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ABSTRACT 

This r epo r t  summarizes the progress of the. Exploratory ~esearch  on 
Solvent Refined Coal Liquefacti.on p ro jec t  .by The P i t t sburg  & Midway Coal 
Mining Co. "s .Merriam Laboratory for  the per iod January 1 , 1980 through 
March 31, 1980. A, ser ies  o f  experiments was, conducted w i t h  three 
western coals t o  study the. re1 a t ionsh ip  between-.coal. -propert ies and 
1 iquefact ion beha.vior., A1 1 three coals were low On, i r o n  (0.2-0.4%, dry  
coa! basis)  and processing i n  both. the S,RC I and SRC I 1  modes does no t  
appear t o  be feas ib le  a t  normal 'condit ions. w i thout  added cata lys t .  
Adding 1 -2%.pyr i te  t o  the feed s l u r r y  increased o i l  y i e l d s  considerably 
whi le  reducing SRC and . I O M  .y ie lds  and. improved operabi 1 i t y .  Product 
qua1 i t y  was 'a1 so general ly  improved by the cata lys t .  Operabi 1 i ty and 
o i l  y i e l ds  .were.general.ly found t o  be be t t e r  a t  450°C than a t  465OC. 



I. SUMMARY 

A number of experiments., i n  both the SRC I and SRC I1 modes, were 
conducted w i t h  Amax B e l l e  Ayr, Kaiparowits and Wadge seam coals t o  study 

..  . t h e  . re la t ionsh ip  between.the physical  and chemical propert ies o f  a 
selected group o f  coals and t h e i r  l i que fac t i on  behavior. 

A l l  th ree  coals were l o w  i n  i r o n  (0 .2-0 .~4%~ dry coal basis)  and processing 
i n  both the SRC I and SRC I1 modes does no t  appear t o  be feas ib le  a t  
normal condi t i.ons wi thout  added cata lys t .  

A. Comparison o f  Coals 

I n  the SRC I1 mode a t  450°C w i t h  added p y r i t e ,  the Amax Be l le  Ayr 
coal  was by f a r  the most reac t i ve  o f  the three coals studied t h i s  
quarter and a l so  had the l a rges t  response t o  p y r i t e  addi t ion.  The 
Kaiparowi t s  coal w i t h  1% added p y r i t e  was s l i g h t l y  more reac t i ve  
than the  Wadge seam coal w i t h  2% added p y r i t e .  

The l i q u e f a c t i o n  behavior of. the Arnax Be l l e  Ayr coal was improved 
considerably by p y r i t e  add i t i on  (1% on' s l u r r y )  i n  the SRC I1 mode 
o f  operation. Tota l  o i l  y i e l d  a t  450°C was increased from 25 t o  
50% .by weight o f  .MF coal whi le  SRC y i e l d  was reduced from 31 t o  19% 
and insol 'uble organic. matter  ( I O M )  ' from 14 t o  1 %. The hydrogen 
l e v e l  i n  the heavy . d i s t i l  l a t e  was .a lso increased s i g n i f i c a n t l y  by 
p y r i t e  add i t ion.  The su l - fur  l e v e l  i n  the heavy : d i s t i  1 l a t e  remained, 

.:' below 0.1%. throughout the S R C ' I I  runs due t o  the low organic s u l f u r  
l e v c l  i n  the coal. 

A1 though operabi 1.i ty. 'and ' y ie lds  were improved considerably by 
p y r i t e  add i t i on  i n  the SRC I mode, sustained operat ion does no t  
.appear t o  be  , f eas ib l e  a t  30 minutes residence t ime and 1500 psig. 
So'lvent loss was st i l l  5%, a t  best, and a l l  o f  the SHC .I[ runs were 
ended prematurely by operabi 1 i ty problems 

Operati  on. and y i e l d s  i n  both modes, were general-ly b e t t e r  a t  450°C 
than a t  465OC. There .was l i t t l e  e f f e c t  .o f  temperature i n  t h i s  
range on p roduc t 'qua l i t y .  

A1 though the u n i t  was plagued w i t h  plugging problems throughout the 
SRC I' runs and SRC I1 ru'n wi thout  pyr i ' te  'addit ion, there 'd id no t  
appear t o  be a systematic enrichment o f  calcium carbonate i n  the 
mineral matter  found i n  the dissolver. 

' Deta i led studies have .been conducted on the.  chemistry o f  Be1 l e  Ayr 
coal  i n  the SRC I1 .process and on the character izat ion o f  spec i f i c  
products and these are included as appendices t o  t h i s '  report ,  



C. Kaiparowi t s  Coal 

Good operabi 1 i t y  and y i e l ds  were obtained i n  the SRC. .I .mode 'w i t h  1% 
p y r i t e  i n  the feed ,a t  SRC 11. cond.itions (1  hour residence time., 
2250: ps ig  and 4% hydrogen on s lu r ry ) .  . I n  the SRC I 1  mode, however, 
the s lu ' r ry was t h i c k  and d i f f i c u l t  . to pump even though . .o i l  y i e l d s  
were i,mproved considerab-ly by p y r i t e  addit ion. Total '  o i  1 y i e l d  was 
increased .by 14% (based on MF coal ) t o  43% and there was a corres- 
ponding decrease i n  SRC (26 vs 33%) and. IOM. (3.6 vs 8.2%) y i e l d s  
w i t h  ca ta l ys t  addi t ion.  

An i'ncrease i n .  temperature'from 450°C t o  465°C i n  the SRC I 1  mode 
increased gas y i e l d  by 4%. based on MF coal .. bu t  decreased t o t a l  o i  1 
y i e l d .  by the same amount. 

Pyr i  t e  addi ti on general l y  i ncreased product hydrogen l eve l  and 
decreased the fus ion po in t  o f  the. SRC'or d i ' s t i l l a t i on  residue. .The 
sul . fur  l eve l  i n  the heavy d i s t i l l a t e s  was very low ( less ' than  
0.1%) ,' as wi th.  Be l l e  Ayr coal, .due t o  the low organic s u l f u r  l eve l  
i n  the feed coal. . . 

D. Wadge Seam Coal 

Excel l e n t  operabi 1 i ty and y i e l d s  were. obtained i n  the SRC I mode a t  
450°C, 2250 ps ig  and 1 hour. residence time wi.th 2% p y r i t e  i n  the 
feed s lur ry .  Yields qu ick ly  .deteriorated when p y r i t e  was removed 
from the-. feed, .however. Performance was only marginal when the 
temperature was ra i sed . t o  4650C, even w i th  2% p y r i t e  .added. Tempera- 
t u re  had l i t t l e  e f f e c t  on product q u a l i t y  i n  the SRC I mode, except 
' f o r  s1,ightly higher . . hydrogen leve ls  a t  450°C. 

. . I n  the SRC I1  mode, t o t a l  o i  1 y i e l d '  was increased by 7%(based on ' 
MF coal )  t o  40% when the p y r i t e  addi t ion l eve l  was ra ised from' 1 t o  
2%, based. on s lu r ry .  Increasing the temperature from 450 t o  465OC 
general ly  had a detr imental e f f e c t  on y i e l ds  which was, more pro- 
nounced. a t  the h i  gher addi ti ve 1 eve1 . .The hydrogen contents o f  the 
SRC I 1  heavy d i s ' t i l  l a t e  and d i ;s t i . l la t ion residue were lower a t  
465°C than a t  450°C. A t  450°C, product hydrogen l e v e l  was greater 
when t h e - l e v e l  o f  p y r i t e  was increased.. A t  46S°C, however, hydro- 
gen l eve l  was.lowered when the p y r i t e  leve l  was increased. 

11. INTRODUCTION . 

T h i s  repor t  covers work a t  The P i  t t sburg  & Mi:dway Coal Mining Co. I s  
Merriam Laboratory on the Sol vent. Ref i'ned Goal (SRC) process dur ing the 
per iod January 1, 1980 through March 31, 1980. 

, , 

A. Reports o f  Previous Work 

Previous work a t  t h i s  laboratory 'has been described i n  in ter im,  . 

f i n a l  , monthly, quar te r l y  and annual reports t o  the .Of f i ce  o f  Coal 
Research, the Energy Research and Development Administrat ion and 
the Department o f ,  Energy. A summary o f  these documents appears i n  
the second quarter  1979 report*  along w i t h  a descr ip t ion o f  the 

Exploratory ~esearch on solvent Refined Coal Liquefaction. Quarterly Technical progress..~eport f o r '  
the Period April  1, 1979 through June 30, 1979; January 1980, FE/14800-10. 



cur ren t  con t rac t  ob jec t ives and a h i s t o r y  o f  the Merriam Laboratory 
i n  so l  vent  r e f i n i n g  o f  coal. 

B. cu r ren t l y  Reported Work 

A1 1 work repor ted ' t h i s  quar ter  was p a r t  o f  Task I I I, "Coal 
Propert ies and L iquefact ion Behavior," o f  the cur rent  contract .  

The ob jec t i ve  o f  t h i s  study i s  t o  evaluate a ca re fu l l y  selected : 

group o f  coals i n  both.,SRC I and SRC I 1  opera t ion . to  extend under- 
I standing o f  the re l a t i onsh ip  between the physical  and.chemica1 

proper t ies  o f  the coals and t h e i r  1 iquefact ion behavior. 

It was hoped' t h a t  a l l  o f  the coals could be processed using a 
standard s e t  o f  condit ions. As thi.s was no t  feasib le,  a secondary 
ob jec t i ve  has become determination o f  the condi t ions appropriate 
for l l q u e f a c t l o n  o f  each. coal. In pa r t i cu l a r ,  add1 t l o n  o f  pyr ' i  t e  
t o  coals ' w i t h  low l eve l s  o f  i r o n  i s  ,being invest igated.  

Six coals represent ing -a  va r i e t y  o f  organic and mineral matter , 

compositions have been selected, f o r  SRC I and SRC I 1  t r i a l  exper i -  
ments. I n  .addi t ion,  one o r  more t r i a l s  w i l l  be made w i t h  coal 
blends s imulat ing.  those an t i c ipa ted  f o r  the SRC I 1  Demonstration 
P lant  .- 
Experiments w i t h  coals from the kmax Be1 l e  Ayr ~ i n e , '  Kai parowi t s  
Plateau, and Wadge seam are discussed below. The next quar te r l y  
r epo r t  w i l l  d e t a i l  r esu l t s  w i t h  coals from the Amax Ayrshire Mine 
( Indiana),  Consol Georgetown #24 Mine (Ohio.) ; Consol I re land  Mine 
(West V i r g i n i a )  and a' blend o f  coals from ,the I re land  and Consol 
~ l a c k s v i ' l l e  #2 Mines (west Vi,rginia). 

I I I .' EXPERIMENTAL 
-,,A*-,- ..-. -.-""...--- 

A. ~ i n  ~ o n d i  t i o n s  . 

Each coa'l .i nvestli gated' i n ,  the cur rent  task was t o  be processed i n  
f ou r  phases a t  s'tandard .condi t ions : 

' Phase Mode Temperature; O C  Pressure, ps i  g Residence Time, h r  

1 SRC I 450 
2 . S R C I  465 
3  SRC 1 1 '  450 
4 SRC I 1  165 

It was hoped tha t ,  by se lec t ing  these ra ther  generous condi t ions,  
a l l  of. the coals i n  the task 'could be run .. in the same way. 

1. ' Amax B e l l e  Ayr Coal. 

Run DOE 349 was attempted a t  phase 1 condit ions. D i f f i c u l t i e s  
i n  operat ion l e d  t o  a switch t o  phase 3 condi t ions f o r  run DOE 
350~A,  w i t h  f i n e l y  d iv ided (blpm) p y r i t e  i n  the s l u r r y  formula- 



t i on .  A ca. ta lyst  add i t i on  l eve l  o f  2.35%, based on s l u r r y ,  
was used i n i t i a l l y .  Due t o  excessive hydrogenation and a h igh 
so l i ds  l eve l  i n  the feed s lu r ry ,  t h i s  l eve l  was reduced t o  1%. 

. . 

Run DOE 350RB was made a t  phase 4 condi t ions w i t h  the same. 
p y r i t e  add i t i on  leve l .  I n  run DOE 350RC,.the temperature was 
dropped' back. t o  450°C and the p y r i t e  was removed from the 
feed. 

Runs DOE 351A and 351B 'were made . w j  t h  1 % p y r i t e  i n  the feed 
s l u r r y  a t  phase 1 and phase 2 condit ions, respecti 'vely. Run 
DOE. 352 was' a repeat o f  run DOE 349 a t  phase 1 condi t ions 
wi thout  p y r i t e .  

2. Kaiparowi t s  Coal 

The same sequence o f  run .condi t ions t h a t  'proved t o  be conven- 
i e n t  fo r  the SRC I 1  processing o f  Be1 l e  ,Ayr coal was repeated 
f o r  run DOE 353R: 

Par t  A i  450°C w i t h  1% p y r i t e  in. the feed s l u r r y  

Par t  B: 465OC w i t h  p y r i t e  

Par t  C:  .450°C wi thout  p y r i t e  

.The other  condi ti ons were standard f o i  t h i s  ' task. 

~h 'e ,  Kaiparowits coal, d i d  no t  behave as we l l  as Be l le  Ayr ,coal 
i n  the SRC I 1  mode, and the Be l l e  Ayr.coa1 d i d  poor ly  i n  the 
SRC I mode a t  the standard condit ions. f o r  t h i s .  task. Run DOE 

,354 was .s tar ted a t  ,more generous condi t ions , therefore, i n  an 
attempt t o  achieve sa t i s f ac to r y  operation i n  the SRC I mode. 

s ince SRC I 1  type condi t ions were indicated,  pressure, r e s i -  
dence t ime and hydrogen rate.were matched w i t h , t h e  SRC I 1  run, 
DOE 353R. . The firs't p a r t  o f  the run :was made w i t h  1% w r i t e  
i n  the s l u r r y  and the' second p a r t  w i thout  w t a l y s t ;  both a t  
450°C. 

Wadge Seam Coal 
, '. 

The experimental p lan fo r  processing ' t h i s  coal was s e t  up 
i n i t i a l l y  based on experience w i t h  the f i r s t  two coals i n v e s t i -  
gated i n  t h i s  task. An SRC I 1  experilllent a t  450°C w i t h  1% 
added p y r i t e  in .  the s l u r r y  (DOE 355RA) was conducted f i r s t ,  
therefore, fo l  1 ~ w o d  by  a temperature ' i ncriedst! t o  465'C (DOE 
355RB). The recycled solvent  l eve l  i n  the s . lu r ry  formulat ion 
was .i ncr'eased from 8% t o  12% dur ing the second pars o f  the run 
i n  an attempt t o  improve operab i l i t y .  

As operabi 1 i ty and  y i e l d s  were marginal w i t h  a p y r i t e  add i t i on  
l e v e l  of I%, the ca ta l ys t  concentrat ion was increased t o  2% 
f o r  run DOE .356R instead o f  e l im ina t ing  add i t i ve  from. the feed 



as  was done w i t h  Kaiparowits coal. Part  A o f  the experiment 
was conducted a t  450°C and p a r t  B a t  465OC. 

 he semi generous condl t i ons  which provided f o r .  s.uccessfu1 
operat ion w i t h  the. Kaiparowits' coal i n .  the SRC I mode were 
employed i.n run. DOE, 357. Par t  A was a t  450°C and p a r t  B a t  
465OC-, both w i t h  2% added p y r i t e  i n  the .feed slu'rry. Par t  C 
was a t  450°C wi thout  py r i t e .  

B. Coals 

 he Amax coal was from the Be1 l e  Ayr Mine located i n  Wyoming 
( Wyodak-Anderson seam) and. ranks as subbi tumi nous B. 

Two d i f f e r e n t .  l o t s  o f  coal, both suppl ied by the Wi'lsonvl'l le.  
SRC . P i  l o t  p'lant, were used. i n  t h i s  ser'l'es. 0.l: runs. The f i r s t ,  
SN21.648, was used i n  runs DOE 349 and. 350RA,. a'nd the second, 
SN23324, i n  .&IS DOE 350R8, 350RC; 351 ' and 352.. Analyses o f  
both l o t s  appear i n .  Table 2. The i r o n  and s u l f u r  . l eve l s '  were 
essen t i a l l y  the same. 

Kaiparowits Coal 

This coal was from the Kaiparowits Plateau i n  Utah (Red seams) 
and ranks as h igh v o l a t i l e  C bituminous. An analysis i s  shown 
i n  Table 2. The higher rank o f  the Kaiparowits coal i n  com- 
par ison t o  the Be1 l e  Ayr coal i s  evidenced by i t s  lower oxygen 
and equi 1 i brium moisture contents. The two coals are o f  
s i m i l a r  ash (8.2-8.4%), i r o n  (0.3-0.4%) and s u l f u r  (0.5-0.6%) 
contents. 

3. Wadge Seam Coal 

The coal' ~.rsed i n  these experiments was from the Energy Fuels 
Corporation Energy Mine No. 1 located i n  Colorado (Wadge seam) 
and a1 so'' ranks as  high. vb l  a t i  l c  C h i  turninnus. The essen t i a l l y  
equivalent  rank o f  'the Kai.par0w-i t s  and Wadge seam coals i s  
shown by t h e i r  very S im i la r  moist mineral.-matter-free. calo- 
r i f i c  values (12,300 vs 12,000 BT.U/l b). The Wadge seam coal 

. i s  a l so  low i n  i r o n  (0.2%) and s u l f u r  (0.6%). A lower. reac- 
t i v i t y  f o r  the Wadge seam.coa1 might be predicted i n  view o f  
i t s  h igher r a t i o  o f  f i x e d  carbon t o  v o l a t i l e ,  matter  (1.32 f o r  
Wadge seam vs 1.09 f o r  Kaiparowf t s )  .: 

C. Addi t ive  

1, Amax B e l l e  Ayr Coal Experiments 

. The p y r i t e  used w i t h  t h i s  coal desi gnated as  P y r i t e  I 1  i n  
e a r l i e r  work) was obtained from. the coal cleaning operation of 

, t he  U. S. Steel Robena Mine, Green County, Pennsylvania. It 
was. ground t o  .an average. p a r t i c l e  s i ze  o f  1.7 urn (Coul t e r  
Counter method) b y  The J e t  Pu lver izer  Company, Palmyra, New 
Jersey. The. p u r i t y  o f  the mater ia l ,  as received, was 64.6% 



FeS2. An elemental analysis and p a r t i c l e  s i ze  d i s t r i b u t i o n  
data f o r  the add i t i ve  are shown ' i n  Table .3 .and Figure 1 , 
respect ively.  . The, add i t i ve  l e v e l ,  when used, 'was 1% crude 

. p y r i t e  (0.65% as FeS2) based on s lu r ry .  . , 

2. Kai parowi t s  and Wadge Seam coa l  E iper i  ments 

The p y r i t e  used i n  these runs, obtained. from Matheson, Coleman 
and Be1 1 , 'was mined i n  Georgia as a d isc re te  mineral. ' It was 
b a l l  m i l l e d  and passed through a 140 mesh screen before use 
(average p a r t i c l e  s i ze  approximately 65 pm). An analysis o f  
the mater ia l  , given i n  Table 3, ind icates about 94% FeS2. 

The addi ti ve .lev.el,. when used, was 1% crude p y r i t e  (0.94% as 
.FeS2) w i t h  the Kaiparowi t s  coal and 1 o r  2% (0.94 o r  1.88% as 
FeS2) w i  t h  'the Wadge seam coal, based on s l u r r y .  

A.. . Arnax Be l l e  Ayr Coal 

1. "Run .DOE 349 (SRC I, without  Pyr'i t e )  

The u n i t  was plagued w i t h  plu,gging problems .from the onset o f  
t h i s  run. A p lug formed i n  the.preheater about 10 hours a f t e r  
s t a r t  up, shu t t ing  down the un i t .  The s l u r r y  letdown valve 
plu,gged when. t he  u n i t  was res ta r ted  and about two days a f t e r  
f i n a l l y ,  ge t t i ng  on stream the d isso lver  plugged, ending the 
run .. 

Analysis o f  p lug mater ia l  from several locat ions i n  the dis-, 
so lver  ind icated about the same propor t ion o f  calcium i n  the 
ash.as i n  the feed coal. There was no evidence, therefore, 
f o r  enrichment.of calcium carbonate i n  the mineral matter  
found i n  the d isso lve r  dur ing t h i s  pa r t i cu l a r .  run. Accumula- 
t i o n  of calcium carbonate i 'n the d isso lve r  has been reported 
f o r  the Wilsonvi l le 'SRC 1 P i l o t  P lant  and has a lso been ob- 
served i n  e a r l i e r  runs w i t h  Be l le  Ayr coal a t  Merriam. 

The h,igh water content o f  the coal p lus  the r e l a t i v e l y  h igh 
wa.ter y i e l d  l e d  t o  problems i n  the product separation system. 
Water and l i g h t  o i l  were ca r r ied  i n t o  the re f r i ge ra ted  sepa- 
ra to r ,  plu,gging the gas letdown valve. The intermediate 
temperature, h,igh pressure ('ITHP) separator was operated a t  
180°C, instead o f  the normal .200°C, t o  a l l e v i a t e  the problem. 

2. Runs DOE 350RA and '350RB (SRC 11, w i t h  Py r i t e )  

.' Operab i l i t y  was improved considerabl'y dur ing run DOE 350RA 
w i t h  added p y r i t e  a t  SRC I 1  condit ions. It was s t i l l  neces- 
sary.  t o  operate the. ITHP separator a t  a lower than normal 
temperature and t o  d ra in  the re f r ige ra ted  separator frequent- 

s ly. 



3. Run DOE 350RC (SRC 11, wi thout Pyr i te )  

Operabi 1 i.ty. 'be.came stead j l y  worse a f t e r  p y r i t e  .was .removed 
from the feed i n  the l a s t  p a r t  o f  run 'DOE 350. Increasing' 
feed s l .ur ry  v i scos i t y  forced a change i n  formulat ion from 8% 
t o  12% recycled o i  1. Even a f t e r  t h i s  change., pl-ugging con- 
t inued and s i x '  days a f t e r  . p y r i t e  removal 'a ..blocked t rans fe r  
l i n e  t o  the preheater forced a shutdown. 

A sample o f  s o l i d  mater ia l  taken from the'preheater had a ca l -  
cium l eve l  i n  the  ash s i m i l a r  t o  t h a t  i n  the feed coal. 

4. Run DOE 351 (SRC I, .wi th  Py r i t e )  

The , s l u r r y  letdown v a h e  was hampered by s o f t  plluys ,throughout 
the run  and became conlpletely blocked nine .hours a f t e r  the 
temperature was ra ised t o  465OC f o r  p a r t  B. 

A sample.of -mater ia l  from the bottom o f  the d isso lver  had 26% 
calcium '. in the ash whereas the feed .coal had only about 12%. 
'There i s ,  therefore, some ev;idence f o r  an accumulation o f  
calcium carbonate i n  t h i s  pa r t i cu la r  .run. 

5. Run DOE 352 (SRC I, without Pyr i te )  

The average dissolver,  temperature f o r  t h i s  run was 50C below 
ta rge t  due t o  a fau l t y .hea te r  i n  conjunction w i t h  a malfunction- 
i ng  thermocouple on the t rans fe r  l i n e  between the preheate'r 
and dissolver.  This resu l ted i n  a temperature o f  only.  430°C 
I n  the  f i r s t  zone o f  the dissolver. 

On the  second day o f  the run,. the rupture discs on both pump- 
heads burst. When the u n i t  was subsequently switched t o  
pumping o i  1,  t he ,  rupture d isc  on the preheater burst, fo rc ing  
a shutdown. . - 

Kai parowi t s  Coal 

1. Runs DOE 353RA. and .353RB (SRC 11, w i t h  Pyr i te )  

~ v e n  though o i l  y i e l ds  were f a i r l y  h igh i n  runs DOE 353RA and 
353RB, there we.re d i f f i c u l t i e s  i n  pumping the s l u r r y  and a 
number o f  rupture discs burs t  on the f r o n t  end. 

2. Run DOE 353RC (SRC 11, wi thout Pyr i te )  

Three days a f t e r  p y r i t e  was. removed from the feed, the s l u r r y  
became so t h i c k  t h a t  a steady pump r a t e  could 'not .  be 
maintained and the u n i t  was shut down. 

3. Run DOE 354A (SRC I, w i t h  Pyr i te )  

This run was uneventful. 



4. Run D0.E 354B (SRC I, without  py r i t e )  

Operation qu ick ly  deter iorated.  a f t e r  bri t e  was removed from 
the feed, w i t h  .plugs occurr ing a t  the hydrogen i n l e t  and i n  
the t rans fe r  1 i n e  between the high and intermediate tempera- 
t u r e  separators, 

C. Wadge Seam Coal 

The s l u r r y  was general ly  t h i c k  and d i f f i c u l t  t o  pump during run DOE 
355R, i n .  the SRC I 1  mode w i t h  1% added py r i t e ,  and the experiment 
ended when the s l u r r y  feed r a t e  could no longer 'be maintained. I n  
the  SRC I 1  run w i t h  2% p y r i t e  i n  the feed, DOE 356R, the s l u r r y  was 
manageable dur ing the 450°C p a r t  o f  the run 'but became viscous .when 
the temperature was increased t o  465OC i n  p a r t  B. 

The SRC I run, DOE 357, ran .w i thou t  d i f f i c u l t y  dur ing par ts  A and B 
w i t h  2% added p y r i t e  i n  the feed. The run was ended by a p lug i n  
the s l u r r y  feed sect ion o f  the u n i t  sho r t l y  a f t e r  pyr i . te  was re-  

. . moved i n  pa r t  C. 

D. Mater ia l  ~ a l a n c e s  

A1 though overa l l  mass balance closures .were sa t i s f ac to r y  f o r  these 
experiments, re1 a t i  ve ly  1 arge discrepancies were encountered i n  the 
ash balances. It appears t h a t  t h i s  i s  due t o  loss o f  v o l a t i l e  
mater ia l  from the s l u r r y  mix'and feed pots and from the product 
c o l l e c t i o n  vessels. This problem. seems t o  be exaggerated when high 
moisture 'coals '  are processed o r  when water i s  added t o  the feed. 

The vent l i n e s  on the ambient temperature separator bottoms, atmos- 
pher ic d i s t i l l a t i o n  overhead and atmospheric d i s t i  1 l a t i o n  bottom 
product co l  l e c t i o n  vessels now have d ry  ice :  t raps t o  co l  l e c t  
v o l a t i l e  materials. I n  addi t ion,  a metal (pressurized) t r ap  i s  
under const ruct ion f o r  use on the u n f i l t e r e d  coal so l u t i on  (UFCS) 
c o l l e c t i o n  vessel. An experiment w i l l  a lso  be conducted dur ing the 
next  shutdown t o  estimate weight loss during c i r c u l a t i o n  and mixing 
o f  the feed s l u r r y  a t  t yp i ca l  operat ing temperatures.* 

V. RESULTS 

The d iscuss ion.o f  r esu l t s  i s  broken down i n t o  f i v e  major categories: 

A. Y i e l  ds and Hydrogen' Consumpti on 
B. Product Qua1 i tj 
.C. V iscos i ty  Measurements 
D. Solvent Ext ract ion o f  D i s t i l l a t i o n  Residues 
E. ' Yields and Compositions f o r  Detai led Product Arrays 

I n  categories A through D, each discussion begins w i t h  a comparison o f  
the  three western coals studied t h i s  quarter. The comparisons, f o r  both 
the SRC I and SRC I 1  modes, are based on runs at'450°C w i t h  added 
pyri te..  These were the most s tab le  experiments and produced the best  

* The y ie lds  from these - h n s  a r e  corrected for v o l a t i l e  'losses i n  later reports by use o f  a forced 
ash balance. 



operat ion and y ie lds .  A discussion o f  each coal fol lows, d e t a i l i n g  the 
e f f e c t  of temperature and p y r i t e  add i t ion  i n  both the SRC I. and SRC I 1  
modes o f  operat i  on. 

I n  category E, the y i e l d  and composition o f  de ta i led  product arrays 
(water phase, 10% by weight f rac t ions  o f  d i s t i l l a b l e  mater ia l  and f rac -  
t i o n s  from sequential ex t rac t ion  o f  d i s t i l l a t i o n  residue w i t h  hexane, 
to1  uene and p y r i  d i  ne) are described. 

A. Yields and Hydrogen Consumptions* 
. . 

The y i e l d s  and hydrogen consumptions f o r  a l l  runs reported t h i s  
quarter  are shown i n  Table 1. 

1. Comparison o f  Coals 

a. SRC I Mode 

.A1 though .khe hr~ax Be1 1 e Ayr coal responded. we.11 to .  
py r i te .add i . t i on  i n  the SRC I 1  mode, 'processing o f  t h i s  
coal a t  the  SRC I condit ions o r i g i n a l l y  'sele'cted f o r  t h i s  
task (30 minutes residence time and 1500 psig)  does no t  
appear feasible, whether p y r i t e  i s  added or not. 

These condi t ions were changed f o r  the Kaiparowits and 
Wadge seam coal experimen'ts,. and the y i e l ds  f o r  those two 
coals are compared below: 

Condi ti ons* 

Coa 1 Kai parowi t s  Wadge 
P I  ateau Seaiii 

P y r i t e  Addi ti on Leve I ,  
W t  % feed s l u r r y  1  2  

Ylelds, W t  X MF Coal 

c1 -c4 7.5 8.7 
Recycle Solvent 6.5 12.6 
Tota l  O i l  ' 19.5 26.9 
S RC 47.2 41.8 
I OM 8.0 5.8 

H3 Consumption 3.1 4.1 

* A1 1 a t  450°C, 2250 ps i  g and 1 "hour residence time. 

the  Wadge seam coal w i t h  a  p y r i t e  addi t ion leve l  .o f  2% 
(based on s l u r r y )  was s i g n i f i c a n t l y  more react ive i n ,  the 
SRC I mode than the Kaiparowi t s  coal w i t h  1% added py r i t e .  
I n  both cases, a  substant ia l  excess .o f  recycle solvent 
was obtained. A- v iab le  SRC I process may therefore be 
possible under less generous condit ions such as reduced 
p y r i t e .  leve l ,  reduced pressure o r  reduced restdence time. 

. . 

*.The yields from these runs are corrected for volatile losses in later reports by use of a forced 
ash balance. 



.b. SRC I 1  Mode. 

The y ie lds  and hydrogen consumptions i n  t h e  SRC I I mode ' 

. w i t h  added p y r i t e  f o r  the three coals are compared below: 

Condi ti.ons* 

Coa 1 Amax Kai parowi t s  . Wadge 
Be1 l e  Ayr Plateau Seam 

P y r i t e  Addi t ion ~ e v e l  , 
W t  % feed s l u r r y  1 .I. 1 2 

Yields, W t  % MF Coal 

C l  -c4 
Tota O i l  
SRC 

. I O M  

H7 Consumption 5.6 

* A l l  a t  450°C, 2250 psig, 1 hour residence time. 

The Amax .Bel le Ayr coal was by f a r  the most reac t i ve  
under.these condi t ions and also.had .the la rges t  response 
t o  p y r i t e  addi t ion.  Total  o i l  y i e l d  from the Be l le  Ayr 
coal wa's increased from 25% t o  50% by adding .l% p y r i t e  t o  
the feed whi le  the y i e l d  from Kaiparowits coal was i n -  
creased' about 14% (from 29 t o  43%). Wadge seam coal was 
no t  run i n  the SRC I 1  mode without.  py r i te .  Some o f  the 
.d i f ference between the Be1 l e  Ayr and Kaiparowi t s  coal. 
y i e l d s  may be due t o  use o f  f i n e l y  div ided p y r i t e  w i t h  
the former coal and coarse ca ta l ys t  w i t h  the l a t t e r .    he 
Kai parowi t s  coal w i t h  1 %. added p y r i t e  was. more react ive 
i n  the SRC I 1  mode than, the Wadge seam coal w i t h  2% 
cata lys t .  I n  a l l  cases, there was a corresponding decrease 
. i n  SRC and I O M  y i e l d s  when o i l  y i e l d s  increased. 

A comparison o f  the coals wi thout p y r i t e  .addi t ion can not  
be made because the corresponding runs were no t  completely 
1 ined out. 

Although the l o t  o f  Be l l e  Ayr coal was changed dur ing run DOE 
350R, no e f f ec t  on operabi 1 i t y  or '  y ie lds '  was observed a t .  the 
t ime of the 'cha,nge and a comparison o f  r esu l t s  between runs 
,DOE 349 and 352, a t  essen t ia l l y  the same condit ions, indicates 
the in f luence o f  any va r i a t i on  i n  coal composition ,was f a r  
outwei ghed by p y r i  t e  addi ti on o r  temperature ,.changes. 

a. SRC I Mode 

The SRC I. runs were conducted w i t h  some d i f f i c u l t y  and 
data 'were co l  lec ted -over r e l a t i v e l y  shor t  periods o f  time. 



The r e s u l t s  from run  DOE 349, i n  p a r t i c u l a r ,  should be 
considered ' q u a l i t a t i v e .  . I n  the SRC I work w i t h  Be l l e  Ayr 
coal,  complete equ i l i b r ium was general ly  no t  achieved and 
t h e  data were inf luenced by ' t he  cont inual  dec l ine i n  
so lven t  q u a l i t y  up u n t i l .  the t ime the runs were terminated. 

i. E f f e c t  o f  P y r i t e  Addi t ion  

The e f f e c t  o f  p y r i t e  add i t i on  on y i e l d s  can be seen 
by col~iparing runs DOE 349 and 352 wi thout  p y r i t e  t o  
run  DOE 351A w i t h  1% p y r i t e  i n  the feed. While the 
hydrocarbon gas y i e l d  was unchanged, the recyc le  
so lven t  y i e l d  went from a 26% loss (MF coal bas is )  
t o  a 5% loss and t o t a l  o i l  y i e l d  went from a 9-13% 
loss  t o  an 11% gain, w i t h  p y r i t e  add i t ion .  There 
was a corrcsponding dccrease i n  I O M  y i e l d  from 10- 
41% t o  17%. Hydrogen consumption was about twice as 
h igh  i n  the p y r i t e  catalyzed run. 

ii. E f f e c t  o f  Temperature 

The e f f e c t  o f  increasing the temperature from 450 t o  
465'C whl l e  adding p y r i t e  can be seen by comparing 
runs DOE 351A an'd 351B. .Hydrocarbon gas y i e l d  was 

/ 

increased from 4.7 t o  7.0% based on MF coal a t  the 
h igher  temperature wh i le  t o t a l  o i l  y i e l d  increased 
from 11.4 t o  14.7%. .There was a corresponding 
decrease i n  SRC y i e l d  from 47 t o  38%. Recycle so l -  
vent  l oss  was increased, however, from 5.0 t o  11.9% 
by r a i s i n g  the temperature. 

b. SRCI IMode  

i . E f f e c t  o f  P.yri t e  Addi t ion  

  he e f f e c t  o f  p y r i t e  add i t i on  on y i e l d s  can be 
observed by comparing the r e s u l t s  o f  run DOE 350RA, 
w i t h  py r i t e ,  t o  run' DOE 350RC which had a steady 
decl  i ne I'n p y r l  t e  1 eve1 . The e f f e c t  o f  1 ron concen- 
t r a t i o n  i n  the  s l u r r y  on y i e l d s  i s ,  shown qua l i  t a . t i ve l y  
i n  rigur-e .2*. The add i t i on  o f  1% pyrs'te . t o  the feed 
i n  run DOE 350RA resu l ted  i n  an i r o n  l e v e l  o f  about 
2.5% i n  the equ i l i b ra ted  feed s l u r r y .  When p y r i t e  
add i t i on  was stopped i n  run DOE 350RC, the i r o n  
l e v e l  i n  the s l u r r y  dropped t o  about 0.35% before 
t he  run was terminated by a p lug i n  the preheater. 
As i r o n  concen.trat.ion decreased over t h i s  range, 
t o t a l  o i l  y i e l d  dropped from about 43 t o  25%, SRC 
y i e l d  i.ncreased from 16 t o  26% and I O M  y ie ld . inc reased  
from l ' t o  15%. There was l i t t l e  e f f ec t  on hydrocarbon 
gas y i e l d .  

* These r e s u l t s  were obtained from analysis of indiv idual  products as described i n  Appendix B and do not 
match the  average y i e l d s  given i n  the body o f  the report .  



i i . E'f fect  .of 'Temperature 

The e f f e c t  o f  temperature w h i l e  adding .pyri t'e can be 
seen 'by comparing runs DOE 350RA .and 350RB a t '  450 
and 465OC, resp'ect ive ly .  Hydrocarbon gas y i e l d  was 
about 4% (absolute)  h igher  a t  the' t i i  gher temperature 
w h i l e  t o t a l  o i l  y i e l d  was about 6% lower. 'There was 
a l so  a s h i f t  t o  1 i g h t e r  o i l .  products a t  the  h igher  
temperature. SRC'and I O M  y i e l d s  were s l ' i g h t l y  
h ighe r  a t  the  h igher  temperature. 

3. Kaiparowits Coal 

The e f f e c t  o f  p y r j  t e  a d d i t i o n  on ' y i e l d s  i n  the  SRC I mode 
a t  450°C can be seen by comparing runs DOE 354A and 354B. 
There was a 7.3% loss  (based on MF coal),  o f  recyc le  

- s o l v e n t  i n  t h e  uncatalyzed run, DOE.354BY whereas the re  
was a 6.5% ga in  when p y r i t e  was added i n . r u n  DOE 354A. 
There was a l s o  an" increase i n  t o t a l  o i l  .(19.5 vs 9.4%) 
and SRC (47.2' vs,  41'.4%) y i e l d s  and a decrease i n  'IOM, (8.0 
vs ' 22.0%) . y i e l d  w i t h  p y r i t e  add i t ion .  Tota l  hydrocarbon 
gas y i e l d  was s i m i l a r  i n  . the  runs w i t h  and w i t h o u t  .add i t i ve .  

-. H j R d r o g e n  c o n s u m p t i ' ~ s ~ l 3 ~ h f l y  hi gher wi t h  c a t a l y s t  i n 
t h e  'system. 

The e f f e c t  of temperature was n o t  determined i n  the  SRC I' 
mode. 

b. SRC I 1  Mode 

i. ~ f f e c ' t  of P y r i t e  Add i t i on  

The e f f e c t  o f  p y r i t e  addj t i o n  a t  450°C i n  the  SRC..II 
mode can be determined from a comparison o f  runs DOE 
353RA a.nd 353RC. To ta l  oi.1 y i e l d  was 14% (based on 
MF coal  ) h igher  w i t h  p y r i t e  a d d i t i o n  i n  run  DOE, 353RA. 
There was. a corresponding decrease i n  SRC (26 vs 
33%) .and .IOM (3.6 vs 8.2%) . w i t h  c a t a l y s t  addi, t ion, 
a1 though. hydrocarbon gas y i e l d  was unaffected. 
Hydrogen consumption was about. 1% h igher  (based on 

. . MF coa l )  when p y r i t e  was .added t o  the  feed. 

i i . E f f e c t  o f  '~emperature 

The e f fec t  o f  temperature can be seen by comparing 
.run DOE 353RA. a t  450°C w i t h  run  DOE 353RB a t  465OC. 
Hydrocarbon gas y i e l d  was about 4% (based on MF 
coal  ) h ighe r  at. 465OC, .as expected, b u t  . t o t a l  o i  1 

. y i e l d  was 4% lower. . I O M  y i e l d  was s l i ' gh t l y  .g rea te r  
and SRC y i e l d  s l i g h t l y '  l ess  a t  t he  h igher  temperature, 

. . 'whi 1 e hydrogen consumpti on increased by 1 %. 



4. ~ a d g e  Seam Coal 

a. SRC I Mode 

i . E f f e c t  o f  P y r i t e  Addi t ion 

The e f f e c t  o f  p y r i t e  add i t ion  on y i e l ds  i n  the SRC I 
mode a t  450°C can be seen by comparing runs DOE 357A 
and 357C. There was a dramatic reduction i n  t o t a l  
o i l  y i e l d  (13.4 vs 26.9%, based on MF coal)  and 
recyc le  solvent y i e l d  (8.0% loss vs 12.6% gain) when 
p y r i t e  was removed from the feed i n  run DOE 3576. 
There was a corresponding increase . i n  SRC (52.4 vs 
41.8%) and I O M  (8.6 vs '5.8%) y ie lds.  
consumption was about 1% higher i n  the cata yzed run 
and there was 1 i t t l e  e f f e c t  un hydrocai-lor1 yas 
,y ie ld .  

ii. E f f e c t  o f  Temperature 

The e f f e c t  o f  temperature. w i t h  2% p y r i t e  i n .  the feed 
can .be seen by comparing run .DUE 357A a t  450°C w i t h  
run DOE 357B a t  465OC." Total  o i l  y i e l d  was about 6% 
lower (based .on MF coal)  a t  the higher temperature 
wh i le  hydrocarbon gas y i e l d  was about 5% yreater. 
The recycle solvent balance was changed from a 13% 
gain  t o  a near break-even l eve l  by increasing the 
temperature. SRC and I O M  y i e l d s  and hydrogen consump- 
t i o n  were essent ia l  l y  unchanged by temperature. 

b. SRC I1  Mode 

Runs DOE 355RA, 355RB, 356RA and 356RB const i tu ted a' 2* 
f a c t o r i  a1 i n  temperature and p y r i t e  l eve l  : . ' 

P y r i t e  Level 
Temperature, "C 1% 2% . 

465 355RB 356RB 

The resu l t s  o f  the i a c t o r i a l  are .summarized i n  Table 4,'. 

i. Ef fec t  o f  P y r i t e  Addi t ion 

The e f f e c t  o f  p y r i t e  add i t ion  leve l  on y i e l d s  can be 
seen by comparing run DOE 3.55RA t o  356RA a t  450°C 
and run DOE 355RB t o  356RB a t  465OC; 

A t  450°C, the t o t a l  o i  1 y i e l d  was increased--from 33 
t o  40% (based on MF coal)  by increasing the p y r i t e  
add i t ion  r a t e  from 1% t o  2%, based on s lu r ry .  There 
was a corresponding decrease i n  SRC y i e l d  . o f  about 



1% and I O M  y i e l d  o f  3.4%. Hydrogen consumption was 
1.0% greater a t  the higher ca ta l ys t  l eve l  'and hydro- 
carbon gas y i e l d  was unchanged. 

A t  the higher temperature, t o t a l  o i l  y i e l d  was 
decreased from 28 t o  24% by increasing the l eve l  of 
p y r i t e  i n  cont rast  t o  the resu l t s  a t  450°C. There 
was a corresponding increase , in  SRC y i e l d  from 26 t o  
33%. I O M  y i e l d  was 2'.8%' lower a t .  the higher add i t i on  
leve l ,  however. Hydrogen consumption increased 
s l i g h t l y  a t  the higher add i t i ve  l eve l  wh i le  hydro- 
carbon gas y i e l d  was s l i g h t l y .  lower. 

ii. E f f e c t  o f  Temperature 

The gas y i e l d  was increased by 3-4% (based on MF 
coal)  by increasing the temperature' from 450 t o  
465°C whi le  t o t a l  o i l  y i e l d  decreased by 5-17%. . I O M  
y i e l d  was about 6%'h igher  a t  the higher temperature 
a t  both p y r i t e  add i t i on  leve ls  bu t  SRC decreased by 
2.8% a t  the 1% p y r i t e  add i t i on  l eve l  and increased 
by 6.1 %.  a t .  the 2% p y r i  t e  l eve l  when temperature' was 
raised. Hydrogen consumption increased s l  i g h t l y  
w i t h  temperature. a t  the iower ca ta i ys t  addi t ion- 
l e v e l  but  decreased s l i q h t l v  w i t h  temperature a t  the 
higher leve l .  These var iaGons i n  hydrogen - consump- 
ti on were near the .experimental ekror  , 'however. 

B. Product Q u a l i t y  

The heavy d i s t i  1 l a t e  (o r  recycle solvent)  and d i s t i l  l a t i o n  residue 
. (or  SRC) analyses f o r  a l l  runs reported t h i s  quar ter  are shown i n  
Table 1. 

1. Comparison o f  Coals 

a. SRC I Mode 

Processing o f  Kaiparowi t s  (DOE 3 5 4 ~ )  and Wadge seam (DOE 
357A) coals a t  450°C w i t h  added p y r i t e  resu l ted  i n  
s i m i l a r  product qual i . t ies.  

The recyc le  solvent  analyses are essen t i a l l y  the same 
except f o r  a higher s u l f u r  l eve l  (0.34 vs 0.24%) w i t h  the 
Wadge seam coal. This i s  'expected due t o  the higher 
o rgan i c . su l f u r  l eve l  i n  t h i s  coal (0.51 vs 0.42%). 

The SRC from the Wad e seam coal a lso had a higher s u l f u r  
l e v e l  (0.22 vs 0.15% 3 , due t o  the higher -organic. s u l f u r  
1 eve1 i n  t h e  feed, and a , h,igher. n i t rogen content. 

',  b. SRC I I Mode 
. . 

Heavy d l s t i l l a t e  and d i s t i l l a t i o n '  residues from process- 

.... 
i n g  Amax Be1 l e  'Ayr and Kaiparowi t s  coals a t  450°C w i t h  1% 



'added p y r i t e  had essen t i a l l y  the same analyses except f o r  
h igher  s u l f u r  and ash l eve l s  i n  the d i s t i l l a t i o n  residue 
from B e l l e  Ayr coal (due . t o  the higher conversion o f  SRC 
t o  oi.1 w i t h  the B e l l e  Ayr coal ). 

The products from ~ a d g e  seam coal processed i n  the SRC I 1  
mode a t  450°C w i t h  1 o r  2% added p y r i t e  were considerably 
d i f f e r e n t  than those from the o ther  two coals w i t h  1% 
added py r i t e ,  however. 

The heavy d i s t i l l a t e s  from processing the Wadge seam coal 
a t  both add i t i ve  l eve l s  had s i g n i f i c a n t l y  lower hydrogen 
contents and the s u l f u r  and n i t rogen concentrations were 
higher. 

The d l  s t 1  1 l a t l o n  residues derived from t h e  Wadye searrl 
coal  had s i g n i f i c a n t l y  h igher n i t rogen l eve l s  and fus ion 
po in ts  a t  both add i t i ve  l eve l s  than those from the o ther  
coals. The hydrogen l eve l  i n  the d l s t i l l a t l o n  residue 
from the Wadge seam coal run w i t h  2% added p y r i t e  was 
about the same as t h a t  from the Kaiparowits coal run when 
1% p y r i t e  was added. 

2. Amax Be1 l e  Ayr Coal 

a. SRC I Mode 

i . E f f e c t  o f  P y r i t e  Addi t ion 

The recyc le  so lvent  analyses f o r  runs DOE 349 and 
352 wi thout  p y r i t e  and run DOE 351A w i t h  p y r i t e  are 
v i r t u a l l y  the same. 

I n ,  addi t ion,  thc rc  i s  l i t t l e  d i f ference i n  the SRC 
analyses between runs DOE 351A and 352 except f o r  
t he  fus ion p o i n t  which was lowered about SU"C i n  the 
catal.vzed run. .It . i s . n o t  possib le - t o  i nc l ude - the  
d i s t i l l a t i o n  residue from run DOE 349 i n  the compari- 
son because the d i s t i l l a t i o n  was performed on UFCS 
ins tead o f  f i l t r a t e .  

ii. E f f e c t  o f  Temperature. 

Rai l;.ir~y 1t1e 1e111per-ii'tut;e Tr'oin 450°C .to 4Gf;"C a lso had 
l i t t l e  e f f e c t  on recycle solvent  and SRC composition 
except f o r  decreasing the hydrogen content, as seen 
from a comparison o f  runs DOE '351A 'and 351 8. 

i. E f f e c t  o f  P y r i t e  Addi t ion 

The e f f e c t  o f  p y r i t e  add i t i on  on produc't q u a l i t y  can 
be seen by comparing the analyses f o r  run DOE 350RA 



w i t h  p y r i t e  t o  those fromDOE 3 5 0 ~ ~  w i t h  a steady, 
dec l ine o f  py r i te .  The hydrogen l eve l  i n  the heavy 
d i s t i l  l a t e  dropped as soon a's py r i ke  was removed 
from the feed and continued. t o  drop t o  the l eve l  .. 
shown f o r  run 350RC-5 ( a t  t h i s  po in t .  the system 
became inoperable. because o f  p l  uggi ng ) . The s u l f u r  
l eve l  i n  the heavy d i s t i l l a t e  remained a t  an extremely 
1 ow l eve l  dur ing .a1 1 o f  the runs. . This i s  apparently 
due t o  the low organic su l f u r . l eve1  i n  the coal 
(0.48-0.52%). There. was 1 i t t l e  change i n  n i t rogen 
1 evel  . 
The hydrogen l eve l  i n  the d i s t i l l a t i o n  residue de- 
creased 'from 6.1 t o  4.5%.on an ash f ree .bas is  whi le  
n i t rogen 1 evel remained the same . (1.7%) - as p y r i t e  
l e f t  the system. There was a lso a. s i g n i f i c a n t  
'increase Q n  ' fusion poi,nt as i r o n  l eve l  decreased. 

ii. E f f e c t  of.Temperature 

A comparison' o f  runs DOE 350RA and. 350RB .a t  450, and 
465", respect ively,  indicates a. lower l eve l  o f  
hydrogen i n  both the heavy . d i s t i l l a t e  and d i s t i l l a t i o n  - .. 

residue a t  the hlgher temperature. Othe-~an.a.ly.s.es---.-.- 
are r e l a t i v e l y  unchanged by temperature. 

. . 

2. Ka.i parowi t s  Coal 

a. SRC I Mode 

There was 1 i t t l e  d i f ference i n  recycle solvent  o r  SRC 
.analyses brought about. by p y r i t e  add i t ion-  ( r un  DOE 354A 
vs 354B) except f o r  h igher hydrogen levels.  The fus ion 
po in t  o f  the SRC was al'so lowered about 40°C by the 
cata lys t .  

b. SRC.,II Mode 
. . 

i . E f f e c t  o f  P y r i t e  

A comparison o f  the heavy d i s t i l l a t e  analyses f o r  
. runs DOE .353RA w i t h  p y r i t e  and 353RC. wi thout  addi t ive,  
. i nd i ca tes  t ha t , t hey  are s i m i l a r  i n  composition 
except, f o r  a h igher . leve l  o f  hydrogen w i t h  cata lys t .  
The s l i l f u r  l'ev'el i n  the heavy d i s ' t i l l a f e s  was very 
low ( less than 0.1%), as was the case i n  the .Be l le  
Ayr coal runs, due t o  the .low qrganic s u l f u r  l eve l  
i n  .the feed coal. ' .  

The d i  s t i  11 a t i on  residue from the run w i t h  . p y r i t e  
' had a sl ight1.y higher hydrogen:level and a s i g n i f i -  

, . . c an t l y  h igher su' l fur. ' level"than t h a t  from the uncata- 
lyzed run. The fus ion po in t  o f .  the residue from the 
run wi thout  p y r i t e  was above the range normally 
measured a t  Merriam and. was ' a t  l e a s t  1 50°C higher 
.than t h a t  from the run w i t h  added py r i te .  

. . 17 



ii. E f f e c t  o f  Temperature 

The heavy d i  s t i  1 1 a te  .analyses were re1 a t i  ve ly  unaf- 
fec ted  by temperature (compare runs DOE 353RA a t  
450°C and 353RB a t  465OC) except f o r  a higher leve l  
o f  hydrogen a t  450°C. 

The d i s t i l l a t i o n  residue from the run a t  450°C had 
a higher hydrogen leve l ,  less s u l f u r  and a lower 
fus ion  po in t  than t h a t  from the run a t  465°C. 

3. Wadge Seam Coal 

a. SRC I Mode 

The ef fect  of temperature can be seen by comparing run 
DOE. 357A a t  450°C w i t h  run DOE 3.57B a t  4 6 5 O C .  The recycSl,e 
so lvent  and SKC alialyses are. essen t ia l l y  .I;t~t! sclliie except 
f o r  somewhat more hydrogen i n  both products from the 
1 ower temperature run. 

The e f f e c t  o f  p y r i t e  add i t ion  i n  the SRC I mode can not  
be determined because samples from the uncatalyzed p a r t  
o f  the  run are .not avai1abl.e. " 

'b. SRC I1 Mode 

i. E f f e c t  o f  P y r i t e  Level 

The heavy d i s t i l l a t e  from the run a t  450°C w i t h  1% 
p y r i t e  i n  the feed, DOE 355RA, had s l i g h t l y  less 
hydrogen than t h a t  from the run a t  the same tempera- 
t u r e  w l  t h  2% py r i t e ,  DUE 3StiKA. When the temperature 
was ra ised t o  465"C, however, the product from the 
.I% ca ta l ys t  run, DOE 355R0, had more hydrogeo than 
t h a t  f r o m  the 2% ca ta l ys t  run. DOE 356R8, Increasing 
t he  p y r i t e  l eve l  resu l ted i n  increased heavy d i s t i  1 - 
l a t e  ni t rogen a t  both temperatures due t o  increased 
conversion t o  d i s t i l l a b l e  products. Other heavy 
d i s t i  1 l a t e  analyses were unchanged by catalysts.  

There was an increase i n  d i s t i l l a t i o n .  residue ash 
free hydrogen leve l *  a t  450°C when the p y r i t e  l eve l  
was increased, a1 though there was '.a decrease a t  

. ,  . 465°C. The s u l f u r  l eve l  Increased considerably' itt 
the ' h i  ghe'r ca ta lys t  concentration,, as expected, due 
t o  mater ia l  derived .from. p y r i t e  i n '  the residue. 
There was l i t t l e  change i n  ash f r ee  ni t rogen l eve l  
due t o  the ca ta l ys t  add i t ion  ra te . .  The fus ion po in t  
was a lso greater a t  the higher add i t i ve  leve l ,  
p a r t i c u l a r l y  a t  465OC. 

See Table 3 for distillation residue analyses calculated ash free. 



ii. Ef fec t  o f  Temperature' 

As mentioned above, the hydrogen l eve l  i n  the heavy 
d i  s t i  1 l a t e  wa's reduced by i n'creasing the temperature, 
p a r t i c u l a r l y  a t  the.  higher add i t i ve  1,evel. Other 
heavy d i s t i  1 l a t e  analyses were r e l a t i v e l y  unaffected 
by temperature. 

Hydrogen l eve l  i n  the d i s t i l l a t i o n  residue was a lso 
reduced, by increasing the temperature whi le  the 
fus ion po in t  was increased. Nitrogen and s u l f u r  
leve ls  were no t  a f fec ted by teinperature. 

C. Viscosi ty Measurements 

, 1 ' Comparison o f  Coals 

a. SRC I Mode 

The u n f i  1 tered coal so lu t ion  ( U F C S ~  v i scos i t i es  f o r  runs 
DOE 354A and 357A .are .compared i n  Figure 3. The UFCS 
from the Wadge 'seam coal experiment.'wi t h  2% added p y r i t e  
had.a lower v i scos i t y  'than t h a t  .from the Kaiparowits coal 
experi-ment-wl-th-1-%-a-dded-pyri-te-mti on 
wi.th the higher t o t a l  o i l  y i e l d  obtained under these 
conditions' w i th  the Wadge seam 'coal. 

b. SRC I1 Mode. 

The u n f i  1 t e r e d  coal j o l  u t i o n  (UFCS) v i scos i t i es  f o r  runs 
. . 

DOE 350RA, ,353RA and 356RA are compared i n  Figure 4. The 
UFCS'.viscosities from the three runs were i n  the order: 

Wadge seam ,> .Kaiparowits > Amax .Bel le r 
(2% p y r i t e )  (1% p y r i t e )  (1 %..'pyri t$ 

-1ncreasi:ng v i scos i t y  , . 

(deci-easi ny t o t a l  01 l yiel CIS ) 

The -runs having' lower UFCS vi.scosi t i e s  i n  the SRC I 1  mode , 

were a lso those having higher oi.1 yields'. 

The feed s l u r r y  v iscos i t ies  are compared i n ' F i g u r e  5. 
' 

Whereas the Kaiparowits coal. w i t h  1% added p y r i t e  was 
found t o  be more reac t i ve  tha.n the Wadge seam coal w i t h  
.2% added pyr i te ,  the l a t t e r  had a feed s l u r r y  w i t h  a 
l owe rv i scos i t y .  ' 

2, Amax Be l l e  Ayr Coal 

Un f i l t e red  coal so lu t ion (UFCS) v i scos i t y  data are shown i n  
Table 5. and feed s l u r r y  v i scos i t y  data i n  Tahle'6. 



a. S R C . 1  Mode 

A comparison o f .  UFCS v i scos i t i es  f o r  the SRC I Be1 l e  
Ayr coal  runs i s ,  given i n -  Figure 6. Runs DOE 349 
and 352 were made under t he  same condi t ions except 
fo.r  a 5OC lower average d isso lve r  temperature i n  the 
l a t t e r .  I n  addi t ion,  d i f f e r e n t  l o t s  o f  coal were 
used. 

Run DOE 352 produced a s l i g h t l y  h igher v i scos i t y  
UFCS than run DOE 3.49 a t  a.11 shear ra tes .  These 
r e s u l t s  are  i n  conjunction w i t h  the s l i g h t l y  lower 
conversion i n  run DOE 352. 

The v i s c o s i t i e s  o f  the UFCS from runs DOE 349 and 
352. were s i g n i f i c a n t l y  h,igher than those from run 
DOE 351 d k  t o  the c a t a l y t i c  e f f e c t  o f  thc  p y r i t e  
added i n  the  l a t t e r .  

b. . SRC I1 Mode 

The v i s c o s i t i e s  o f  the UFCS from the various par ts  o f  run 
DOE 350R are compared i n  Figure 7. The samples from the 
two catalyzed par ts  o f  the run, DOE 350RA and 350RB, were 
s i m i l a r  although there was a s l i g h t l y  h igher v i scos i t y  
measured f o r  the UFCS from the higher temperature run, 
DOE 350RB. Removal o f  p y r i t e  from the system i n  run DOE 
350RC resu l t ed  i n  an order o f  magnitude increase i n  UFCS 
v iscos i t y .  

.The vi,scos.i t ies o f  the feed s l u r r i e s  from the various 
pa r t s  s f  run DOE 350R arc compared i n  Figure 8. Whereas 

' t y p i c a l  feed s l u r r i e s  w i t h  bituminous coals e x h i b i t  a 
m i  nimurr~ i n  v i s c o s i t y  i n  the temperature. range 230-27U°F, 
t h i s  cha rac te r i s t i c  was n o t  .observed w i t h  Be1 l e  Ayr coal. 

The s l u r r y  from run DOE 350RA gave essen t i a l l y  a s t r a i g h t  
l i n e  re la t ionsh ip .  between v i scos i t y  and temperature. , , 

When the  s l u r r y  from run DOE 350RB was tes ted i n  the 
normal manner, there was a .maximum i n  v i scos i t y  i n  the 
range o f  230-250°F. When another <ample frnm the same 
ru'n was. tested, a curve o f  the same shape was obtained, 
although the  v i scos i t i es  were s l i g h t l y  higher. 

' 
A t h i r d  t r t a l  was conducted by. heat ing a sample t o  270°F 
f o r  45 minutes and then coo l ing to '  210°F t o  begin the 
v i s c o s i t y  measurements. This' t ime the v i scos i t y  decreased 
w i t h  increas ing temperature a1 though there was s t i  11 no 
minimum. 

The f i r s t  two samples from run DOE 350RB were heated t o  
about 217OF p r i o r  t o  the v i scos i t y  measurements so they 
would pour from the sample j,ar. It i s  presumed t h a t  t h i s  
would remove f r ee  water. It I s  possible. that .  water 
remains complexed w i t h  phenol i c mater ia ls  , however., When 



the t h i r d  sample was heated t o  270°F. i t  was observed t o  
swel l  and b o i l .  ' This a c t i v i t y  was essen t i a l l y  'complete 
before making the v i scos i t y .  measurements, .so the ,comple,xes 
may have. been d issoc ia ted by the treatment., r e s u l t i n g  i n  
a  d i f f e r e n t  v i scos i t y  p r o f i l e .  

3. Kaiparowi t s  Coal 

U n f i l t e r e d  coal .so lu t ion (UFCS) v i scos i t y  data a r e  l i s t e d  i n  
Table 7 and feed s l u r r y  v i scos i t y  data i n  Table 8. 

. . 

a. SRC I Mode 

The UFCS v i scos i t i es  f o r  the SRC I experiments'with and 
wi thout  added py r i t e ,  runs DOE 354A and. 354B, respect ively,  
are compared i n  Figure 9. The UFCS from the catalyzed 
experiment had a much lower v i scos i t y  than t h a t  from the 
run wi thout  p y r i t e  which agrees w i t h  the. fus ion p o i n t  and 
so l  ubi  1  i ty data. As ' usua'l , there was less temperature 
dependence a t  1  ower, v i scos i t i es .  

b. SRC I1 Mode 

________--- The-UFGS-v-1-scos-I-t-tes-f ~ r - t h e - t h ~ r e e - ~ a r t s b f ~ D O E - J S J R - ~ ~ ~  
are shown i n  Figure 10. 

The UFCS from run DOE 353RC a t  450°C wi thout  p y r i t e  had a  
s i g n i f i c a n t l y  h igher .  v i s cos i t y  than t h a t  from the run a t  
450°C w i t h  py r i t e ,  DOE' 353RA, due t o  the c a t a l y t i c  
e f f e c t  o f  the add i t ive .  

The experiment a t  '.450°C w i t h  py r i t e ,  run DOE 353RA, 
produced. a- UFCS w i t h  a' h igher v i scos i t y  than run DOE 
353RB a t  465OC w i t h  pyr i ' te.  The so l  i d s  (ash and IOM) 
l e v e l  i n  the UFCS from the two runs was essen t i a l l y  the 
same (23%), . so t h e  lower v i scos i t y  apparently r e f l e c t s  
the s h i . f t  t o  . l i g h t e r  l i q u i d  products a t  the higher tempera- 
ture.  

The f e e d  s l u r r y  v i scos i t i es  f o r  the three par ts  o f  run 
DOE 353R are compared i n  Figure 11. 

The feed s l u r r y  v lscos i  ty f o r '  the uncatalyzed run, DOE 
353RC, was an order o f  magnitude greater than f o r  the run 
w i t h  py r i ' t e  and could on ly  be measured a t  the higher 
temperatures and lowest .shear r a t e  ( t o  keep the reading 
on scale) normally used.. 

The e f f e c t  o f  temperature was f a i r l y  small, run DOE 353RA 
a t  450°C producing a  feed s l u r r y  v i scos i t y  s l i g h t l y  
h igher than run. 'DOE 353RB a t  465OC. 



4. Wadge Seam Coal. . 

' ~ n f i  1 teked coal so l i t i , on  [UFCS) v i scos i t y  data are 1 i s t e d  i n  
Table 9 and feed s l u r r y  v iscos i t y  data i n  Table 10. 

a. SRC I Mode 

The UFCS v i scos i t i es  fir t h e  three parts o f  run DOE 357 
are compared i n  Figure 12. The UFCS v i s c o s i t i e s  f o r  
pa r t s .  A' and B o f  the run, a t  450 and 465OC, respect ively,  
were essen t i a l l y  the same even tho,ugh the .y ie lds f o r  
these experiments were qu i t e  d i f f e ren t .  . This i s  associated 
w i t h  the .  s i m i l a r i t y  i n  so l ids  leve ls  and SRC content 'of 
the  two u n f i l t e r e d  coal solut ions and the near ly i den t i ca l  
SRC fus ion  points. ' 

The higher v iscos i t y  o f  the UFCS from the uncata'lyzed 
experiment, - run DOE 357C, apparently stems from a higher 
molecu'lar wqight l i qu id ,  since the so l ids  leve ls  are 
near ly  the same. It. i s  noted, however, t h a t  the so l  i ds  
are comprised o f  a higher IOM, and lower ash content i n  
the uncatalyzed run. 

. h. SRC I I Mode 

The UFCS v i .scos i t ies  f o r  runs DOE 355R and 356R are shown 
i n  Figure 13. . A d i r e c t  comparison. o f  v i scos i t i es  i s  
d i f f i c u l t  because several d i f f e r e n t .  shear - ra tes were 
used. The UFCS v j  cos l t y  f o r  run DOE 356RA at. a-shear 
r a t e  o f  3.32 sec-B should f a l l  close t o  the two values 
shown, howeve'r, and the' value. f o r  UFCS a t  t h i s  shear r a t e  
from DOE. 35bRB should fa1 1 between the two values given. 

Increasing the l eve l  o f  p y r i t e  decreased the v iscos i t y  o f  
UFCS from the 450°C runs (DOE 356RA vs DOE 355RA) whi le  
an increase was observed i n  the runs a t  466°C (DOE 356RB 
vs DOE 355RB). This correlates w i t h  the SRC' concent,ration .- 
I n  the UFCS. whict~ ir~creases urn decreases i n  the same ' 

d i r e c t i o n  . . as the v iscosi ty.  

The feed s l u r r y  v iscos i t ies  f o r  the SRC I 1  runs are com- 
pared i n  Figure 14. 

For .the runs a t  450°C, there was l i t t l e  d i f ference i n  
feed s l u r r y  v i scos i t i es  brought about by .a change. i n  
p y r i t e  1 eve1 except for  f l a t t e r  v i  scosi ty  vs temperature 
p ro f i l es  a t  the lower add i t i ve  leve l .  

A comparison o f  run DOE 355RA a t  450°C and 355RB a t  
465PC, both w i t h  1% p y r i t e  i n  the feed, indicates t h a t  
the viscos t y  was about twice as great a t  a shear r a t e  o f  i 0.830 sec- f o r  s l u r r y  from the higher temperature run.. 

When . the  run  temperature was increased t o  465OC a t  an 
add i t i ve  leve l .  o f  2%, a feed s l u r r y  w i t h  the highest v i s -  
cos i  ty  ever measured a t  t h i s  laboratory resulted. Even 



though the smallest diameter spindle was used ( to minimize 
. . .  . . .  . 

the scale readings),. the temperature had t o  be ra ised  t o  
320°F before a measu,rement. could 'be made. As the s l u r r y  

. .samples from run DOE 355R 'we.re heated, v o l a t i l e s  were 
observed. boi  J ing. o f f  (as was the case w i t h  Amax Be1 l e  Ayr 
'coal ) a1 though no swel.1 ing .  was. noted. A recheck was made 
on the sample 'from run DOE 355RB by hea t i ng ' t o  270°F f o r  
one hour p r i o r .  t o  coo l ing t o  210°F. and -beginn,i.ng the 
measurements. The ove ra l l  v jscos i  ty, o f  the sample increased 
s l i g h t l y  and the shape. o f  the curve was a1 tered. 

D. Solvent Ex t rac t ion  o f  D i s t i  1 l a t i o n  Residues 

1 . Compari son o f  Coals 

a. SRC I Mode 

' A  comparison cannot be made i n  the SRC I mode because 
s o l u b i l i t y  data .are not  ava i lab le  f o r  the .  d i f f e r e n t  coals 
a t  the same run condit ions. 

' 

b. SRC I I Mode 

. . The 'solubi.1 i ty  r a t i o s  o f  the d i s t i l  l a t i d n  residues from 
runs DOE 350RA, .353RA.;.355RA and 356RA are-compared 
be1 ow: 

Conditions* 

Coal Amax Kaiparowi t s  Wadge 
Belle Ayr Plateau , .  Seam 

Pyr i te  Addition Level, 
w t  % feed s lurry  1 1 1 2 

Ratio o f  Average Sol ubi 1 i t l e s  
. Hexane/Pyridf ne 0.632 0.503 0.223 0.334 

~oluene/Pyridine 0.897 0.854 . . 0.690 0.805 

For a l l :  450°C, 1 hour residence time, ,2250 pslg.. 

. ,. 
, . . 

' The s o l u b i l i t i e s  were i n  the. same ordcr as the general 
r e a c t i v i t i e s .  o f  the coals under these'condi t ions:  

> Kaiparowits WadgeSeam > WadgeSeam Yr (1% pyr i te)  (1% pyr i te  (2% pyr i te )  (1% pyr i te )  

C- 

Increased sol ubi 1 i t y  

' 2. Amax Bel.le 'Ayr Coal 

a. SRC .I Mode 

3 I 
The s o l u b i l i t i e s  of the SRC products i n  hexane, toluene 

. . .' and pyrid' ine are shown i n  Table 11.. When the temperature 
was increased from run DOE 351A t o  351B, the s o l u b i l i t y  
of the residue decreased s l  i g h t l y  , suggesting an increase 
in repolymerizat ion react ions a t  465OC. 

2 .  



Residue from run DOE 352, w i thout  p y r i t e  addi t ion,  shows 
substant ia l ly .  reduced sol  ubi  1 i t y  .compared t o  t h a t  from 

. r un  DOE 351A which was a t  essent'ially the same condi t ions 
b u t  'w i th .  p y r i t e  addi t ion.  

b. SRC I I Mode 

The s o l u b i l i t i e s  o f  .the d i s t i l l a t i o n  residues i n  the 
various solvents. are shown i n .  Table 12. The s o l u b i l i t i e s  
i n  a l l  solvents were s , ign. i f i cant ly  greater a t  450°C than 
a t  465OC, w i t h  p y r i t e  i n  the feed. The temperature was 
lowered t o  450°C i n  run, DOE' 350RC and p y r i t e  add i t i on  t o  
the  feed was stopped. The ' s o l u b i l i t y  i n  'pyr id ine f i r s t  
increased i n  response t o  the temperature cha,nge 'and then 
decreased as p y r i t e  was workcd ou t  o f  the system. There 
was a. steady decl i ne j n the .hexane/.pyri d i  ne and to1 uene.1 
p ridSne r a t i o s  as the p y r i t e  l e f t  thc  system dur ing run 
D 8 E: 350RC: 

. ..-. 

Kai parowl t s  Coal 

The s o l u b i l i t i e s  o f  the d i s t i l l a t i o n  residues i n  hexane, 
toluene and pyridcnc arc shown i n  Table 13. 

a. SRC I   ode 

The so l  ubi  1 i t i e s  o f  the SRC products from the uncatalyzed 
experiment, run DOE 3548, i n  .hexane and toluene were 
s l i g h t l y  less than those from the run w i t h  pyrSte, DOE 
354A,. which i s  i n  agreement w i t h  the higher f~.!sion points. 

b. SRC I I Mode 

The s o l u b i l i t i e s  o f  the residues i n  a l l  o f  the solvents 
were s i g n i f i c a n t l y  greater f o r  the experiment a t  450°C, 
run  DOE 353RA, cnmpared t n  those from the run a t  .465"C, 
DOE 353RB. This r e s u l t  was a lso obtained w i t h  Arnax Be l le  
Ayr coal  and suggests an increase i n  repolymerizat ion 
reactions, a t  t'tie .hi gher temperature. 

I n  run nnF 353RC, the temperature was drgpped from 465OC 
t o  450°C and p y r i t e  was removed from the feed. The solu- 
b i l i t i e s  were found t o  f i r s t  increase i n  response t o  
lower ing the temperature, then decrease as p y r i t e  l e f t  
the  system. This charac te r i s t i c  was a lso observed i n  the 
experiments w i t h  Be1 l e  Ayr coal. 

4. ~ a d g e  Seam Coal 

The s o l u b i l i t i e s  o f  the d i s t i l  l a t i o n  residues i n  hexane, 
toluene and py r id ine  are i s t e d  i n  Table 14. 



a. SRC I Mode 

The e'ffect o f  temperature o r  a d d i t i v e  l e v e l  on so lu-  
b i l i t l e s  cannot be determined s ince samples were o n l y  
a v a i l a b l e  from p a r t  B o f  the  run. 

SRC I1 Mode 

There was an increase i n  the  s o l u b i l i t y  r a t i o s  when the  
l e v e l  o f ' p y r i t e  was increased from 1.0% i n  run  DOE 355RA 
t o  2.0% i n  run DOE 356RA a t  450°C. (The r a t i o s  should be 
compared i n s t e a d , o f  the  absolute s o l u b i l i t i e s  t o  avoid, 
confounding o f  r e s u l t s  due t o  d i f f e r e n t  l e v e l s  o f  conver- 
sion.) This i s  i n  con t ras t  t o  t h e  increased fus ion  p o i n t  
observed w i t h  the.  2% p y r i t e  addl t i o n  l e v e l  which may be 
associated w i t h  t h e  h igher  ash l e v e l  i n  t h e  d i s t i l l a t i o n ,  
residue. There was no s i g n i f i c a n t  differe,nce i n  s o l u b i l i t y  
brought about by an increase i n  a d d i t i v e . l e v e 1  a t  465°C 
( run DOE 356RB vs 355RB). 

The increase i n  temperature i n  going from p a r t  A t o  B o f  
each run  genera l ly  r e s u l t e d  i n  a decrease i n  s o l u b i l i t y ,  
which i s  i n  agreement w i t h  the  increased fus ion  po in ts .  

1. Amax Be1 l e  Ayr Coal 

The product  a r ray  from .'run DOE 350RC has been separated i n t o  a 
l a r g e  number of f r a c t i o n s  by d i s t i l l a t i o n  and ex t rac t i on .  
These f r a c t i o n s  comprise f o u r  main groups: 

a. Substances normal ly  v o l a t i l e  a t  room temperature and 
atmospheric pre isure.  

b. Substances normal ly  l i q u i d  a t  room temperature which 
can be d i s t i l l e d .  

c. Substances which are  so lub le  i n  h o t  p y r i d i n e  b u t  
w i l l  n o t  d i s t i l l .  

d. I nso lub le  organic mat ter  and ash. 

The f i r s t  group may be f u r t h e r  charac ter ized by gas chromatog- 
raphy t o  prov ide  w e l l  i d e n t i f i e d  gaseous reac t i on  products. 
The d i s t i l l a b l e  l i q u i d  product i s  .too complex f o r  such t reatment  
and was the re fo re  broken down i n t o  t e n  narrow b o i l i n g  ranges. 
Funct ional  group t i t r a t i o n s  have been performed on these cuts  
t o  a i d  i n  q u a l i t a t i v e  ana lys is  o f  t h e  o i l s .  The f r a c t i o n s  
i s o l a t e d  i n  t h e  l a s t  th ree groups and t h e i r  p roper t i es  are 
shown i n  Table 15. The y i e l d s  and elemental analyses f o r  t he  
e n t i r e  product  a r ray  are  shown i n  Table 16. 

Thi,s i s  n o t  l i n e d  o u t  data as t he  samples were taken about 
h a l f  way through run DOE 350RC w h i l e  p y r i t e  was leav ing  t h e  



system. The main object ive,  however, was t o  develop a procedure 
, .. f o r  look ing a t  the chemistry of. the ,coal conversion process i n  

more than', the usual amount o f  de ta i l .  I t, i s  f e l t  t h a t  the 
y i e l d s  - i n  Table 16 correspond t o  operat ion w i t h  approximately 
1/2% added p y r i t e  ca ta l ys t  i n  the . feed  s l u r r y .  These studies 
provide a check on elemental balances and informat ion on the 
l o c a t i o n  o f  various elements and funct iona l  groups w i t h i n  the 
y i e l d  s t ruc ture .  

2. .Kaiparowits Coal 

A s i m i l a r  blend o f  o i l s  was prepared from the l i n e d  ou t  por t ion  
o f  the  Kaiparowits coal run a t  450°C w i t h  added p y r i t e  i n  the 
SRC I 1  mode (run DOE 353RA). These were proport ioned based on 
pr-el iminary y i e l d s  f o r  products 41 through 65. The blend was 
r i i q t i l l e d  i n t o  t en  equal weiqht f rac t ions  and a corresponding 
d i s  t i  11 a t i o n  residue sample was sequent ia l ly  extracted using 
hexane , to1  uene and p y r i  d i  fie. The pyrl d i  ne S r ~ s u l  uLl  e r r a c t i  on 
was s p l i t  i n t o  twn por t ions and one po r t i on  was thoroughly 
ext racted w l  t h  a mixture u hydrochlor ic end hydrof 1 uo r i  c 
acids. The r e s u l t i n g  f rac t ions  were analyzed f o r  carbon, 
hydrogen, su l f u r ,  n i t rogen and oxygen (by d i f ference)  . Where 
o i l  f r a c t i o n s  could be t i t r a t e d ,  the mater ia l  reac t ing  w i t h  
pe rch lo r i c  ac i d  i n  g l a c i a l  ace t i c  ac id  was considered as 
having a basic n i t rogen funct iona l  group and t h a t  react ing 
w i t h  t e t r a b u t y l  ammoni um hydroxide (sample dissolved i n  dimethyl 
su l fox ide)  as having an ac id i c  oxygen funct iona l  group. It i s  
possib le t h a t  some n i t rogen compounds are ac i d i c  enough t o  
r eac t  w i t h  the l a t t e r  reagent, however. 

A summary o f  elemental and funct iona l  group determinations i s  
presented i n  Table 17. The funct iona l  group determinations 
usua l l y  accounted f o r  much o f  the .n i t rogen determl ned by 
y je ldah l  o r  oxygen by di f ference, respect ively.  For the 
e ighth .and n i n t h  product f rac t ions ,  however, the t i t r a t i o n  i n -  
d icated more nxygen than was found by d i f ference,  which sug- 
gests t h a t  some o f  the "ac id ic "  mater ia l  may ac tua l l y  contain 
n i t rogen  s t ruc tures instead. 

When i n f r a r e d  spectra o f  any o f  the' f r ac t i ons  i n  t h i s  se t  are 
compared t o  t h ~ z ~  n f  s i m i l a r  f rac t ions  from .Amax Be1 l e  Ayr 
coal, they are found t o  match we1 1. This includes spectra o f  
the  hexane so lub le  f rac t ion .  

The y i e l d s  arid elemental analyses ,for the e n t i r e  product array 
and' elemental balance are shown i n  Table 18. 

3. Wadge Seam Coal 

A propor t iona l  b lend o f  SRC I 1  products was prepared using a 
pre l iminary  y i e l d  s t ruc tu re  from the 450°C segment o f  the run 
catalyzed w i t h  2% p y r i t e .  (DOE 356RA). The blend was a lso d is -  
t i l l e d  t o  obta in  ten equal weight f rac t ions  and the vacuum 
d i s t i l l a t i o n  residue was.extracted sequent ia l ly  w i t h  hexane, 
. toluene and pyr id ine.  The residue inso1,uble i n  py r id ine  was 



s p l i t  i n t o  two port ions and one por t ion  was .exhaustively 
extracted w i t h  a mixture o f  hydrochlor ic ac id  and hydro- 
f l  u'r ic ac id  t o  remove the mineral matter. The elemental 
and funct ional  group analyses fo r  t h i s  se t  o f  samples i s  
presented i n  Table 19. 

The f i r s t  proport ional  blend was based on .a t r i a l  ca lcu la t ion  
using product 38 as the basis f o r  estab l ish ing the y ie lds.  
When the elemental analysis r esu l t s  were combined w i t h  approxi - 
mate y i e l d  data from the same p a r t  o f  the run, a reasonable 
accounting o f  mater ia l  element by element was obtained. These 
resu l t s  are given i n  Table 20.. 

A second sample o f  o i l  from Wadge seam coal was extracted w i t h  
d i  1 u te  ' s u l f u r i c  ac id  f0.1 lowed by ex t rac t ion  wi.th d i  1 u te  
sodium hydroxide solut ion.  The resu l t i ng  "neutral  o i l  " was 
then d i s t i  1 l e d  i n t o  ten equal wei.ght ' f ract ions.  The elemental 
analyses f o r  these samples are incomplete since t o t a l  n i t rogen 
i s  not  avai lable. The other r esu l t s  are given i n  Table 21. 

I n  general, i t  appears t h a t  the aqueous ex t rac t ion  procedure 
has been more e f f e c t i v e  i n  removing oxygenated mater ia l  than 
i n  removing nitrogenated mater ia l  from the o i l .  It i s  no t  
c l ea r  i f  t h i s  i s  the consequence o f  low s o l u b i l i t , ~  ~f the 
n4 t'rogen- conta in ing mater ia ls as i o n i c  products, o r  because 
the n i t rogen compounds are only weakly basic. The functional 
group t i t r a t i o n  i s  done using perch lor ic  ac id  i n  g l a c i a l  
ace t i c  ac id  and i s  capable o f  react ing very weak bases i n  
comparison t o  an aqueous reagent system. It i s  a lso evident 
t h a t  the l i g h t e r  weight products tend t o  be extracted by the 
aqueous reagent system more completely than the higher molec- 
u l a r  weight products. 

V I .  ANCILLARY STUDIES 

A. Comparison o f  Product Fractions from. the Ama'x Be l le  Ayr, 
Kaiparowits and'wadge Seam Coals 

Even though the Amax Be l l e  Ayr, Kaiparowits and Wadge seam coals 
are from d i f f e r e n t  states o r  provinces, were run w i t h  d i f f e r e n t  
s l u r r y  formulations and had d i f ferent  leve ls  o f  p y r i t e  addi t ion,  
the  product f rac t ions*  produced have s i m i l a r  composition and b o i l i n g  
ranges. This can be seen by comparing the de ta i led  elemental 
analyses, f r a c t i o n  by f rac t ion ,  f o r  the Amax Be l le  Ayr coal (Table 
14), Kaiparowits coal (Table 16) and Wadge seam coal (Table 18). 
An even more de ta i led  study can be made by comparing the in f rared 
spectra of these f ract ions.  This co l l ec t i on  o f  spectra i s  too 
volum~nous t o  include i n  the quar te r l y  report*, bu t  comments 
regarding such a comparison follow. 

1 .  The spectrum f o r  f r a c t i o n  0 (water phase) i n  products 
derived from any o f  the three western coals contains a 

* These fractions re fe r  to, the narrow boi l ing range cuts and sequential extractions as  described i n  
section V-E. 

** I t  i s  ant ic ipated tha t  these spectra w i l l .  be included i n  a topical  report  comparing the l iquefaction 
behavior o f  these coals. 



small carbonyl band. This i s  associated w i t h  a carboxy l ic  
a c i d  which resembles propionic ac id  and which can be iso-  
l a t e d  by e ther  ex t rac t ion  o f  the ac id i f i ed  water phase. 
I n  a l l  cases, the y i e l d  i s  small and the mater ia l  i s  o f  
i n t e r e s t  p r i n c i p a l l y  because 1 i t t l e  has been observed i n  
products from the bituminous coals previously studied. 

The l a s t  d i s t i l l a t i o n  f r a c t i o n  contains a wax-l ike compon- 
e n t  which gives a cha rac te r i s t i c  band of h igher i n t e n s i t y  
a t  a wave number ' o f  2850 than i s  normal f o r  a bituminous 
coal  product. The western coals a l l  contain a wax which 
can be ext rac ted from the coal w i t h  a su i tab le  solvent  
(such as methylene ch lo r ide  f o r  example) and which passes 
through the reactor  w i thout  being much al tered.  Some 
i n d i c a t i n n  n f  t h i s  mater ia l  can be seen i n  f r ac t i ons  7. 8 
and 9. 

3. Phenolic mater ia l  i s  subs tan t ia l l y .  abscnt from f r a c t i o n  1 
a'nd increases t o  a peak i n  the t h i r d  f ract ion,  as a ru le .  
This i s  the f r a c t i o n  bo i l i ng . f r om near , the  b o i l i n g  po in t  
o f  phenol (182°C) t o  about 220°C, therefore  the f r a c t i o n  
includes phenol i t s e l f  and some methyl phenols also. The 
oxygen content of the f r a c t i o n  i s  a l i t t l e  h iqher than 
can be accounted f o r  by the phenolics determined by 
t i t r a t i o n ,  and I R  spectra general ly  show only the presence 
o f  phenolic mater ia l  t o  a'ccount f o r  oxygen present. The 
i n t e n s i t y  o f  the OH band i s  i n  good r e l a t i v e  agreement 
w i t h  the oxygen content for- a l l  f rac t ions  u n t i l  about the 
7 th  o r  8th. A t  t h i s  po in t ,  the oxygen content trends 
upward and t h i s  increase i s  due t o  hetero oxyqen which 
w i l l  no t  be ind icated c l e a r l y  by I R .  

4. The n, i tr t lyet i  concentr'al'ion i s  lowest i n  the f i r s t  f r a c t i o n  
and increases sn~uo.l;hly thrbouyhout the ser ies,  w i t h . a  d i p  
a t  f rac t ion  7 using funct iona l  group data bu t  no t .us ing  
t o t a l  n i t rogen data (by K je ldah l ) .  Both n i t rogen and 
oxygen increase i n  the d i s t i l  l a t i  on residue f rac t ions.  
Ni t rogen funct ions are obscured by phenolic bands a t  the 
same general l oca t i on  i n  the i n f r a r e d  spectra. 

B. Inspect ion o f  Products by In f rared Spectroscopy and 
Simulated D i s t i l l a t i o n  Gas Chromatography 

Several product streams from the $RC 11 processing o f  Amax Be1 l e  
A y i  coal were studied I n  d e t a i l  by i n f r a red  spcc't;roscopy a r ~ d  s~ilrlu- 
l a t e d  d i s t i l l a t i o n  gas chromatography t o  e luc idate  the number and 
kinds o f  substances derived. I n  pa r t i cu l a r ,  the products co l lec ted  
i n  vessels 2 (ambient temperature separator bottoms) and 4 (atmos- 
pher ic  d i s t i  1 l a t i o n  overhead) were chemical l y  separated t o  produce 
neut ra l  o i  l s ,  saturates, water soluble and inso lub le  phenols and 
bases. The .subsequent physical separations by simulated d i s t i l l a t i o n  
and i n f r a r e d  analysis have provided consi.derable i n s i g h t  i n t o  the 
nature o f  some of the l i g h t  and intermediate molecular weight o i l s  
from coal l iquefact ion.  The d e t a i l s  o f  the study are given i n  
Appendix A. 



Chemistry o f  Amax Be l l e  Ayr Coal L iquefact ion 

The decreasing i r o n  l eve l  i n  the d isso lve r  dur ing run DOE 350RC has 
been re l a ted .  t o  the y i e l d  s t ruc tu re  and various proper t ies  o f  the 
d i s t i l l a t i o n  residue. The de ta i l s '  o f  t h i s  work are  given i n  Appendix B. 

V I I .  MAINTENANCE AND MODIFICATIONS 

A. Mai nten.ance 

A waxy mate r ia l  b u i l t  up on the f i l t e r  f o r  the d i s t i l l a t i o n  column 
dur ing run DOE 350RA a t  450°C w i t h  Be l l e  Ayr coal but,was absent 
dur ing run DOE 350RB a t  4650C. A sample o f  t h i s  mater ia l  was 
washed' w i t h  acetone and an I R  ana lys is  i nd ica tes  t h a t  i t  i s  s i m i l a r  
t o  a  methylene ch lo r ide  e x t r a c t  o f  the feed coal (a montan wax). 

On the f o u r t h  day o f  run DOE 356R, the hydrogen feed d i f f e r e n t i a l  
pressure c o n t r o l l e r  f a i l ed .  The' backup Aminco compressor was 
brought i n t o  serv ice  whi le  the c o n t r o l l e r  was repaired. The problem 
was' apparently due t o  a  loose c i r c u i t  board connector.' On the 
s i x t h  day o f  the run., a  mounting sc rew ' i n  the Fluke data logger 
became loose and a  washer f e l l  onto the d isp lay  p r i n t ed  c i r c u i t  
board causing the  d isp lay  t o  malfunct ion. No permanent damage . . 

. . 

rnesul'ted. 

B. Modi f ica t ions 

The new DOE 3  d isso lve r  wa used f o r  the f i r s t  t ime i n  run DOE 357. 5 It has a  volume o f  1064 cm w i t h  an I .D.  of 2.79 cm (1.1 in . )  i n  
the  main p a r t  o f t h e  vessel, as shown i n  Figure 15. The d isso lve r  
i s -  constructed o f  321 s ta in less  s tee l  wi-th a  Grayloc hub t h a t  sepa- 
ra tes  the  1' 1/2 i n .  .Schedule XX p ipe i n t o  two equal sect ions, each 
about 76.0 cm (30.0 in . )  i n  length. The e n t i r e  cross sect ion o f  
the d isso lve r  i s  exposed when 'opened, t o  a i d  i n  cleaning. The ends 
o f  the vessel are  fab r i ca ted  from 2.54 cm (1 in . )  O.D., 1.75 cm 
(0.56 in . )  I .D.  p ipe and a  20 cm n ipp le  .was added f o r  an overal - l  
length  o f  210 cm (82.8 in.).  The d isso lve r  i s  very c lose t o  the 
standard DOE 1  d isso lve r  i n  volurr~e and length  t o  diameter r a t i o .  

The re lays  on the Love.temperature con t ro l l e r s  continue t o  malfunc- 
tion.. Modi f ica t ions which .are being tes ted t o  a l l e v i a t e  the problem 
inc lude use o f  ex terna l  ,. heavy duty re1 ays and subs t i t u t i on  o f  the 
mechanical re lays  w i t h  s o l i d  s t a t e  devices. 



TABLE 1 

Summary of Process Conditions, Yields and Product Analyses 

Condi t l o n s  ---- 
Coal 
Operating Mode 
Dissolver  
Nominal S l u r r y  Residence Time, hr. 
Coal Feed Rate, l b / h r / f t 3  
Average 01 ssol ver Temperature, OC 

0 F 

Dissolver  Pressure. ~ s i a  . - 
Hydrogen Feed 

W t  %. based on s l u r r y  
MSCF/ton o f  coal 

P r i t e  Addi t ion Rate. W t  % baied on coala 
Szurry Fonu la t ion ,  U t  % 

Coal 
Recycled Coal Solut lon 
Recycled Sol vent 
~ y r i  l o  

S l u r r y  Blend Composition, W t  % 
Coal 
Mfddle D i s t i  l l a te  (193-PU°C 

380-5500~ I '  
Heavy o i s t i l l a t e  (>288OC. >550°F) 
SRC 
Ash (from recyc le coal s o l ~ r t i o n )  
Insoluble Organic Matter (from 

recyc1.e coal so lu t ion )  
P y r i t e  ' 

Tota l  Sol ids 

Yields. W t  % Based on MF ~ o a l b  

DOE DOE DOE DOE DOE DOE DOE 
349 ?* 350RC-5 351A 3518 - - 352 

- , Amax' (Bel le  Ayr Mine) - 
SRC I .  SRC 11- ---- SRC I - -- DOE 1 b 

0.52 1.05 .1.05 1.05 0.52 0.52 0.51 
53.8 20.4 20.5 20.4 54.3 54.0 55.4 
450 ,450 465 450 4 50 465 445 
842 842 869 842 842 869 833 

1500 2250 2250 2250 1500 1500 1500 

Naphtha, Cg-193OC ( 3 8 0 ~ ~ )  6,9 11.8 15.8 8.7 7.3 14.3 6.4 
Mash Sol vent, 193-249°C ~ u u - ~ M u " ) ~  9.8 17.5 18.0 , 13.7 9.1 lY.3 b.8 
Recycle Solvent. >24g°C I > 4 8 0 ° F J ( l ~ ~ ~ ) e  9.9 3.1 (5.0) (11.9) 
Tots1 O i l  ( loss)  

SRC 40.3 19.3 21.1. 31.0 47.3 38.2 
lnco lub le  Organic ~ z t t o r  41.1 1 .i! 3.n 13.8 16.8 
Ash 6.9 7.0 7.2 7.5 7.3 7.3 7; 

1 . 5  . g:! 
Tota l  101.1 106.4 107.4 104.1 102.6 102.7 100.7 

H2 Consumed (gas balance) 
P y r i t e  Conversion Byproducts 

Pruduct Anslyses . 
Recycle Solvent Anal ysese 

% C 
- .. . -. . . .. . . . - .  . .-. 
% S 0.40 0.07 6.03 0.06 0.38 0.37 0:4l 
% N. 0.73 1.07 1.14 0;98 0.78 0.78 0.72 
% 0 (by d i f ference)  2.91 2.74 2.42 2.73 3.05 3.12 2.55 
Spec i f i c  Gravl t y  1.0583 1.0328 1.0483 1.0550 1.0640 1.0663 1.0646 

SRC ~ n a l ~ s e s ~  
% C 82.65 56.69 56.37 74.27 87.72 88.88 88.77 
% H 4.05 3.66 2.99 3.75 5.37 4.96 6.14 
% S 0.48 3.33 3.21 

"" 
0.47 0.28 0.25 0.29 

X N 1.05 0.97 1.41 1.53 ' 1.55 1.38 
X 0 (by d i f ference)  -- -- - - -- 4.31 3.90 4.05 
% Ash 7.26 39.52 40.41 16.55 0.79 0.46 0.37 
Fusion Point. OC 165 107 121 188 167 184 218 

a)  As pure FeS . b) Based on d i s t i l l a t i o n  o f  f i l t r a t e  f o r  runs DOE 351 and 352; based on d i s t i l l a t i o n  of UFCS 
f o r  others. c f  Includes H2S derived from the added py r i te .  d)  Hiddle D i s t i l l a t e  (193-288°C. 380-550°F) f o r  
run DOE 350R. e) Heavy D i s t i l l a t e  (>288'C. >550°F) f o r  run DOE 350R. f )  UFCS d i s t i l l a t i o n  residue f o r  runs 
DOE 349 and 350. 



TABLE 1 (Continued) 

Conditions 

DOE DOE DOE DOE DOE 
353RA 353RB 353RC 354A 3548 - - - - -  

Coa 1 - Kaiparowi t s  Plateau (Utah)- 
Operating Mode -SRCII- -SRCI- 
Dissolver ' DOE 1 - 
Nominal S lur ry  Resldence Time, h r  1 .Ol 1.01 1.04 1 .O1 1.03 
Coal Feed Rate. l b / h r / f t 3  20.9 20.7 20.3 26.9 26.5 
Average Oissolver Temperature. 'C 450 464 450 451 450 

" F 842 867 842 844 842 
Dissolver Pressure. ps ig  -- 2250 . - 
Hydrogen Feed 

W t  %, based on s l u r r y  4.05 4.07 4.17 , 4.06 4.12 
MSCF/ton o f  coal 52.2 52.7 53.8 40.6 41.2 

Py r i t e  Addi t ion Rate,, W t  % based on coala 3.14 3.13 -- 2.40 -- 
Slur ry  F o ~ u l a t i o n .  W t  % 

Coa 1 30.0 30.0 30.0 39.0 39.0 .. . . - ~ 

Recycled Coal Solut ion 65.0 61.0 62.0 - - - - 
~ e c i c l e d  Sol vent 
p y f i  t e  

S lur ry  Blend Composition. W t  % 
Coal 
Middle D i s t i l l a t e  (193-288'~, 

380-550°F 1 
Heavy O i s t i l l a t e  (>288"C. > 5 5 0 0 ~ )  
SRC 
Ash (from recyc le  coal so lu t i on )  
Insoluble Organic Matter ( from 

recycle coal so lu t ion)  
P y r i t e  
Total Sol ids 

Vields, Mi ' 4  based-on MF ~ o a l D  

:; 4.5 6.5 5.0 3.3 3.9 
3.0 4.3 3.0 2.0 2.2 

C3 2.7 3.6 2.3 1.6 1.6 
c4 1.2 1 . 4 '  0.9 0.6 0.7 
Total C1-C4 11.4 15.8 11.2 7.5 8.4 

Naphtha, Cg-193OC (380°F) 10.8 '13.2 9.4 6.5 7.5 
Middle O i s t i l l a t e ,  193-288OC 

(380-5500~)d 13.0 17.7 .13.4 6.5 9.2 
Heavy D i s t i l l a t e .  >288OC (>550°F)(loss)e 19.5 8.5 6.7 6.5 (7.3) 
Total O i l  43.3 39.4 29.5 19.5 9.4 

SRC 
:Insoluble Organic Matter 
Ash 
Total ' 

Hz Consumed (Gas Balance) 
P y r i t e  Conversion Byproducts 

Product Analyses 

Heavy O i s t i l l a t e  Analysese 
% C '  
% H 

:- % S  
% N 
% 0 (by d i f ference)  
Speci f ic  Grav i ty  

u i s t l i i a t r o n  Hesldue ~ n a l ~ s e s f  
% c 
% H 
% 5 

' % N  
% 0 (by d i f f e rence j  
% Ash 

. Fusion Point, OC 

a )  As pure FeS2. b) Based on d i s t i l l a t i o n  o f  UFCS f o r  run OflE 353R and d i s t i l l a t i o n  o f  
f i l t r a t e  f o r  run DOE 354. The y i e l d s  from thcsc runs arc  corrcctcd f o r  v o l a t i l e  losses 
i n  l a t e r  reports by use o f  a forced ash balance. c )  Includes H S der ived. f rom the 
added py r i t e .  d) Wash so lvent  (193-249°C. 380-480'F) f o r  run 0 6 ~  354 e)  Recycle 
Splvent (>24g°C. >480°F) f o r  run DOE 354. f )  SRC f o r  run DOE 354. g j  The l a s t  two 
samples from t h i s  run had fus ion  po in ts  above 250°C. 



TABLE 1 (Continued) 

Condit ions 

Coal 
Opera t i  ng Mode 
Disso lver  
Nominal S lu r r y  Residence Time, h r .  
Coal Feed Rate. l b / h r / f t 3  
Average Oi sso lver  Temperature, OC 

OF 

Oisso lver  Pressure, p s i g  
Hydrogen Feed 

W t  %, based on s l u r r y  
MSCF/ton o f  coa l  

P y r i t e  Add i t i on  Rate, W t  % based on coala 
S l u r r v  Formulat ion. W t  % 

coa i  
Recycled Coal So lu t i on  
Recycled SolvenL . 
P y r i t e  

Slurr ly Ylunll Co~~lpos i t ion ,  W t  X 
Coal 
Mide le  n i s t i l l a t s  (1R3-7RR°C. 

380-550°F) 
Heavy O i s t i l l a t e  (>28E°C, >550°F) 
SRC 
Ash (from recyc le  coa l  s o l u t i o n )  
I nso lub le  Organic Mat ter  ( f rom 

recyc le  coa l  s o l u t i o n )  
P y r i t e  
Tota l  So l ids  

Yields. W t  % based on'MF coa lb  

:6O 
co 
HZ$' 
NH3 

c4 
Tota l  C1-Cq 

( 3 8 0 - 6 5 0 " ~ ) ~  
Heavy D i s t i l l a t e ,  ~28R°C (>550°F) ( 1 0 ~ s ) ~  
Tota l  O i l  

SRt 
I nso lub le  Organic Mat ter  
Ash 
Tnta l  

H Consumed (gas balance) 
~Zri t e  Conversion Byproducts 

V r n d ~ ~ r t  A n a l y z ~ s  

Heavy D i s t i l l a t e  Analysese 
% C 
X H 
% S 
g t l  . 

. % 0  (by d i f f e rence ) '  
Spec i f i c  G rav i t y  

D i s t i l l a t i o n  Residue ~ n a l y s e s ~  
% c 
% H 
% s 
X N 
% 0  (by  d i f f e rence )  
% Ash 
Fusion Po in t .  OC 

Wadge Seam (Energy Mine)-- 
SRC 11 - -SHCI- 

D O E  1 - -0OE3- 
1.03 1.03 1.02 1.00 1.03 1.03 1.03 

a) As pure FeS b )  Based on d i s t i l l d t i o n  of UFCS for  runs DOE 3551 and 35611 and d i s t i 1 , l a t i o n  o f  f i l t r a t e  f o r  
r un  DOE 357. f i e  y i e l d s  from these runs are  cor rec ted f o r  v o l a t i l e  losses i n  l a t e r  r epo r t s  by use o f  a  forced 
ash balance. c )  Inc ludes HzS de r i ved  from the added p y r i t e .  d )  Wash so l ven t  (193-24g°C, 380-48O0F) f o r  r un  
DOE 357. e )  Recycle So lvent  (>24goC. >480°F) f o r  run DOE 357. f )  SRC f o r  r un  DOE 357. g) S ing le  sample from 
t h i s  p a r t  o f  run was i n a d v e r t e n t l y  discarded. 



TABLE 2 

Analyses o f  Feed coal sa 

a. Compositional Analyses 

Coal I d e n t i f i c a t i o n  
Company Pmax Mono Power Energy Fuels 
Mine B e l l e  Ayr (Kaiparowits Energy Mine No. 1 

Plateau) 
Seam Wyodak-Anderson Red Madge 

Lo t  -48 Lot  2 3 2 4  
proximate Analysis 

% Ash 7.30 8.24 8.42 9.48 
% V o l a t i l e  
% Fixed Carbon 

% Moisture 

Heat ing Value, B tu / l  b 

Su l f u r  Forms 
% P y r i t e  
% Su l f a te  
% Organic 
% Tota l  

Free Swell i n g  Index 

U l t ima te  Analyses, Wt L 
Carbon 
Hydrogen 
Ni t rogen 
Chlor ine  
Su l f u r  
Ash 
Oxygen (d i f f e rence )  

Mineral  Ana lys is  o f  Ash. 
- w t  %, i g n i t e b  bas is  

S i l i c a .  Sf07 
~ l u m i n a .  ~l 
Ti tan ia .  ~ i 6 ~  . 
F e r r i c  Oxide. Fez03 
Lime, CaO 
Magnesia. MgO 
Potassium Oxide, K20 
Sodium Oxide, Na2O 
S u l f u r  Tr iox idc ,  SO 
Phos. Pentoxide, p2a5 
Stront ium Peroxide, 5 
Barium Oxide, BaO 
Manganese Oxide, MnO 
Undetermined 

% I r o n  i n  coal  0.26 

Fusion Temperature o f  Ash. O F  

(Reducing ) 
I n i t i a l  Deformation -- 
Sof te i~ i r rg  ( H = w ) ~  -- 
Softening (H=1/2W) - - 
F l u i d  -- 

% Equ i l i b r i um Moisture 

a) A l l  analyses performed by Comnercial Test ing 
except mois ture  are on a d r y  coal basis. 

8 Engineering t20mpany. A l l  analyses 

b) H = cone h e i g h t i  W 9 cone width. 
c )  Test on -150 mesh ma te r i a l  ; not  ASTM 1412-74. 



TABLE 2 (Continued) 

b. Kaiparowits Coal Petrographic Analysis 

IrY\CERAL AtlALYSlS 
(Yolume Percent )  

(Mineral - lwt ter Free Basis) 

PWCE RAL - MACENIL GROUP 

V i t r l n i  t e  70.0 V i  t r i n l  t e  71.6 

Pseudovi tri n i  t e  1.6 

Number 
o f  

Counts 
(Total= 
101 ) - 

Exinl  t e  4.8 

Resinite 1.9 

Semi-Fusinlte 6.1 

Sgml-Clacrlni te  1.1 

Fusinl te 9.4 

blncrini te  1 .3 

Mi c r i  n l  t e  3.8 

Exinl  te  6.7 
(L ip t in l te )  

TOTAL 10OX lot% 

COMMENTS: Appmxlmately 44 o f  the coal pa i t ie ies  Snowed evldence 

o f  oxidation ranging i n  degrw from mi ld  t o  severe. 

REFLECTANCE ANAL- 

Mepn-Msxlmyii V l t r l n l r e  b- 0.49 

Ols t r ibu t lon  o f  V i t r i n l t e  Reflectance Readings: 

%Ro 

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 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  

0.60 -0.65 
J 1 1  ' "  1 1  1 '  

X X  X  V-TYD~ Table f o r  VItrt-s [=- 

V-Type Table f o r  V f t r in l tes  I= I) . 
(Adjusted t O  6 H~te r81  I u l  RltacLlrt! Vl t r i n l t cz )  

v- v- v- v- _. - . -  



TABLE : 2 (Continued) 

c. Enerqy Mine Coal Petrographic Analysis 

MC'fRAL ANALYSIS 
7- P a  

(Mineral-Hatter Free Basis) 

F~ACE RAL WCERAL GROUP 

V i  t r i n i  t e  79.6 V i t r i n i t e  ' . 85.5 

Pseudovi t r i n i  t e  5.9 

Number 
o f  

Counts 
(Total- 

100 ) - 

Semi-Fusinite 1 -8  

semi-~lacrinite 0.4 

Fusinite ' .  3.0 

Cbcrinite . 0.5 

H icr ln i te  3.5 

TOTAL 100% 

Exlnite 
( ~ l p t i n l ' t e )  

Mean-Maxlmum V l t r i n i t e  ' Ro- 0.61 

Distr ibut ion o f  Vi t r i n i t e ,  Reflectance Readings: 

x x x  x x x  x x x  x , x x  x x x x x x x x  V-Tme Tgble fa r  -a f.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  v ' !  ' V '  v-) .k 
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  . . 37 60 3,. 
X  X  X X X  X X  x . . . - . . . . . -. 
X  X  X  X 'X  X X  X  
X  X  . X X X  

V-Type Table for  V l t r ln i tes  tr I) 
(Adjusted to' h c e r a l  I of Reactive V i t r f n l k r )  

V- - V- - ,V- V k "  



Weight 
Fe 
S 
C 
H 
Moi stureb 
Ash 

Mole Rat io  S/Fe 
Pur i ty ,  as FeS2 

Average P a r t i c l e  
Size, urn 

TABLE 3 

Addi t i v e s  Analyses 

a -. P y r i t e c e  . -. - .- . . . 

U. S. Steel Matheson, 
Robena Col eman 
' Mi. ne and Be l l  

a) Dry basis. 
0 .  

b) As v o l a t i l e s  a t  l l O ° C  under He atmosphere. 

c )  By Coul ter  Counter, p a r t i c l e  s i ze  d i s t r i b u t i o n  shown i n  Figure 1. 

d) Estimated. 



TABLE 4 

Summary o f  22 Fac to r ia l  i n  Temperature and P y r i t e  Add i t i on  Level 

Constant Condit'ions Variable Conditions 
SRC I 1  Mode 
1.0 hr residence time Factors Level s 
2250 psig pressure - t 

Wadge Seam Coal A Tmperature, O C  450 465 
B Pyr i te ,  % i n  s l u r r y  1.0 2.0 

A B Yi,elds, W t .  % MF Coal Basis Product Properties 
Yates rempera- Pyr i te  Heavy "2 Heav D i s t i l  l a t e  D i s t i l l a t i o n  Residue Run No. Order tu re  Level C,-Cd D i s t i l l a t e  Total O i l  SRC I O M  Consumed % H % S % N % S % Ash % H* % N* 

$ 

Main E f fec ts  i 
A 3.15 -12.30 -10.95 1.65 5.90 -0.05 -0.54 0.02 0.04 0.01 0.65 -0.55 -0.07 
B -0.35 -1.70 +1.15 3.25 -3.10 0.69 -0.04 -0;Ol 0.27 1.97 . 7.22 0.10 0.02 

Two Factor In te rac t ion  i 
AB -0.45 -2.10 -5.85 4.45 0.30 -0.35 -0.23 0.06 -0.02 0.10 -1.31 -0.18 -0.03 

Ash Free Basis 



TABLE 5 , 

UNFILTERED COAL SOLUTION VISCOSITIES~ 
Runs DOE 349, 350R, 351 and ,352, Be1 l e  Ayr Coal 

Run No. . . Temperature ,Shear Rate. Viscosity 
DOE O F  S ~ C - 1  c P 



TABLE 5 (Continued) 

Run No. Temperature Shear Rate V iscos i ty  
DOE OF ' s ~ c - 1  c P 

21 0 0.415 6.06 X I O ~  
21 0 0.830 5.80 X1'03 
21 0 1.66 5.50 x lo3 

a) Brookf ie l  d Model LV v i  scometer. 
Spindle No. 18 f o r  runs DOE 349, 351 . 
Spindle No. 28 f o r  run.  DOE 350R. 
Procedure: '45 minute i n i t i a l  warmup and equ i l  i bration; 

2Q-30 minute equi 1 i bra t i on  a f t e r  temperature change; 
10 minute equ i l ib ra t ic in  a f t e r  shear rate,change. 



TABLE 6 

Feed S lu r ry  V iscos i t ies  
Run DOE 350R, Be l l e  Ayr Coal 

Run No. Tempzrature Shear atc  Vis os i  t y  
DOE F s-ec-'f 10 S CP 

a1 Brookf ie ld  Model LV viscometer - .  
Spindle No. 28 
Procedure: 45 min. i n i  t i a l  warmup and equi 1 ibrat ion;  

20-30 min. e q u i l i b r a t i o n  ef rer tempera turc chanqc~ 
10 ,j,in. ~ ~ u i i i b r a t i o n  af ter  shear ra te  change. 

b) Feed s l u r r y  samples swelled as the temperature increased from 210°F t o  230°F. The 
samples returned t o  o r i g i n a l  volumes as the temperature rose from 230°F t o  250°F. 

c) Product 86 was run again as a check on the o r ig ina l  measurements. 

d) Product 86 was run a t h i r d  time using a modified procedure. The sample was f i r s t  
heated t o  270°F for 45 minutes. This was s u f f i c i e n t  time t o  d ive o f f  any v o l a t i l e s  
and e l iminate swelling. Tbe sample was then cooled t o  210°F and the normal procedures 
followed for making measurements. NO swelling was observed using t h i s  method. 

a )  Measurements a t  210°F exceeded the range of the spindle i n  use. 



TABLE 7 

Unf4 1 tered  Coal Solut ion ~ i s c o s i  t i e s a  
Runs.DOE 353R and 354, Kaiparowits Coal 

Run No. Temperature, Shear Rate V iscos i ty  
DOE OF sec-1 CP 



TABLE 7 (Continued) 

Run No. Temperature , Shear R ~ t e  Viscosity 
DOE OF sec' CP 

a)  Brookfield Model LV .viscometer 
Spindle No. 31 for runs DOE 353RA and 353RC. 
Spindle No. 1 8  f o r  runs DOE 353F(B, 354A and 3548. 
Procedure: 45 minute i n i  ti a1 warmup and equi 1 i bration; 

20-30 minute equ i l ib ra t ion  a f t e r  temperature change; 
10 minute equ i l ib ra t ion  a f t e r  shear r a t e  change. 



TABLE 8 

Feed Slurry V i  scosi t i esa  
'"' Run DOE 353R, Kaiparowits Coal 

Run No. Temperature Shear Rate Vis o s i t y  
DOE O F  sec-1 10 8 CP 



TABLE 8 (Continued) 

Run No. Temperature Shear a te  8 v i s c o s i t y  DOE OF se c' l o 3  CP 

a) B rook f i e l d  Model LV viscometer 
Spindle No. 28 
Procedure: 45 minute i n 1  t l a l  warmup and equ i l i b ra t i on ;  

20-30 minute e q ~ r i  1 i b r a t i  on a f t e r  temperature change; 
10 minute equi 1 i bra t i on  a f t e r  shear r a t e  change. 

b) The sample swel led as i t  was heated frGom 22s0r t o  230°F. It returned 
t o  i t s  o r i g i n a l  volume above 230'~. For the sp ind le  uscd, readings 
were n o t  poss ib le  u n t i l  t i le imliperature twct~cc l  266O~, and then on ly  
a t  the lowest  poss ib le  shear rates.  



TABLE 9 

Unfi 1 tered Coal Solution V i  scosi t i esa  
Runs DOE 355R, 356R and 357, Wadge Seam Coal 

Run No. Temperature Shear R ~ t e  V i  scosi ty  
DOE O F  sec' 103 CP 



TABLE 9 (Continued) 

Run. No. . Temperature Shear Rate Viscosity 
DOE O F  sec-1 c P 



TABLE 9 (Continued) 

Run No. Temperature . . Shear. Rate V iscos i ty  
DOE O F .  sec-1 . . CP.' 

a) Brookf i e l  d Model LV' v i  scometer 
Spindle No. 28 f o r . r u n  DOE 355RA, 355RB 
Splndle No.. 31 f o r -  run DOE. 356RA . .. . . . . . ..-.. 

. . 
Spindle No. 34 f o r  run DOE 356RB 
Spindle No. 18 f o r  run DOE 357A, 357B, 357C 

Procedure: 45 minute i n i t i a l  warmup and equ i l i b ra t ion ;  
20-30 minute"equi1 ibra t ion a f t e r  temperature change. 
10 min,ute equilibration a f t e r  shear r a t e  change. 



TABLE 10  

Feed Sl u r r y  V i  scosi t i  esa 
Runs DOE 355R and 356R, .Wadge Seam Coal 

Run No. Temperature Shear Rate V i  scasi t y  
DOE 9 F sec-1 1'03 CP 



TABLE 10 .  (continued) 

Run No. Temperature Shear Rate V i  scosi ty  
DOE o F S ~ C - 1  103 CP 

a) Brookfi'eld Model LV viscometer , 

Spfndle No. 28 f a r  run 'DOE 355RA. .35SRB 
Spindle No. 34 f o r  run DOE 356RAi. 356RB 

Procedure: 45 minute i n i t i a l  wa,rmup and equi 1 lbrat ion;  
20-3O.minute equilibration a f t e r  t e ~ ~ ~ p r r i i l u r e  change; 
10 minute equi l  i b r i t i o n  a f t e r  shear r a t e  change. 

b) Feed s l u r r y  samples boi led o f f  r b l a t i l e s  as the temperature increased from 2 l d o ~  t o  
230°F. No swel l ing was noticeable. 

c) k o d u c t  45 was run again as a check on the o r l g i n a l  measurenients using a modified pro- 
cedure., The sample was f i r s t  heated t o  270°F for 1 hour t o  d r i ve  o f f  any vo la t i l es .  
The sample was then cooled t o  210PF and the normal procedures followed for making 
measurements. No b o i l  i ng  o f  v o l a t i l e s  during the v i scos i t y  measurements was noticed 
using t h i s  p~oeedure. 

d) Product 73 was t'he &s t  viscou:s sample measured t o  date a t  t h i s  laboratory. Even 
though the smkllest diaineter spindle was used, the sample had t o  be heated t o  320°F 
before a reading was possible. 



TABLE 11 

Solvent Ext ract ion o f  D i s t i l l a t i o n  Residues 
Runs DOE 351 and 352, Be l le  Ayr Coal 

~ o l u b i i i t ~  o f  thc 
SRC Product, w t  % i n  

Hexane 

DOE 351A DOE 351 B DOE 352 

To l uene 62.4 
60.9 58.4 53.7 

P y r i d i  ne 99.5 99.6 98.3 
99.7 99.4 99.3 

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

HexaneiPyridine 

Tql uene Pyr id i  ne 0.619 0.602 0.552 

Condit ions 

Temperature, "C 

P y r i t e  ~ d d i t i o n  Rate, 
w t %  s l u r r y  



TABLE 12 

Solvent Ext rac t ion o f  D i s t i l l a t i o n  Residues 
Run DOE 350R, Be l l e  Ayr Coal 

DOE 
350RA 
P 56 

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

Hexane ' 34.7 
35.4 

To1 uene 50.5 
49.1 ' 

Py r i  d i  ne 55.5 
- __-, ,- _&-, -.- . .-,---. _,-...,..- .5fi.3.f;.f;. . 

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

~ e x a n e l ~ ~ r i d i  ne 0.63; 

.Toluene/Pyridine 0.897 

Conditions . 

~ e m ~ e r a t u r e ,  O C  450 

P y r i t e  Addi t ion  
Rate, W t  % 
$1 u r r y  1.0 

DOE 
350RB 
P 86 

20.4 
23.0 
39.3 
38.7 
45.1 
_.44 - 8  

0.483 

0.867 

465, 

1.0 

DOE DOE 
350RC-1 350RC-1 

P 94 P 100 

21.2 24.9 
21.2 24.5 
43.5 46.5 
42.6 45.4 
49.7 52.5 

....- 4 9 ,-0.--- .------ 52 ,-7,----- 

0.429 0.469 

0.872 0.873 

< 

. . 

- - - - 

DOE 
350RC-3 

P 114 

22.2 , 

21.2 
45.9 
47.3 
58.2 

-. -.SO ;-p-.-.- 

0.. 374 

0.801 

DOE 
350RC-4 

P 124 

12.9 
. 13.8 

43.4 
41.9 
56.3 

------  55.,;-7---. - - 

0.238 

0.761 

- - -- 

450 

DOE DOE 
350RC-5 350RC-5 

P 136 P 141 

12.5 12.7 
11.4 11.4 
36.7 34.5 
35.6 33.7 
51 ..3 50.4 

' y  5 1 -. 0""" " '" -"'Su; ".--'-* - '. 

0.233 0.239 

0.7.07 0.677 

-- -- 



TABLE 13 . 

Solvent Ext rac t ion o f  D i s t i l  l a t i o n  Residues 
Runs DOE 353R and -354, Kaiparowits Coal 

DOE DOE 
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  353RA 353RB 
Residue, W t  % i n  P 60 P87 

Hexane 27.1 18.2 
27.4 18.1 

To1 uene 47.3 41.4 
45.2 39.0 

Py r i  d i  ne 54.2 46.8 
54.2 46.7 

Rat io o f  Average Sol ubi 1 i t i e s  

HexanelPyri d i  ne 0.503 0.388 

To1 uene/Pyri d i  ne 0. E54 0.860 

Condi ti ons 

Temperature, OC 450 46 4 

P y r i t e  add i t i on  Rate, W t  % S l u r r y  l . C  1 .O 

Mode SR.2 XI-- 

DOE 353RC 
P95 P I  03 PI36 P l l l  

22.3 16.7 15.9 9.9 
21.3 14.7 :5.7 10.2 

46.8 44.6 41.9 31.6 
44.9 41.8 40.2 29.9 

DOE DOE 
354A 3548 
P52 P 75 , 

25.3 19.7 
25.9 20.2 

63.6 62.0 
67.2 -- 

54.8 56.0 54.9 45.0 
54.7 55.9 54.6 44.8 

0.398 0.280 0.289 0.224 

0.838 0.771 G. 750 0.685 

- 450 v - 

-- - - -- -- 
4 SFC I1 F 

99.9 99.7 
99.9 99.8 

I 

i 
0.256 0.200 

0.655 0.621 

1 

45 1 450 

1 .O -- 
-SRC I-- 



TABLE 14 

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  
Residue, W t  % i n  

To1 uene 

Solvent Ext rac t ion  o f  D i s t i l l a t i o n  Residues 
Runs DOE 355R, 356R and 357, Wadge Seam Coal 

Pyr id ine 

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

HexaneIPyridi ne 

To1 uene/Pyridi ne 

Condit ions 

Temperature, O C  

P y r i t e  Add i t ion  Rate, W t  % S l u r r y  

Mode 

. a )  Average o f  3 t r i a l s  us ing sequential ex t rac t ion .  

DOE DOE 
355RA 355RB 
P 30 P 45 

13.0 7.7 
13.0 8.0 

40.3 30.4 
39.1 28. I 

58.5 43.2 i 
58.3 ' 42.6 : 

I 

1 . / 

i 

0.223 0.183 

0.690 0.69% 
I 
i 

I 
! 

450 465 

-1.0-* 

-SRC 11- 

i .  

 DOE^ 
356RA 
P 42 

DOE DOE DOE 
, 356RB 356RB 356RB 

.., P 65 P 72 P 73 

DOE 
357B 
P, 28 

19.3 
19.8 

50.2 
45.9 

99.7 
99.7 

0.196 

0.482 

465 

2.0 

SRC I' 

16.1 

38.7 

48.1 

0.334 

0.805 

450 -- 

' 8.9 6.9 8.7 
9.3 7.2 . 9.1 

32.0 30.7' 30.8 
31.3 29.2 29.4 

43.4 42.8 43.0 
43.5 42.9 42.7 

0.210 0.164 0.208 

0.728 0.699 0.703 

-465- 

2.0 + 

SRC I1 c 



TABLE 15 

Fractions Iso la ted from Amax Be1 l e  Ayr Coal 
i n  Run DOE 350RC 

Notes: Fractions 1-10 are ten percent d i s t i l l a t i o n  cuts o f  a proportional blend o f  the 
d i s t i l l a t e  o i l s .  Fract ion 0 i s  the organic mater ia l  found i n  the product water and 
comprises less  than 1% o f  the  water phase. Fractions 11-14 are made by sequential 
ex t rac t ion  o f  the  d i s t l l l a t l o n  residue by the solvent stated. 

d)  Oxygen by difference. e) Calculated ash free. f) Functional group t i t r a t i on ; .  l l l t rogen by 
HCIOq i n  acet ic acid, oxygen as acid o r  phenolic by tetrabutylamnonium hydroxide. i n  dimethyl 
sulfoxide. k) Nitrogen by KJeldahl. 

Fract ion 

0 

- 

6 

l2 

l3 

14 

Boi 1 i ng Range, 
OC 

RT - 129 

129 -,I95 

195 - 219 

219 - 245 

245 - 268 

268 - 296 

296 - 334 

169 = 215 

215 - 260 

over 260 

-, - - - 

How 
Iso la ted 

Ether ex t rac t  
o f  water phase 
from V-2 

Dist. Prop. 
Blend 

~l st. prop. 
Blend 

Di r t .  Prop, 
Blend 

uist. Prop. 
Blend 

Dist. Prop. 
Blend 

~ 1 s t .  Prop. 
Blend 

Dist. Prop. 
Blend 

Vacuum Dist. 
Prop. Blend 

Vacuum Dist .  
Prop. Blend 

Vacuum Dist. 
Prop. Blend 

Hexane Extract  
o f  Dist .  Residue 

Toluene Extract  
o f  D i r t .  Residue 

Pyr id ine Extract  
o f  b i s t .  Residue 

- -. . 
Pyr id ine Insolu- 
b le  from Dist. 
Residuee 

% 
Carbon 

83.08 

83.04 

82.41 

83-71 

86.13 

86.78 

88.22 

89.47 

89.36 

89.23 

89.98 

89.32 

85.30 

- - 

49.68 

85.17 

% 
Oxygen 

4 . 0 3 ~  

n i l  
2.32d 

4 .06~  
~ . 4 3 ~  

7.14f 7.71 

4.72: 
6.41 

3.56f 
3. 72d 

2.79f 
3 .09~  

-- 
2.07f 
2 .40~ 

2.15f 
1.74d. 

2.51: 
1.91 , 

2.64f8 
2.06~ 

2.38d 

3.58d 

7.08d 

10.12 . 

% 
Hydrogen 

14.22 

11.05 

9.37 

9.22 

9.24 

9.16 

8.46 

, 7.69 

7.51 

7.19 

6.16 

5.08 

4.36 

.-... - 
1.88 

3.22 

Functional 
Groups 

Carbonyl & 
PhenolicOH 

Trace 
. Carbonyl 
Saturated HC 

Owgen as 
phenolic 

as 
phcnolic 

UWWn as 
phenolic 

Omqen as 
phenol i c  

Ovgen as 
ptienolic 

Oxygen as 
phenolic 

. 

% 
Su l fur  

0.207 

0.107 

0.096 

- 

0.017 

cO.flOl 

0.022 

0.017 

0.022 

0.178 

0.034 

0.084 

0.084 

0.117 

0.116 

1.916 

% 
Nitrogen 

0.19 

0 . 0 5 ~  
0.32k 

0.244~ 
0.38k 

0 . 4 ~ ~  
0.49' 

0 .54~  
0 . 6 6 ~  

0 . 6 7 ~  
0 .8gk 

0.67f 
0 . 9 5 ~  

0.58f 
0.90~ 

0 .47~  
0.92k 

0.61f 
1.19~ 

0 .75~  
1 .44~  

1.40k 

1 . 9 0 ~  

3.14k 

0.87 

1.49 



TABLE 16 

Elemental Balance f o r  Be l l e  Ayr Coal Product Array; Run DOE 350R, Product 124 

Ethane 2.61 ,79.89 20.11 1 2.09 0.52 

APPROXIMATEC c H s N o 
SUBSTANCE YIELD % % % % % 

,  ethane 3.95 '74.86 25.13 

propane ' . 2.13 81.71 18.29 1 1.74 0.39 

. - 
c '  H s N 0 
9 9 9 9 9 

2.96 0.89 

Butanes 0.86 82.66. 17.34 1 0 . 7 1  0.15 

Water 14.78 11.19 88.81 1 1.65 13.13 

Over 260a 3.30 89.23 7.19 0.084 1.44 2.06 1 2.94 0.24 0.0027 0.047 0.068 

Hexane Sol. 8.47 89.98 6.16 0.084 1.40 2.38 7.62 0.52 0.0071 0.119 0.202 

To1 uene Sol. 11.02 89.32 5.08 0.117 1.90 3.58 ( 9.84 0.56 0.0128 0.208 0.395 

~ ~ r i d i n e  Sol. 1.43 85.30 4.36'6.116 2.25 7.081 2.92 0.15 0.0039 0.077 0.242 

EXCESS HYDROGEN I N  PRODUCT I 3.01 

Inso l  .' Org. 9.23 85.17 3 . 2 2 . 0 . 1 2 ~ '  1.49 10.00 

TOTALS 

INPUT: GRAMS ELEMENT/100 GM COAL 

NOTES: This i s  a raw elemental balance using y i e l d s  as ca lcu la ted from pt-oducl weights ana 
the raw water y i e l d  cor rec ted f o r  the carbonate, amnonia, and hydrogen s u l f i d e  contents.  

, , The second o i l  f r a c t i o n  has been increased t o  inc lude ,the organic mat ter  which i s  dissolved, 
i n  the water . (s ince t h i s  i s  p r i t l c i p a l l y  phenol). The f i r s t  f r a c t t o n  has been reduced t o  a l l ow  
f o r  the water recovqred i n  f r a c t i o n  1 o f  the propor t iona l  blend on d i s t i l l a t i o n .  

7.86 0.30 0.0111 0.138 0.923 

66.07 8.29 0.55 1.28 21.02 

63.30 5.28 0.57 1 .ll 22-05 

a) Vacuum distillation. b) Calculated ash f ree.  c )  Pre l iminary  y i e l d s ,  wet coal  basis. 



TABLE 1 7  

Fractions Isolated from Kaiparowits Coal in Run DOE 353RA 

FUNCTIONAL 
HOW BOILING RANGE % % % % % GROUPS 

FRACTION ISOLATED 0 C CARBON HYDROGEN SULFUR NITROGEN OXYGEN PRESENT 

1 Dist.Prop. RT-129 81.82 14.23 0.084 0 . 0 1 ~ ~  a & b  
Blend 0.31 3. 56d 

Dist.Prop. 129-195 83.81 11.75 0.036, 0 . 2 8 ~ ~  3.06; a & b 
Blend 0.49 3.91 

3 Di s t  .Prop. 195-222 83.00 9.73 0.005 0.620~ 5.4gf a & b  
Blend 0.72k 6.55d 

4 Di$t.Prop. 222-243 83.60 9.63 0.019 0.654~ 4.54f a & .b  
Blend 0.00' 6,36d 

Dist.Prop. 243-265 85.60 9.61 0.004 u.bbif 1 . ~ 7 ~  a & b  
E l  end 0.91 3.08~ 

6 Di st.Prop. 265-294 86.76 9.55 0.002 0 . 6 ~ l ; ~  2 . 4 ~ ~  a 6 b 
Blend 1.01 2.68d 

7 Di s t .Prop. 294-333 87.89 9.24 0.002 0 . 5 8 ~ ~  1 . 7 0 ~  a & b  
Blend 0.94 1 .93d 

8 Vacuum Dist. : 159-202 89.39 8.25 0.112 0 . 5 4 ~ ~  1 . 5 7  a & b 
Prop. Blend 1.04 1.21 

9 Vacum Dist. 202-250 89.14 8.08 0.036 0.70&f 2.49f a & b 
Prop. Blend 1.29 1.45d 

10 Vacuum Dist. over 250 87.95 7.81 0.091 2.446 a & b  
. Prop. Blend 1.56~ 2.59. 

11 Hexane Ext rac t  
nf n l s t '  Residue- 

12 Toluene Ext rac t  
o f  Dist .  Residue 

13 Pyr id ine Ext rac t  
o f  Dist .  Residue 

14 Pyr id ine Insolubles 28.34 1.06 5.74 1.33~ 
from Dist .  Residues 83.59 3.13 3.92 

15 Acid Hashe Pyr i  dine R , 83.47 2.90 4.67 0.45 
Insol  ubl es 85.91 2.99 4.81 ' 0.46 5 . ~ 3 ~  

NOTES: a) Those ac id i c  t o  t e t r a  buW1 amnonium hydroxide ( m s t l y  phenolic). b) Those 
basic tn perch lor ic  ac id  (assumed to be ni t rogen as amine o r  i n  r i n  as pyr id ine o r  
quinol ine l i k e  structure).  k )  By Kjeldahl. d) by dl f femnce. fy By functional gmup 
t i t r a t i o n .  g) Calculated ash f ree  (contained 66.1% ash). h) Cajculated ash f ree  (con- 
tained 2.48% ash). 



TABLE 18 

Y ie ld  and Whole Product Array; Run DOE 353A, Kaiparowits Coal 

- - --- - - - 

 APPROXIMATE^ c H s N o c H s N 0 
SUBSTANCE YIELD % % % % % 9 9 9 9 9 

222-243°C 4.33 83.60 9.63 0.019 0.80 5.95 3.62 . 0.42 0.0008 0.0346 0.26 

243-265°C 4.33 85.60 9-61 0.004 0.91'. 3.88 - 3.71 0.42 0.0002 0.0394 0.17 

265-294OC 4.33 86.76 9.55 0.002 1.01 2.68 3.76 0.41 0.0001 0.0437 0.12 

294-333°C 4.33 87.89 9.24 0.002 0.94 1.93 3.80 0.40 0.0001 0.0407 0.08 

159-202"cb 4.33 89..39 8.25 0.112 1.04 1.21 3.87 0.36 0.0048 0.0450 . 0.05 

202-250"cb 4.33 89.14 8.08 0.036 1.29 1.45 3.86 0.35 0.0016 0.0558 0.06 

over 2 5 0 " ~ ~  4.33 87.95 7.81 0.091 1.56 2.59 3-80 0.34 0.0039 0.0675 0.11 

Hexane Sol. 15.09 89.28 6.26 0.108 1.60 2.75 14.19 0.99 0.0172 0.2549 0.44 

Toluenc Eol . 6.90 83.40 5.25 0.102 2.1.2 3.13 6.17 0.36 0.0070 0.146 0.22 

Pyridine Sol. 3.01 85.12 4.78 0.098 2.42 7.58 2.56 0.14 0.0030 0.0728 0.23 

IOM 3.60 85.91 2.99 4.81 1.33 4.96 3.09 0 . 1  0.1732 0.0479 0.18 

Ash 8.25 0.40 

TOTALS 74.69 9.39 1.529 1.31 12.51 

ELEMENTS FED WITH 190 GRAMS OF CnAl (dry basis) 

ELEMENT FED WITH PYRITE 1..14 
- 

Hydrogen Reacted 4.54 

a )  Weight % based on d ry  coal,  eort-ected f u r  carbonate, amonia and hydrogen s u l f i d e  i n  the  water. 

b) Vacuum d i s t i l l a t i o n .  



TABLE 1.9 

Fractions Isolated from a Proportional Blend of 
Products from Madge Seam Coal i n  Run DOE 356RAa 

Proport ional blend based on t r i a l  ca l cu la t i on  on product 38. b) Calculated ash free. :j Corrected f o r  an estimated 5% py r id ine  included i n  the  residue. d )  Oxygen by 
d i f ference.  f )  Determined by funct iona l  group t i t r a t i o n .  k )  Nitrogen determined by 
Kjeldahl . 

% 
Oxygen 

0.19' 
1 . 3 2 ~  

1 . 8 6 ~  
2.43d 

6.11f 
7 . 5 ~ ~  

s . a +  
5 . 7 0 ~  

4.49f 
4.644 

3.66f 
3.32d 

3 . 0 9 ~  
2.51d 

2.14f 
1.62d 

2.02' 
1. 3ad 

3.26f 
1 . ~ 5 ~  

2.03~ 

3.30~ 

7.9gd 

7 . 0 6 ~  

% 
Ash 

0.49 

0.57 

63.74 

p.54 

% 
Su l fu r  

0.37 

0.24 

0.10 

o.ona 

0.007 

0.027 

0.026 

0.129 

0.208 

0.133 

0.16 

0.03 

0.14 

7.65 

3.97 1 

Fract ion 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

% 
Nitrogen 

0 . 0 1 1 ~  
0 .05~  

0.25ff 
0.57 

0 . 7 2 ~ ~  
0 . 8 9 ~  

n . q i i f  
1.08 

0.9226 
1.12 

0 .954~  
1.30k 

0 .864~  
1.28k 

0.5841 
0.90k 

0.70 if 
1.32 

1.03$~ 
1.81 

2 . 1 1 ~  

2 . ~ 7 ~  

3.01Csk 

' 0 . 9 3 ~  
2.56 

2.33k I 

% 
Carbon 

83.76 

84.24 

81 .8b 

83.83 

04.06 

86.07 

87.00 

88.66 

88.75 

88.28 

89.52 

88.58 

84.39 

28.76 
79.31 

80.72 

% 
Hydrogen 

14.83 

12.52 

9.57 

0.38 

9.37 

9.28 

9.18 

8.69 

8.34 

7.93 

6.18 

5-52 

4.50 

1.64 
4.52 

3.38 

How 
Iso la ted  

From V-2 
Water 

D is t .  Prop. 
Blend 

Oist .  Prop. 
Blend 

D is t .  Prop. 
Rl end 

-- 

D I S ~ .  Prup. 
Blend 

~ 1 s t .  Prop. 
Blend 

Dis t .  Prop. 
Dl end 

Ols t .  Prop. 
M l end 

Vac. Dist .  
Prop. 81 end 

Vac. D is t .  
Prop. 81 end 

Vac. Oist .  
Prop. Bl end 

He~a11e Ek- 
t r a c t  of 
Dist.Residue 

Toluene 
Ext ract  o f  
0ist.Residue 

Pyr id ine 
Ex t rac t  o f  
O i  st.Residue 
pyr idineb 
Inso lub le  from 
Dist.Residue 
Acid Washed 
Pyr id ine 
Inso lub los 

B o i l i n g  Range 
"C 

RT - 112 

112 - 180 

180 - 213 

-- 
t 1 3 - 2 3 4  

234 - 256 

255 - 275 

275 - 299 

140 - 170 

170 - 212 

Over 212 



TABLE 20. . 

Elemental . Balance f o r .  Wadge Seam Coal products .. 

'.. . Ba.sed on Run DOE 356R, Product 38 . 

Approximate C H S N 0 
Substance y ie lda  X * - .- - % . - - % % 

C"4 4.79 76.86 25.13 

Toluene Sol. 12.59 88.58 5.52 0.03' 2.57 3.30 1 11.15 '0.69 0.004 0.323G 0.32 

C H S . N  0 
9 9 9 9 - 

, 3.68 1.11 

uver 212O~b 3.42 88.28 7.93 0.133 1.81 1.85 

Hexane Sol. 8.92 89.52 '6.18 0.16 2.11 2.03 

3.02 '0.27 0.005 0.0619 0.06 

7.99 0.55 0.014 0.1882 0.18 

Ash . 9.29 f r o m c o a l  & 4 . 9 6 % f r o m p y r i t e  I 1.289 

Pyr id ine Sol. 5.21' 84.39 4.50 0.14 3.90 7.96 

I OM 4.66 80.72 3.38 3.97 2.33 7 .  

- 
TOTALS 1 66.87 9.08 2.96 1.70 16.29 

4.39 0.23 '0:007 0.2032 0.41 

3.76 0.1G 0.158 0.1086 0.33 

INPUT (Coal )  8.83 gralla o f  ash p lus  elkments ds fo l lows 1 65.50 5.45 0.51 1.82 17.78 

INPUT (Addi t ive)  6.6 rams p y r i t e  per 100 grams o f -  coal  0 I 3.50 
53.0! su l f u r .  

Hydrogen reacted by d i f f e rence  I 3.63% 

a) Weight % based on wet coal. The hydrogen by d i f f e rence  i s  l ess  than hydrogen from the measure- 
ments o f  gas i n p u t  less  gas output,  perhaps as a r e s u l t  o f  hydrogen s o l u b i l i t y  i n  some o f  t he  
products. Su l fu r  output  seems low compared t o  the i npu t  and again l o s s  by s o l u b i l i t y  i n  the 
l i g h t  o i l  dur ing h igh pressure separations seems probable. 

b )  Vacuum distillation. 



TABLE 21 

Polar  and Neutral O i l  F rac t ions I so la ted  from Wadge Seam Coal i n  Run DOE 356RBa 

a) Basic and Ac id ic  f r a c t i o n s  by aqueous ex t r ac t i on  - res idua l  o i l  i s  neut ra l  o i l .  
b)  Neutral equivalent  weight = 180. 
f )  Determined by func t iona l  group t i t r a t i o n .  
k )  Ni t rogen determined by y je ldah l  . 

Frac t i on 

Bases 

Acids 

Ng"tral 
-Oi l 
1 
2 

3 

4 

5 

6 

7 

8 

9 

10 

How 
Iso la ted  

Sul f u r i c  
Acid 
Ex t rac t ion  

Na OH 
Ex t rac t ion  

~i s t .  prop. 
blend 

D is t .  Prop. 
blend 

D is t .  Prop. 
blend 

D is t .  Prop. 
blend 

Di  s t .  Prop. 
blend 

D is t .  Prop. 
b l  end 

D is t .  Prop. 
b l  end 

D i  s t .  Prop. 
b l  end 

D is t .  Prop. 
b l  end 

Vac. U i s t .  
Prop. blend 

Boi 1 i ng Range 
O C  

WholeBoi l -  
i n g  Range 

Who lebo i l -  
i n g  range 

RT - 84 

8 4 - 1 4 5  

145 - 202 

202 - 231 

231 - 251 

251 - 272 

272 - 295 

295 - 317 

317 - 347 

Cnds @ 210 
@ 2 mm. 

% 
Carbon 

73.11 

74.26 

83.92 

85.65 

86.63 

88.55 

88.70 

88.92 

88.73 

89.26 

89.72 

90.75 

% 
Hydrogen 

9.63 

8.89 

" ,, - 

15.17 

13.37 

12.06 

10.70 

9.82 

9.56 

9.48 

9.18 

8.44 

7.9G 

% 
Sul f u r  

O.Ofii! 

0.133 

0.170 

0.083 

0.055 

0.012 

0.015 

0.064 

0.188 

Q.lO1 

% 
Nitrogen 

7.74f 
8 . 9 0 ~  

0.15;~ 
0.42 - - - -  
0 . 0 4 ~  

(),;;sf 

0.21f 

0.46f 

0. 58f 

0. ~8~ 

0 . 6 8 ~  

0.61f 

0 . 6 0 ~  

0,70f 

% 
Oxygen 

- 

0.132f 

0 . 1 9 4 ~  

0 .237~  

0. 368f 

0. 557f 

0. 766f 

0 . 5 5 ~  

0 . 5 2 ~  

0 . 7 2 ~  

1.23f 



FIGURE 1 

PARTICLE SIZE D ~ S T R I B U T ~ O N  OF 
ROBENA PYRITE I1 

MICRON DIAMETER (Log Scale) 

00 *CUMULATIVE VOLUME 

90 + 
80 

70 

60 

50 

40 

30 

20 

10 

- - 
- 

- 

- 
- 

DIFFERENTIAL - - 
VOLUME \ A 

1 1 I  I  I  I I . I l I  I 

-2 -4 .6 .8 1.0 2.0 4 6 810 20 40 60 100 200 



Figure 2 

Effect of Iron Level on Yields 
Run DOE 350RC, Belle Ayr Coal 

Percent Total Iron in Feed Slurry 



FIGURE 3 

UNFILTERED COAL SOLUTION 
VISCOSITIES-COMPARISON OF 

RUNS,DOE 3 5 4 A  AND 3 5 7 A  

TEMPERATURE, OF 



FIGURE 4 

U N F I t  TERED COAL SOLUTION 

VISCOSITIES-COMPARISON O F  RUNS 
DOE 3 5 0 R A ,  3 5 3 R A  AND 3 5 6 R A  

450  r 

SHEAR RATES:  

El 8 . 3 0  s e c - 1  
0 1 0 . 2  s e c - 1  
A 18.81 s e c - 1  

\, 's \ DOE 3 5 6 R A  
\ \ WADGE SEAM COAL 

0  1 I 1 1 I 

2 1 0  2 3 0  2 5 0  2  7 0  

TEMPERATURE, OF 



FIGURE 5 

FEED SLURRY VlSCOSIPIES-COMPARISON 
OF RUNS DOE 353RA AND 3 5 6 R A  

SHEAR RATE: 

1.66 sec ' l  

DOE 053RA 
KAIPAROWITS COAL 

( 1 %  PYRITE) 

TEMPERATURE, OF 
' .. .. . 



FIGURE 6 

SHEAR .RATES: 

f3 15.86 sec -1  
39.64 sco-1  

0 ? A  ? R  S A C - 1  



FIGURE 7 

UNFILTERED COAL S0,LUTION .VISCOSITIES 
10,000 - RUN DOE 3 5 0 R ,  BELLE AYR COAL - - - 

SHEAR RATES: 

0 0.830 sec-1 
Q 1 . 6 6 s e c - 1  
B 3.32 sec-1 - I3 8.30 sec -1  
A 16.61 sec-1 

- 

1.000 - - - - 
- 

a 
0 - 
i - 
C . . " "  . . .. .. . . . . . . -. . . . . . . . . - . - . . - -- . - .. ... ..7 . . . - . - . .. . .- ~. .. -. -, . 

0 - 
0 
C" > 

100 - .  - 

- 

10 

- 
- 
- 
- 

I 1 .  I 1 
210 230  ' 250 270 

. TEMPERATURE. o F 



FIGURE 8 

FEED SLURRY VISCOSITIES-RUN, 
DOE 350R-BELLE AYR COAL 

SHEAR RATE = 0.083  sec' l  

O---Cl 350RA 
350RB 

&- 350RB (Recheck I) 
&-A 350RB (Recheck Ill 

350RG 

I 1 I I- 

2 1 0  230  2 5 0  210 
TEMPERATURE, OF 



FIGURE 9 

UNFILTERED COAL SOLUTION VISCOSITIES 
RUN DOE 354-KAIPAROWITS COAL 

RUN NUMBERS SHEAR RATES 

--- DOE 354A 0 39.64 sec-1 - 3 5 4 8  El 79 .28  sec-1  

\ . 
\ \ 
\ \ 
\ \ 
\ \ . . \. 

\ \ .. .. . w  
... 

1 9 0  2 1 0  2 3 0  2 5 0  2 7 0  

TEMPERATURE, O F  



FIGURE 10 

UNFILTERED COAL SOLUTION VISCOSITIES 
RUN DOE 353R-KAIPAROWITS COAL 

RUN NUMBERS: SHEAR RATES: 
---- DOE 353RA O 1.02 sec-1 

'\ - 353RB 0 10.20 sec-1 

'\ .--- 353RC 0 16.86 sec-1 
0 20.40 sec- 1 
A 39.64 sec-1 

450°C, WITHOUT PYRITE 

\ .:-. -.-\ 
\ 

450°C, WlTH PYRITE 
-:a, 
a. -.\ --.=-\ -.---- - 

\ ---- --- - - -- -* 

I I I 
. -. -- 

2 10 2 36 250  

TEMPERATURE, OF 



FIGURE 11 . 

FEED SLURRY VISCOSITIES 
RUN DOE 353R-KAIPAROWITS COAL 

RUN NUMBERS: SHEAR RATES: 

--- DOE 353RA A 0.083 sec-1 - 353RB 0 0.830 sec-1 
-- - a 1.66 sec-1 

Q 3.32 sec-1 

. 1. -. . . , . . . . . . . - - -  % . " S . "  . . I - - .  

. 4 

' 210 230 250 270  

TEMPERATURE, OF 



. . 
. . FIGURE 12 

UNFILTERED COAL SOLUTION 
VISCOSITIES-RUN DOE 357, WADGE SEAM COAL 

RUN DOE: 
. . - 357A 

Q --- 3578  

SHEAR RATES: 

0 39.64 sec'l  
0 79.28 sec- l  

PYRITE 



FIGURE 13  

UNFILTERED COAL SOLUTlOAl VISCOSITIES 

SHEAR RATES: 

0 2.04 sec-1 
0 3.32 sec-1 
0 4 . 0 8  s e c - l  
A 1 0 . 2 0  sec-1 

10 .Or  RUNS DOE 355R AND-356R WADGE SEAM COAL 
- 
- 
- 

- 

DOE 356RB 
465OC, 2% PYRITE 

1 .o 
- 
- 
- 
- 

DOE 356RA 
- 450°C,  2% PYRITE 

465OC, 1% PYRITE 

- 

6.1 
2 5 0  2 7 0 

TEMPERATURE, OF 



FIGURE 14  

FEED SLURRY VISCOSITIES-RUMS 
DOE 3 5 5 R  AND 356R-WADGE SEAM COAL 

SHEAR RATES: 

D 0 . 0 8 3  sec-1 
U 0 . 1 6 6  sec-1  
A 0 . 4 1 5  sec-1  
0 0 . 8 3 0  s e c - l  
0 1 .66  S A C - 1  
O 4.15  sec -1  

DOE 355RB 
rcokcalc 

- - -  
DOE 355RB 

- -  
b--- -- DOE 355RB 

DOE 355RB 
A--- = - - + -- ------- 

DOE 355RB *--- - - - - a  

DOE 355RA 

2 1 0  2 3 0  2 5 0  2 7 0  

TEMPERATURE. O F  



The DOE 3 Dissolver 
(used i n  Run DOE 357) 

Out1 e t  t o  High Temperature, 
High, Pressure Separator 

2.54 cm (1.0 i n .  
0. D. 

1.75 cm (0.56 i n  
I. D. 

321 SS pipe 

Gray1 oc 
Closure 

I 112 in .  
Schedu'l e XX 
321 SS pipe 

I n l e t  from 
Preheater 

Volume = 1064 cm3 

cm (1.0 i n . )  
0. D. 

cm (0.56 i n . )  
I .D.  

SS pipe 





A P P E N D I X  A 

INSPECTION OF PRODUCTS BY INFRARED 

SPECTROSCOPY AND SIMULATED D I S T I L L A T I O N  



INTRODUCTION 

A number o f  analyses were made t o  determine what mater ia ls could be 
i so l a ted  from the l i g h t  o i l s  from Amax Be l l e  Ayr coal ( run DOE 350RA) by 
conventional means. A 100 m l  sample o f  the vessel 2 (ambient tempera- 
t u r e  separator bottoms) o i  1 was extracted w i t h  aqueous caust ic  t o  remove 
a c i d i c  mater ia ls  , f o l l  owed by an ex t rac t ion  w i t h  aqueous s u l f u r i c  ac id  
t o  i s o l a t e  basic substances. The r e s u l t i n g  neut ra l  o i l  was reacted w i t h  
concentrated su l  f u r i  c ac id  t o  i s o l a t e  the saturates. These procedures 
were done i n  a way which permit ted measurement o f  the amount o f  mater ia l  
ex t rac ted and allowed i s o l a t i o n  o f  these cha rac te r i s t i c  f rac t ions  f o r  
f u r t h e r  examination. The o r i g i n a l  o i l  and the f r ac t i ons  ava i lab le  f o r  
examination were then analyzed by i n f r a r e d  spectroscopy and simulated 
d i s t i l l a t i o n  gas chromatography (GC). This gives considerable i n s i g h t  
i n t o  the k inds of funct ional  groups present and the number o f  substances 
present i n  g iven bo i  1 i n g  ranges and product categories. A s i m i l a r  pro- 
cedure was used f o r  the  vessel 4 (atmospheric d l  s t 1  1 la ti or^ overhead) 
condensate as we l l .  Raw vessel 3 (atmospheric d i s t i l l a t i o n  bottoms) and 
u n f i  1 tered coal so lu t i on  (UFCS) d i s t i  1 l a t es  were a1 so examined." 

11. INSPECTION BY INFRARED SPECTROSCOPY 

A. Inspect ion o f  D i s t i l l a t e s  from UFCS 

U n f i l t e r e d  coal so lu t i on  (UFCS) products were d i s t i l l e d  a t  2 mm 
pressure w i t h  a pre l iminary  cu t  taken from room temperature up t o  
108°C and the major f r a c t i o n  o f  the o i  1 recovered i n  a second cu t  
taken from 108°C t o  a f i n a l  vapor temperature o f  270°C ( cu t  2). 
The behavior dur ing the d i s t i l l a t i o n  was normal w i t h  po t  temperatures 
i n  the  v i c i n i t y  of 335°C and pressures holding between 2 and 5 mm 
a t  the  end o f  the d i s t i l l a t i o n .  Figure A-1 shows the I R  spectrum 
o f  t he  c u t  2 o i l  from the second phase o f  the experiment (DOE 350RB) 
i n  which the reac to r  temperature was 465°C. Figure A-2 shows a 
t y p l c a l  sample o f  the o i l  d i s t i l l i n g  from room temperature t o  
108°C. Weitker o f  these appcar t o  have any unusual charac te r i s t i cs  
which can be observed by i n f r a red  although the o i l  i s  a l i t t l e  more 
hydrogenated than would normal l y  be the case a t  t h i s  te~~~peru lur -e .  
It must be remembered t h a t  the pressure i s  h igher than normal and 
t h a t  considerable i r o n  i n  the form o f  p y r i t e  i s  present. 'lhe spec- 
trum tended t o  show even more hydrogenation o f  the product from the 
450°C po r t i on  o f  the run. 

B. - -  Inspect ion o f  Vessel 3 O i l  

'l'he vessel 3 01 1 was i r~spected by i n f r a r e d  and ,appeared t o  be q u i t e  
s i m i l a r  t o  the c u t  2 o i l  although there was a cha rac te r i s t i c  skew 
i n  the  product d i s t r i b u t i o n  favor ing higher concentrations o f  
substances i n  the  low molecular weight end o f  the product d i s t r i b u -  
t i on .  This i s  i n f e r r e d  from the increased hydrogenation evident i n  
the I R  spectrum and has been confirmed by simulated d i s t i  1 l a t i on .  
Figure A-3 shows the spectrum o f  the vessel 3 o i l .  

* During th i s  particular run, the net (not recycled) yield of o i l  col lected in vessel 2 was 24.1% of 
the dry feed coal while that collected in vessel 4 was 3.9%. Oil amounting t o  12.7% of the dry feed 
coal was collected in vessel 3 but was recycled. 



C. Inspection of Vessel 2 Oil 

The vessel 2 ,oi l  was analyzed by infrared and evidence for a con- 
siderable amount of phenolic material.was obtained. The spectrum 
of the crude vessel 2 oil i s  presented as Figure A-4. Upon extract- 
tion with caustic, i t  was found t h a t  about 35% of the oil dissolved. 

. Extraction with aqueous sulfuric acid reduced the residual oil t o  
about 60% of the original sample. Such values are not much dif- 
ferent than those obtained with similar materials from other coals. 

When the neutral oil fraction .was examined, i t  was found t h a t  the 
two extractions had removed much. of the aromatic material. This 
means t h a t  much of the aromatic material originally present was 
associated with a.functiona1 group which would react either w i t h  an 
acid or a base. The spectrum of the neutral oil i s  given as Figure 
A-5. The only remarkable feature i s  a trace of carbonyl function 

' (probably) which remains from a considerably more concentrated 
mixture of this material (or materials) observed in the raw vessel 
2 oil.. Compare.Figure A-4 and Figure A-5 a t  about  5.8 microns. 

A portion of the neutral oil was then extracted in a Babcock bottle 
using concentrated sulfuric acid to dissolve the aromatic material 
( this i s  a rather mild reagent and quantitative extraction of aro- 
matic material requires complete remixinq and extended contact 
times). The clear oil which came t o  the t o p  was about  56% of the 
neutral oil sample taken;by volume. After the oil was separated 
from the acid, a spectrum was r u n  t o  confirm t h a t  the acid had 
indeed reacted with most of the aromatic material. The spectrum of 
the acid insoluble .product i s  presented as Figure A-6. .This shows 
the presence of only trace amounts of aromatic material. I t  was 
estimated that the saturates accounted for approximately 34% of the 
original vessel 2 oi 1 , by volume. 

The aqueous caustic solution was made acidic t o  rel.ease the dissolved 
acidic paterial extracted from the vessel 2 oil .  The insoluble oil 
was separated from the water and.the water phase was then extracted 
with diethyl ether t o  recover any material which remained dissolved. 
Figure A-7 i s  the infrared spectrum of the water insoluble material. 
The ether extract was warmed on a h o t  plate t o  d is t i l l  any ether 
away. Figure.A-8 i s  the inf.rared spectrum of the ether extract. 
Both materials are predominantly phenolic in functionality. 'The 
water insoluble material probably consists of substituted phenols 
such as methyl or dimethyl phenol, while the water soluble product 
i s  dominated by phenol i tself .  The la t ter  can be readily seen as a 
major component in the infrared spectrum. Both spectra show only 
trace amounts of carbonyl function. Since the volume shrinkage of 
the vessel 2 oil was about  35%, and the water insoluble phenolic 
material was estimated to comprise about 20% by volume, i t  i s  
suggested t h a t  simple phenol was a substantial component of this 
product. 

The acid extract was treated with excess caustic t o  release any 
basic material present. The volume of water insoluble material' was 



was warmed on the hot plate until ether was removed. The spectrum 
of the material obtained i s  shown as Figure A-9. Based on this 
spectrum, ether removal seems complete. I t  appears that one of the 
main basic functions.must be an amine, since considerable N-H 
absorbance i s  present. The product had a quinoline-like odor. 

D. Inspection of Vessel 4 Oi 1 

The vessel 4 o i l  i s  qualitatively similar to material dist i l led 
from UFCS between room temperature and 108°C a t  2 mm Hg. The 
spectrum of the vessel 4 oi l  i s  given as Figure A-10 which should 
be compared t o  Figure A-2  to  see the similarity. The vessel 4 oi l  
was analyzed in the same way as that from vessel' 2. A 100 ml 
sample of the oi l  shrank down to approximately 65 ml upon extraction 
w i t h  aqueous caustic. . This material, upon extraction with aqueous 
sulfuric acid, sustained a 'small' additional shrinkage and the 
neutral o i l  again accounted for about 60% of the original sample, 
by volunle. The spectrum of the neutral oi 1 i s  given as Figure A- 
l l .  This.materia1 i s  appreciably more aromatic than was the vessel 
2 11eutr.iil o i  1 ,Fraction. Con~parc Figure A-1 1 w i t h  Figure .A-5. 

The neutral oi l  was extracted in a Babcock bottle with concentrated 
sulfuric acid. The volume of unreactive clear oi l  .which remained 
accounted for 29% of the neutral o i l  (or about .17.5% of the original 
vessel 4 oi 1) .  The spectrum of the saturates isolated by. this pro- 
cedure i s  presented as Figure A-12 and inspection of this spectrum 
shows that  the procedure completely reacted the aromatics. 

The aqueous caustic extract was acidified to release the materials 
dissolved in the caustic. An insoluble oil was obtained which was 
separated from the aqueous phase. The aqueous phase was then ex- 
tracted with diethyl ether to recover as much of the water soluble 
material as possible. The ether extract was evaporated on the hot 
plate to  obtain an ether free residue. The infrared spectru~r~ of 
the water insoluble material i s  presented as Figure A-93 and the 
material rec~vered from the ether extract i s  shown in Figure A-14. 
Again, the spectra indicate substituted phenols as the dominant 
species in the water insoluble phase and simple phenol as one of 
the main components of the water soluble phase. 

The aqueous acid extract was made basic by the addition of excess 
caustic. This caused the separation of a small 'amount .of oil  which 
was recovered by shaking the mixture with di.ethy1 ether. The ether 
phase was transferred to a beaker and the ether was evaporated on 
a hot plate in the hood. I t  was possible to remove t h e  ether 
quantitatively. The product was examined by infrared and this  
spectrum i s  given as Figure A-15. The spectrum resembles substituted 
aromatic amines for the most part, a1 though the product had a 
pronounced odor resembl i ng q u i  no1 i ne. 

E. Conclusions from Examlnatlon of IR Spectra 

Similar separations have been conducted on light oil  fractions made 
from bituminous coals. In general, the fractions derived from a 
subbituminous coal appear to be quite similar to those materials 



which have been obtained from bituminous coals.. The only new func- 
t i o n a l  group observed i s  a minor amount o f  carbonyl observed i n  the 
spectrum o f  the raw vessel 2 . o i l .  This was no t  we l l  accounted f o r  
i n  the separation scheme, wi th s i g n i f i c a n t  reductions i n  the in ten-  
s i t y  o f  the band i n  f rac t ions  which were l a t e r  isolated.  This i s  
probably too small an amount-of mater ia l  t o  be o f  much i n te res t ,  
and probably i t  i s  a materia1,which i s  qu i t e  water soluble. No 

.:workup o f  the water phase i n  contact w i t h  the vessel 2 o i l  has been 
done and perhaps some new substance w i l l  t u r n  .up when t h i s  mater ia l  
i s  inspected. When water. phases from the usual bituminous coals 
are analyzed, the p r i nc i pa l  components have been ammoni um b i  carbo- 
nate, ammonium su l f i de ,  and about a percent o f  phenol. 

The present examination has f a t l e d .  t o  show the preserice o f  any ob- 
v ious ly  d i f f e r e n t  'mater ia l  from react ion o f  subbi tuminous coal. 
The amount o f  funct iona l  groups present seem t o  be about the same 
from cuts o f  s imi  1 a r .  boi  1 i ng' range. from subbi tumi nous and bituminous 
coal '  der ived products since caust ic  and ac id  extract ions gave 
s i m i l a r  y i e l d s  o f  mater ia l .  

111. INSPECTION BY GAS CHROMATOGRAPHY 

One o f  the ob ject ives o f  t 'h is  study has been. development o f  ,qual' i t a t i v e - .  
. . a .  - w = - t r n c H c h d - o f ~ e s  . i n  aer i  vea products. 

i o n  chromatograph was used toc!::elop rough. 
b o i l i n g  range data, and a t . , l eas t  a minimum count o f  the number o f  com- 
pounds represented i n -  each o f  the samples . previously.  discussed ., Copies 
o f  the spectra are presented i n  order t o  ind ica te  the complex nature o f  
the o i l s  i n  question. 

A. ' Inspect ion o f  Vessel 2 0 i l  

Figure A-16 presents the spectrum f o r  the simul'ated d i s t i l l a t i o n  o f  
the  neut ra l  o i l  f r a c t i o n  from run.  DOE. 350R vessel 2 o i l .  Counting 
we l l  def ined peaks and shoulders ind icates a t  l e a s t  50 substances 
i n  t h i s  chromatogram (which i s  run w i t h  a column de l ibe ra te ly  made . 
t o  resolve poor ly ) .  The instrument uses a flame i on i za t i on  detector  
and the.response i s  therefore .proport ional t o  the carbon content o f  
the peak being detected. Inspect ion o f  the data shows t h a t  the 
l a rges t  area percentage reported i s  8.47% o f  the t o t a l  area detected. 
Retention times are given f o r  .the peaks i n  hundredths o f  minutes. 
The atmospheric bo i ' l i ng  range o f  the sample i s  presented a t  the 
bottom of .  the page in '  degrees centigrade. Because the peaks are 
merged throughout'most o f  the char t  area, percentages are reported 
a t  coristant t ime increments and the areas ,reported are only loose ly  
associated w i t h  the peaks i n  the area o f  the time p r i n t .  .Large 
peaks may be cu t  up .i,nto severial t ime s l i c e s  whi le  several small 
.sharp 'peaks, may f a l l  w i t h i n  'one t ime i n te r va l .  This operating mode 
i.s required t o  produce the b o i l i n g  range data bu t  i s  not  convenient 
f o r  est imat ing the cont r ibut ion o f  si 'ngle peaks. 

Figure, A-1 7 presents the spectrum f o r  the simulated d i s t i  1 l a t i o n  o f  
the saturates which were isolated by su l f u r i c  ac id  ex t rac t ion  o f  
the  neu t ra l ,  o i  1 fro111 run DOE 350R vessel 2 o i  1. Counting we1 1 
def ined peaks and shoulders indicates t h a t  a minimum o f  50 substances 



are resolved. A regu la r  patte,rn' i s  observed which i s  cha rac te r i s t i c  
o f  a homologous ser ies  'o f  hydrocarbons. : This mater ia l  i s  separated 
from the neu t ra l .  oi.1, therefore  the spectrum presented as Figure A- 
16 must have contained. a l l  o.f the peaks shown here a t  a reduced 
concentrat ion. Some.of the peaks f o r  l i g h t e r  compounds match wel l  
i n  r e ten t i on  t ime on both spectra' .whi le the major peaks on the 
.neut ra l  o i l  spectrum are no t  represented on the spectrum o f  the 
saturates. This i s ,  good q u a l i t a t i v e  support f o r  the observation 
t h a t  l i g h t e r  products tend t o  be saturated whi le  products w i t h  
h igher molecular. weights are more aromatic. Resolut ion i s  too poor 
t o  a l low i d e n t i f i c a t i o n  o f  spec i f i c  peaks. As would be expected, 
the b o i l i n g  .range o f  the saturates tends t o  be lower than t h a t  o f  
the aromatic substances present. (compare the simulated d i  s t i  1 l a t i o n  
data a t  the bottom o f  charts A-16 and A-17). Unfortunately, the 
s u l f u r i c  a c i d  consumes the aromatic mater ia l  w i t h  th i s '  separation. 
procedure and i t  i s  no t  possib le t o  develop a spectrum f o r  only the 
aromatic f rac t ion .  

The caus t i c  ex t rac tab le  mater ia l  i n  the vessel 2 o i l  was separated 
I n t o  two f racl; iur~s.  Oi~e ,Fell out  o f  so l u t i on  as an o i l  which could 
be separated from the aqueous phase when the caust ic  ex t rac t  was 
neu t ra l i zed  and made s l i g h t l y . a c i d .  The water inso lub le  o i l  was 
analyzed by the simulated d i s t i l l a t i o n  procedure which' produced the 
spectrum presented as Figure A-18. Counting we.11 defined peaks and 
shoulders gives an ind i 'ca t ion o f  about a dozen compounds. These 
are bunched together and may obscure the presence o f  many more. 
These a re  higher bo i  1 ing  mater ia ls  corresponding t o  the aromatic 
p a r t  o f  the neu t ra l  o i l  d i s t i l l a t i o n  curve and run qu i t e  a b i t  
.h'igher than the bo i  1 i ng  range o f  the saturates. 

The water phase from the procedure above was then extracted w i t h  
e ther  t o  recover as much o f  the phenol'ic mater ia l  as possible. 
This includes mate r ia l  which i s  soluble and some which was suspended 
as f i n e  drop le ts  o r  stuck t o  the separatory funnel. A f t e r  removal 
o f  the ether, a sample o f  the recovered mal&r.ial was analyzed by 
simulated d i s t i l l a t i o n .  The spectrum f o r  t h i s  sample i s  presented 
as Figure A-19. It can be seen t h a t  the lower b o i l i n g  ( lower 
molecular weight) mater ia l  tends t o  be water soluble.and t h a t  the 
f i r s t  compounds t o  emerge have 'dr iven the recorder o f f  scale. From 
the  i n f r a r e d  spectrum 'it i s  c l ea r  t h a t  the main component o f  t h i s  
i s  phenol wh i le  other substances such as methyl phenol would be 
s i g n i f i c a n t l y  less  soluble bu t  s t i l l  present.. Some o f  the heavy 
mate r ia l  probably was stuck t o  the separatory funnel. 

The s u l f u r i c  acid, ex t rac t  o f  the vessel .2 o i  1' was ~l~itcle basic and 
then the  released mater ia l  mas recovered by ex t rac t ion  w i t h  ether. 
Af ter  evaporation o f  the ether, a sample o f  the recovered mater ia l  
was analyzed by simulated d i s t i l l a t i o n .  The spectrum f o r  t h i s  
mate r ia l  i s  presented as Figure.A-20. A t  l e a s t  30 peaks o r  shoulders 

' on peaks' can be counted. The d i s t r i b u t i o n  o f  substances i n  t h i s  
ar ray o f  mater ia ls  i s  skewed towards the high b o i l i n g  end o f  the 
chromatogram. Most o f  these a r e . l i k e l y  amine compounds so re ten t ion  
o f  n i t rogen by aromatic and more complex molecules i s  suggested by 
the shape o f  the d i s t i l l a t i o n .  



B. ' I n s ~ e c t i o n  of -Vessel 4 O i l  

The same sequence o f  separations,and analyses. was repeated f o r  the 
vessel 4 o i l .  This product is 'separated on the DOE reactor  system 
by d i s t i l l a t i o n  of . , the.bot toms ,from the intermediate temperature, 
h igh pressure sep.arator. It i s  the overheads .from d i s t i l l a t i o n  o f  
the o i l  which b o i l s  j u s t  h igher ' than t ha t  co l lec ted  i n  vessel 2. 
This i s  a poor ly r e c t i f i e d  o . i l  w i t h  an average b o i l i n g  range between 
t'he. vessel 2 o i  1 and process solvent. The spectrum o f  the neut ra l  
. o i l s  separated .from the vessel .4 product i s  .presented as Figure A- 
21.. The major p a r t  o f  the mater ia l  f a l l s  ' i n  a f a i r l y  narrow band 
bu t  minor amounts o f  lower and higher b o i l i n g  mater ia l  are present 
over a considerable range. 

. . 

As previously observed, the water phase separated from the water' 
inso lub le  phenolic substances s t i  11 contained an appreciable amount 
o f  mater ia l  which could be reclaimed by ex t rac t ion  w i t h  ether. The 
simulated d i s t i  1 l a t i o n  o f  the reclaimed mater ia l  i s  presented as 
Figure A-22. These resu l t s  show an enhancement i n  the concentrat ion 
o f  the 1 ower boi  1 ng (and presumably 1 ower molecular weight) phenols . 
This spectra should be compared t o .  t h a t  f o r  the -water inso lub le  
phenolic products which is. 'presented,as Figure A-23. Ind icat ions 
o f  about 20 substances are found on Figure A-23 and a s i m i l a r  
number w i t h  a d i f fe ren t  d i s t r i b u t i o n  on Figure __ A-22.: ___.___.......I These a.ppI!f:a.r L 
t o  ....be-- pretty.' lTlac~-...-~~re--S-ame--~mate;.p~~B~~,-'~tj.~~L~-~aa I gher concentrati on of _,^__._I__ -..I._ - -- .... : .  
the lower molecular weight 'mater ia ls  was obtained from the water 
extract ion.  

The bases i n  the vessel 4 o i  1 were recovered ' in '  the same manner as 
prev ious ly  described. The spectrum f o r  the-.simulated d i s t i  1 l a t i o n  
i s  presented. as .Figure A-24. , When t h i s . c h a r t  i s  compared t o  the , .. . 

simulated d i s t i  1 l ' a t i on  o f  the-  bases i n  the vessel 2 o i  1 ,. the lower 
b o i l i n g  range substances appear. t o  be similar.., The vessel 4 sample % 

has an array o f  h igher b o i l i n g  substances and appears t o  represent 
a larger,  number o'f materials'. 

A o f  the vessel 4 neut ra l  o i l  was reacted w i t h  concentrated 
s u l f u r i c  ac id  t o  d isso lve the. aromatic mater ia ls.  A c l ea r  saturated 
hydrocarbon sample was i so l a ted  and the s i ~ ~ i u l a t e d . d i s t i l l a t i o n  o f  
t h i s  mater ia l  i s  .presented on Figure A-25. The spectrum shows a 
regu lar  pa t te rn  o f  complex peaks. A t  l e a s t  57 peaks and shoulders 
c'an be counted on . t h i s  .chart  and, i t  i s  qu i t e  : l i k e l y  t h a t  w.i t h  
reasonable reso lu t ion  t h i s  number could be increased substant ia l ly .  
The simulated d i s t i  1 l a t i o n  apparatus i s  ca l ib ra ted  by means o f  a 
m ix tu re  o f  known saturated hydrocarbons ranqing from C5 t o  C 4 ~ .  A 
spectrum o f  t h i s  mixture w i t h  .known compounds ind icated i s  presented 
as Figure A-26. It .can be seen t h a t  certain'.peaks i n  the vessel 4 
sample .coincide closely w i t h  some. o f  the kriown peaks. Many peaks 
are present between those i n  the.  ca l  i brati,on' standard and the 

.presence o f ' v a r i o u s  branched and naphthenic hydrocarbons must be 
pyesumed from the complexity o f  the display.  



I V .  ELEMENTAL ANALYSIS 

The separation was done w i t h  enough s t a r t i n g  'mater ia l .  t o  g ive an ample 
amount o f  separated mate r ia l  f o r  elemental analysis in .  most cases. The 
r e s u l t s  o f  elemental ana lys is  are tabulated below: 

ELEMENTAL ANALYSES; RU_N DOE 350R 

SAMPLE CARBON HYDROGEN SULFUR NITROGEN OXYGEN 

Vessel 2 Neutral  011 87.17 11.80 0.069 0.17 0.79 

Vessel 2 Saturates 86.37 13.79 0.003 0.00 - - 
Vessel 2 Phenols ( i n s o l  ) 74.53 8.36 0.003 0.28 16.83 

Vessel 2 Phenols ( so lub le )  76.98 7.28 n i  1 0.09 15.85 

Vessel 2 Bases 79.99 9.57 n i  1 7.99 2.45 

Vessel 4 Neutral  O i l  88.91 9.91 0.161 0.29 0.73 

V c x e l  4 Sat t~ra t~s  86.12 13.39 0.019 0.00 0.47 

Vcssel 4 Phenols ( i n s o l )  76.04 7.83 0.006 0.50 15.62 

Vessel 4 Phenols (soluble),  77.50 7.81 0.005 0.46 14.23 

Vessel 4 Bases 75.12 8.88 0.003 7.19 8.81 



Figure A-1 Run DOE 350R, Product 74, Cut 2 O i l  (108-2700~ a t  zmn] 

Figure A-2 Run DOE 350R, Product 68, Cut 2 O i l ,  RT- 108OC a t  2mn 



Figure A-3 Run DOE 350R, Products 1-21 , Vessel 3 O i  1 

Figure A-4 Run DOE 350R, Vessel 2 O i l  



Figure A-5 Run DOE 350R, Vessel 2 O i l  Extracted by NaOH then H2S04 Solution (Neutral 011 Fraction) 

u 

Figure A-6 Run DOE 350R Vessel 2 O i l ,  Neutral O i l  Sample - Fraction Insoluble i n  Concentrated 
H2S04 (-36% o f  Original V2 05 1 ) 



Figure A-7 Run DOE 350R Vessel 2 O i l ,  Caustic Soluble Product Reclaimed by HC1 Acid i f fcat ion Water Insoluble 

Figure A-8 Run DOE 350R Vessel 2 O i l ,  Ether Extract o f  Acidic Material  



Figure A-9 Run DOE 350R Vessel 2 O i l ,  Acid Soluble Material  - Reprecipitated with 
Caustic and Extracted with Ether 

Figure A-1 0 Run DOE 350R, Product 1-37, Vessel 4 O i l  



Figure A-11 Run DOE 350R Vessel 4 Neutral Oils 

m 
0 

Figure A-12 Run DOE 350R Vessel 4 Saturates by Concentrated H2S04 (29% of  Neutral Oils) 



Figure A-I3 Run DOE 350R Vessel 4 O i l ,  Phenolic Material Extracted by NaOH 
and Made Acid by HC1 (Water Insoluble Product) 

Figure A-14 Run DOE 350R Vessel 4 O i l ,  Extracted with Caustic and Acidified 
(Ether Extract o f  Water Phase) 



Figure A-1 5 Run DOE 350R Vessel 4 Bases - Extracted by H2S04, Reprecipitated by 
Caustic and Extracted wi th  Ether 



Figure A-16 
Simulated Distillation GC 

DOE 350R Vessel 2 Neutral Oi 1 



Figure A-17 
Simulated D i s t i l  l a t i o n  GC 

DOE 350R Vessel 2 Saturates I so la ted  
by Ex t rac t ion  o f  Neutral  O i l  

w i t h  S u l f u r i c  Acid 
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Figure A-18 
DOE 350R Water Insoluble Phenolic 

Compounds Isolated from Vessel 2 Oil 

% Off 



Figure A-1 9 
DOE 350R Vessel 2 Caustic Soluble' Product 

Recovered a f t e r  A c i d i f i c a t i o n  and Ether 
Ext ract ion  
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Figure A-20 
DOE 350R Vessel 2 O i l  

Bases Extracted by Aqueous Acid 
Solution Made Basic & Extracted 
with Ether t o  Recover Bases 



Figure A-21 
DOE 3 5 0 R  Vessel 4 O i l .  
Neutral O i  1 Fraction 
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Figure A-22 
DOE 350R Vessel 4 O i l  . 

Phenolic Fraction Reclaimed 
from Aqueous Phase with Ether 



Figure A-23 
DOE 350R Vessel 4 Phenolic Fraction 

(Water. Insoluble Product) 



Figure A-24 
DOE 350R Vessel 4 O i l  

Bases Separated by Acid Extraction 



Figure A-25 
DOE 350R Vessel. 4 ' O i l  

Saturates by Sul fur ic  Acid Extraction 

I O f f  

.6 
5 

10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
99.6 



FIGURE A-26 
Cal ibrat ion Mixture o f  
Known Saturated Linear 
Hydrocarbons 





A P P E N D I X  B 

THE CHEMISTRY OF AMAX BELLE AYR COAL 

I N  THE SRC I 1  PROCESS 



Run DOE 350R has been used as a model experiment t o  def ine an SRC I 1  
process using a feed coal  (Arnax Be l l e  Ayr) o f  considerably d i f f e r e n t  
composition than the coals which were studied i n  the o r i g i n a l  development 
o f  the process. It was expected t h a t  operat ing problems would develop 
as a r e s u l t  o f  the substant ia l  absence o f  i r o n  i n  t h i s  coal,  and t h i s  
was avoided by the  add i t i on  o f  f i n e l y  ground py r i t e .  Without knowledge 
o f  the k i nd  o f  operat ing condi t ions required, i t  was decided t o  use 
h igher  than standard hydrogen pressure and t o  ret;$.n the nominal one 
hour r e ten t i on  t ime of the standard process. The i n i t i a l  s l u r r y  formula- 
t i o n  ca l l ed  f o r  use o f  30% coal (dry  basis)  p lus 2.35% p y r i t e  based on 

' 

the feed s l u r r y .  Af ter  some time, the s l u r r y  ash became too h igh and 
conversion was a l so  high, so reduct ion i n  the r a t e ' o f  p y r i t e  add i t i on  
seerlied j u s t i  f i cd .  The experiment was then continued w i t h  p y r i t e  added 
a t  a. l e ve l  of 1% based on feed s l u r r y .  The reactor  was operated a.t 
450°C w i t h  hydrogen fed  a t  a level ,  o f  4% bdsed  an feccl s l u r r y  a t  ??SO 
psig. These coridl t l o r ~ s  a1 lowed CI w c l l  def ined st.eady s ta te  t o  be devel- 
oped and a y i e l d  s t r uc tu re  was determined. The temperature was then 
increased t o  465°C and a second steddy s ta te  and y i e l d  s t ruc tu re  was 
developed. F i na l l y ,  the temperature was reduced t o  4506C and the exper i -  
ment was continued wi thout  add i t i on  o f  py r i t e .  Over a per iod o f  t ime 
the composition o f  the recyc le  stream changed from i r o n  r i c h  t o  i r o n  
poor and a conversion versus ca ta l ys t  concentrat ion curve was determined. 
As the composition o f  the ash i n  the feed s l u r r y  approached the composi- 
t i o n  of the  ash i n  the coal,  the process produced less and less o i l  and 
more and more SRC and IOM.  The experiment was ended by plug formation 
i n  the reactor ,  suggesting i n o p e r a b i l i t y  w i t h  uncatalyzed coal under 
these condi t ions . 
The experiment was continued f o r  a t o t a l  o f  144 produc'ts, each taken f o r  
a 2.5 hour t ime i n t e r v a l ,  f o r  a t o t a l  o f  360 hours on stream. During 
t h i s  time about 130 kilograms o f  the Be l l e  Ayr coal were pr'crccssed 
wi thout  p lug  format ion due' t o  calcium carbonate rec rys ta l  1 i za t i on .  It 
i s  hoped- t h a t  the SRC I 1  pruccss ean bc used f o r  coals nf t h i s  type 
wi thout  calcium carbonate deposi t ion as i s  reported f o r  the SRC 1 process. 

11. STUDIES 

Several studies o f  a q u a l i t a t i v e  nature were undertaken using mater ia ls  
from t h i q  run. In .one  study, the l i g h t  o i l  products were submitted t o  
chemical separation procedures t o  i 'sol  a te  and cl~tiracteri zc thc  several 
kinds of . funct ional  groups which could be i d e n t i f i e d  and fo l lowed by 
i n f r a r e d  spectroscopy. The separated mater ia ls were f u r t h e r  charac- 
t e r i zed  by means of simulated d i s t i l l a t i o n  and analyzed t.o determine the 
composition of each f r ac t i on  isolated.  This study i s  de ta i led  i n  Appen- 
. d i x  A. 

I n  a second study, the o i l s  produced i n  a selected por t ion  o f  the run 
were composited i n  a proport ional  blend based on the y i e l d  s t ruc ture .  
The propor t iona l  blend was then d i s t i  1 l ed  i n t o  'ten equal weight f rac t ions.  
The water produced was a lso ext rac ted t o  recover the dissolved organic.  
matter present. F ina l  l y  , the d i  s t i  1 l a t i o n  residue was extracted i n  
sequence wI th  hexane, toluene and py r id ine  t o  y i e l d  the substances 
soluble i n  each o f  these solvents i n  turn. These were recovered by. 



evaporat ion o f  t he  so l ven t  and together  w i t h  t h e  p y r i d i n e  i n s o l u b l e  
f r a c t i o n  comprise a q u a l i t a t i v e  scan o f  t h e  products i n  the  vacuum 
bottoms. Taken i n  t o t a l ,  these mate r ia l s  comprise the  organic ma t te r  
made from t h e  coal  i n  t h e  SRC I1 process except f o r  t he  var ious gaseous 
products a l ready described i n  good d e t a i l  by the  i n f r a r e d  and gas chro- 
matographic analyses normal l y  used. These mate r ia l s  have been charac- 
t e r i z e d  by means o f  i n f r a r e d  and by means o f  elemental ana lys is ;  c e r t a i n  
o the r  procedures have been used as oppor tun i t y  presented i t s e l f ,  i n c l u d i n g  
func t iona l  group ana lys is  and var ious  phys ica l  tes ts .  This work i s  
descr ibed i n  sec t i on  V-E i n  t h e  body o f  t he  repor t .  

Dur ing the  opera t ion  w i t h  i r o n  sys temat i ca l l y  d e c l i n i n g  i n  concentrat ion,  
t he  y i e l d  s t r u c t u r e  changed i n  an o r d e r l y  way from h igh  conversion t o  
o i l  t o  a much lower conversion. The y i e l d s  of var ious products and 
c h a r a c t e r i z a t i o n  o f  t h e  d i  s t i  11 a t i o n  res idue by s o l  vent e x t r a c t i o n  as 
w e l l  as o t h e r ' u s u a l  a n a l y t i c a l  procedures form the  bas is  f o r  a study 
r e l a t i n g  y i e l d s  and o the r  p roper t i es  t o  t h e  amount o f  i r o n  i n  the  r e a c t i n g  
system (us ing  t h e  f i x e d  r e a c t o r  .condi t ions o f  2250 p s i g  and 450°C). 

111. AMAX .BELLE AYR COAL 

The run was s t a r t e d  using an o l d  sample o f  coal  and when t h i s  was used 
up a swi tch  was made t o  a new one from the  same source. Both samples 
were supp l ied  by t h e  W i l s o n v i l l e  P i l o t  P lan t  and were o r i g i n a l l y  used i n  
s tud ies  o f  t h e  SRC I process a t  t h a t  l oca t ion .  A d e t a i l e d  ana lys i s  o f  
both l o t s  i s  shown i n  Table 2 i n  the  body o f  t he  repor t .  No change i n  
run  c h a r a c t e r i s t i c s  cou ld  be observed when t h e  change from one l o t  t o  
t h e  o t h e r  was made. 

The coal  conta ins about 7-8% ash and a s i m i l a r  amount o f  moistu.re when 
checked on each 5 g a l l o n  p a i l  as fed. The d ry  bas is  oxygen'content was 
16-18%. The coa l  ranks as subbituminous B and i s  nonagglomerating ( f r e e  
swel l  i n g  index 0). 

The ash o f  t h i s  coal  i s  almost pure wh i te  and when analyzed i s  found t o  
conta in  on ly  5.06% i r o n  as f e r r i c  oxide. The s u l f u r  content  i s  0.56% o f  
which o n l y  0.12% i s  a t t r i b u t e d  t o  p y r i t e .  This leaves 0.44% organic 
s u l f u r ,  as no s u l f a t e  s u l f u r  was found. This small  amount o f  i r o n  i s  n o t  
considered t o  be enough t o  f a c i l i t a t e  SRC I product ion a t  normal r a t e s  
o r  cond i t i ons  (as conf irmed by W i l s o n v i l l e  P i l o t  P lan t  s tud ies )  and i s  
c l e a r l y  i n s u f f i c i e n t  t o  a l l ow  SRC .I1 opera t ion  w i thou t  added c a t a l y s t .  
We have conf irmed both  statements i n  SRC I and SRC I1 s tud ies  w i t h  t h i s  
coal.  

When coals o f  t h i s  k i n d  a re  reacted i n  e i t h e r  t h e  SRC I o r  t h e  SRC I1 
mode, much of t h e  oxygen i s  e l  iminated as carbon d iox ide.  A corres-  
ponding tendency t o  make a l i t t l e  more carbon monoxide i s  a l so  observed. 
The probable source o f  t h e  .added carbon d iox ide  i s  a carboxyl i c  a c i d  
f u n c t i o n a l  group i n  t h e  coal  genera l ly  present  as a s a l t  w i t h  calcium, 
magnesium, sodium, o r  potassium. These coals w i l l  exchange ions  and may 
be converted from s a l t s  t o  ac ids by a c i d  washing o r  from s a l t  t o  s a l t  by 
washing w i t h  so lu t i ons  o f  t he  s a l t  t o  be exchanged i n t o  the  coal. '  The 
water/gas s h i f t  r e a c t i o n  attempts t o  equi  1 i bra te  carbon d iox ide,  water, 
carbon monoxide arid hydrogen i n  t h e  reac tor .  Th is  accounts f o r  t he  
tendency f o r  carbon monoxide t o  increase as. carbon d lox ide  increases. 



The coal was f ed  wet and s l u r r y  analysis. f o r  water was done on a regu lar  
bas is  t o  account f o r  water fed through the process and t o  a l low calcula-  
t< on. o f  water ' y ie lds  d i r e c t l y .  

The usual measurements by i n f r a r e d  and v i s i b l e  range spectroscopy were 
done. Th so lu t ions were we l l  hydrogenated and l i g h t  colored ( low F blackness values) as long as. p y r i t e  add i t i on  was continued. The feed 
s l u r r y  was no t  viscous a'nd could be operated w i t h  qu i t e  h igh burdens o f  
t o t a l  soldds (due t o  coal, ca ta l ys t  and inso lub le  mater ia l  i n  the recycle 
stream). When operat ing a t  450°C no re tu rn  o f  c u t  2 solvent* was needed 
t o  maintain workable s l u r r y  feed consistency. A f t e r  r a i s i n g  the tempera- 
t u r e  t o  465OC, the, gas formation r a t e  increased a n d . i t  appeared t h a t  
l i t t l e  o r  no increase i n  conversion t o  o i l  was.produced. The s l u r r y  
became t h i c k e r  and r e t u r n  o f  c u t . 2  o i l  was' s t a r t ed  t o  main ta in .a  r e a d i l y  
pumpable feed s l u r r y .  The blackness o f  the slurry increased d L i  1 drrd 
an appreciable drop, i n  the hydrogen content o f  the l i q u i d  p a r t  o f  the 
system was ind ica ted  by the drop i n  I R  r a t i o  (m) .** 
When the temperature was reduced t o  450°C and add i t i on  o f  p y r i t e  discon- 
t inued, t he  blackness o f  the  UFCS increased and the u n f i  1 tered coal 
product so lu t i on  f i r s t  gained hydrogen ( i n  response t o  lowering the 
temperature) then s lowly l o s t  hydrogen ( i n  response t o  the dec l ine i n  
i r o n  as p y r i t e  was s lowly worked ou t  o f  the system). 

Because t he .  s l u r r y  had t o  be maintained w i t h i n  workable v i scos i t y  
l i m i t s  by  the add i t i on  o f  d i f f e r e n t  amounts o f  r e tu rn  o i l  and UFCS i n  
d i f f e r e n t  par ts  o f  the experiment;.the y i e l ds  are inf luenced by these 
va r i a t i ons  i n  feed s l u r r y  formulat ion. It can be argued t h a t  such 
changes a re  inherent  i n  operat ion over a wide range o f  condi t ions (as 
f a r  as c a t a l y s t  concentrat ion i s  concerned, a t  l eas t )  and t h a t  the 
q u a l i t a t i v e  r e s u l t s  t o  be reported are v a l i d  .within t h i s  framework. 

V. OBSERVATIONS DURING THE TIME IRON WAS DECLINING , 

P y r i t e  add i t i on  was stopped j u s t  a f t e r  the end o f  the 86th product 
i n t e r v a l .  The temperature was no t  immediately changed and a few products 
were made a t  465OC wi thout  adding f resh p y r i t e  t o  the feed. A supply o f  
s l u r r y  conta in ing p y r i t e  was s t i l l  i n  the feed pot, however, so i t  i s  
reasonable t h a t  no p a r t i c u l a r  change i n  the operation developed promptly. 
The temperature was rese t  t o  4506C and by product i n t e r v a l  Yb the product 
had become we l l  hydrogenated again (m increased t o  3.4). A f t e r  t h a t  
the  blackness increased s lowly from about 9 o r  10 t o  about 20 whi le  IR 
values dropped s lowly  from over 3 t o  the v i c i n i t y  o f  2.0 Lo 2.3. Addi t ion 
o f  cut  2 o i l  was increased from 4% t o  8% a t  product i n t e r v a l  130 t o  
extend the  operat ing time ( s l u r r y  v i scos i t y  was a problem, w i t h  rupture 
d i sc  f a i l u r e  on the pump system necess i ta t ing a reduct ion i n  s l u r r y  
v i scos i t y ) .  An attempt t o  increase temperature t o  465OC dur ing product 
i n t e r v a l s  143 and 144 resu l ted  i n  a plugged reactor--not  i n  production 
o f  more o i l .  

t Calculated absorbance for a Solution of 1 gm unf i l tered coal so lu t ion  (UFCS)/lOO.ml pyr id ine measured 
i n  a 1/2" c e l l  a t  550 nanometers. 

*   ate rial recovered between 108OC and 270°C during d is t i l l a t i ' on .  o f  UFCS a t  2 mn Hg. 
** Abssrbancs a t  2920 cm-l divided by absorbance a t  3050 cm-1 i n  the  i n f r a r e d  spectrum o f  UFCS. 



These qua l i t a t i ve .observa t ions  ind icated c l e a r l y  t h a t  a considerable 
change i n  y i e l d  pa t te rn  was induced by gradual removal o f  i r o n  from the 
system. I t  was therefore  decided t o  work up each o f  the d i s t i l  l a t i o n  
samples ava i lab le  dur ing t h i s  per iod separately and t o  assume t h a t  each 
represents a small t ime i n t e r v a l  look a t  the chemistry as a func t ion  o f  
the i ron.  prevalent  i n  the reactor  a t  .the time. The s l u r r y  ash samples 
were saved and were analyzed f o r  i ron.  In addi t ion,  UFCS samples were 
saved t o  measure py r id ine  insolubles and f o r  v i scos i t y  determinations. 
It' i s .  necessary t o  average i npu t  and output  measurements over a shor t  
span (several product ' i 'n terva ls)  ,so the resu l t s  may no t  have the usual 
precision. T h i s . i s  m i t iga ted  by the ra ther  r ap id  changes i n  a number o f  
y ie ld 'parameters and by the observation t h a t  a systematic change i s  
being observed. Thus we are i n  a pos i t i on  t o  r e l a t e  a number o f  product 
propert ies and y i e l d s  t o  the concentrat ion o f  i r o n  i n  the feed s l u r r y .  

S lu r ry  ash samples. were ava i lab le  f o r  much o f  the 'region o f  dec l in ing  
ash concentrat ion i n  the l a t e r  p a r t  o f  the run and were coded w i t h  the 
t ime a t  which the s l u r r y  was sampled. The resu l t s  o f  i r o n  analyses were 
then p l o t t e d  on a time scale and the t ime a t  which'samples were taken 
f o r  d i s t i l l a t i o n  was used t o  r e l a t e  feed s l u r r y  i r o n  concentrat ion t o  
the samples i n  question. For the e a r l y  part .  o f  the run, ash samples 
from the py r id ine  inso lub les were ava i lab le  f o r  i r o n  analysis and between 
these two kinds o f  samples .it i s  possib le t o  assign an i r o n  concentrat ion 
t o  any p a r t  o f  the experiment which i s  t o  be studied. 

I r o n  concentrations may then be assigned t o  any o f  the d i s t i l l e d  samples 
which were produced dur ing these operations. These samples are 1 i s t e d  
together w i t h  the i r o n  content determined f o r  the sample o f  ash a t  t h a t  
t ime per iod o r  from the py r i d i ne  insolubles residue ash, as the case may 
be. 

IRON CONTENT ASSIGNED TO ASH AT PRODUCT INTERVALS FOR DISTILLED SAMPLES 

Product % S l u r r y  Product % S l u r r y  
I n t e r v a l  % I r o n  Ash I n t e r v a l  . % I r o n  Ash 

56 13.86 17.89 124 5.70 10.65 

Temp. t o  465OC 136 4.90 9.30 

68 . 13.27 19.20 141 4.35 8.65 

74 . 12.96 18.55 Temp. t o  460°C 

Notes: Products 6 through 56 are l n l t l a l  l i n e o u t  and steady s t a t e  operat ion 
a t  450°C. -. - -  
~ ; ~ d u c t s  68 through 86 are from the study a t  4 6 5 " ~ .  
Products .94 through 140 are  from the ash dec l ine (no p y r i t e  add l t i on )  
.par t  O F  the experiment and are a t  450°C. The f i n a l  sanlple, 144, was 
a t  460°C and the ash i s  near the i r o n  content o f  pure coal  ash  from 
the coal  i n  use. 



The experiment was done i n  three .sections w i th .  a carefu l  attempt t o  
produce a steady s t a t e  y i e l d  s t ruc tu re  a t  450°C i n  the f i r s t  sect ion 
( run  DOE 350RA), a t  465°C i n  the second sect ion ( run DOE 350RB) and w i t h  
a con t i nua l l y  changing y i e l d  pa t te rn  i n  the t h i r d  sect ion (run DOE 
350RC). A11 o f  the samples which were worked up by d i s t i l l a t i o n  were 
a l so  represented by a UFCS sample which.could be used f o r  v i scos i t y  
measurements and f o r  i s o l a t i o n  o f  py r id ine  insolubles.  These provided 
the  data on i nso lub le  organic matter  r e s u l t i n g  from' the process and 
al lowed determination o f  the ash and i r o n  content o f  the ash i n  par t i cu -  
1 a r  samples. 

The main r e s u l t s  t o  be discussed are presented i n  Figures B-1 through B-4. 
These are somewhat d i f f e r e n t  than those based on the usual averaging 
and cor rec t ion  procedures used i n  preparat ion o f  the resu l t s  presented 
i n  the body o f  the report .  O i l  y i e l d s  are presented as raw y i e l d s  from 
var ious separators o r  operations and are red i s t r i bu ted  i n  the body o f  
the repor t .  These r e s u l t s  are s u f f l c l e n t  t o  estimate t o t a l  o i l ,  SRC and 
i nsol ubl e organic matter  (IOM) y i e l d s  w i t h  reasonabf e accuracy, however. 

It i s  he lp fu l  t o  se lec t  a few components o f  the product array and t o  
p l o t  these versus the concentrat ion o f  i r o n  i n  the feed s lu r ry .  Uni ts 
and scales a re  somewhat a r b i t r a r y ;  however, the p l o t s  seem more near ly  
1 inear  when t he  i r o n  concentrat ion ( i n  grams per ki logram o f  feed s l u r r y )  
i s  pu t  on a logar i thmic  sca le  and the other argument i s  on a l i n e a r  
scqle. 

P lo t s  have been made showing t h a t  t o t a l  o i l  y i e l d  increases w i t h  increas- 
i n g  i r o n  i n  the  feed s l u r r y  and t h a t  the t o t a l  organic residue (SRC + 
IOM) decreases w l t h  increasing i r o n  i n  the feed s l u r r y  (Figure B-1). 
The t o t a l  organic residue has been broken i n t o  SRC and I O M  y i e l d s  on 
Figure B-2. Another i n t e r e s t i n g  observation i s  made i n  the curnpdr.ison 
o f  y i e l d s  o f  carbon monoxide and carbon dioxide (Figure B-3). The 
carbon d iox ide y i e l d s  are  nu t  corrected f o r  the amount o f  mater ia l  
reacted w i t h  ammonla and found dissolved i n  the water phase, sn the 
dec l ine i n  y l e l d  rrldy no t  be as 111ilrkcd when corrected. The p r o h s h i l i t y  
i s  gnnd, however, t h a t  the increase i n  carbon monoxide y i e l d  w i t h  increas- 
i n g  i r o n  i s  rea l .  

Some ex t rac t i on  data i s  now ava i lab le  showing how the s o l u b i l i t y  o f  
var ious components o f  the organic residue changes as the i r o n  i n  the 
system changes. These are expressed as the ' r a t i o  o f  the s o l u b i l i t y  i n  
hexane o r  ' i n  to1 uene t o  the so l  ubi ' l  i ty f ii p y r l d i  r ~ e  - i  111 . F i  yure D-4. The 
increase i n  s o l u b i l i t y  observed would force the conclusion t h a t  a lower 
average molecular weight product i s  made i n  the .presence o f  the higher 
i ran concer~trat ions.  , This view i s  supported by not ing the considerable 
range o f  fusion p o i n t  values w i t h  the lower mel t ing mater ia l  correspond- 
i n g  t o  the h igher  i r o n  concentrat ions (Figure B-4). These observations 
are  cons is tent  w i t h  a mechanism i n  which f r ee  rad ica ls  are r a p i d l y  
formed and quenched w i t h  product charac te r i s t i cs  determined by the 
balance s t ruck between ra tes  o f .  formation and rates o f  quenching. I t  i s  
necessary t o  break bonds and t o  form f r ee  rad ica ls  i n  order t o  reduce 
the coal from a cross l i nked  (polymeric) condi t ion t o  a d i s t i l l a t e .  I n  
order for  the  mater ia l  t o  remain a t  a lower molecular weight, i t  i s  o f  
course necessary t o  terminate these f r ee  rad ica ls  f requent ly  by add i t i on  
o f  hydrogen. 



FIGURE B-1  

EFFECT OF /RON LEVEL IN THE SLURRY ON TOTAL OIL, SRC 
AND !OM YIELDS; RUN D O E ~ ~ Q R ,  BELLE A Y R  COAL 

IRON, GRAMS PER k g  O F  SLURRY 



'FIGURE 8-2 

E F F E C T . O F  IRON LEVEL IN THE SLURRY ON SRC 
AND /OM YIELDS; RU.N DOE 350R,  BELLE A Y R  COAL 
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IRON, GRAMS PER k g  OF SLURRY 



FIGURE B - 3  

EFFECT OF IRON LEVEL IN THE SLURRY ON CO, COq 
AND TOTAL HYDROCARBON GAS YIELDS 
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FIGURE 6-4 

EFFECT OF IRON LEVEL IN  THE FEED SLURRY ON THE SOLUBILITY 
AND FUSION POINT O F  THE.  DIS TILLA TIOW RESIDUE: 
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