y s t  requirements f o r  
both Case 1 and 4 were same, 2.9 l b / ton  o f  MF coal. These process performance 
improvements w i l l  impact tremendously the process economic va luat ion f o r  comnercial i- 
zat ion  and reduce s i g n i f i c a n t l y  the s e l l i n g  p r i c e  o f  the d i s t i l l a t e  product, i f  o t h e r  
c r i t i c a l  var iab les i n  the economic evaluat ion a re  s i m i l a r l y  a f f e c t i n g  the r e s u l t s  f o r  
both cases. 

A s i g n i f i c a n t  advantage o f  810'F of t he  second stage react ion temperature as 

SUMMARY 

Several noteworthy accomplishments i n  1987/88 are l i s t e d  below: 

Successful operat ions processing I l l i n o i s  No. 6 and Ohio No. 6 coals  
were demonstrated by using Shell  317 c a t a l y s t  i n  the close-coupled 
ITSL c a t a l y t i c - c a t a l y t i c  conf igurat ion.  
In ters tage separation was e l  iminated, r e s u l t i n g  i n  s i g n i f i c a n t  
reduct ion i n  c a p i t a l  costs. 
Best process performance was achieved processing low ash Ohio No. 6 
coal w i t h  78 w t  'x MAF coal d i s t i l l a t e  y i e l d ,  97 w t  % coal conversion 
and 7 w t  % organic re jec t i on .  
High second stage react ion temperatures, 790'F and 81OoF, were 
invest igated,  r e s u l t i n g  i n  s i g n i f i c a n t l y  increased coal throughput and 
d i s t i l l a t e  product ion due t o  h igh c a t a l y s t  a c t i v i t y  and low c a t a l y s t  
requirements. 
The increased r e a c t i v e  r e s i d  recyc le improved the d i s t i l l a t e  pro- 
duc ti on . 
The increased gas-oi l  recyc le produced l i g h t e r  and b e t t e r  q u a l i t y  
d i s t i l l a t e s .  
The close-coupled ITSL process data-base was s i g n i f i c a n t l y  expanded 
f o r  processing bituminous coals. 
The process economics was s i g n i f i c a n t l y  improved f o r  f u t u r e  com- 
merc ia l  i z a t i o n  o f  t he  coal l i q u e f a c t i o n  process. 
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Table 1 

Wilsonville CGlTSL catalyst properties 

Wll(8) 260,251 25028 151 2!53,254 

I I - 8MI324 *mou(K: AlWcal lA Shell3t7 

com9rt.dw-Ibll)r 54 42 41 36 
t I 

Table 2. Shell 317 Trilobe Catalyst Replacement Rates 
t 1 

Nnna 2530 2538 

385 480 
3s 5.1 

760 760 

89 68 

4.0 8.1 

1 I 

Table 3. Amocat 1A and 1C Catalyst Replacement Rates 
I I 

run no. 2514E 251-D 2Sl-IC 252C 

3 4 0 3 8 5 1 8 0 3 8 5  
2.7 3.4 4.2 3.5 

0.9 1.6 3.0 1.2 

I 
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Table 4 .  Run 253 - Distillate Product Properties 
t A 

di.tin*ionsul W W '  C I 4  WI S O(din) %PI 
nl0lmnl.l (WW) 

19.9 
27.3 
18.2 

14.8 
26.2 
27.0 

14.7 
22.4 
20.5 - - 

84.80 
87.74 
88.84 

65.35 
87.97 
W.57 

14.S4 
12.03 
10.63 

14.45 
11.81 
9.97 

14.21 
11.71 
10.07 - - 

0.02 
0.11 
0.29 

0.01 
0.15 
0.37 

0.03 
0.13 
0.34 - - 

0.06 
0.01 
0.01 

0.07 
0.05 
0.02 

0.02 
0.01 
0.02 

~ - 

0.18 
0.11 
0.23 

0.00 
0.02 
0.10 

0.16 
0.32 
0.03 

46.7 
19.9 
5.8 

44.1 
17.5 
2.9 

43.8 
18.1 
3.9 
I 

Table 5 
10% V 8 6 %  Cod 88h TSL operating conditions 
1 I 
N U  no. 2548 ZYCD 

Table 6 
1OWw6696Cod.rh TSL yield structures 

run no. 254s 254CD 
L 1 

m 76 

1 1 
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Table 7 .  Shell 317 Trilobe Catalyst Replacement Rates 
I 1 

N n  no. 2541 254GH 254L 254K 

cod fwd  (mf IMw) 300 370 375 440 
WHW (hf' ) 3.5 4.3 4.3 5.1 

8econd -0 
reactor tempemturn (9 790 790 810 810 

(U mal coal) 77 n 74 73 

(IMon mf coal) 3.1 4.6 3.5 4.5 

lSL U+ dWIlat0 

c - w t ~ ~  

I I 

I 
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Figure 2.  Amocat l A / l C  vs Shell 317 Catalyst 
I I 

-300300Ib.317Run2538 - 340 lba Amoul tA Run ZSt-IC 

DO 

Figure 3. Amocat l A / l C  vs Amocat l C / l C  Catalyst 
1 1 

1600 ~1602oOo 2260 ziao 1160 so00 5260 3500 
m-c*l)pt.O..lbR +Cblbu( 

b I 

Figure 4 .  I l l i n o i s  No. 6 vs  Ohio No. 6 Coal 
b 1 

-7 

I 1 
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Figure 5 

RUN 254 first stage Shell 317 aging 
with catalyst addition 

1 

, m ~ 1 1 1 1 n u 1 - a -  . 

Figure 6 

catalyst aglng - RUN 254 
1 

-(* - m 
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Figure 7. Run 254 - Catalyst Replacement vs 2nd Stage Temperature 
1 1 

lo 

I 
7 m m m a l o u  I 

-Qlgltap.nhu*r 
1 I 

Figure 8. Run 254 - Distillate Selectivity vs 2nd Stage Temperature 
t 

P 
1 

m..gr- I 

I 
I I I I 

m m m m o m  
--lmtrapnl*.,-F 

L I 

Figure 9. Run 254 - Optimum Catalyst Replacement Rate 
I 1 

N 

u 

p1 

u .- 
m - 4  
- 

u 

u 

0. 

~ ~ r n r n r n ~ ~ n ~  
~ .9 l ld+uc loarga l l .d  

I 1 
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