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D. Kang and E. N. Givens 



E F F E C T S  ON LIQUEFACTION 

O F  RECYCLING HEAVY SRC 

by D.  Kang 

and E .  N .  Givens* 

To avo id  t h e  p o s s i b i l i t y  o f  s o l v e n t  shortages i n  t h e  Demonstrat ion 

P l a n t ,  s t u d i e s  a re  c o n t i n u i n g  t o  determine i f  r e c y c l i n g  SRC w i l l  

generate  an increased y i e l d  o f  r e c y c l e  s o l v e n t  and m a i n t a i n  adequate 

s o l v e n t . q u a l  i ty f o r  t h e  p l a n t  design. Dur ing  p a r t  o f  t h i s  2-year inves-  

t i g a t i o n ,  we hope t o  determine i f  major  ope ra t i ona l  problems may develop 

w i t h  SRC r ecyc l e .  

The f i r s t  i n  a  s e r i e s  o f  i n v e s t i g a t i o n s  u s i n g  A i r  P roduc ts '  Coal 

Process Development U n i t  (CPDU), which s imu la tes  Demonstrat ion P l a n t  

c o n d i t i o n s ,  was d e t a i l e d  i n  t h e  l a s t  Q u a r t e r l y  ~ e ~ o r t .  ' That s tudy 

focused on t e s t s  u s i n g  m ix tu res  o f  1  i g h t  s o l v e n t  r e f i n e d  coa l  (LSRC). 

The p resen t  s tudy  r a n  s i m i l a r  t e s t s ,  t h i s  t ime  p rocess ing  m ix tu res  
, > 

o f  Kentucky #9 coa l ,  so l ven t ,  and heavy s o l v e n t  r e f i n e d  coa l  (HSRC). To 

a s c e r t a i n  t h e  e f f e c t s  o f  HSRC on coa l  l i q u e f a c t i o n ,  process runs  were 

made w i t h  HSRC/solvent, coa l / so l ven t ,  and coal/HSRC/solvent. The HSRC 

was composed o f  1% o i l s ,  44% asphal tenes,  and 55% preasphal tenes;  i t s  

hydrogen con ten t  was lower  than  t h a t  o f  t he  LSRC produced d u r i n g  t h e  

same r u n  (5.8 vs. 6.8%). 

"Corporate Research and Development Department, A i r  Products  and 
Chemicals, I n c .  . . 



A systemat ic  study o f  HSRC recyc le  ' requ i red  the  use o f  so lvents 

w i t h  va ry ing  p rope r t i es ,  so two sol.vents w i t h  d i f f e r e n t  hydrogen 

contents; creosote o i l  (CO, hydrogen poor) and hydro t rea ted  creosote o i l  

(HTCO, hydrogen r i c h )  were i n i t i a l l y  examined. 

Another run  has a l ready s ta r ted ,  i n  which . W i l s o n v i l l e  recyc le  

so lvent  i s  blended w i t h  e i t h e r  15 o r  25% LSRC o r  HSRC and processed w i t h  

38% Kentucky. #9 coal  a t  780 and 840°F t o  s imulate na tu ra l  cond i t ions .  

Results o f  these runs w i l l  be pub l ished i n  a  subsequent repor t .  

Over t he   ear per iod,  i r i  a d d i t i o n  t o  eva lua t i ng  the  r e c y c l i n g  o f  

LSRC and HSRC i n  regard t o  SRC conversion and so lvent  y i e l d ,  t he  inves- 

t i g a t i o n  w i l l  study i t s  impact on hydrogen consumption and so lvent  

qua1 i ty'. 

CONCLUSIONS 

HSRC i s  d i f f i c u l t  t o  conver t ,  e i t h e r  alone o r  as a  component i n  the  

coal  s l u r r y  us ing  HT.CO as solvent .  The e f f e c t  on o i l  y i e l d  w i t h  HSRC i s  

i n d i s c e r n i b l e  a t  the  cond i t ions  studied,  w i t h i n  experimental  e r r o r  

ranges. The l a t e r  experimental r e s u l t s  us ing  CO as so lvent  s t r o n g l y  

suggest t h a t .  the  s o l u b i l i t y  o.f HSRC i n  feed so lvent  p layed an important  

r o l e ,  s ince HS'RC was main ly  composed o f  preasphaltenes, which are no t  

e a s i l y  so lub le  i n  r e l a t i v e l y  nonpolar HTCO. The h igh  s e n s i t i v i t y  o f  

HSRC conversion t o  i t s  concent ra t ion  i n  I-ITCO ind i ca tes  t h a t  a d d i t i o n  o f  

HSRC modif ies d r a s t i c a l l y  the  sol 'ubi 1  i t y  c h a r a c t e r i s t i c s  o f  the .  feed . 

so lvent .  

Using bo th  CO a'nd HTCO as so lvents  c l a r i f i e d  many o f  t he  r e s u l t s  

from the HSRC recyc le  runs. HSRC was found t o  be h i g h l y  temperature-.  

sens i t i ve ,  bo th  alone and as a  so lvent  component i n  t he  coal  s l u r r y  

feed. CO has b e t t e r  solvency o f  HSRC than HTCO, a l though i t  conta ins 

1 ess donatab Ie h y d ~ ~ o y e ~ ~ .  Tllese cl '~dr.dcteri s t i c s  rclvur. d s u b s t a ~ l t i  a  l 

decrease i n  opt imal  process temperature y e t  d r a s t i c a l l y  improve o v e r a l l  

y i e l d  d i s t r i b u t i o n .  

We can summarize the f o l  lowing concl l lqinnq r ~ g a r d i  ng HSRC rr lcycle: 

O S o l u b i l i t y  considerat ions of HSRC i n  feed so lvent  were much 

more important' than those o f  LSRC;' . . 
. . . .  . 

O i  1 y i e l d  increased:at  favbr,able condi t i a n s .  . .  .' 
' 



O ~ s ~ h a l  tene  y i e l d  decreased. 
O Preasphal tene  y i e l d  decreased a t  f a v o r a b l e  c o n d i t i o n s .  
O Format ion o f  1 i g h t  gaseous p roduc ts  increased.  

O Hydrogen gas consumption increased.  

Hydrogen con ten t  i n  t h e  feed  s o l v e n t  decreased. 
O Conversion s 1 i g h t l y  decreased. 

O Optimum temperature was lower  than  demonst ra t ion cond i t i ons .  

EXPERIMENTAL SECTION 

Process Runs 

Runs th rough  t h e  CPDU (des ignated o v e r a l l  as Run BCL-24) f o r  these 

coa l  l i q u e f a c t i o n  exper iments processed 30 w t  % Kentucky #9 coa l  (-150 

mesh) from t h e  Pyro Mine w i t h  blended r e c y c l e  so l ven t s  c o n t a i n i n g  HSRC 

(15 o r  25%). The HSRC had been produced i n  t h e  second-stage s e t t l e r  o f  

the Kcrr-McCee C r i t i c a l  5nl ven t  Deas h i  nq U n i t  a t  t h e  W i  1 sonv i  11 e P i  1 o t  

P l an t .  Two. so l ven t s  w i t h  w i d e l y  d i f f e r i n g  qua1 i t y  were tes ted :  

c reoso te  o i l  and hyd ro t r ea ted  c reoso te  o i l .  . 

Process c o n d i t i o n s  f o r  a l l  runs were: 

Run no. 

Temperature (OF) 

H2 p ressure  ( ps i g )  

H 2  r a t e  (w t  % feed  s l u r r y )  1 .8  
3 Space r a t e  ( l b / f t  - h r )  7 06 

Nominal res idence t ime  (mTn) 40 

SRC: s o l  ven t  15:85 

Coa1:blended s o l v e n t  30: 70 

Condensed ope ra t i ng  da ta  f o r  Run BCL-24 a re  summarized i n  Table  1. 

Run BCL-24 was onstream f o r  430 h r  ( i n  which 120 h r  were on and o f f  due 

t o  mechanical problems), d u r i n g  which 27 samples were taken. Workup and 

a n a l y t i c a l  c a p a c i t y  has been r a t e  l i m i t i n g  f o r  t h e  da ta  turnaround,  

which p laces t h e  program p l a n  about 3 months behind t h e  o r i g i n a l  

schedule. Our r u n  e f f i c i e n c y  con t i nues '  t o  improve, b u t  we a re  f i n d i n g  



. . 

problems i n  equipment t h a t  was prev ious ly  problem-free.. Apparent ly,  . . 

some equipment operated s a t i s f a c t o r i l y  a t  severe cond i t i ons  over sho r t  

.periods, b u t  fa t igued under susta ined operat ion.  'Some equipment was 

repl.aced o r  backup equipment was i n s t a l l e d .  

Ma te r i a l s  

Coals. Kentucky #9 coal  , ground and a i r - d r i e d  t o  reduce rnoi s tu re  

t o  <Z%, was used i n  these experiments. Only p a r t i c l e s  passing 150 mesh 

were used. Proximate and u l t i m a t e  analyses o f  t he  coal  a re  l i s t e d  i n  

Table .2. 

.. .-..:,m.Lp Sri1vent.s The procetsi so1vu11'l; warj CO or HTCO b l c n r l ~ d  wdth Kerrm,.- 

McGee .,heavy SRC (HSRC). Since these so l  vents have d i f f e r e n t  1 eve1 s o f  
. . 

donatable hydrogen, they were se lec ted  as one v a r i a b l e  i n  t h i s  study. 

~ ~ d ' r o ~ e n  content  and d i s t r i b u t i o n  are  compared be1 ow ( together  w i t h  

f igu,res f o r  a t h i r d  so lvent ,  W i  l s o n v i  1 l e  recyc le  so lvent  (WRS),  w'hich 

w511 be used. i n  subsequent s tud ies  t o  s imulate na tu ra l  cond i t ions) :  

HTCO (M-97) CO (F-223) WRS (F-219) 

H * (%) 
~~g (%) 

(%j  
OR (as % 0) 
Aromat i c i t y  
MW 
B o i l i n g  range (OF) 
O i l s  (%) 
Asphaltenes 

C O  conta ined 6,4% hydrogen (70% nf..whi,ch was arorilatic) , w h i l e  HTCO 

and WRS conta ined 7.5% (48% aromatic) and .8.1% (319: aromatic) hydrogen, 

respec t i ve l y .  I n  terms o f  hydrogen content ,  CO ,seems t o  be the  l e a s t  

' favorabl'e so l  vent.  It was hoped t h a t  t h i  s  negat ive proper ty ,  ,'waul d 

s e n s i t i z e  the  process parameters associated w i t h  HSRC conversion. 

Solvent hydrogen donors are. p r i m a r i l y  n a p h t h e n i ~  protons,  which are.  

no t  separab le  from o ther  a l i p h a t i c  protons i n  Ha and Ho b y  nuclear  

-1- 

*'Ha,, aromatic hydrogen; Ha, alpha hydrogen; Ho, o ther  hydrogen. 



magnet ic resonance (NMR). (Ha and Ho a re  p ro tons  l o c a t e d  a t  a lpha  and 

a l l  o t h e r  p o s i t i o n s  except aromat ic  s i t e s  (Ha,).) 

P ro ton  d i s t r i b u t i o n  da ta  f o r  W i  1 sonv i  1 l e  s o l v e n t  d i f f e r  cons id-  

e r a b l y  f rom HTCO data,  y e t  l i q u e f a c t i o n  performance o f  t h e  two may n o t  

be d r a s t i c a l l y  d i f f e r e n t .  W i l s o n v i l l e  s o l v e n t  con ta ined  a l a r g e  number 

o f  hydrogen atoms i n  p a r a f f i , n i c  s i d e  cha ins,  phenols ,  and va r i ous  f i v e -  

membered r i n g  naphthenes, whose p ro tons  a re  n o t  as e a s i l y  donated as 

those o f  s imple hydroarom.atic HTCO. For  a meaningfu l  comparison o f  

so l  ve'nt qua1 i ty ,  a more d e t a i  1 ed c l a s s i f i c a t i o n  o f  hydrogen da ta  needs 

t o  be deve 1 oped. 

HTCO con ta ined  cons iderab ly  fewer pheno l i c  spec ies and a1 so 

m a t e r i a l  w i t h  a b o i l i n g  p o i n t  about 100°F below t h a t  o f  CO. About 20% 

o f  HTCO was b o i l i n g  below 450°F. W i l s o n v i l  l e  s o l v e n t  con ta ined  a much 

l a r g e r  concen t ra t i on  o f  phenols than  CO. 

SRC Composit ion. HSRC used i n  Run BCL-24 was produced dur ing ,  Run 

167 a t  t h e  W i l s o n v i l  l e  P i l o t  P l a n t ,  which was o p e r a t i n g  i n  t h e  Kerr -  

McGee C r i t i c a l  So lven t  Deashing. Mode on L a f a y e t t e  (Kentucky #9) coa l .  

HSRC p r o p e r t i e s  a re  l ' i s t e d  i n  Table  3 ,  a l ong  w i t h  an a n a l y s i s  o f  LSRC 

ob ta ined  d u r i n g  t h e  same run. 

HSRC and LSRC a l s o  d i f f e r e d  s i g n i f i c a n t l y  i n  hydrogen con ten t :  5 .7  

vs. 6.7%, r e s p e c t i v e l y .  The p r o t o n  d i s t r i b u t i o n  i n  HSRC i s  as f o l l o w s :  

% r e l a t i v e  % abso lu te  

I f  we assume t h a t  methy ls  a re  t h e  major a l k y l  cha ins i n  t h e  SRC--a 

reasonable assumption f o r  coa l - de r i ved  l i q u i d s - - t h e n  Ho represen ts  

one-ha l f  of t h e  most naphthenic p o r t i o n  o f  t h e  p r o t o n  popu la t i on .  

There were s l i g h t l y  more s u l f u r  and n i t r o g e n  heteroatoms i n  HSRC 

( S  = ' l . l  and N = 2.1) than  i n  LSRC (S = 1.0 and N = 1 .7 ) ,  whereas oxygen . . 

atoms were s i m i l a r l y  d i s t r i b u t e d  (HSRC = 4.2 and LSRC = 4 . 3 ) .  



The te rmina l  heteroatoms, measured as OH and NH, i n d i c a t e  the  depth 

of heteroatom (0, N ,  S) conversion f o r  SRC. From the  HSRC number- 

.average no1 ecul a r  weight  o f  640, determi ned by vapor pressure hsmometry, 

we determined the  molecular formu1.a l i s t e d  i n  Table 3. Solvent separa- 

t i o n  data showed t h a t  HSRC was predominant ly asphaltenes and preasphal- 

tCnes (44  .and 55%, respect ive ly ) .  

I n  t h e  HSRC recyc le  runs, HSRC replaced p a r t  o f  the  so lvent  

r e l a t i v e  t o  coal  o r  p a r t  o f  t he  coal  r e l a t i v e  t o  so lvent ,  i n  regard. t o  

hydrogen' demand. Hydrogen d is t ' r ibu t i0 .n  i n  the  solvents and HSRC i s .  

compared ' i n  Table 4. 

, 
A comparison o f  Brown-Ladner s t r u c t u r a l  parameters2 f o r  so l  vents 

and. HSRC i s  q u i t e '  i .nformative. These. paramete.rs are de f ined as: 

where Ha* = f r a c t i o n a l  alpha protons,  Ho* = f r a c t i o n a l  beta and h igher  

protons,  Har * = f r a c t i o n a l  aromatic protons,  X = H /C atomic r a t i o ,  and 
a a 

Y = Ho/Co atomic r a t i o .  

The a r o m a t l c i t y  def i~sed for- llte r-d'liu o f  aromatic carbon atoms t o  

t o t a l  carbon atoms . can be der ived from pro ton  data and elemental 

analyses based on equat ion 1 when carbon atom data are  n o t  ava i l ab le .  

Har/Car i s  the  r a t i o  o f  hydrogen atoms a t  t he  per iphery  o f  the  aromatic 
. . 

r i n g ,  t o  t h e  aromatic carbon atoms. This  number g i v e s ,  an approximate 



sca le  f o r  . t he  degree o f  t he  condensed aromat ic  r i n g  system. For 

example, Haru/Car r a t i o s  f o r  benzene (a one- r i  ng aromat ic  compound), 

, naphthalene (a two - r i ng  condensed aromat ic  compound), and phenanthrene 

(a t h r e e - r i n g  condensed aromat ic  compound) a re  6  Haru/6 Car = 1, 8  Haru/ 

10 Car = 0.8, and 10 Haru/14 Car = 0.71, r e s p e c t i v e l y .  Haru/Car 

decreases a s . t h e  condensed aromat ic  r i n g  system increases.  

i s  d e f i n e d  as t h e  r a t i o  o f  s u b s t i t u e n t s  on t h e  aromat ic  r i n g  

t o  t h e  t o t a l  a v a i l a b l e  s i t e s  a v a i l a b l e  f o r  s u b s t i t u t i o n .  Th is  w i l l  

p rov ide  , an es t imate  of  t he  aromat ic  r i n g  s u b s t i t u t i o n  by a l k y l s ,  

naphthenics,  andLor pheno l i cs ,  e t c .  CT values f o r  xylenes, methy l -  

naphthalene, and phenol a re  2/6 = 0.33, 1/10 = 0.1, and 1/6 = 0.17, 

r e s p e c t i  v e l  y. 

When molecular  da ta  a re  combined w i t h  these parameters, t h e  s i z e  o f  

t he  aromat ic  r i n g  system can be ca l cu la ted ,  assuming t he  aromat ic  r i n g s  

a re  katacondensed: 

where Ra = t h e  number o f  aromat ic  condensed r i n g s ,  'ar = aromat ic  carbon 

atoms pe r  molecule,  and Har = aromat ic  p ro ton  atoms pe r  molecule. 

A comparison o f  these s t r u c t u r a l  parameters (shown i n  Table 5)  

i n d i c a t e s  t h a t  a r o m a t i c i t y  increased s y s t e m a t i c a l l y  between W i l s o n v i l l e  

so l ven t  ( fa = 0.62) and HSRC ( fa  = 0.74), b u t  t he  t r e n d  d i d  n o t  apply  t o  

t he  syn the t i c  so lven ts  HTCO and CO. Th is  d e v i a t i o n  appears t o  be t he  

r e s u l t  o f  h i gh  0 values (0.341 t o  0.350) c a l c u l a t e d  f o r  t he  S R C - I  

process de r i ved  l i q u i d s ,  which r e f l e c t e d  t h e i r  h i g h l y  s u b s t i t u t e d  

s t r u c t u r a l  f ea tu res  as compared t o  those o f  t h e  s y n t h e t i c  so lven ts  (0 
= 0.127 f o r  CO and 0 = 0.222 f o r  HTCO). About 35% o f  t he  aromatic 

p e r i p h e r a l  s i t e s  i n  t he  process-der ived l i q u i d s  appeared t o  be 

s u b s t i t u t e d  by e i t h e r  a l i p h a t i c  groups ( l i n e a r  o r  c y c l i c )  o r  by OH and 

o t h e r  p o l a r  groups. 

The r a t i o  of aromat ic  p ro tons  t o  aromat ic  carbon atoms ( H a r / C i r )  

. . 
a l s o  p rov ides  a  sca le  of  t he  deg.ree o f  fused a r o m a t i c i t y  i n  a  coa l -  

deri.ved' aromat ic  ' f r a c t i o n .  Th is  r a t i o  i s  n o t  a f f e c t e d  by e i t h e r  a1 k y l  



o r  naphthenic subs t i t uen ts  and prov ides a  guide f o r  so lvent  q u a l i t y .  

/C decreases i n  the order  WRS > HTCO > CO > HSRC, which conforms 
Haru ar 
t o  the i nc reas ing  order  o f  condensed aromatic s t r u c t u r e  i n  these 

mater ia ls .  The so l ven t  appears ' t o  conta in  an average o f  3  r i n g -  

condensed aromatic c l  us ters ,  whereas HSRC 'had . an average o f  1'1 r i ngs .  

These s t r u c t u r a l  parameters agree reasonably we l l  w i t h  a l l  the  t e s t s  

app l ied  to t he  coa l -der ived - aromatic 1  iqui'ds. The v a l i d i t y  i s  

s t a t i s t i c a l  and based on the  average p rope r t i es  o f  t h e  ma te r ia l s ,  and 

appears s i g n i f i c a n t  o n l y  on a  r e l a t i v e  scale. 

Feed Composition. The feed HSRC and HTCO component f r a c t i o n s  as 

' measu.red by sol 'vent separat ion are as f o l  lows: 

HSRC HTCO C 0  
. . 

. . Solvent  f rac t i .ons  ( w t  %) ( w t  X) ( w t  %) 

O i  1  . 1.0 98.7 98.3 

Asphal tenes 44.4 1.2 1.6 

Preasphal tenes 54.6 0.1 0.1 

However, s . o l v e n ~  separat ion o f  a  mix ture  o f  the '  two d i d  n o t  g i ve  

the  same p r o p o r t i o n a t e  amounts: 

15% HSRC/85% HTCO 25% H S R C / ~ ~ %  HTCO 

Meas1.1red on ~ e a s u r d d  on 

separate b u t  separate b u t  

' Measured ca l cu la ted  Measured . , ca l  ctj l 'ated 

on whole , ' on' whole on whol e  . on whol e . 

o i l s  (wt x;)' 73.1 04.2 75.6 ' . 74.1 , 

Arphaltenei ( w t  X). 9.6 7 . 9  14.1 12.0 

Preasphal tenes ( w t  %) 11.3 .. 8.2 10.1 13.6 



30% KY #9/ 

30% KY #9/70% HTCO 1 0.5% HSRC/59.5% HTCO 

Individually Individually 

measured but measured but 

Measured calculated Measured calculated 

on whole on whole onwhole onwhole 

Oils (wt %) 65.5 69.1 54.7 58.8 

Asphaltenes (wt %) 1.6 0.8 5.5 5.4 

Preasphaltenes (wt %) 8.1 13.6 6.0 

Residue (wt %) 24.8 29.5 26.2 29.5 

Clearly, experimental error could not have accounted for all of 

these results. It seems that solubility characteristics of the mixtures 

cannot bd accurately predicted by parti tion of the individual 

components. These results suggest that considerable caution will be 

necessary when ,using these data in material balance and product distri- 

bution calculations. 

Process Considerations 

Many coal researchers feel strongly that oil formation during the 

sol vent-refini ng process is the result of various intermediate product 

steps such as preasphaltene and asphaltene formation (although direct 

conversion from coal and retrograde reactions should not be totally 

excluded). If this is true, by recycling SRC the concentration of the 

intermediate species between coal and oils can be deliberately increased 

in order to produce more oils. In an SRC recycle mode, we are recycling 

primarily heavier asphaltenes and preasphaltenes. 

There are arguments both for and against the recycle of LSRC or 

HSRC. Less work would be required to produce oil from LSRC than from 

HSRC, but this would be at the expense of a premium product, LSRC. 

Therefore, it is desirable to use the less valuable HSRC to produce oils 

if the penalties in doing this are acceptable. Because HSRC contains 

less hydrogen and more oxygen, nitrogen, and sulfur heteroatoms than 

LSRC, we expect that HSRC will respond differently in recycle. 



Because the  SRC i n j e c t e d  i n t o  the  system has a  more severe t ime/ 

temperature h i s t o r y  than the  newly formed SRC i n  the  r e a c t i o n  system, 

t h e  r e a c t i v i t y  o f  t he  recyc le  SRC w i l l  be q u i t e  d i f f e r e n t  from t h e  

f r e s h l y  generated ones. To understand the  i n t e r a c t i o n  o f  sol.vent, SRC, 

and coal ,  i t  i s  worthwhi le  t o  determine the  r e a c t i v i t y  o f  SRC i n  so lvent  

alone, t o  d i s t i n g u i s h  the  e f f e c t  o f  SRC w i thou t  the  coal s l u r r y .  This  

would a l so  prov ide  a  r e a c t i v i t y  scale f o r  d i f f e r e n t  SRC feeds t h a t  have 

vary ing  r e a c t i o n  h i s t o r i e s .  On the  o ther  hand, t he  reac t i ons  o f  

d i f f e r e n t  so lvents  w i t h  reference SRC may prov ide  a  r e a c t i v i t y  scale of 
7 

solvents,  as 'd iscussed i n  the  prev ious repor t .  I 

L_ 

RESULTS AND DISCUSSION . - 

, . 

HTCO/HSRC 
I .  

A mix tu re  o f  HTCO and 15 o r  25% HSRC was run  through t h e  reac to r  

under opera t ing  cond i t ions  w i thou t  coal  a t  780, 815, and 850°F (data are 

shown i n  Table 6). 

Processing the  85% HTC0/15% HSRC mixture.  converted a  considerable . 

amount o f  HSRC t o  o i l  and 1  i g h t e r  products; as i n d i c a t e d  by t h e  decrease . ' 

i n  t o t a l  HSRC concentrat ion: F i r s t - o r d e r  r a t e  constants f o r  HSRC 
. . 

disappearance show t h a t  temperature has ' a  negat ive e f f e c t  on conversion 

o f  t he  15% HSRC. 

On the  o t h c r  hand, ,whcn t h c  HSRC concentration. was increased t o  

25%, , there was negl i g i  b l e  HSRC conversion (Table 6) .and no ' d i s c e r n i b l e  

temperature e f f e c t ;  however, t he  r a t i o  o f  asphal tene's t o  preasphal  tenes 

i ncreased w i t h  an i ncreese i n  temperature. . . 

I t  thus appears t h a t  conversion i s  s e n s i t i v e  t o  HSRC concentrat ion,  

and not  s imply a  f u n c t i o n  o f  temperature. More data w i l l  be requ i red  t o  

f i r m l y  e s t a b l i s h  the  v a l i d i t y  o f  t he  r e s u l t s .  

Wlth 15% HSKC, conversion a t  HbKC s l i g h t l y  increased the  hyeli"0gen 

content  i n  t he  o i l  product  a t  t he  expense o f  hydrogen i n  asphaltene, b u t  

i t  a lso  decreased the  hydrogen content  o f  t he  t o t a l  l i q u i d s  regardless 

o f  the r e a c t i o n  cond i t ions  (Table 7) .  

With' 25% HSRC i n  HTCO, .hydrogen, was ,depleted i n  a1 1': of ' t h e  
. .  . 

f r a c t i o n s  w i t h  1  i t t l e  apparent 'conversion', s h ' o ~ i n g  the necessi ty .  o f  .more 
. . 

e f f e c t i v e  hydrogen donor avai  1  ab i  1  i t y  a t  t he  h igher  HSRC concentrat ion.  



Brown-Ladner's s t r u c t u r a l  parameters f o r  t h e  o i l s  i n  t h e  feeds and 

p roduc ts  a re  compared i n  Table 8  t o  i l l u s t r a t e  t h e  s t r u c t u r a l  changes i n  

t he  o i l s  i n v o l v e d  i n  these reac t i ons .  R e f r a c t i v e  i n d i c e s  o f  t h e  o i l s  

a re  a l s o  compared ( t hey  inc rease  as t h e  number o f  unsa tu ra tes  

inc reases) .  Small b u t  d e f i n i t i v e  changes i n  t h e  o i l s  a re  evidenced by 

increases i n  a r o m a t i c i t y  ( f a ) , . . r e f r a c t i v e  i n d i c e s ,  and fused aromat ic  

r i n g s  (Ra) i n  t h e  products .  Other  s t r u c t u r a l  parameters were n o t  

s e n s i t i v e  enough t o  p rov i de  any u s e f u l  i n f o rma t i on .  

Temperature s e n s i t i v i t y  was r e f l e c t e d  by  changes i n  a r o m a t i c i t y  o r  

r e f r a c t i v e  i n d i c e s  i n  t h e  r u n  u s i n g  t h e  h i ghe r  HSRC concen t ra t ion .  

I n c r e a s i n g  temperature inc reased  t h e  a r o m a t i c i t y  o f  t h e  o i l s .  Mo lecu la r  

we igh t  da ta  a lone p rov i de  l i t t l e  i n f o r m a t i o n  (Table 9). 

OH, NH, and NH2 da ta  f o r  t h e  o i l s  and asphal tenes i n  t h e  feed  and 

p roduc ts  a re  l i s t e d  i n  Table 10. W i t h  15% HSRC, OH concen t ra t i on  i n  t h e  

o i l s  decreased, whereas OH increased w i t h  25% HSRC. I n  t h e  l a t t e r  case, 

OH fo rma t i on  ove r r i des  i t s  removal f rom t h e  r e a c t i o n  system, which 

c l e a r l y  shows t h a t  OH groups a re  q u i t e  s t a b l e  s t r u c t u r e s  a t  t h e  r e a c t i o n  

c o n d i t i o n s  s tud ied .  OH concen t ra t i ons  i n  t h e  p roduc t  asphal tenes 

inc reased  a t  780°F w i t h  b o t h  15 and 25% HSRC b u t  decreased o n l y  a t  

850°F. Examinat ion o f  HSRC convers ion  da ta  t oge the r  w i t h  these r e s u l t s  

i n d i c a t e s  t h a t  OH concen t ra t i on  changes a r e  c l e a r l y  l i n k e d  t o  t h e  

convers ion  o f  HSRC t o  l i g h t e r  species.  E v i d e n t l y ,  t h e  f o rma t i on  o f  OH 

r e s u l t s  f rom t h e  s p l i t  o f  e t h e r  l i nkages .  

NH and NH2 concen t ra t ions  i n  t h e  p roduc t  o i l  and asphal tenes 

fo l lowed a  r e a c t i o n  s e v e r i t y  p a t t e r n  t h a t  was s i m i l a r  t o  b u t  l e s s  

d e f i n i t i v e  than  t h a t  o f  OH. The d i f f i c u l t y  o f  n i t r o g e n  heteroatom 

removal i s  shown by  t h e  NH2 concen t ra t i on  inc reases  t h a t  a re  concomi tant  

w i t h  inc reases  i n  b o t h  r e a c t i o n  temperature and HSRC concen t ra t ion .  A t  

850°F OH concen t ra t i on  d imin ished,  whereas NH2 concen t ra t i on  remained 

steady. 

Coal/HfCO/HSRC 

Kentucky #9 coa l  'was reac ted  w i t h  HTCO m ix tu res  c o n t a i n i n g  15% 

HSRC. (Detai . led f e e d , a n d  p roduc t  da ta  a re  summarized i n  Appendix 1 . )  

I n  Table ll., produc t  d i s t r i b u t i o n s  f rom the  coal/HTCO/HSRC runs a re  

compared 'w i t h  those from runs w i t h o u t  HSRC. 



' The accuracy o'f the conversion data was not  s u f f i c i e n t  enough t o  

show a c l e a r  t r e n d  ' o f  temperature s e n s i t i v i t y  o r  t he  e f f e c t s  of t he  

a d d i t i o n  o f  ;HSRC. , I t  ..appears t h a t  HSRC increased conversion a t  t he  

lower temperatures (780 and 815OF) b u t  s l i g h t l y  decreased conversion a t  

the  h igher  temperature (850°F). However, these r e s u l t s  cou ld  fa1 1 we1 1 

w i  th'in experimental  e r r o r  range.  o r  may be caused by the  a r t i f i c i a l  

e f f e c t s  due t o  the  vary ing  so lub i  1 i t y  c h a r a c t e r i s t i c s  o f  solvent/HSRC 

mixtures as descr ibed previousqy (under Feed Composition). 

As shown ' i n  Table 12, t he  presence o f  HSRC i n  the  feed. c o n s i s t e n t l y  

increased the  y i e l d s  o f  C1-C4 ,  CO + Cop, and H20 ( s i m i l a r  r e s u l t s  were 

obscrvcd upon LSRC addit i nn  i n  prrvlo'us experimtintsl j .  The. gas yields  ' 
increased w i th . tempera ture  i n  every case, b u t  the  y i e l d  data f o r  H2S and 

NH1 are l ess  d e f i n i t i v e  compared t o  the  others. 

A comparison o f  data p a i r s  w i t h  and w i thou t  HSRC shows t h a t  a t  

780°F the presence o f  HSRC i n  the  feed decreased t h e  1 y i e l d .  

However, the  o i l  y i e l d  d i d  increase when the  temperature increased. 

This  negat ive . . temperature e f f e c t  o f  coal l i q u e f a c t i o n  i n  HTCO so lvent  on 

the  o i l  y i e l d s  c o n t r a d i c t s  prev ious r e s u l t s  obta ined du r ing  the  BCL-22 
1 Run. and ra i ses  some s k e p t i c i s m  regarding these data. Nevertheless, t he  

r e s u l t s  suggest t h a t  th6  o i l  y i e l d s  were marginal and were' n o t  s i g n i f i -  

c a n t l y  improved' w i t h '  t he  a d d i t i o n  o f  HSRC a t  the  cond i t ions  studied. 

I f  these data accura te ly  ref1ec.t t h e t r u e  nature o f  t he  reac t ions ,  

.the a d d i t i o n  o f  HSRC produced' the  bes t  y i e l d s -  a t  815OF, w i t h  o ther  

cond i t ions '  f i xed .  Apparent ly,  the  so lvent  make does not appear. l u  bt? 

improved by t h e  simple a d d i t i o n  o f  HSRC. 

I n  a1 1' instances asphal tene y i e l d s  were subs tan t i a l  l y  decreased 

llpnn HSRC add i t i on .  With HSRC, the  y i e l d  was h ighes t  a t  a moderate 

temperature (81 5OF), whi 1 e w i thou t  HSRC the  y i e l d  increased f u r t h e r  w i t h  

an increase i n  temperature (850°F). 

HSRC i ncreased preaspha-l tene y i e l d s  i n  a1 1 cases. (These r e s u l t s  

.conf i rm our prev ious observat ions t h a t  LSRC a d d i t i o n  decreases asphal- 

tene and i ncreases preasphal tene y i e l d s .  ) Apparent ly,  addi ng HSRC 

re ta rds  the  conversion of preasphaltenes t o  asphaltenes. Previous 

LSRC . recycle data '  had. shown a s l  i g h t  decrease 'o f  .conversion upon LSRC 
' I 

.. . 



a d d i t i o n ,  b u t  t h e  impact o f  HSRC on convers ion  i s  n o t  t h a t  conc lus ive :  

HSRC a d d i t i o n  , i nc reased  convers ion i n  two cases and decreased i t  i n  a  

t h i r d .  HTCO so l ' ub i l  ity behav io r  d i f f e r s  w i t h  and w i t h o u t  HSRC; which 

m igh t  e x p l a i n ,  a t  l e a s t  p a r t i a l l y ,  why HSRC has a  tendency t o  inc rease  

convers ion.  I f  t h e  mass a c t i o n  of t h e  added SRC inc reased  p reaspha l tene  

and decreased asphal tene y i e l d s ,  a  decrease i n  coa l  convers ion  would be 

t h e  l o g i c a l  consequence. 

SRC s u l f u r  con ten t  appears t o  be s l i g h t l y  reduced a f t e r  HSRC 
.. . , 

a d d i t i o n ,  p robab ly  because t h e  added HSRC was low i n  s u l f u r .  To de te r -  

mine t h e  impact o f  added HSRC on s u l f u r  con ten t ,  a  cont inuous HSRC 

r e c y c l e  r u n  would .be necessary, which would r e q u i r e  an i n t e g r a t e d  KM 

u n i t .  

Table  13 compares da ta  ob ta ined  f rom b o t h  gaseous and s o l v e n t  

hydrogen consumption: one s e t  was ob ta ined  f rom t h e  e lementa l  hydrogen 

balance between . f e e d  and p roduc ts  and t h e  o t h e r  was from t h e  hydrogen 

gas balance f l o w i n g  th rough  t h e  r e a c t o r  system and s o l v e n t  hydrogen. A t  

s teady s t a t e ,  a l l  t h e  hydrogen demanded by t h e  r e a c t i o n  system should  

come f rom hydrogen gas; t h e  hydrogen concen t ra t i on  i n  incoming r e c y l e  

s o l v e n t  should  be equal  t o  t h a t  o f  t h e  e x i s t i n g  r e c y c l e  so l ven t .  We had 

assumed i n  our  one-pass-through runs  t h a t  t h e  t o t a l  hydrogen consumed by 

t h e  coa l  i s  equal t o  hydrogen gas consumption p l u s  t h e  amount o f  

hydrogen dep le ted  i n  t h e  s o l v e n t  d u r i n g  r e a c t i o n .  HSRC da ta  c l e a r l y  

show t h a t  hydrogen consumption inc reased  f rom about 1 t o  2% as t h e  

process temperature rose from 780 t o  850°F. The impact o f  t h e  added 

HSRC i s  n o t  c e r t a i n  because i t  i s  hard  t o  d i s t i n g u i s h  between t h e  da ta  

when va lues va ry  s i g n i f i c a n t l y ,  as was usual  l y  observed. However, t h e  

genera l  t r end ,  i n c l u d i n g  t h e  gas o u t p u t  da ta ,  suggests t h a t  added HSRC 

s l i g h t l y  inc reased  t h e  consumption of hydrogen, b u t  n o t  by a  s i g n i f i c a n t  

amount. I n  t h e  p rev ious  LSRC r e c y c l e  run, '  hydrogen consumed f rom t h e  

s o l v e n t  was n o t  i nc l uded  i n  t h e  e s t i m a t i o n  o f  t o t a l  hydrogen consump- 

t i o n .  When t h e  s o l v e n t  hydrogen consumptions were inc luded ,  t h e  r e s u l t s  

were s i m i l a r  t o  t h e  p resen t  HSRC r e c y c l e  r u n  data.  

Table  14 compares hydrogen con ten t  i n  t h e  s o l v e n t  m i x t u r e  a t  s t a r t  

and f i n i s h .  Adding HSRC improved t h e  hydrogen acceptor  p r o p e r t y  o f  t h e  

so lven ts .  There was v i r t u a l l y  no hydrogen change i n  t h e  s o l v e n t  w i t h  



HSRC a t  780°F, whereas subs tan t i a l  hydrogen dep le t i on  occurred w i thou t  

HSRC a t  t h i s  temperature. This  p roper ty  dimi n.i shes gradual l y  as 

reac t i on  ' temperature i ncreases. : 

Asphal~tene concent ra t ion  - i n  t he  t o t a l  s l u r r y  product  decreased 

considerably w i t h  HSRC r e c y c l e  (Table 15). The asphaltene t o  preasphal- 

t e n e  r a t i o  i n  t he  product  from HSRC recyc le  was about one-half  t h a t  from 

the  run  w i thou t  HSRC recycle.  The' decrease i n  asphaltenes r e l a t i v e  t o  

preasphaltenes i n  t h e  product  s l u r r y  may adversely impact the  pe r fo r -  

mance o f  t he  Kerr-McGee C r i t i c a l  Solvent  Deashing Un i t .  I n  con t ras t ,  

LSRC recyc le  subs tan t i a l  l y  increased the  r a t i o  of asphal tenes t o  

p i w s p h a  l tcncs. 

The s t r u c t u r a l  parameters shown i n  Table 16 i n d i c a t e  - t h a t  the  

product o i l  decreased i n  a r o m a t i c i t y  a t  780°F from 0.74 t o  0.72 i n  the  

absence o f  HSRC and from 6.73 t o  0.72 i n  the  presence o f  HSRC. As the 

process temperature increased, the  aromat ic i  t y  . increased c o n s i s t e n t l y  i n  

bo th  cases. H.owever, i t i s  i n t e r e s t i n g  t o  observe t h a t  w i t h  HSRC the  Ra 

(condensed aromatic r i n g  system) i n  t he  product  o i l s  increased s l i g h t l y .  

from 2.6 t o  2.9 as the  temperature increased from 780 t o  8.50°F, wh i l e  

w i thout  HSRC the  R a  decreased from 3.1 t o  2.7 w i t h  the  same temperature 

change. (An increase i n  R, conforms t'o a decrease i n  H /C . ) This aru ar 
r e s u l t  s t r o n g l y  i n d i t a t e s .  t h a t  HSRC add i ' t ion  creates a h i g h l y  tempera- 

t u r e - s e n s i t i v e ,  a romat iza t ion  environment f o r .  the  o i  1 s. 

Temperature fncr.eases de~r'edselj ti-IS! value o f  o i  1 i n  runs w i t h  

o r  w i thou t  HSRC; t h i s  means t h a t  the  aromatic r i n g  systems i n  the  

product  so lvent  i nc reas ing l y  l o s t  subs t i t uen ts  as temperature increased. 

This  r e s u l t  i s  cons i s ten t  w i t h  the  h igher  gas product  r a t e  observed w i t h  

increased temperatures. 

The number-average molecular weights i n  each so l  vent f r a c t i o n  are  

1 l s t e d  I n  Table 17.' Slyri i ['icdr~L L ( i . r r e t - e ~ ~ ~ e s .  al'e ' c l i sp l~ iyed Only: by the. 

preaspha I tene mo l ecu l es. ~reasphal tenes 1 n the  products from l t i ?  HSRC 

runs have . lower  molecular weights compared t o  those from r u n s ' w i t h o u t  

HSRC. This may ,s imp ly  be, due t o  t h e  l a rge  amount o f  'unreacted HSRC 

r e p o r t i n g  t o  the  preasphaltenes, which are lower i n  molecular weight 

comp,ared t o  newly generated preasphaltene molecu1.e~. 
. . 

y i e l d  da ta  from the  HSRC recyc le  run are summarized i n   able 1 8 .  
. . .  



CO/HSRC 

To determine the  thermal s t a b i l i t y  o f  CO when b lended w i t h  HSRC, 

t h e  feed SRC f o r  r e c y c l e  was processed w i t h  s o l v e n t  under coa l  l i q u e f a c -  

t i o n  c o n d i t i o n s  w i t h o u t  coa l .  -. Shown i n  Table 19 a r e  t h e  r e s u l t s  

ob ta ined  a t  780 and 850°F. A t  780°F, t h e  hydro t rea tment  . . o f  HSRC caused 

a n e t  decrease . o f  preasphal  tenes f rom 8 .3  t o  6.6% t h a t  appa ren t l y  

inc reased  o i  1  s  f rom 83.7 t o  85.4%. A t  850°F, however, asphal tenes were 

inc reased  about t w o f o l d  i n  t h e  p roduc ts ,  f rom 8.0 t o  16.9%) w h i l e  o i l  

con ten t  decreased f rom 83.7 t o  74.5%. Th i s  r e s u l t  con f i rms  e a r l i e r  

t rends  i n d i c a t i n g  t h a t  HSRC was uns tab le  even w i t h  HTCO a t  t h i s  tempera- 

t u r e ,  and i t  i s  a l s o  c o n s i s t e n t  w i t h  t h e  LSRC/CO da ta  r epo r t ed  

p r e v i o u s l y . '  HSRC d l t e r e d  t h e  t h e r m a l  ' c h a r a c t e r i s t i c s  o f  process 

s o l v e n t  d r a m a t i c a l l y .  

It i s  l i k e l y  t h a t  t h e  b e s t  process temperature f o r .  r e c y c l e  o f  HSRC 

would be much lower  compared t o  t h a t  f o r  p rocess ing  w i t h o u t  r ecyc l e .  

Coal/CO/HSRC 

It i s  a n t i c i p a t e d  t h a t  HSRC r e c y c l e  w i l l  reduce t h e  hydrogen 

con ten t  o f  t h e  so lven t .  HSRC norma l l y  con ta i ns  much l e s s  hydrogen than  

e i t h e r  Ch o r  HTCO, as i l l u s t r a t e d  i n  Table  4. S ince  CO i s  a  l e s s  

f avo rab le  r e c y c l e  s o l v e n t  ( it con ta i ns  a  minimum amount o f  hydrogen), 

t h i s  s tudy was se lec ted  t o  p r o v i d e  s o l u t i o n s  t o  problems t h a t  may come 

up w i t h  SRC r e c y c l e  r ega rd i ng  decreas ing  q u a l i t y  o f  process so l ven t .  

' Kentucky #9 coa l  was 1 i q u e f  i e d  w i t h  CO c o n t a i  n i  ng 15% Kerr-McGee 

HSRC. The y i e l d s  a t  t h r e e  d i f f e r e n t  process temperatures a re  summarized 

i n  Table 20, i n c l u d i n g  a comparison between r e s u l t s  w i t h  and w i t h o u t  

HSRC. 

unexpectedly, . f o r  t h e  f i r s t  t ime  nega t i ve  o i  1  y i e l d s  were observed 

upon convers ion  o f  Kentucky #9 coa l  and CO. I n c r e a s i n g  t h e  process 

temperature f rom 780 t o  850°F g r a d u a l l y  inc reased  o i l  y i e l d  f rom -9 t o  

-1% (Table  21) )  b u t  decreased preasphal tene con ten t  w i t h o u t  any s i g n i f i -  

can t  change i n  conversion.. However, when HSRC was added t o  t h i s  coa l  

s l  u r r y  ( a t  7 8 0 0 ~ ) ,  o i  1  y i e l d  decreased anb asphal tene  and preasphal  tene 

. y i e l d s  increased', which i n d i c a t e s  t h a t  s t a b i l i z a t i o n  o f  t h e  newly formed 

coa l  f ragments.  was seve re l y  re ta rded .  Wi thou t  coa l  , t h e  HSRC/CO system 



stayed s t a b l e  a t  780°F compared t o  850°F. The r e s u l t s  i n    able 21 show 

t h a t  a dramatic s h i f t  i n  d i s t r i b u t i o n  was t r i g g e r e d  by an increase i n  

the  process temperature from 780 t o  81S°F, b u t  a f u r t h e r  increase t o  

850°F even tua l l y  reversed the  t rend.  The o i l  y i e l d s  were about 20 and 

16% a t  815 and 850°F, respec t i ve l y ,  accompanied by comparable decreases 

i n  asphaltene and preasphaltene y i e l d s .  

These data suggest t h a t  when the  feed conta ins HSRC the optimum 

process temperature l i e s  i n  a narrow temperature range around 815OF. 
7 

E a r l i e r  data from the  r e a c t i o n  o f  Kentucky #9 C O ~ ~ / L S R C / C O '  r e f l e c t e d  a 

negativ'e temperature e f f e c t  on o i  'I y i e  I d ,  which dropped FI.UIII 29 to 7% 

between 7tjU and 850°F. Such I-esu 1.15 i i - ~ d i c a t t  t h a t  850°F Far. exceed6 tl-~e 
optimal ' temperature f o r  o i l  y i e l d .  Although HSRC had no s i g n i f i c a n t  

e f f e c t ,  a  small b u t  decreasing t rend  i n  conversion w.as n o t i c e d ' a s  the  

process temperature ' i ncr'eased. The s u l f u r  content  i n  the.  SRC products 

appeared t o  decrease upon HSRC add i t i on .  

HSRC recyc le  c o n s i s t e n t l y  increased t h e ' p r o d u c t i o n ' o f  l i g h t  hydro- 

carbon gases (C1-C4)  (Table 22), and the  format ion o f  o ther  gases 

appeared t o  f o l l o w  the same increas ing  t rend.  The measurement of non- 

hydrocarbon products was 1 ess accurate, as r e f  1 ~ct.pC1 i n  the sca t te red  

data. 

Tab1 e 23 summarizes the  hydrogen consumption data determined from 
a .  

an elemental hydrogen b a l a n r ~  nf the  reac t i on  system. As observed w i t h  

HTCO, HSRC caused a minor b u t  consis te r i l  i ~ ~ ~ r a e a s e  i n  hyelrogen consump- 

t i o n  except a t  780°F, which was poss ib l y  due t o  experimental  e r r o r .  The 

a d d i t i o n  ' o f  15% HSRC decreased the  hydrogen content  o f  s t a r t i n g  sol  vent 
. . 

, from 6.42 t o  6.36% (Table 23). ' Pr-oduct so lvents s u b s t a n t i a l l y  gained 

hydrogen, w i t h  o r  w i thou t  HSRC. It does appear t h a t  HSRC induced more 

hydrogen ga in  i n  t he  so lvent  on a r e l a t < v e  scale. 
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Date o f  r u n  
M/D/Y/starf/end 

1 /30/80/0700/0800 
1/30/80/1400/1500 
1/30/90/2300/2400 

1 /28/90/0900/1000 , 

1 /28/.30!1500/1600 
2/4/811/0 1 OOl0200 

1/29/80/1500/1600 
1/29/80/0800/0900 
1/28/80/2300/2400 

2/7/80/2000/2100 
~2 /7 /80 /1300 /1400  
"2/7/80/0500/0600 

2/2/80/2100/2200 , 

2/3/80/04O0/0500 
2/3/8C/1300/1400 

1/25/80/2100/2200 
1/26/80/0400/0500 
1/26/80/1100/1200 

2/2/80/0400/0500 
2/ 1 /80/2000/2 100 
2/1/80/1300/1400 

2/6/80!0600/0700 . 
2/6/80!1200/1300 
2/6/80,'1800/1900 

2/5/80~1000/1100 
2/5/80;0200/0300 
2/4/80/1900/2000 

Product  
s 1 u r r y  

I D  

147 
153 
159 

118 ' . 

122 
21 1 

140 
134 
129 

267 
: 261 

.255 

194 
200 
206 

t 86 
9 2 
98 

8 .  

184 
178 
172 ' 

237 
24 1 
247 

229 
223 
21 7 

Table 1 

Condensed Opera t ing  Data Summary (Run BCL-24) 

H 
Feed fegd p roduc t  T o t a l  

Temp Pressure r a t e  r a t e  s l u r r y .  condensate 
(OF) ( p s i g )  (g /hr )  ( L / h r j  (g /hr )  . ( g /h r )  

780 2000 1705 342 5 494 26.5 
81 5 2000 1779 329 1530 ' ' ' 34.6 
850 201 0 1699 348. . 1.45 1 36.8 

790 2000 1769 34 1 .1.484 11.. 3 
81 7 1996 1687 347 . 1507 . 26.9 
8.10 2000 ,1726 323 1474 31.0 

780 2000 , 1593 335 1349 13.'4 
81 5 1998 1595 328 ' 1418 - 16.5 
850 2000 1487 358 1455 23.4 

780 2000 1638 356 : 1471 ' 9'..7 
8'. 5 2000 1617 338 ' 1418 11.3 
,850 2000 1663 343 1436 11.5 

780 1997 1819 . 354 1703. 17: 7 
81 1 2000 1432, 36.1 1471 .22.6 
8 E.0 1996 1699 339 1544 . ' 38; 3 

7€ 2000 1790 348 1598 23.4 
81 5 , 1997 1752 373 1519 26'. 3 
850 2000 1757 358 1574 32.2 

780 '2000 , . 1577 346 1338 5.9  
81 6 2008 1613 350 '1 463 8 . 3  
850 2000 1606 333 1597 8 . 6  

78 3 2000 1595 347 1412' 5.6 
81 3 2000 1642 344 1424 . 7 .3  
85 P 2000' 1658 359, '1477 8 . 6  

780 2000 1674 340 1506 4.4  
81 5 2000 1682 348 1492 5.7 
848 2000 1698 368 1529 16.3 

Product  
gas 

r a t e  . H 0 
(L /h r )  (93hr )  

32 1 15.1 
' 310 . 2 1 . 2 '  

332 18.2 

303 ' 6 .3  
306 10.9 

' 301 11.9 

31 3 6 .1  
329 . 7 .1  
347 11.3 

347 3 .2  
'. 348 4 .6  

344 . 5 .1  

30 1 9 .5  
290 14.0  
270 22.0 

305 17 .7 .  
293 18.3 
288 22.4 

' Organic  
condensate 

( g / h r )  

11.4  
.13.4 
18.6  



Table 2 

Kentucky #9 Coal (Pyro Mine) 

Proximate ana lys i s  

Mai  s t u r e  

V o l a t i l e  mat te r  

F ixed '  carbon 

Ash 

UBimate  a n a 1 y s i . u -  . - bas1 s j 
- .  

. . Carbon . 

Hydrogen 
. . .  . . . .  . .  . . , . . . .  Oxygen . .. ... ' .: . . . .  

n .  . .  . 
N i  trog,en . ' . .  . . 

S u l f u r  

s u l f a t e  s . 

P y r i t e  S 

Organic . S  

S u l  f a t e  ash (7ntl°C) 



c (wt  %) 

H ( w t  %) 

0 ( w t  %) 

N (wt  %) 

S (wt  %) 

Ash (wt %) 

O i l s  ( w t  %) 

Asphaltenes ( w t  %) 

Preasphaltenes ( w t  %) 

Mo lecu la r  formula 

So f t en ing  p o i n t  ( O F )  

OH i n  asphaltenes 

(w t  % OH as 0) 

NH i n  asphaltenes 

(w t  % NH as N) 

Table 3 

Comparison o f  HSRC and LSRC 

HSRC - LSRC 



. . . . 
. . . . ' :  . . . .  . . . .. 

. . . . 
. . . . . .  ' . ~ ~ d r o ~ e n . b ? s t r i  b u t i o n  

. . 
: . . . 

Compari.sori. o f  Sol vei-tts and HSRC 
. . . . . . : . .  > :_ . .  . . . 

. .  . 
. . CO . HTCO 

% r e l a t i v e  % a b ~ d l u ' t e  . -% r e l a t i v e  % abso lu te  

To ta l  100.. 0 6 .'40 100.0 7.45 

HSRC ' 

To ta l  

Har  

Ha 

% r e l a t i - v e  % abso lu te  



Table 5 

Structural Parameters of Various Solvents and SRC 

CO (F-223) 0.871 0.775 0.127 

HTCO (B-24-122-FL-Oil) 0.744 0.822 0.222 

Wilsonville recycle oil (F-219) 0.617 0.855 0.347 

HSRC (M-61) 0.744 0.631 0.350 



Table '6 

HSRC/HTCO Conversion Data 

BCL-24 sample no. 

Feed composit i .on . ' 

Temp ( O F )  

Feed 

0i.1 s 

A s p h , i l t . ~ n ~ ~  , 

Preasphaltenes 

HSRC - 

Product  

O i l s  

Asphaltenes 

Preasphal tenes 

k ~ r s t - o r d e r  r a t e  
-1  . cons tan t  i h r  ) 

O i l s  

Asphal tenes . . 

Preasphal tenes 

HSRC - 

140 i 34 129 

85% HTC0/15% HSRC 75% HTC0/25% HSRC 



Table 7 

Hydrogen Concentrat ion Data f o r  HSRC/HTCO React ion 

BCL-24 sample no. 140 134 129 267 261 255 

Feed composi t ion 85% HTC0/15% HSRC 75% HTC0/25% 'HSRC 

Temp (OF) - 780 - 81 5 - 850 780 - 81 5 - 850 - 

Hydrogen i n  feed ( w t  %) 

To ta l  7.6 7.6 7.6 7 .2  7.2 7.2 

O i l s  7 .4  . 7 .4  7.4 7.5 7.5 7.5 

Asphal tenes 6.7 6.7 6.7 6.2 6 .2  6.2 

Preasphaltenes + IOM' 5.3 5.3 5.3 5.6 5.6 5.6 

Hydrogen i n  p roduc t ,  ( w t  %) 
- .  

T o t a l  7.2 7.3 . 7 .2  7 .2  7.0 6.9 

O i  1 s 7.7 .7. 4 7 .5  6.9 7.4 7.1 

Asphal tenes 6.5 ' 6.4 6.2 6.1 5 .8  6.1 

Preasphal tenes + I O M  5.8 ' ' ' 5.3 5.0 5 .4  5.5 4.9 

1. IOM, i n s o l u b l e  o r g a n i c  m a t t e r .  



Table  8 

S t r u c t u r a l  Parameters f o r  HSRC/HTCO Products,  

BCL-24 sample no. 140 13.4 . 129 267 26 1 255 

Feed cornp'osi t i  on 85% HTC0/15% HSRC . 75% HTC0/25% HS.RC 

Temp ( O F )  - 780 - 81 5 850 - 780 - 815 . - 850 - 

'Feed o i l  
. . 

f .' 0.128. . 
a. 

i'c - 
, H,," ,a, . Q n ' ,  

. . . .  . . 
. , . ' 2.69 . .  

. . g= . . '0.222 

R I , . 1,6053 
. . 

. . . . 
. , P roduc t  , o i  1. . ; " 

. . .  

f a  . . - " 0.74p 

. ' a ru ICar  0.810 , 

;I 
2.70 

- '  Q 0.227 
. .  . 

.RI  , 1 .,5925 



. . 

Table 9 

Mo lecu la r  Weight Data f o r  HSRC/HTCO React ion 

BCL-24 sample.no. 140. 134 129 267 261 255 

Fe,ed composi t ion 85% HTCO/15% HSRC 75% HTC0/25% HSRC 

.Temp (OF) - 780 81 5 - 850 - 780 - 815 . 850 - - 

Feed 

To ta l  - 21 5 - 21 5 21 5 - 260 - 260 - 260 - 
O i  1 s ,171 171 171 172 172 172 

Asphaltenes 505 505 505 51 0 51 0 51 0 

Preasphal tenes 1735 1735 1735 11-65 1165 1165 

Product 

To ta l  . . 204 - 200 - 194 - 21 3 - 21 0 - 290 - 
O i l s  179 . 372 177 174 183 1 84 

Asphal tenes 509 550 453 659 595 477 

Preasphaltenes . ' 1410 1239 1725 - - - - 2069 



Table 10 

OH, NH, and. NH, Concentrat ions f o r  HSRC/HTCO React ion 
L 

BCL-24 sample no. 140 134 . 129 267 26 1 255 

Feed composi t ion 85% HTCO/15% HSRC 75% HTC0/25% HSRC' 

Temp ( O F )  - 780 - 81 5 - 850 - 780 . - 815 850 

Feed o i l  

O i l s  ( w t  %) 1 

NH2 I 0.01 0.01 0.01 0.02 0.02 0.02 

Asphaltenes ( w t  %) 

0 H 1.54 1.54 I .  54 1 .  7'1 1.71 1 .71  

NH 0.22 0.22 0.22 0 .,43. 0.43 0.43 

NH2 0.25 

Product  

O i l s  ( w t  %) 

0 H 0.37 

Asphaltenes ( w t  %) 

1. Weight p e r c e n t  o f  OH, NH, and MI a s  oxygen and n i t r o g e n .  2 



Table 11 

HTCO and SRC Y ie lds  w i t h  HSRC Recycle w i t h  Coal 
'\ , 

'-. 

BCL-24 sample no. 118 112 21 1 147 153 I &- .. 
So 1 ven t  HTCO HTCO HTCO HTCO/ HTCO/ HTCO/ 

HSRC HSRC HSRC 

Temp ( O F )  - 780 - 81 5 850 - 

Conversion (wt  %) . 82.9 80.6 89.5 88.8 87.5 87.9 

O i l s  12.3 8.2 4.1 3.4 11.8 10.8 

Asphal tenes 26.6 28.5 ' 36.0 13.0 21.0 11.6 

~ r e a s ~ h a l  tenes 40.1 36.3 39.8 66.8 45.4 52.3 

SRC t o t a l  (asph. 66.7 64.8 75.8 79.8 66.4 63 .'9,:'- 

+ preasph) 

% S i n  SRC 1.3 1.3 1.0 1.3 1.2 1.0 



./ . . . . . . . . . . 

Table 12 

Gas Y i e l d s  w i t h  HSRC Recycle and HTCO 

BCL-24 sample no. 118 122 21 1 147 153 

Sol ven t  HTCO HTCO HTCO ' HTCO/ HTCO/ 

.HSRC HSRC 

Temp ( O F )  - 780 81 5 - 850 - 780 - 81 5 - 

CO + CO, 0 .4  n. fi n (4 0 . 5  0 .7  

H2S + NH3 2.1 2.6 2.1 1.2 1.5 

H2° 0.2 1 .4  1 ..5 2.4 3 .'8 

159 

HTCO/ 

HSRC 

850 - 



Table 13 

Hydrogen Consunlption Data w i t h  HSRC Recycle and HTCO 

'(Weight Percent pe r  MAF Coal Basis) 

, . ' .  

BCL-24 sample no. 118 122 21 1 147 153 159 

so l ven t  formula HTCO HTCO HTCO HTCO/ HTCO/ HTCO/ 

HSRC HSWC HSRC 

Temp ' (OF) - 780 815.  - 850 - 780 - 81 5 - 850 - 

From elementai 

hydrogen balance 

To ta l  0.9 - 1.2 - 2.0 - 1.0 - 1.7 - 2.0 - 
Gas -0.5 -0.4 0.5 0.9 0.9 0.1 

Sol vent  1.4 1.6 1.5 0.1 0.8 1.9 

From gas hydrogen and 

so l ven t  hydrogen balance 

Tota l  

Gas 

Sol vent  



Table 14 .  

Change o f  Hydrogen Content i n  t h e  So l ven t  w i t h  HSRC Recycle 

BCL-24 sample no. 118 122 21 1 147 153 159 

Sol ven t  fo rmu la  HTCO HTCO HTCO HTCO/ HTCO/ HTCO/ 

HSRC HSRC HSRC 

Temp (OF) - 780 - 81 5 - 850 - 780 - 81 5 - 850 

% s o l v e n t  hydrogen 

S t a r t  

F l  n l  sR 



Table 15 

Asphaltene/Preasphaltene R a t i o  i n  t he  

Product S l u r r y  w i t h  HSRC/LSRC Recycle 

BCL-24 sample no. 118 122 21 1 147 153 159 

. . .  Temp ( O F )  780 81 5 850 . . 780 81 5 850 

So lven t  HTCO - HTCO - HTCO HTCO/HSRC HTCO/HSRC HTCO/HSRC 

AfP r a t i o  

Feed 16.6 16.6 16.6 0.9 0.9 0.9 

Product  - 0.74 - 0.87 0.98 0.38 0.62 - 0.44 

. . 

BCL-22 sample no. 1.04. 96- 75: 8.3. 121 50 1.12 42 

Temp (OF) 780 850 780 850 780 850 780 850 

So lven t  HTCO HTCO HTCO/LSRC HTCO/LSRC .E CO/LSRC CO/LSRC 

A/P r a t i o  

Feed 0.67 0.67 4.11 4.11 3.13 3.13 5.76 5.76 

Product  



Table 16 

S t r u c t u r a l  Parame Lev-, Por coa l  / 'HTCO/H~KC Products - 

BCL-24 sample no. 118 

Temp ( O F )  780 

So lven t  fo rmu la  - HTCO 

Feed o i  1 

122 21.1 147 153 159 

81 5 850 780 81 5 850 

. HTCO - HTCO - HTCO/HS'RC HTCO/HSRC HTCOIHSRC 

Product  o i l  



Table 17 

Molecular Weight Data for HSRC/HTCO/Coal Reaction Products 

BCL-24 sample no.' 118 122 21 1 147 153 159 

Solvent formula HTCO HTCO HTCO. HTCO/HSRC HTCO/HSRC HTCO/HSRC 

, Temp (OF) 780 - 81 5 - 850 780 - 81 5 . - 850 

Feed 

Total 

0.i 1 

Asphal tenes 

Preasphal tenes 

Product 

Total 

Oi 1 

Asphal tenes 

Preasphaltenes 



Table 18 

Y i e l d  Data f o r  Kentucky #9 Coal w i t h  HSRC Recycle and 'HTCO 

BCL-24 sample no. 118 112 21 1 147 153 159 

Solvent  HTCO HTCO HTCO HTCO/ HTCO/ . HTCO/ 

HSRC HSRC HSRC 

Temp (OF) - 780 81 5 - 850 780 - 81 5 - 850 - 

HC gases (C1 -C4 )  

CO + co2 
H2S + NH3 

O i l s  

S RC 

Asphal tenes 

Preasphal tenes 

Resi due 

s u l f u r  i n  SRC ( w t  %) 

Solvent  hydrogen ( w t  %) 

S t a r t  

F i n i s h  

H consumption, t o t a l  ( w t  %) 2 
0.95 1.16 2.04 0.98 1.70 ,2.01 

From gas -0.45 -0.40 0.49 , 0.93 0.91 0.13 

From so l ven t  1.40 1.56 T.55 0.06 0.79 1.89 



Table 19. 

HSRCLCO Hydrotreatment Data 

BCL-24 s.ample no. 184 172 

Feed composit ion 85% C0/15% HSRC 

Temp (OF) - 780 - 850 

Feed ( w t  %) 

O i  1 s 83.7 83.7 

Asphaltenes 8.0 8.0 

Preasphal tenes 8.3 8.3 

HSRC 

Product ( w t  %) 

O i l s  

A,sphal.tenes 

Preasphaltenes 

HSRC 



Table 20 

Y i e l d  Data f o r  Kentucky #9 Coal w i t h  HSRC Recycle and CO 

BCL-24 sample no. 24-86 24- 92 

Sol ven t  ' CO CO 

Temp (OF) - 780 81 5 - 

Conversion ( w t  %) 

c j - c 4  
CO + C02 

H2S + NH3 

H2° 
O i l s  

Asphaltenes 

Preasphal tenes 

Unconverted coa l  11.4 9.8 

SRC ( w t  %) 92.1 88.6 

S u l f u r  i n  SRC ( w t  %) 1.51 1.52 

So lven t  hydrogen (wt  %) 

S t a r t  6.42 6.42 

. . 
H corisumption ( w t  %) 2 

Tota l  0.88 1.01 

Gas 1.28 1.60 

Sol v e n t  -0.40 aO. 60 



' .    able 21 

CO and SRC Y ie lds  w i t h  HSRC Recycle w i t h  Coal 

BCL sample no. 24-86 24-92 24-98 24-194 

Sol vent  C 0 CO ' C 0 CO/HSRC 

Temp ( O F )  - 780 - 81 5 - 850 - 780 

Conversion ( w t  %) 89.8 92.5 90.2 90.6 

O i l s  -8.5 -4.5 -1.1 -15.1 

Asphal tenes 43 .'4 44.1 41.7 50.1 

Pr.rasptial tenes 48.7 44.5 37. U 49.8 

Unconverted coal  11.4 9.8 12.1 . 10.6 

SRC ( w t  %) (asphaltenes 

p l  us preasphal tenes) 92.1 88.6 78.7 99.9 

Su.1.fu.r in .  SRC ( w t  %) 1.51 1.52 O... 98 1. .. 20 



Table  22 

Gas Y i e l d s  w i t h  HSRC Recycle and  CO 

BCL-24 sample no. 24-86 

Sol v e n t  CO 

Temp (OF) - 780 

1 w t  % o f  MMF c o a l  

C l  1.22 

GO +- C02 fl. 51 

H2S -+ NH3 1.76 

2 .8  

1. Mineral mat te r  free.  



Table 23 

Hydrogen Consumption w i t h  HSRC Recycle and CO 

BCL-24 sample no. 24-86 

Sol vent CO 

Temp (OF) - 780 

Tota l  ( w t  %) 0.88 - 
From gas 1.28 

From so ivent  -0.40 

Solvent hydrogen 

content  ( w t  %) 

S t a r t  6.42 

F i n i s h  6.56 



Appendix 1 

- 
rn 
z 
-I 
v 

BCL-24 sample no. 

P 
Z 

Temp (OF) 
-I - Pressure (ps ig )  
Z 
0 H2 r a t e  (wt % on feed s l u r r y )  
0 3 
=[ Space r a t e  ( s l u r r y  lb /h r  per  f t  ) 
- 
D 
m Residence t ime (min) 
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'n 
SRC/solvent r a t i o  (wt/wt) 

CD 
0 

118 

780 

.2000 

2.04 

94 

45 

0/100 

HTCO 

122 

817 

1996 

2.01 

97 

44 

0/ 1 00 

HTCO 

.2 1 1 

850 

2000 

1.90 

96 

45 

0/100 

HTCO 

Feed and P r o d ~ c t  Composition Data Summary 

147' "53 159 140 

780 81 5 850 780 

2000 2000 2010 2000 

2. 011 ' .87 2.06 2.21 

96 99 95 85 

4 5 43 4 5 46 I 

15/35 ' 5/85 15/85 ' 15/85 

HSR3iHTCO HSRC/KTCO HSRC/HTCO HSRC/HTCO 
< 
o Solvent blends/coal (wt/wt) 30/70 30/70 30/70 - 30/70 30/70 1 OO/O ' l C O / O  1 OO/O 1 OO/O 1 OO/O 1 OO/O 
'?' 
0 

Z : Feed composition (wt %:I 69.13 69.13 69.13 58.36 98.86 58.86 78.57 7E 57 78.57 . 75.58 75.58 75.58 

% o i l s  0.83 0.83 0.83 5.36 5.36 5.36 9.57 S 57 9.57 14.13 14.13 14.13 
ij 

Asphaltenes 

Preasphaltenes 
+ 
0 Inso lub le  organic mat ter  0.46 0.46 0.46 0.16 0.46, 

Ash 3.95 3.95 3.95 3.35 3.95 3.95 0.46 0.46 0.46 

Product composition (wc %) 

Asphaltenes 7.37 7.77 9.90 8. 7Ct 10.71 8.29 7.61 1C.  82 10.35 13.65 13.20 16.09 

Preasphaltenes 9.90 8.90 10.07 22.63 17.24 18.94 

Inso' luble organic mat ter  4.51 5.07 2.93 3. 34 3.38 3.35 4.91 E. 39 6.18 9.69 8.88 7.54 

Ash 6.48 7.48 4.07 3.7C 3.67 4.13 0.04 C. 10 0. 17 0.02 0.07 0.04 
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