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ABSTRACT

As pha l t en es  d e r i v e d  f rom W i l s o n v i l l e  SRC - 1 have been 

t h e r m a l l y  and c a t a l y t i c a l l y  hydr ogena t ed  i n  a 1 - l i t e r  bat ch 

s t i r r e d  a u t o c l a v e  r e a c t o r . Rates o f  t he  t he r ma l  c o n v e r s i o n  

t o  o i l s  were measured at  355° ,  375° and 400°C. An a c t i v a ­

t i o n  energy  f o r  t he  t e mp e r a t u r e  range 375° t o  400°C has 

been c a l c u l a t e d .  Rates o f  c a t a l y t i c  c o n v e r s i o n  t o  o i l s  

were measured f o r  t he  mi ne r a l  ma t t e r  a d d i t i v e s  H^S and 

p y r i t e ,  and f o r  metal  suppor t ed  commerc i a l  h y d r o p r o c e s s i n g  

c a t a l y s t s  c o n t a i n i n g  Co-Mo, N i -Mo, and Ni -W.  Comp os i t i ona l  

changes i n  t he  r e s i d u a l  asp ha l t e nes  were measured by e l emen­

t a l  a n a l y s i s  and m o l e c u l a r  we i g h t  d e t e r m i n a t i o n s  t o  e l u c i ­

da t e  t he  e f f e c t s  o f  c a t a l y s t  p r o p e r t i e s  on t he hyd r ogena­

t i o n ,  h y d r o d e s u l f u r i z a t i o n  and h y d r o d e n i t r o g e n a t i o n  r e ac -
1 3t i o n s .  Pr o t on and C nmr s p e c t r a  were used t o  c a l c u l a t e  

t he  average s t r u c t u r a l  paramet er s  o f  t he  f eed and r e s i d u a l  

a s p h a l t e n e s . H y p o t h e t i c a l  s t r u c t u r e s  f o r  c o a l - d e r i v e d  as - 

p h a l t e n e s  are p r e s e n t e d .
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INTRODUCTION

The d i r e c t  l i q u e f a c t i o n  o f  c o a l ,  r e g a r d l e s s  o f  t he  

p r ocess  used,  gener a t es  r e a c t i o n  p r o d u c t s  c o n s i s t i n g  o f  

o i l s ,  as p ha l t e n es  and p r e a s p h a l t e n e s . The asp ha l t e ne  and 

p r e a s p h a l t e n e  f r a c t i o n s  are t he  r e s u l t  o f  i n c o mp l e t e  c o n v e r ­

s i on  i n  t he  c o a l - t o - o i 1 r e a c t i o n  and r e p r e s e n t  u n d e s i r a b l e ,  

y e t  s t a b l e ,  i n t e r m e d i a t e s .  These t h r e e  f r a c t i o n s  ( o i l s ,  

as p h a l t e ne s  and p r e a s p h a l t e n e s ) are o p e r a t i o n a l l y  d e f i n e d  

a c c o r d i n g  t o  t h e i r  s o l v e n t  s o l u b i l i t y .  Cons equen t l y ,  each 

f r a c t i o n  i s  compr i sed  o f  a wide v a r i e t y  o f  o r g a n i c  com­

pounds.

As pha l t enes  are g e n e r a l l y  accept ed t o  be condensed,  

p o l y n u c l e a r  a r o ma t i c  subs t ances  w i t h  he t e r oa t oms such as 

s u l f u r ,  n i t r o g e n  and oxygen.  They are a maj or  concern i n  

coal  l i q u e f a c t i o n  both because t hey  c o n s t i t u t e  a major  

p o r t i o n  o f  t he  i n t e r m e d i a t e  f r a c t i o n  and because t hey  are 

h i g h l y  r e s i s t a n t  t o  f u r t h e r  p r o c e s s i n g .

P r e s e n t l y  e n v i s i o n e d  coal  l i q u e f a c t i o n  pr ocesses con ­

s i s t  o f  i n i t i a l  t he r ma l  d i s s o l u t i o n  o f  t he  o r g a n i c  coal  

m a t r i x ,  p r o d u c i n g  an a s p h a l t e n e - r i c h  s t r eam,  f o l l o w e d  by 

r e s i d u e  s e p a r a t i o n  and c a t a l y t i c  up g r ad i ng  o f  t he  d i s s o l v e d  

p r o d u c t s . Sever a l  advantages are appar en t  f rom such a p r o ­

cess .  U n d e s i r a b l e  t her ma l  r e a c t i o n s  such as c ok i ng  and gas 

p r o d u c t i o n  c ou l d  be mi n i mi zed  by m a i n t a i n i n g  s h o r t  r e s i ­

dence t i mes  i n  t he  f i r s t  r e a c t o r . In t he  second r e a c t o r ,
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a f t e r  r e s i d u e  s e p a r a t i o n , a s u i t a b l e  h y d r o p r o c e s s i n g  c a t a ­

l y s t  cou l d  be u t i l i z e d  t o  upgrade t he  a s p h a l t e n e - r i  ch 

s t ream t o  o i l s  by i n c r e a s i n g  t he  H/C r a t i o  and by removi ng 

h e t e r o a t o m s . Th i s  r e a c t o r  c o u l d  be oper a t ed  at  l ower  t em­

p e r a t u r e s  t a k i n g  advant age o f  c a t a l y s t  s e l e c t i v i t y  w h i l e  

r e d u c i n g  cok i ng  and gas p r o d u c t i o n .

The presence o f  t he  a s p ha l t e ne  i n t e r m e d i a t e  makes i t  

appar en t  t h a t  a d e t a i l e d  i n v e s t i g a t i o n  o f  t he  p h y s i c a l  and 

chemi ca l  p r o p e r t i e s  o f  as p ha l t e nes  i s  necessar y  i n  o r de r  

t o  d e t e r m i ne  more about  t he  coal  - t o - o i  1 mechanism.  That  

t he  a s p ha l t e ne  s t r u c t u r e  may w e l l  r e f l e c t  t he  bas i c  s t r u c ­

t u r e  o f  coal  has been p r e v i o u s l y  n o t e d . T h e r e f o r e ,  a s t udy  

o f  a s p ha l t e ne  r e a c t i v i t y  would be h e l p f u l  i n  e l u c i d a t i n g  

t he  r e a c t i o n  mechanism o f  coal  i t s e l f .  A l s o ,  as s t a t e d  

above , as p h a l t e ne s  are u n d e s i r a b l e  l i q u e f a c t i o n  p r o d u c t s . 

Knowledge o f  c o n d i t i o n s  f o r  m i n i m i z i n g  or  e l i m i n a t i n g  t h i s  

f r a c t i o n  would agai n he l p  t o  i mprove t he  o v e r a l l  coal  

h y d r o g e n a t i o n  p r ocess .

The p r i m a r y  o b j e c t i v e  o f  t he  r e s ea r c h  under t aken  i n  

t h i s  t h e s i s  was t o  i n v e s t i g a t e  t he  h y d r o g e n a t i o n  o f  c o a l -  

d e r i v e d  as p h a l t e n e s  us i ng  a v a r i e t y  o f  commerc i a l  h y d r o ­

p r o c e s s i n g  c a t a l y s t s  and t o  compare t hese r e s u l t s  t o  t hose 

o b t a i n e d  under  t he r ma l  c o n d i t i o n s .  P a r t i c u l a r  i n t e r e s t  was 

i n  f o l l o w i n g  t he  changes o f  t he  he t e r oa t om ( N, S, 0)

c o n t e n t  and t he  a t omi c  h y d r o g e n - t o - c a r b o n  r a t i o  o f  t he
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h y d r op r ocessed  a s p h a l t e n e s . These two pa r ame t e r s ,  a l ong w i t h  

t he  degree o f  o v e r a l l  c o n v e r s i o n ,  were t he  p r i n c i p a l  f a c ­

t o r s  c o n s i d e r e d  i n  e v a l u a t i n g  t he  e f f e c t i v e n e s s  o f  a c a t a ­

l y s t  f o r  a s p h a l t e n e  h y d r o p r o c e s s i n g .

An a n c i l l a r y  goal  o f  t h i s  r e s ea r c h  was t o  e v a l u a t e  

and compare t he a c t i v i t i e s  o f  hydrogen s u l f i d e  and c o a l -  

d e r i v e d  p y r i t e  f o r  as p h a l t e n e  hydrogen at  i on t o  t he  t hermal  

and commerc i a l  c a t a l y s t  a c t i v i t i e s .  P r ev i o us  work suggest s  

t h a t  HgS and p y r i t e  ac t  as c a t a l y s t s  i n  coal  l i q u e f a c t i o n .  

However , i t  i s  unknown whet her  t he y  ac t  t o  c a t a l y z e  t he 

p r i m a r y  d i s s o l u t i o n  r e a c t i o n s  t o  f o r m t he  i n t e r m e d i a t e  

s p e c i e s ,  p r e a s p h a l t e n e s  and a s p h a l t e n e s ,  or  whet her  t hey  

are ab l e  t o  e f f e c t  t he more d i f f i c u l t ,  i n t e r m e d i a t e - t o - o i 1, 

secondary  r e a c t i o n s .

F i n a l l y ,  i t  was d e s i r e d  t o  de t e r mi n e  t he  average s t r u c ­

t u r a l  pa r amet e r s  o f  both t he  f eed and r e s i d u a l  as p h a l t e n e s .  

Wi th a knowledge o f  t hese  par amet er s  h y p o t h e t i c a l  a s p h a l - 

t ene s t r u c t u r e s  may be proposed.



T- 2857  4

LITERATURE SURVEY

C h a r a c t e r i z a t i o n  o f  Coal  Hyd r o ge na t i o n  Pr oduc t s

The d i s s o l u t i o n  o f  coal  i n  a h y d r o g e n - d o n a t i n g  s o l v e n t  

i s  p r i m a r i l y  a t t r i b u t e d  t o  t he  b r e a k i n g  o f  non - va l ence  

bonds and weak c a r b o n - h e t e r o a t o m bo nds . The l i q u i d  produced 

c o n t a i n s  o r g a n i c  compounds w i t h  a d i v e r s e  range o f  mo l ecu­

l a r  we i g h t s  and chemi ca l  s t r u c t u r e s .  A common means o f  

c h a r a c t e r i z i n g  t hese  coal  l i q u i d s  i s  by s e l e c t i v e  s o l v e n t

f r a c t i o n a t i o n .  A t y p i c a l  s e l e c t i v e  s o l v e n t  f r a c t i o n a t i o n

pr ocess  i s  p r esen t ed  i n  F i g u r e  1.

The f o u r  f r a c t i o n s  gener a t ed  by t h i s  e x t r a c t i o n  p r o ­

cess are c l a s s i f i e d  as o i l s ,  a s p h a l t e n e s ,  p r e a s p h a l t e n e s , 

and i n s o l u b l e  o r g a n i c  m a t t e r  p l us  m i ne r a l  m a t t e r .  S p e c i f i ­

c a l l y ,  o i l s  are d e f i n e d  as be i ng s o l u b l e  i n  s t r a i g h t - c h a i n ­

ed or  c y c l i c ,  s a t u r a t e d  h y d r o c a r b o n s . U s u a l l y  n - pen t ane i s  

used,  however  r e s e a r c h e r s  have a l s o  used n - h e x a n e , n- hep-  

t  ane and eye 1ohexane [ 1 , 2 ] .  Aspha l t enes  are compounds i n ­

s o l u b l e  i n  t he  above s o l v e n t s  but  s o l u b l e  i n  n o n - p o l a r  

a r o m a t i c s .  U n t i l  r e c e n t l y  benzene was common 1 y used as t he 

n o n - p o l a r  a r o ma t i c  s o l v e n t .  However , due t o  h e a l t h  hazards 

a s s o c i a t e d  w i t h  exposure t o  benzene, many l a b o r a t o r i e s

have s i n c e  sw i t c hed  t o  t o l u e n e .  P r e a s p h a l t e n e s ,  a l so  r e f e r ­

red t o  as asphal  t o i  s because o f  t h e i r  h i gh  -OH group 

c o n t e n t  [ 3 ] ,  are d e f i n e d  as compounds i n s o l u b l e  i n  non -
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p o l a r  a r oma t i c s  but  s o l u b l e  i n  p o l a r  a r o ma t i c s  such as 

t e t r a h y d r o f u r a n  (THF) or  p y r i d i n e .  M a t e r i a l s  i n s o l u b l e  i n  

t he  above p o l a r  a r oma t i c  s o l v e n t s  are c on s i de r e d  t o  be 

i n s o l u b l e  o r g a n i c  ma t t e r  and m i n e r a l  m a t t e r .

The above d e f i n i t i o n s  are r a t h e r  nebul ous  i n  t h a t  

t hey  se p a r a t e  coal  l i q u i d s  by s o l u b i l i t y  i n t o  f r a c t i o n s ,  

each o f  whi ch o b v i o u s l y  i n c l u d e s  a l a r g e  number o f  c h e m i c a l ­

l y  d i s t i n c t  o r g a n i c  compounds. In t he  a s p h a l t e n e  f r a c t i o n ,  

i n s o l u b i l i t y  i n  n - pen t ane can be caused by h i gh m o l e c u l a r  

w e i g h t ,  h i g h ^ p o l a r i t y ,  hydrogen bond i ng ,  ac i d - b a s e  compl ex-  

i n g ,  or  a c o mb i n a t i on  o f  two or  more o f  t hese  paramet er s  

[ 1 ] .  C o r b e t t  & Pet r os  s i [ 4 ]  have shown t h a t , f o r  pe t r o l e um 

a s p h a l t e n e s ,  t he  y i e l d  o f  p a r a f f i n  i n s o l u b l e s  changes w i t h  

t he  carbon number o f  t he  p r e c i p i t a t i n g  s o l v e n t .  For  p a r a f ­

f i n !  c s o l v e n t s  s m a l l e r  t han n - hep t ane  a marked i n c r e a s e  i n  

t he  amount  o f  p r e c i p i t a t e  o c c u r s ,  i n c r e a s i n g  t he  a s p h a l - 

t ene y i e l d .  Schwei  gh a r d t  [ 5 ]  r e p o r t s  t h a t  as p ha l t ene  y i e l d s  

may va r y  as much as f i f t y  p e r c e n t  by s i mp l y  changi ng t he 

l a b o r a t o r y  t e c h n i q u e .  Work r e p o r t e d  by S c h u l t z  and Mima 

[ 6 , 7 ]  d e t a i l s  f i v e  s o l v e n t  s e p a r a t i o n  methods c u r r e n t l y  i n  

use f o r  t he  d e t e r m i n a t i o n  o f  as p h a l t e n e s  i n  a c o a l - d e r i v e d  

l i q u i d .  Re s u l t s  l i s t e d  i n  Tabl es  1 and 2 show t h a t  between 

t he  f i v e  p r ocesses  t h e r e  e x i s t  s i g n i f i c a n t  v a r i a t i o n s  i n  

d e t e r m i n a t i o n  o f  t he  asp ha l t e n e  p r o d u c t .  In f o u r  o f  t he  

f i v e  s e p a r a t i o n  pr ocesses s t u d i e d ,  t he  y i e l d  o f  aspha l t enes
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appeared t o  be r e p r o d u c i b l e ,  however  t he  i s o l a t e d  end 

p r o d u c t s  were not  n e c e s s a r i l y  e q u i v a l e n t .

Tabl e  1. - Res u l t s  w i t h  Methods A, B, and C [ 6 ] .

% I n s o l u b l e s  % Aspha l t enes  % O i l s
Method ____ + 1 S  ____ + 1 S  + 1 S

A 5.2 + 0 . 3  26.9 + 0 .7  67 . 9  ±  0.7
(by d i f f e r e n c e )

B 7.6 + 0 .5  23. 8 + 0 . 7  67.2 + 0. 9

C 4 . 6  + 0 .5  22. 0 + 2 . 0  70 + 3.0

Tabl e 2.  - Compar i son o f  Methods o f  Aspha l t ene  
A n a l y s i s  o f  an SRC-1 Sample [ 7 ] .

% I n s o l u b l e s  % Aspha l t enes  % O i l s
Method + 1S + 1S  + 1S

A 3 7 + 3  5 2 + 3  12.0 + 2.0

B 58 + 5 43 + 6 1.5 + 0.6

C-------------------- ---------------------------- See Text  -------------------------------

D 6 4 + 3  2 7 + 4  14.0 + 2.0

E 4 9 + 2  3 4 + 2  22. 0 + 0.8

The above s t u d i e s  c l e a r l y  i l l u s t r a t e  t he  need f o r  a 

s t a n d a r d i z e d  method o f  s e p a r a t i n g  and d e f i n i n g  c o a l -  

d e r i v e d  a s p h a l t e n e s .  As o f  t oday  no such s t a n d a r i  zed method 

has f ound gener a l  a c c e p t a n c e .

The use o f  s o l v e n t  e x t r a c t i o n  t o  se p a r a t e  coal  l i q u i d s  

p r o v i d e s  ve r y  l i t t l e  f undament a l  chemi ca l  i n f o r m a t i o n .  The
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s o l u b i l i t y  o f  a subs t ance i s  a f u n c t i o n  not  o n l y  o f  i t s

m o l e c u l a r  w e i g h t ,  ca r bon - hy d r og en  s k e l e t o n  and chemi cal  

f u n c t i o n a l i t y ,  but  depends a l s o  on i n t e r a c t i o n s  w i t h  o t h e r  

subs t ances  whi ch can ac t  as c o - s o l v e n t s  [ 8 ] .  I t  i s  p o s s i b l e  

f o r  a g i v e n  compound t o  ac t  as an o i l  or  as an asphal  t ene 

depend i ng on t he  presence or  absence o f  o t h e r  s u b s t a n c e s . 

A d d i t i o n a l l y ,  a s i n g l e  compound may d i s t r i b u t e  i t s e l f  be­

tween two f r a c t i o n s  even i f  t he  e x t r a c t i o n s  are c a r e f u l l y  

p e r f o r m e d .

F arc as i u and c o - wo r k e r s  at  Mobi l  Research & Deve l op ­

ment  C o r p o r a t i o n  [ 3 , 8 , 9 ]  have deve l oped a method o f  d i r e c t  

f r a c t i o n a t i o n  o f  whole coal  l i q u i d s  i n  o r de r  t o  c i r c u mv e n t  

t he  above probl ems and t o  o b t a i n  a b e t t e r  chemi ca l  u n d e r ­

s t a n d i n g  o f  coal  l i q u i d s .  The method,  s e q u e n t i a l  e l u t i o n  

w i t h  s p e c i f i c  s o l v e n t s  chr omat ogr aphy  (SESC),  u t i l i z e s  

l i q u i d  ch r omat ogr aphy  w i t h  a s i l i c a  gel  s t a t i o n a r y  phase

t o  i s o l a t e  c h e m i c a l l y  d i s t i n c t  f r a c t i o n s .  Tabl e  3 shows 

t he  e l u t i o n  p r ocedur e  and t he  ma j or  compound c l a s s e s  whi ch 

are e l u t e d  w i t h  each s o l v e n t .  As can be seen t h e r e  i s  an

o v e r l a p  between t he  c l a s s i c a l  1 y d e f i n e d  f r a c t i o n s  ( o i l s ,

a s p h a l t e n es  and p r e a s p h a l t e n e s  ) and t he  SESC e l u t e d  f r a c ­

t i o n s .
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Tabl e  3.  SESC F r a c t i o n a t i o n  Procedur e  Developed by Mobi l  [ 3 ]

E l u t i o n  So l v e n t  Maj or  Compounds
C l a s s i c a l
D e s c r i p t i o n

+->

=3

CO-a
a.

<_>

V)
<uc
QJ -

4-> ID

03 CO 
JC  
CL
to

F r a c ­
t i o n

1 Hexane

2 Hexane/15% 
Benzene

3 Ch l o r o f o r m

S a t u r a t e s  

Aromat  i c s

Po l a r  a r o m a t i c s ;  non - 
bas i c  N, 0,  S - h e t e r o -  
c y c l i e s

4 Chl or o f o r m/ 10% Si mpl e phenol s

7

8

9

10

E t 20

E t 20/3% EtOH

MeOH

CHC13/3% EtOH 

THF

P y r i d i n e

Bas i c  N i t r o g e n  h e t e r o -  
c y c l i c s

H i g h l y - f u n c t i o n a l  mo l e ­
c u l e s  ( 10 wt % h e t e r o ­
atoms )

Po l ypheno l s

I n c r e a s i n g  0 c o n t e n t  
and i n c r e a s i n g  b a s i ­
c i t y  o f  n i t r o g e n

N o n - e l u t e d ,  unknown ma­
t e r  i al  s

The SESC pr ocess  d i f f e r s  p r i m a r i l y  f rom t h a t  o f  s e l e c ­

t i v e  s o l v e n t  f r a c t i o n a t i o n  i n  t h a t  i t  s epa r a t es  coal  l i ­

qu i ds  by chemi ca l  c l a s s  r a t h e r  t han by p o l a r i t y .  O i l s ,  by 

t he  SESC p r o c e d u r e , are s a t u r a t e d  and a r o ma t i c  hydrocar bons  

w i t h  some non- po l  ar  h e t e r o c y c l e s .  Aspha l t enes  are p r i m a r i l y  

m o n o f u n c t i o n a l  compounds such as mono-phenol s  and mono­

ba s i c  n i t r o g e n  compounds . P r ea s pha l t enes  ( o r  a s p h a l t o i s)
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are p o l y f u n c t i o n a l  compounds d i f f e r i n g  w i d e l y  i n  t he  e x t e n t  

o f  f u n c t i o n a l i t y  [ 9 ] .  The main u t i l i t y  o f  SESC i s  t h a t  i t  

sep a r a t e s  coa l  l i q u i d s  i n t o  f u n c t i o n a l l y  s i m i l a r  f r a c ­

t i o n s .  Th i s  can s i m p l i f y  t he  c h a r a c t e r i z a t i o n  o f  t he  chemi s ­

t r y  and s t r u c t u r e  o f  coal  l i q u i d s .

Other  r e s e a r c h e r s  [ 1 0 , 1 1 ]  have deve l oped s i m i l a r  c h r o ­

ma t o g r a ph i c  f r a c t i o n a t i o n  t e c h n i qu e s  f o r  t he  s e p a r a t i o n  o f  

coal  l i q u i d s .  Whi l e  one method has as much m e r i t  as t he 

o t h e r ,  t he  accept ance o f  a s t a n d a r d i z e d  method o f  s ep a r a ­

t i o n  may u l t i m a t e l y  be de t e r mi ned  by t he  speed,  ease and 

r e p r o d u c a b i 1i t y  w i t h  whi ch t he  process  can be c a r r i e d  o u t .

There has been some r e c e n t  work on f u r t h e r  f r a c t i o n a ­

t i o n  o f  c o a l - d e r i v e d  a s p h a l t e n e s .  S t e r n b e r g ,  e t  al  . [ 1 2 ] ,

have sep a r a t ed  as p ha l t enes  i n t o  a c i d i c  and bas i c  s u b t r a c ­

t i o n s  by pass i ng  d r y  HC1 gas t h r ough  an a s p h a l t e n e - t o l u e n e  

s o l u t i o n .  The bas i c  component  p r e c i p i t a t e s  as an HC1 adduct  

w h i l e  t he  a c i d i c  component  remai ns i n  s o l u t i o n .  Th i s  r e s u l t  

i n d i c a t e s  t h a t  as p ha l t e nes  c o n s i s t  o f  hydrogen bonded com­

p l exes  and i s  c o m p a t i b l e  w i t h  t he  s o l u b i l i t y  c h a r a c t e r i s ­

t i c s  o f  t he  a s p h a l t e n e s . In moderate 1 y p o l a r  a r oma t i c  

s o l v e n t s ,  such as t o l u e n e ,  t he  a s p ha l t e n e s  are s o l u b l e  

because t he  a c i d i c  and ba s i c  components are s e p a r a t e l y  

s o l v a t e d .  In n o n - p o l a r  s o l v e n t s ,  such as pent  ane , hydrogen 

bondi ng occur s  between t he  a c i d - b a s e  s u b f r a c t i o n s .  As a 

r e s u l t  t he  as p h a l t e ne s  p r e c i p i t a t e  f rom s o l u t i o n  as l a r g e
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hydrogen- bonded a c i d - b a s e  compl exes.

More r e c e n t l y ,  Scheppe l e ,  e t  al  . [ 1 3 ]  have devel oped

a c h r o ma t o g r a p h i c  s e p a r a t i o n  o f  as p ha l t e nes  i n t o  a c i d i c ,  

n e u t r a l  and bas i c  s u b t r a c t i o n s .  T h e i r  p r i m a r y  goal  i n  

do i ng so was t o  o b t a i n  d e t a i l e d  m o l e c u l a r  i n f o r m a t i o n  

about  as p h a l t e ne s  t h r oug h  mass s p e c t r o m e t r i c and i n f r a r e d  

a n a l y s i s  o f  each o f  t hese  s u b t r a c t i o n s .  The i m p l i c a t i o n s  

o f  i n s t r u m e n t a l  a n a l y s i s  on a s p h a l t e n e  s t r u c t u r a l  d e t e r m i n a ­

t i o n  w i l l  be d i scussed  i n  more d e t a i l  i n  t he  s e c t i o n  on 

s t r u c t u r a l  c h a r a c t e r i z a t i o n .

Compar i son o f  Coal  and Pe t r o l eum Aspha l t enes  

The o r i g i n a l  d e f i n i t i o n  o f  as p ha l t e nes  i s  based on 

t he  s o l u t i o n  p r o p e r t i e s  o f  p e t r o l e um r e s i d u a  i n  v a r i o u s  

s o l v e n t s .  In r e c e n t  yea r s  t h i s  d e f i n i t i o n  has been extended 

t o  app l y  t o  f r a c t i o n s  d e r i v e d  f rom o t h e r  carbonaceous 

sources  such as coal  . Other  t han t he  s e p a r a t i o n  p r ocedur e ,  

few s i m i l a r i t i e s  e x i s t  between coal  - and p e t r o l e u m - d e r i v e d  

a s p h a l t e n e s .  The as p ha l t enes  d i f f e r  not  o n l y  i n  t h e i r  

o r i g i n  and mode o f  g e n e r a t i o n ,  but  a l so  i n  t h e i r  chemi cal  

c o m p o s i t i o n  and p h y s i c a l  b e h a v i o r  [ 2 , 1 4 , 1 5 ] .

In Tabl e 4 a compar i son i s  made between as p ha l t enes  

d e r i v e d  f r om b i t u m i n o u s  coal  l i q u i d s  and t hose d e r i v e d  

f rom p e t r o l e um c r udes .
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In compar i son t o  pe t r o l eum a s p h a l t e n e s , c o a l - d e r i v e d  

as pha l t e nes  are l ower  i n  m o l e c u l a r  we i gh t  and H/C r a t i o ,  

bu t  h i g h e r  i n  a r o m a t i c i t y  ( f a )  and he t e r oa t om c o n t e n t .  In 

a d d i t i o n ,  t he  n a t u r e  o f  t he  he t er oa t om f u n c t i o n a l  groups 

are a l so  q u i t e  d i s s i m i l a r .  Yen [ 1 5 ]  has summar i zed t he 

ma j o r  d i f f e r e n c e s  between coal  - and p e t r o l e u m - d e r i v e d  as ­

phal  t e n e s . Th i s  summary i s  l i s t e d  below.

1. The a r o m a t i c i t y  o f  p e t r o l e u m - d e r i v e d  a s p h a l - 
t ene ( f  a = 0 . 2 - 0 .  5 ) i s  l ower  t han t h a t  o f  c o a l -  
d e r i v e d  a s p h a l t e n e  ( f a = 0 . 6 - 0 . 7 ) .
2.  The a r o ma t i c  r i n g  systems w i t h i n  p e t r o l e u m-  
d e r i v e d  a s p h a l t e n e  are much more condensed ( p e r i )  
( Ha r u / C ar  = 0 . 3 - 0 . 5 )  t han t h a t  o f  coal  d e r i v e d  aspha-  
1tene ( k a t a  ) ( Ha r u / Car  = 0 . 5 - 0 . 7 )  .
3. The s u b s t i t u e n t s  o f  t he  p e t r o l e u m - d e r i v e d  as ­
phal  t enes  are l o n g e r  ( n = 4 - 6 ) t han t hose  o f  c o a l -  
d e r i v e d  a s p ha l t e n e s  ( n = l ) .
4. The a r o ma t i c  system o f  p e t r o l e u m - d e r i v e d  as ­
phal  t ene i s  e x t e n s i v e l y  s u b s t i t u t e d  (70-80%) ,  
whereas t he  c o a l - d e r i v e d  a s p ha l t e ne  i s  s p a r i n g l y  
s u b s t i t u t e d  (35-45%) .
5. The m o l e c u l a r  we i gh t  o f  p e t r o l e u m - d e r i v e d  as - 
ph a l t e n e  i s  c a . 10 t i mes  h i g h e r  t han t h a t  o f  t he
c o a l - d e r i v e d  a s p h a l t e n e .
6. P e t r o l e u m - d e r i v e d  asp ha l t e n e  i s  l e s s  r e a c t i v e
t o  p h y s i c a l  or  chemi ca l  agents t han  t h a t  o f
c o a l - d e r i v e d  a s p h a l t e n e .
7. P e t r o l e u m - d e r i v e d  asph a l t e ne  i s  more h i g h l y
a s s o c i a t e d  (Me=5-7)  t han t h a t  o f  c o a l - d e r i v e d
a s p ha l t ene  ( Me=2-4) .  Th i s  w i l l  be r e f l e c t e d  i n
t he  ease o f  p r o c e s s i n g .
8.  P e t r o l e u m - d e r i v e d  as p h a l t e ne  i s  l e s s  p o l a r
than t he  c o a l - d e r i v e d  a s p h a l t e n e .

P h y s i c a l ,  Chemical  and S t r u c t u r a l  
C h a r a c t e r i z a t i o n  o f  C o a l - D e r i v e d  Aspha l t enes

Aspha l t en es  are c o n s i d e r e d  t o  be t he  p r i n c i p l e  i n t e r -
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medi a t e  i n  t he  coal  l i q u e f a c t i o n  mechanism and are p r i ma r y  

p r e c u r s o r s  o f  o i l s  [ 1 6 - 1 8 ] .  T h e i r  pr esence i n  coal  l i q u i d s  

are u n d e s i r a b l e  because t hey  are r e s p o n s i b l e  f o r  h i gh 

v i s c o s i t y  [ 1 9 - 2 2 ] ,  s o l v e n t  i n c o m p a t i b i l i t y ,  and p r o c e s s i n g  

d i f f i c u l t i e s  [ 1 6 ] .  S t i l l ,  a s p ha l t e nes  are i m p o r t a n t  because

t hey  convey t he  e x t e n t  o f  c o n v e r s i o n  whi ch t akes  p l ace

d u r i n g  coal  h y d r o g e n a t i o n .  I t  has t h e r e f o r e  become i n c r e a s ­

i n g l y  d e s i r a b l e  t o  de t e r mi ne  t he  chemi ca l  c o mp o s i t i o n  and 

s t r u c t u r a l  d e t a i l s  o f  t he  as p ha l t e n e  f r a c t i o n .

T y p i c a l  e l emen t a l  ana l yses  o f  t he  asp h a l t e n e  f r a c t i o n  

are g i ven  i n  Tabl es  5-7 f o r  work done by S t e r n b e r g  et  al  .

[ 1 2 ] ,  T a y l o r  and Li  [ 2 3 ] ,  and Marzec e t  al  . [ 2 4 ] .  Whi l e

t he  numer i ca l  va l ues  o f  t he  e l ement s  var y  i n  each s t udy  

due t o  d i f f e r e n c e s  i n  p a r en t  c o a l s  and p r o c e s s i n g  h i s t o r i e s  

[ 2 5 , 2 6 ] ,  t he  d i f f e r e n c e s  are u s u a l l y  l ess  than 1% i n d i c a ­

t i n g  good c o m p o s i t i o n a l  s i m i l a r i t y .

Tab l e  5. U l t i m a t e  Ana l yses  and Mo l e c u l a r  Weights 
o f  Aspha l t enes  and T h e i r  A c i d i c  and 
Bas i c  Components [ 1 2 ] .

Material
Composition (% ) Molec­

ular
weightC H O N S Cl

Asphaltene (415°C) 85.91 6.85 4.11 1.67 1.46 686
Acidic component 85.72 7.18 3.86 0.99 0.88 1.37
Basic component (as HC1 adduct) 81.27 6.39 4.63 2.12 1.05 4.54
Basic component (calc. HCl-free) 85.25 6.57 4.86 2.22 1.10

Asphaltene (450°C) 87.43 6.52 3.52 2.16 0.37 417
Acidic component 87.40 7.04 3.39 0.99 0.51 0.67 550
Basic component (as HC1 adduct) 83.35 5.78 3.48 2.72 0.53 4.14
Basic component (calc. HCl-free) 87.06 5.91 3.64 2.84 0.55 368
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Of p a r t i c u l a r  i n t e r e s t  i n  t hese  t a b l e s  i s  t he  h e t e r o ­

atom c o n t e n t  o f  t he  a c i d i c  and bas i c  components o f  t he  

a s p h a l t e n e s .  S t e r n be r g  e t  a l . [ 1 2 ]  have de t e r mi ned  t h a t  i n

t he  a c i d i c  component ,  oxygen i s  p r es e n t  as p h e n o l i c  hy ­

d r o x y l  and n i t r o g e n  p r e s e n t  as a c i d i c  n i t r o g e n  as i n

p y r r o l e .  The oxygen i n  t he  bas i c  component  i s  p r e s e n t  as 

r i n g  or  e t h e r  o x y g en , and t he  n i t r o g e n  p r e s e n t  as r i n g

n i t r o g e n  as i n  p y r i d i n e .  Marzec et  a l .  [ 2 4 ]  have a p p l i e d  a 

number o f  i n s t r u m e n t a l  t e c h n i q u e s  (FI  MS, I R, TLC, ^H-NMR, 

HRMS) i n  o r d e r  t o  e l u c i d a t e  t he  heterocompounds p r e s en t  i n  

a s p h a l t e n e s .  A summary o f  t h e i r  p r i ma r y  r e s u l t s  f o r  t he

ba s i c  and a c i d i c  f r a c t i o n s  i s  l i s t e d  bel ow.

Bas i c  f r a c t i o n :

1. The f r a c t i o n  c o n s i s t s  o f  subs t ances  w i t h  v a r ­
i ous  m o l e c u l a r  w e i g h t s  ( f rom 100 t o  660) and t he 
h i g h e s t  c o n t e n t  o f  compounds i s  i n  t he  300-400 
amu r a n g e . T h e i r  average m o l e c u l a r  we i gh t  i s  360.
2. The f r a c t i o n  r e p r e s e n t s  a m i x t u r e  o f  compounds 
c o n t a i n i n g  at  l e a s t  one n i t r o g e n  atom w i t h  a
1 one p a i r  o f  e l e c t r o n s  i n  a mo l e c u l e ,  i . e .  i t  i s  
m a i n l y  a m i x t u r e  o f  p y r i d i n e  d e r i v a t i v e s  ( phenyl  - 
p y r i d i n e ,  q u i n o l i n e ,  d i h y d r o q u i n o l i n e ,  p h e n y l -
q u i n o l i n e ,  a c r i d i n e ,  t e t r a h y d r o a c r i d i n e , benzo-
a c r i  d i n e ,  di  benzoac r i  d i n e )  and p o s s i b l y  amines.
3.  The number o f  a r o ma t i c  r i n g s  condensed w i t h  
t he  p y r i d i n e  an d / o r  t he  a n i l i n e  r i n g s  ranges
f rom 1 t o  5. Some more h i g h l y  condensed systems 
may be p r e s e n t .
4.  Compounds w i t h  more t han f i v e  s a t u r a t e d  carbon 
atoms have not  been f o u n d .
5. Diazo compounds o f  c a r b o l i n e ,  napht hophena-  
z o n e , n a p t h t h y l p h e n a z i n e  and d i a z o d i b e n z o p y r e n e  
s e r i e s  were f o u n d .
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6. A few compounds Cx HyON were d e t e c t e d  i n  whi ch 
oxygen i s  most  p r o b a b l y  i n  a f u r  an r i n g  or  an 
e t h e r  bond.
7. Su l phur  compounds were not  d e t e c t e d .
8.  An average mo l ecu l e  c o n t a i n s  two methy l  g r oups .

A c i d i c  f r a c t i o n :

9.  The f r a c t i o n s  c o n t a i n  subs t ances  w i t h i n  t he 
100-650 amu r ange ;  subs t ances  o f  400-500 amu range 
p r e v a i l .  The average mo l e c u l a r  we i g h t  i s  400 amu. 
They are a m i x t u r e  o f  0- compounds, N-compounds 
and 0 , N-compounds.  A smal l  number o f  s u l p h u r  com­
pounds was a l so  i d e n t i f i e d .
10. N i t r o g e n  p r e s e n t  i n  t h i s  f r a c t i o n  i s  most  
p r o b a b l y  i n  p y r r o l e  r i n g s  a s s o c i a t e d  w i t h  1 t o  5 
a r oma t i c  r i n g s .
11. Diazo compounds are r e p r e s e n t e d  by be n z i mi d -  
a z o l e ,  a c e n a p h t h y d r i n e  and c a r b o l i n e  s e r i e s .
12. Oxygen i s  bound i n  phenol  g r oups ,  but  e t h e r  
and ket one s t r u c t u r e s  cannot  be e x c l u ded .
13. The number o f  a r o ma t i c  r i n g s  condensed w i t h  
p h e n o l i c  s t r u c t u r e s  does not  exceed 4.
14. Compounds w i t h  two oxygen atoms i n  a mo l ecu l e  
were f ound : t he y  are d e r i v a t i v e s  o f  h y d r o x y a c e t o -  
phenone, h y d r o x y b e n z o f u r a n , h y d r o x y i n d a n o f u r a n  
a n d / o r  b i p h e n y l ,  and a l s o  di  hyd r oxy  an t h r acene  
a n d / o r  p h e n a n t h r e n e .
15. The a c i d i c / n e u t r a l  f r a c t i o n  c o n t a i n s  oxaza 
compounds o f  C^HyONg and C^HwOoN t y p e s .
16. S u l f u r  i s  r e p r e s e n t e d  by t h i o ph e n e  d e r i v a t i v e s .
17. An average mo l ecu l e  c o n t a i n s  2.5 methy l  g r o u p s .

A l so  shown i n  Tabl es  5 and 6 are m o l e c u l a r  we i gh t  

va l ues  f o r  t he  whole a s p h a l t e n e ,  t he  a c i d i c  component , and 

t he ba s i c  component .  Aga i n ,  h e r e , as i n  e l emen t a l  a n a l y s i s ,  

a s p h a l t e n e  m o l e c u l a r  we i gh t  appears t o  be a f u n c t i o n  o f  

both t he  p a r e n t  coa l  and t he  p r o c e s s i n g  h i s t o r y .  G e n e r a l l y  

t h i s  m o l e c u l a r  we i g h t  f a l l s  between 300 and 600,  but  much 

h i g h e r  va l ues  have been obser ved.

In o r d e r  t o  de t e r mi ne  t he  gross s k e l e t a l  s t r u c t u r e  o f
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c o a l - d e r i v e d  a s p h a l t e n e s , t he  carbon and hydrogen e n v i ­

ronments must  be e s t a b l i s h e d .  Th i s  can be accompl i shed by 

p r o t o n  and carbon n u c l e a r  magnet i c  r esonance s p e c t r o s c o p y .  

High r e s o l u t i o n   ̂H nmr s p e c t r os c o p y  was f i r s t  used by 

Brown and Ladner  f o r  s t r u c t u r a l  c h a r a c t e r i z a t i o n  o f  coal  

p y r o l y s i s  p r o d u c t s  [ 2 7 ] .  Ot her  wor ker s  have s i n c e  ex tended

t h i s  t ype  o f  a n a l y s i s  t o  coal  e x t r a c t s  [ 28 , 2 9 ] ,  and coal
1 3h y d r o g e n a t i o n  p r o d u c t s  [ 3 0 - 3 5 ] .  The advent  o f  C nmr has

enabl ed d i r e c t  e l u c i d a t i o n  o f  t he  a r oma t i c  f r a c t i o n ,  f  .
1 3R e t c o f s k y ,  et  al  . [ 3 6 ]  have compared f  va l ues  f rom C

nmr and t hose  e s t i m a t e d  f rom  ̂H nmr by t he  Brown and 

Ladner  e q u a t i o n ,  and f ound good agreement  f o r  c o a l - d e r i v e d  

m a t e r i a l s .  Some o f  t he  s t r u c t u r a l  par amet er s  whi ch may be 

c a l c u l a t e d  are : , number o f  a l i p h a t i c  carbon atoms ; f  ,

a r o m a t i c i t y ;  a , degree o f  a l k y l  s u b s t i t u t i o n ;  CL, average 

a l k y l  cha i n  l e n g t h ;  dC, degree o f  c o n d e n s a t i o n ;  and 

(H/C)  i» t he a l i p h a t i c  h y d r o g e n - t o - c a r b o n  r a t i o .  These p a r a ­

met ers  are g i ven  by t he  e q u a t i o n s  l i s t e d  i n  Tabl e 8.
1 13R e p r e s e n t a t i v e  H nmr and C nmr are g i ven  i n  F i g u r e s  2 

and 3.  The a p p r o p r i a t e  a b s o r p t i o n  peaks f o r  t he  v a r i o u s  

paramet er s  are i n d i c a t e d .
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A d d i t i o n a l  a n a l y t i c a l  and chemi ca l  t e c h n i q u e s  have 

been a p p l i e d  i n  t he  s t r u c t u r a l  d e t e r m i n a t i o n  o f  c o a l -  

d e r i v e d  a s p h a l t e n e s .  Schwager and Yen have been i n s t r u ­

mental  i n  c h a r a c t e r i z i n g  as p ha l t enes  by t hese methods.  

Res u l t s  o f  t h e i r  work i s  summar i zed below [ 3 7 ] .

N u c l e a r - m a g n e t i c - r e s o n a n c e  s t r u c t u r a l - p a r a m e t e r  
c a l c u l a t i o n s  sugges t  t h a t  t he  as p h a l t e ne  compo­
nents  are made up o f  c a t  a- systems o f  smal l  r i n g  
number ( 3 - 5 ) ,  w i t h  30-50% of  t he  a v a i l a b l e  a r o ­
ma t i c  edge atoms occup i ed  by s u b s t i t u e n t s ,  and 
j o i n e d  t o g e t h e r  by napht hen i  c , m e t h y l e n i c  or  e t h e -  
r i c  b r i d g e s .  N.M.R.  a n a l y s i s  o f  s i l y l a t e d  a s p h a l - 
t enes i n d i c a t e s  t h a t  t he  f r a c t i o n  o f  t o t a l  oxygen 
p r es e n t  as OH ranges f rom 0.59 t o  0 . 8 3 ,  and t h a t  
t he  ma j or  h y d r o x y l  components are s i mp l e  pheno l s .  
( Mi nor  Components may be b e n z y l i c , a l c o h o l i c ,  or  
h i n de r ed  p h e n o l i c - t y p e  compounds) .  Methy l  a t i  on of  
c h r o ma t og r a ph i c  f r a c t i o n s  f o l l o w e d  by i n f r a r e d  
N-H a n a l y s i s  i n d i c a t e s  t h a t  t he  f r a c t i o n  o f  t o t a l  
n i t r o g e n  p r e s e n t  as NH ranges f rom 0. 53 t o  0 . 74 .

The m a c r o s t r u c t u r e  o f  as p ha l t e ne  c r y s t a l l i t e s  
has been s t u d i e d  by X- r ay  d i f f r a c t i o n .  An average 
o f  about  f o u r  condensed a r oma t i c  sheet s  i s  as ­
sumed t o  be s t acked  on t op o f  each o t h e r  w i t h  
sheet s  p a r a l l e l ,  and w i t h  a l i p h a t i c  cha i ns  or  
n a ph t hen i c  r i n g s  p r o t r u d i n g  f rom t he  edges.

The r e s u l t s  o f  t hese  macro-  and m i c r o - s t r u c t u r a l  p a r a ­

met ers  have a l l owe d  i n s i g h t  i n t o  t he  m o l e c u l a r  s t r u c t u r e  

o f  a s p h a l t e n e s .  L a d n e r , e t  a l . [ 2 9 ] ,  Yen [ 3 8 ] ,  and Bar t  1e , 

e t  al  . [ 3 9 ]  have each proposed " ave r age"  s t r u c t u r e s  f o r

c o a l - d e r i v e d  a s p h a l t e n e s .  Three o f  t hese s t r u c t u r e s  are 

shown i n  F i g u r e  4.  In s p i t e  o f  v a r i a t i o n s  i n  mo l e c u l a r
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Hydrogen Donor So l v e n t  E x t r a c t  o f  
B i t umi n ous  Coal  [ 2 9 ] .

HO
Q

OIOOIOIO
O

CH

S y n t h o i l  Process Der i ved  
As pha l t ene  [ 3 8 ] .

OHCH,

OH

CH

OIOOIO o
Hydrogen A s s i s t e d  
E x t r a c t  o f  Markham 
Main Coal  [ 3 9 ] .

F i g u r e  4.  H y p o t h e t i c a l  S t r u c t u r e s  o f  
C o a l - D e r i v e d  A s p ha l t en e s .
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w e i g h t ,  d i f f e r e n t  pa r e n t  c o a l s  and p r o c e s s i n g  c o n d i t i o n s ,  

t he  proposed s t r u c t u r e s  are ve r y  s i m i l a r .

Aspha l t ene  Hy d r o p r o c e s s i n g :

K i n e t i c s ,  Mechanisms,  and C a t a l y s t s  

The o v e r a l l  h y d r o g e n a t i o n  o f  coa l  proceeds v i a  t he  

f o r m a t i o n  o f  a s p h a l t e n es  as an i n t e r m e d i a t e .  The c o n v e r s i o n  

o f  coal  t o  a s p ha l t e ne  i s  a r e l a t i v e l y  r a p i d  r e a c t i o n  i n ­

v o l v i n g  c l eavage  o f  t he  coa l  s t r u c t u r e  p r i m a r i l y  t h r ough  

t he e l i m i n a t i o n  o f  ox y g en . The a s p h a l t e n e - t o - o i l  r e a c t i o n  

i s  r e l a t i v e l y  s l ow i n v o l v i n g  t he  r u p t u r e  o f  ca r bon - ca r bon  

bonds and n e c e s s i t a t i n g  more severe r e a c t i o n  c o n d i t i o n s .  

W e l l e r  and c o - wo r k e r s  a t  t he  U.S.  Bureau o f  Mines i n v e s t i ­

gated coa l  h y d r o g e n a t i o n  i n  t he  l a t e  1940 ' s  and e a r l y  

19 5 0 ' s .  They suggest ed t he c o n v e r s i o n  o f  c o a l - t o - o i 1 p r o ­

ceeds v i a  t he  f o l l o w i n g  r e a c t i o n  sequence [ 4 0 ] :

C o a l ------ —1—̂  A s p h a l t e n e  -2—̂  Oi l

w i t h  both r e a c t i o n s  p r oceed i ng  v i a  f i r s t  o r d e r  k i n e t i c s .  

Values o f  k-j and k^ are shown i n  Tabl e  9.  At  400°C k-j i s  

25 t i mes  l a r g e r  t han k ^ . Th i s  suggest s  t he  d e s i r a b i l i t y  o f  

p e r f o r m i n g  coal  h y d r o g e n a t i o n  i n  two se p a r a t e  s t ages .  The 

f i r s t  s t age would be des i gned t o  t ake  t he  coa l  t h r ough  t he 

p r i ma r y  r e a c t i o n  s t ep under  c o n d i t i o n s  r e q u i r e d  t o  mi n i mi ze  

gas f o r m a t i o n .  The second s t age would t hen process  t he  

p r i m a r y  p r o du c t s  under  more severe c o n d i t i o n s ,  o p t i m i z e d
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f o r  as pha l t ene  c o n v e r s i o n .

Tabl e  9.  Rate Cons t an t s  f o r  Ant  h r a x y 1 on Hyd r ogena t i on  [ 4 0 ] .

1 ( mi n . ^ ) kgTemp. ( ° C ) k , ( mi n . ^ ) k « ( mi n .   ̂ )

400 0.027 0.00107

420 0.060 0. 00503

430 0.126 0.00895

440 0.129 0.01282

We l l e r  e t  a l .  have s t u d i e d  asp ha l t e n e  h y d r o g e n o l y s i s  

f o r  an as p h a l t e ne  f eed de r i v ed  f rom Br uce t on  coal  [ 1 8 ] .  

The r e a c t o r  charge i n  each exper i men t  was 50 grams o f  

a s p h a l t e n e ,  0 .5  grams o f  stannous s u l f i d e ,  0 . 25 grams o f  

ammonium c h l o r i d e ,  and 1250 or  2500 ps i g  hydrogen i n i t i a l  

p r e s s u r e .  They f ound t he  c onver s i on  t o  be f i r s t  o r d e r  w i t h  

r e s p e c t  t o  t he  r e s i d u a l  aspha l t ene  as i s  shown i n  F i g u r e

5. The l a r g e  t e mp e r a t u r e  dependence o f  t he  r a t e  c o n s t a n t  

was shown not  t o  f o l l o w  t he s i mpl e  A r r h e n i u s  r e l a t i o n :

over  t he  t e mp e r a t u r e  range s t u d i e d ,  F i g u r e  6.  They reasoned 

t h a t  s i nce  t he as p ha l t e ne  f r a c t i o n  i s  a c h e m i c a l l y  h e t e r o ­

geneous g r o up i n g  o f  o r gan i c  mo l e c u l e s ,  i t  compr i ses  a 

compos i t e  r e a c t i o n  system,  and t hus  shou l d  not  be expec t ed 

t o  have an a c t i v a t i o n  energy whi ch i s  i n v a r i a n t  w i t h
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F i g u r e  5. Rates o f  As pha l t en e  Hyd r ogena t i on  [ 1 8 ] .

5

F i g u r e  6.  Temperat ure  Dependence o f
As pha l t en e  Hydr o ge na t i o n  [ 1 8 ] .
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t e m p e r a t u r e .

W e l l e r  e t  a l . [ 1 7 ]  f u r t h e r  i n v e s t i g a t e d  t he  a s p h a l t e n e -  

t o - o i l  r e a c t i o n  and suggest ed a mechanism t o  e x p l a i n  t he  

r e s u l t s :

As p h a l t

( ha l ogen ac i d  c a t a l y s t )

Re a c t i v e  Fragments

( hydrogen
c a t a l y s t )

Benzene I n s o l u b l es O i l s

F i g u r e  7. Mechanism o f  Aspha l t ene  Conver s i on  [ 1 7 ] .
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H e r e , a s p ha l t enes  are c a t a l y t i c a l l y  s p l i t  by halogen 

ac i ds  (eg.  HC1) t o  f orm r e a c t i v e  f r a g m e n t s . The f r agment s  

may recombi ne t o  f o r m a s p h a l t e n e s ;  t he y  may p o l y me r i z e  

f u r t h e r  t o  f orm benzene i n s o l u b l e  p r od u c t s  ; or  t hey  may 

be s t a b i l i z e d  by hydrogen t o  f orm o i l s .  The hydrogen s t a b i ­

l i z a t i o n  r e a c t i o n  i s  c a t a l y z e d  by me t a l s  such as t i n .  

The p r o d u c t  d i s t r i b u t i o n  was f ound t o  be dependent  on 

t he  presence o f  t he  s p l i t t i n g  c a t a l y s t ,  t he  hy d r o g e n a t i o n  

c a t a l y s t ,  and on hydrogen p r e s s u r e .

Li  ebenberg and P o t g i e t e r  [ 4 1 ]  were unab l e  t o  f i t  

t h e i r  da t a  o f  t he  u n c a t a l y z e d  hydrogen at  i on o f  coal  t o  t he 

s i mp l e  s e r i e s  mechanism suggest ed by We l l e r  and c o - wo r k e r s .  

As a r e s u l t ,  t hey  proposed a more e l a b o r a t e  s e r i e s - p a r a l l e l  

mechanism as a f i t  t o  t he  d a t a .

k i k 2
Coa l ---------------► a s p h a l  t e n e --------------► h e a v y  o i l

k3
C o a l -------------- ►  asp ha l t e ne

k 4C o a l  ►heav y  o i l

Yosh i da ,  e t  a l .  [ 4 2 ]  o b t a i n e d  a r e a s o n a b l y  good f i t  

f o r  T a i h e i y o  and Oyubar i  coa l s  w i t h  t he  f o l l o w i n g  mechanism:

oi  1

Coal

asp ha l t e n e
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They used sul  f u r - p r o m o t e d  red-mud as a c a t a l y s t  and

m a i n t a i n e d  r e a c t o r  t e mp e r a t u r e  at  400°C.  The h y d r o g e n o l y s i s

o f  both coal  and asphal  t enes  was f ound t o  obey f i r s t  o r d e r
- 3 -1k i n e t i c s .  Values o f  kg were de t e r mi ned  t o  be 4. 9x10 mi n 

- 3 -1and 4 . 4x10 mi n f o r  t he  T a i h e i y o  and Oyubar i  as p ha l t e nes  

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

Sha l ab i  e t  al  . [ 4 2 ]  f ound t h a t  a b e t t e r  f i t  t o  t he

da t a  cou l d  be o b t a i n e d  i f  p r e a s p h a l t e n e s  were i n c o r p o r a t e d  

i n t o  t he  mechanism.  They proposed t he mechanism:

I h " 3 N *Coa l --------------^ A s p h a l t e n e --------- ^  oi  1 + gas

k6

kp k 5
----------------- ►P r e a s p h a l  t enes  —

At  400° ,  k^ ,  t he  r a t e  c o n s t a n t  f o r  t he  c o n v e r s i o n  o f
-  3 -  1a s p h a l t e n e  t o  o i l  + g a s , was 2.79x10™ mi n™ + 0 . 00257.

Few r e s e a r c h e r s  have i n v e s t i g a t e d  t he  h y d r o t r e a t m e n t  

o f  as p ha l t e n es  w i t h o u t  i n t e r f e r e n c e  f rom o t h e r  components 

( c o a l ,  p r e a s p h a l t e n e s ,  o i l s )  i n  t he  s t a r t i n g  m a t e r i a l .  

R e c e n t l y  however , Kanda e t  a l .  [ 4 4 ] ,  and Yoshi da e t  a l . 

[ 4 5 ] ,  i n  i ndependen t  s t u d i e s ,  have used separ a t ed  a s p h a l - 

t enes  as s t a r t i n g  m a t e r i a l  i n  o r d e r  t o  i n v e s t i g a t e  t he  

s t r u c t u r a l  changes t a k i n g  p l a c e  i n  t he  a s p h a l t e n e - t o - o i l  

r e a c t i o n .  From t hese  s t u d i e s  i t  was conc l uded t h a t  t he
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a s p ha l t enes  r e ma i n i n g  a f t e r  h y d r o t r e a t m e n t  were more a r o ­

m a t i c ,  c o n t a i n e d  f ewer  p o l a r  f u n c t i o n a l  g r o u p s , and were 

o f  l ower  average m o l e c u l a r  we i g h t  t han t hose  p r es en t  be f o r e  

h y d r o t r e a t i  n g . Most  o f  t he  c o n v e r s i o n  o f  asp ha l t e nes  t o  

o i l s  was suggest ed t o  i n v o l v e  t he  s a t u r a t i o n  o f  a r oma t i c  

r i n g s  w i t h  hydrogen t o  f orm n a p t h e n i c  r i n g s  w i t h o u t  changes 

i n  t he  p o l y m e r i z a t i o n  degree o f  t he s t r u c t u r a l  u n i t .

Di ckey  [ 4 6 ]  s t u d i e d  t he t her mal  hydrogen a t i o n  o f  c o a l -  

d e r i v e d  as p h a l t e n es  i n  a c o n t i n uo us  s t i  r r e d - t a n k  r e a c t o r .  

The maximum c o n v e r s i o n  o f  a s p h a l t e n e s - t o - o i I s  was 20.8% at  

c o n d i t i o n s  o f  400°C, 1500 p s i g ,  and 60 - mi nu t e  space t i me .

Based on t hese  r e s u l t s ,  p r o c e s s i n g  as pha l t enes  t o  e x t i n c ­

t i o n  would r e q u i r e  a p r o h i b i t i v e l y  l ong r e s i d e n c e  t i me  or  

more severe h y d r o t r e a t i n g  c o n d i t i o n s  than common 1 y used i n  

c u r r e n t  coal  l i q u e f a c t i o n  p r ocesses .

A more p r o m i s i n g  approach would be t he  use o f  new and 

novel  c a t a l y t i c  sys tems.  Kawa e t  al  . [ 4 7 ]  per f or med an

e x t e n s i v e  e v a l u a t i o n  o f  t he  e f f e c t i v e n e s s  o f  v a r i o u s  p e l ­

l e t e d  c a t a l y s t s  f o r  t he  hydrogen at  i on and h y d r o d e s u l f u r i -  

z a t i o n  (HDS) o f  a h i g h - v o l a t i l e  b i t u m i n o u s  c o a l .  They 

f ound t h a t  a c ommer c i a l ,  s i l i c a - p r o m o t e d  Co-Mo on a l umi na 

c a t a l y s t  ( Harshaw 0402T) was t he  most  e f f e c t i v e ,  both f o r  

h y d r o g e n a t i o n  and HDS.

Some o f  t he  more p r o mi s i n g  c a t a l y s t  systems f o r  coal  

h y d r o g e n a t i o n  have been summar ized by M i l l s  [ 4 8 ]  and are
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l i s t e d  below i n  Tabl e  10. For  t he most  p a r t  t hey  have 

no t  been deve l oped i n t o  economi cal  p r ocesses ,  however ,  

f u r t h e r  r esea r ch  work i s  i n  p r o g r e s s . A l t hough  most  o f  

t hese  c a t a l y s t s  have not  been t e s t e d  on a s p ha l t e ne  f e e d s , 

t h e i r  s u c c e s s f u l  use i n  h y d r o t r e a t i n g  coal  and pe t r o l eum 

f e e d s t o c k s  i n d i c a t e  t h a t  such u t i l i z a t i o n  i s  p o s s i b l e .

Tabl e 10. New Hyd r ogena t i on  C a t a l y t i c  Systems [ 4 8 ] .

" Nascen t "  - a c t i v e  hydrogen gener a t ed  i n  s i t u  
Complexes o f  t r a n s i t i o n  met a l s  
Massi ve amounts o f  h a l i d e  c a t a l y s t s  
Organ i c  hydrogen donor  s o l v e n t s  
A l k a l i  me t a l s

( a ) Wi th H2
(b)  Wi th amines
(c)  E l e c t r o c a t a l y t i c 

Reduc t i ve  A l k y l a t i o n  
Mi seel  1aneous
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EQUIPMENT

A l l  e x p e r i me n t a l  runs were c a r r i e d  out  i n  a o n e - l i t e r  

s t i r r e d  ba t ch a u t o c l a v e  r e a c t o r . The r e a c t o r  was equi pped 

w i t h  a sample i n j e c t i o n  sys tem,  an o n - l i n e  l i q u i d  p r o du c t s  

sampl i ng  system,  a gas sampl i ng  system,  and a t e mp e r a t u r e  

and p r es s u r e  m o n i t o r i n g  s y s t e m. The compos i t e  r e a c t o r  s y s ­

tem,  shown i n  F i g u r e  8,  was most  r e c e n t l y  used by Fu r l ong  

and i s  d e s c r i b e d  i n  h i s  d i s s e r t a t i o n  [ 4 9 ] .

The r e a c t o r  and l i n e  system was enc l osed  behi nd a i " 

t h i c k  hea t - t emper e d  s t e e l  e x p l o s i o n  b a r r i e r .  I n j e c t i o n  and 

p r o d u c t  sampl i ng  as we l l  as c o n t r o l  o f  r e a c t i o n  v a r i a b l e s  

was c a r r i e d  out  r e m o t e l y ,  e x t e r n a l  t o  t he  cage as s emb l y .

Reac t or  and S t i r r e r  Assembly 

The r e a c t o r  was a o n e - l i t e r  s t a i n l e s s  s t e e l  ( t y pe  

316) vesse l  manu f ac t u r ed  by Au t o c l a v e  e n g i n e e r s .  The vesse l  

was r a t e d  t o  1 0 , 000 psi  and i n c l u d e d  a l i n e  c o n t a i n i n g  a 

r u p t u r e  d i s k  whi ch l ed t o  a k n o c k - o u t  vesse l  and v e n t .  The 

i n t e r n a l s  o f  t he  r e a c t o r  i n c l u d e d  a t h e r m o w e l l ,  sample 

d i p - t u b e ,  b a f f l e  and c o o l i n g  c o i l s .  The r e a c t o r  was a l so  

equ i pped w i t h  a MagneDr i ve s t i r r e r  whi ch was c o n t r o l l e d  

e x t e r n a l l y  by a Re l i an c e  E l e c t r i c  d r i v e  u n i t .  The s t i r r e r  

speed was mo n i t o r e d  by a magne t i c  d e t e c t o r  r i n g  and t a c h o ­

meter  s y s t e m.

I n j e c t i o n  System 

To f a c i l i t a t e  i n j e c t i o n  o f  r e a c t a n t s  i n t o  t he  r e a c t o r ,
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a h i gh  p r e s s u r e  g a s - f o r c e d  sample i n j e c t i o n  system was 

u s e d . A 150 ml .  Hoke gas c y l i n d e r ,  C l ,  was a t t a c h e d  by 

1 / 8 "  s t a i n l e s s  s t e e l  t u b i n g  t o  v a l v e  V4. The t op  o f  t h i s  

vesse l  was a t t ac h e d  by 1 / 4 "  s t e e l  t u b i n g  t o  v a l v e  V3 and 

f rom t h e r e  t o  t he  h i gh p r e s s u r e  hydrogen supp l y  and vent  

s y s t e m.

Sampl i ng Systems 

L i q u i d  p r od u c t  was sampled d u r i n g  a run f o r  a n a l y s i s  

t h r oug h  1 / 8 "  s t a i n l e s s  s t e e l  t u b i n g  and t he doub l e  va l v e  

system V8 and V9. The sample l i n e  was e n l a r ged  t o  1 / 4 "  

s t e e l  t u b i n g  down s t ream o f  V8 i n  o r d e r  t o  a l l o w  f o r  i n ­

c r eased sample volume.  Gas samples were t aken i n  500 ml 

va l v e d  gas sample b o t t l e s  w i t h  1 / 4 "  qui  c k - c o n n e c t  f i t t i n g s .

Temperat ure and Pr essur e  M o n i t o r i n g  System 

Temperat ure o f  t he  r e a c t o r  was c o n t r o l l e d  by a 2.1 

kW, 110 v o l t ,  A . C. r e s i s t a n c e  h e a t e r  and a t he r mocoup l e  i n

a submerged we l l  connec t ed t o  a Leeds and No r t h r u p  E l e c t r o ­

max 111 c o n t r o l l e r .  Power t o  t he  h e a t i n g  j a c k e t  was r e g u l a ­

t ed v i a  a Leeds and No r t h r up  Model  1106 SCR. The he a t i n g  

j a c k e t  was r a i s e d  and l owered r e mo t e l y  by a GCA P r e c i s i o n  

S c i e n t i f i c  power j a c k .  A Thermo E l e c t r i c  d i g i t a l  t emper a ­

t u r e  i n d i c a t o r  and a Honeywel l  E l e c t r o n i  k 111 c h a r t  r e c o r d ­

er  p r o v i d e d  both an a c c u r a t e  t emp e r a t u r e  r eadou t  and a 

permanent  r e c o r d  o f  t he  run t e mp e r a t u r e  p r o f i l e s .

Pr essu r e  was mon i t o r ed  by a V i a t r a n  p r es s u r e  t r a n s -
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ducer  and V i at  ran d i g i t a l  p r e s s u r e  i n d i c a t o r .  A second 

Honeywel l  s t r i p  c h a r t  r e c o r d e r  was used t o  r e c o r d  p r es s u r e  

p r o f i l e s  d u r i n g  o p e r a t i o n .
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EXPERIMENTAL DESIGN

Th i s  s t udy  o f  t he  h y d r o p r o c e s s i n g  o f  c o a l - d e r i v e d  

as p ha l t e nes  has been separ a t ed  i n t o  f o u r  p r i n c i p l e  phases . 

Each phase c o n s i s t e d  o f  t a k i n g  p r odu c t  samples at  s p e c i f i e d  

c o n d i t i o n s  and r e a c t i o n  t i mes  f o r  k i n e t i c  model  devel opment  

and as p h a l t e n e  s t r u c t u r a l  a n a l y s i s .  The f o u r  phases o f  

s t udy  are :

Phase I - Thermal  Hyd r op r oc es s i ng

Phase I I  - P y r i t e  and H^S C a t a l y t i c  Hyd r op r o cess i ng  

Phase I I I  - Commercial  C a t a l y s t  Hy d r op r o c es s i ng  

Phase IV - E f f e c t s  o f  P r ocess i ng  C o n d i t i o n s

Reac t i on  C o n d i t i o n s  

Temperature

Si nce i t  was d e s i r e d  t o  o b t a i n  k i n e t i c  i n f o r m a t i o n  

f rom t h i s  s t u d y ,  i t  was necessar y  t o  s e l e c t  a r e a c t i o n  

t e m p e r a t u r e  whi ch was h i gh enough t o  a l l o w  adequate c o n v e r ­

s i on  o f  r e a c t a n t s  y e t  low enough so t h a t  t he  r e a c t i o n  

would not  proceed t oo r a p i d l y ,  even w i t h  added c a t a l y s t .  

Si nce most  d o n o r - s o l v e n t  coal  l i q u e f a c t i o n  processes  n o r ma l ­

l y  op e r a t e  between 350o -450°C,  t e mp e r a t u r e s  i n  t h a t  range 

were c o n s i d e r e d  v a l i d .  The c ho i c e  o f  t e t r a l i n  as t he s o l ­

ven t  p r e c l u d ed  o p e r a t i o n  at  t he  upper  end o f  t h i s  t emper a ­

t u r e  range because t he  c r i t i c a l  p o i n t  o f  t e t r a l i n  i s  

446°C.  I t  was dec i ded  t o  t r y  t h r e e  d i f f e r e n t  t e mp e r a t u r e s  

f o r  t he  t he r ma l  ( n o n - c a t a l y t i  c ) runs and t o  u t i l i z e  t he
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r e s u l t s  o f  t hese  t o  de t e r mi n e  t he  bes t  t e mp e r a t u r e  at  

whi ch t o  make t he  c a t a l y t i c  r u n s . For  t he  t he r ma l  runs 

r e a c t i o n  t emp e r a t u r es  o f  21° ,  355° ,  375° and 400°C were

chosen.  The c a t a l y t i c  runs were a l l  made at  400°C.

Pr essur e

A t o t a l  r e a c t i o n  p r es s u r e  o f  1500 ps i g  was employed 

f o r  a l l  runs i n  t h i s  s t u d y . Th i s  p r ov i d e d  s u f f i c i e n t  h y d r o ­

gen f o r  t he  v a r i o u s  h y d r o p r o c e s s i n g  r e a c t i o n s  as we l l  as 

a l l o w i n g  d i r e c t  compar i son w i t h  t he  p r e v i o u s  as p ha l t e ne  

s t udy  [ 4 6 ] .

Sol  vent

T e t r a l i n  was chosen as t he  s o l v e n t  f o r  t h i s  s t udy  

because o f  i t s  hydrogen d o n a t i n g  a b i l i t y  and o t h e r  d e s i r ­

ab l e  s o l v e n t  p r o p e r t i e s .  A d d i t i o n a l l y ,  a l a r g e  da t a  base 

i s  a v a i l a b l e  f o r  t e t r a l i n  i n  t he  l i t e r a t u r e  and i t s  decom­

p o s i t i o n  p r o d u c t s  are q u a n t i f i a b l e  by gas ch r o mo t o g r a p h i c  

a n a l y s i s  [ 5 0 , 5 1 ] .

Reac t i on  Mass and S o l v e n t / A s p h a l t e n e  Ra t i o

The s e l e c t i o n  o f  a p a r t i c u l a r  r e a c t i o n  mass and sol  - 

v e n t / a s p h a l t e n e  r a t i o  was made on t he bas i s  o f  seve r a l  

t r a d e o f f s . Three i n t e r a c t i n g  f a c t o r s  had p r i m a r y  i n f l u e n c e  

on t he  cho i c e  o f  t hese  two pa r amet e r s .  F i r s t ,  because 

samples were wi t hd r awn  f rom t he  r e a c t o r  at  s p e c i f i e d  i n t e r ­

v a l s ,  t he  r e a c t i o n  mass v a r i e d  t h r o u g h o u t  t he  r un .  I t  was 

t h e r e f o r e  d e s i r e d  t o  beg i n  w i t h  a l a r g e  i n i t i a l  r e a c t i o n
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mass so as t o  mi n i mi z e  t he  f r a c t i o n a l  l oss  and t hus  be

ab l e  t o  model  t he  system as a c o n s t a n t  volume batch 

r e a c t o r .  Second,  a l a r g e  gas space above t he  l i q u i d  r e a c ­

t a n t s  was necessar y  i n  o r d e r  t o  m a i n t a i n  s u f f i c i e n t  h y d r o ­

gen so t h a t  hydrogen s t a r v a t i o n  would be avo i ded .  A l a r g e  

gas space would a l so  mi n i m i z e  t he  p r e s s u r e  drop encoun t er ed  

when a sample was w i t h d r a wn .  T h i r d ,  i t  was d e s i r e d  t o  have 

as low a s o l v e n t / a s p h a l t e n e  r a t i o  as p o s s i b l e  so t h a t  f o r  

a g i ven  sample a l a r g e  amount o f  p r o d u c t  cou l d  be i s o l a t e d  

f o r  t he  necessar y  a n a l y t i c a l  t e s t s .

The a p p r o p r i a t e  r e a c t i o n  mass and s o l v e n t / a s p h a l t e n e  

r a t i o  were de t e r mi ned  a f t e r  making s ev e r a l  t r i a l  r u n s . The 

f i n a l  c o n d i t i o n s  de t e r mi ned  t o  be opt imum f o r  t h i s  s t udy  

were a t o t a l  r e a c t i o n  mass o f  417 grams and a sol  -

v e n t / a s p h a l t e n e  r a t i o  o f  6 / 1 .  Sample masses were 5.0 + 0 .5  

g r ams . At  t hese  c o n d i t i o n s ,  f i v e  sampl es,  w i t h  a l i n e  

f l u s h  j u s t  p r i o r  t o  ea c h , amounted t o  a l oss  o f  50 grams 

o f  r e a c t o r  m a t e r i a l  p r i o r  t o  t a k i n g  t he  f i n a l  sample.  Th i s  

r e p r e s e n t s  a l oss  o f  12 we i gh t  p e r c e n t  o f  t he  r e a c t o r  

m a t e r i a l .  That  t h i s  l oss  does no t  have a s i g n i f i c a n t  

e f f e c t  on t he  k i n e t i c s  o f  t he  r e a c t i o n  was v e r i f i e d  by 

e x p e r i m e n t .  Th i s  f a c t o r  i s  c o n s i de r e d  i n  more d e t a i l  i n  

t he  D i s c u s s i o n  s e c t i o n .

C a t a l y s t  Mass and P a r t i c l e  Si ze

In o r d e r  t o  observe a t r u e  c a t a l y t i c  e f f e c t  i t  was
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d e s i r e d  t o  keep t he  t o t a l  c a t a l y s t  mass t o  5 we i gh t  

p e r c e n t  o f  t he  o r i g i n a l  a s p h a l t e n e .  Th i s  r e q u i r e d  a c a t a ­

l y s t  mass o f  3 g r ams . By g r i n d i n g  t he  c a t a l y s t  p e l l e t s  t o  

-200 mesh ( 0 . 074  mm and s m a l l e r )  mass t r a n s f e r  e f f e c t s  

were assumed t o  be m i n i m i z e d .  Al so  w i t h  -200 mesh p a r ­

t i c l e s ,  p l u g g i n g  o f  t he  1 / 8 "  00 sample d i p  t ube was avo i ded .

S t i r r e r  Speed,  Sample Si ze and Sample Times 

The s t i r r e r  speed was ma i n t a i n e d  at  1500 rpm d u r i n g  

o p e r a t i o n  t o  f a c i l i t a t e  good mi x i ng  and s o l v e n t - a s p h a l t e n e  

c o n t a c t  at  a l l  t i m e s .

The amount o f  p r o d u c t  whi ch was wi t hd r awn  f rom t he 

r e a c t o r  cou l d  be c o n t r o l l e d  by a d j u s t i n g  t he  l e n g t h  o f  t he  

1 / 4 "  00 sample t ub e .  An a p p r o p r i a t e  mass o f  sample was 

de t e r mi ned  t o  be 5 g r ams .

I t  was d e s i r e d  t o  o b t a i n  s h o r t  r e a c t i o n  t i me  k i n e t i c  

da t a  as we l l  as da t a  whi ch approached e q u i l i b r i u m .  For  

t hese  r e a s o n s , samples were w i t hd r awn  f rom t he r e a c t o r  at  

2,  5,  10, 15, 30 and 60 mi nu t es  f o l l o w i n g  i n j e c t i o n .

A summary o f  t he  f i n a l  r e a c t i o n  c o n d i t i o n s  used i n  

t h i s  s t udy  i s  g i ven  i n  Tabl e 11.
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Tabl e 11. Reac t i on  C o n d i t i o n s

Reac t or  : 1 l i t e r  s emi - ba t ch  a u t o c l a v e  

Temperat u re  - n o n - c a t a l y t i c : 21° ,  355° ,  375° ,  400°C 

c a t a l y t i c :  400°C

Pr es s u r e :  1500 ps i g  t o t a l

S o l v e n t :  T e t r a l i n  (1 ,  2,  3,  4 - T e t r a h y d r o n a p h t h a l e n e )

Rea c t i on  mass - As p ha l t e n e :  60 grams

C a t a l y s t  : 3 grams

To t a l  : 417 grams

S o l v e n t / A s p h a l t e n e :  6/1 

C a t a l y s t  s i z e :  -200 mesh ( 0 . 074  mm)

S t i r r e r  Speed : 1 500 rpm 

Sample s i z e :  5 grams

Sample t i m e s :  2,  5, 10,  15, 30 and 60 mi nu t es  a f t e r  i n j e c t i o n
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C a t a l y s t  S e l e c t i o n  

C a t a l y s t s  were s e l e c t e d  on t he bas i s  o f  good h y d r o p r o ­

c e s s i n g  ( i e . h y d r o g e n a t i o n ,  h y d r o c r a c k i n g ,  h y d r o d e s u l f u r i  za-  

t i  on , h y d r o d e n i t r o g e n a t i o n ,  and hy d r od eo x y g e n a t i on )  a b i l i t y  

i n  f e e d s t o c k s  comparabl e t o  c o a l - d e r i v e d  asp.hal t e n e s . In 

a d d i t i o n  t o  t he  a p p r o p r i a t e  chemi ca l  p r o p e r t i e s ,  p h y s i c a l  

p r o p e r t i e s  o f  t he  c a t a l y s t s  such as l a r g e  pore d i a me t e r s  

were sought  i n  o r d e r  t o  f a c i l i t a t e  d i f f u s i o n  o f  t he  a s p h a l ­

tene mo l ecu l es  t o  t he  r e a c t i v e  s i t e s .  Four  o f  t he c a t a l y s t s  

employed were f rom commerc i a l  s u p p l i e r s  and had t he chemi ­

ca l  and p h y s i c a l  p r o p e r t i e s  shown i n  Tabl e 12. A f i f t h  

c a t a l y s t , c o a l - d e r i v e d  p y r i t e ,  was a l s o  i n c l u d e d  i n  o r de r  

t o  d e t e r m i n e  i t s  e f f e c t i v e n e s s  as a h y d r o p r o c e s s i n g  c a t a ­

l y s t  and t o  compare i t s  a c t i v i t y  t o  t he  commerc i a l  c a t a ­

l y s t s .  The p r o p e r t i e s  o f  t he  p y r i t e  are shown i n  Tabl e 13.
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Tabl e 13. P y r i t e  P r o p e r t i e s

P y r i t e 62%

Marcas i t e 38%
2

1.9 m / gramSur f ace  Area

Reagents

Tab l e  14 l i s t s  t he  r eagen t s  used i n  t he  course  o f  

t h i s  work .  Pen t ane , t o l u e n e  and acetone were a l so  used as 

r e c o v e r e d  f r om t he  r o t a r y  e v a p o r a t o r .

Tabl e 14. L i s t  o f  Reagents

3500 ps i  grade he l i um gas 

3500 psi  grade hydrogen gas 

Pure grade (99% minimum) n-Pent ane 

Tec hn i c a l  grade (99.5% minimum) Toluene 

I n d u s t r i a l  grade T e t r ah y d r o f u r a n  (THF) 

P u r i f i e d  grade (99% minimum) T e t r a l i n  

Te c h n i c a l  grade (99.5% minimum) Acetone
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EXPERIMENTAL PROCEDURE

Aspha l t ene  Se p a r a t i o n  and Recovery 

The a s p ha l t e nes  used i n  t h i s  s t udy  were separ a t ed

f rom SRC - 1 o b t a i n e d  f rom t he  C a t a l y t i c ,  I n c .  SRC p i l o t

p l a n t  i n  Wi 1 son vi  11 e , Alabama.  The SRC was produced f rom

Kent ucky  9 coal  f rom t he  L a f a y e t t e  mine d u r i n g  F e b r u a r y ,

1980.  The run number f rom whi ch t h i s  m a t e r i a l  was o b t a i n e d  

i s  201.  Ana l yses  o f  t he  f eed coal  and t he  s o l v e n t  r e f i n e d  

coal  as per f o r med by C a t a l y t i c ,  I n c .  are t a b u l a t e d  i n  

Appendi x  A. U l t i m a t e  a n a l y s i s  o f  t he  SRC - 1 as per f or med at  

C a t a l y t i c ,  I n c .  and at  t he  CSM Coal  Hydrogen at  i on La b o r a ­

t o r y  are g i ven  i n  Tabl e 15.

Tab l e  15. SRC-I U l t i m a t e  A n a l y s i s  

Component wt  %

C a t a l y t i c ,  I nc .  
L a b o r a t o r i es

CSM
L a b o r a t o r y

c 8 7 . 3 8 8 6 . 7 6

H 5 . 4 0 6 . 0 1

N 1 . 3 0 1 . 9 2

S 1 . 2 6 1 . 0 7

Ash 0 . 2 6 0 . 1 4

0 * 4 . 4 0 4 . 1 0

* Oxygen de t e r mi ned  by d i f f e r e n c e
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F u r t h e r  d e t a i l s  r e g a r d i n g  t he  run c o n d i t i o n s  and t he 

p r o c e s s i n g  h i s t o r y  o f  t h i s  SRC i s  a v a i l a b l e  f rom r e f e r e n c e  

52.

The pr ocedur e  used i n  t h i s  s t udy  f o r  s e p a r a t i o n  o f

a s p h a l t e n e s  f r om SRC - 1 r e p r e s e n t s  a m o d i f i c a t i o n  o f  t h a t  

whi ch was used p r e v i o u s l y  i n  t h i s  l a b o r a t o r y  by Di ckey  

[ 4 6 ] .  Th i s  scheme i s  shown i n  F i g u r e  9 and i s  d e t a i l e d  i n  

t he  f o l l o w i n g  d i s c u s s i o n .

A 30 gram sample o f  SRC - 1 was p l aced i n t o  a 62 mm x 

180 mm Whatman c e l l u l o s e ,  s i n g l e - t h i c k n e s s  e x t r a c t i o n  t h i m ­

b l e .  The t h i m b l e  was f i t t e d  i n t o  a 500 ml Sox h l e t  e x t r a c t o r  

and 600 ml o f  t o l u e n e  was p l aced i n  t he  1 l i t e r  round 

bo t t om f l a s k .  The system was a l l owed  t o  r e f l u x  f o r  an 8-12 

hour  p e r i o d .  A f t e r  t h i s  p e r i o d  t he  system was shut  down,

c oo l ed  and ano t he r  30 grams o f  SRC - 1 was added t o  t he

t h i m b l e  and a l l owed  t o  r e f l u x .  At  t he  end o f  t he  second

r e f l u x  p e r i o d ,  t he  l i q u i d  was removed and f r e s h  t o l u e n e  

was added . The pr ocess  was r epea t ed  t w i c e  more u n t i l  a 

t o t a l  o f  120 grams o f  SRC - 1 had been e x t r a c t e d .  By p l a c i n g  

smal l  30 gram samples i n  t he  e x t r a c t o r s , probl ems w i t h  

a s p ha l t e ne  s w e l l i n g  and a g g l o me r a t i o n  were avo i ded .  A l s o ,  

by r e p l a c i n g  t he  e x t r a c t i o n  s o l v e n t  a f t e r  24 hours o f  

o p e r a t i o n  e x c e s s i v e  p o l y m e r i z a t i o n  and de c o mpo s i t i o n  o f  

t he  e x t r a c t  was avo i ded .

The t o l u e n e  e x t r a c t  whi ch c o n t a i n e d  o i l s ,  aspha l t enes
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t o i uene

SRC - 1 Sample 
(30 g)

So x h l e t  E x t r a c t i o n  
(12 hr )

Vacuum F i l t r a t i o n
p r e a s p h a l t e n e s  
i n s o l u b l e  o r g a n i c  ma t t e r  
m i ne r a l  m a t t e r

Vacuum Rotavap t o i uene

p e n t a n e s p h a l t e n e  P r e c i p i t a t i o n

Aspha l t enes

F i g u r e  9. As pha l t en e  S e p a r a t i o n  Scheme



T-2857 47

and some i n s o l u b l e s  (whi ch pr esumabl y  had been c a r r i e d  

t h r ou g h  t he  t h i m b l e  or  formed i n  t he  b o i l i n g  f l a s k  d u r i n g  

e x t r a c t i o n )  was vacuum f i l t e r e d  t h r o ug h  Whatman No. 42 

ash ! ess  f i l t e r  p a p e r . The r e s u l t i n g  f i l t r a t e  was f r e e  o f  

i n s o l u b l e s .  The f i l t r a t e  was c o n c e n t r a t e d  i n  t he  a s p h a l ­

t ene and o i l  f r a c t i o n  t o  a t h i c k  l i q u o r  by removal  o f  t he  

t o l u e n e  by r o t a r y  e v a p o r a t i o n  at  70°C under  vacuum. The 

l i q u o r  was t r a n s f e r r e d  t o  4-195 ml c e n t r i f u g e  t u b es .  Normal  

pent  ane (150 ml )  was then added t o  each t ube and t he t ubes 

p l aced  i n t o  an 80 wa t t  u l t r a s o n i c  bath and s o n i c a t e d  f o r  5 

m i n u t e s .  The t ubes  were t hen t r a n s f e r r e d  t o  an I EC e x p l o ­

s i o n - p r o o f  c e n t r i f u g e  and c e n t r i f u g e d  at  2600 rpm f o r  4 

m i n u t e s .  The pentane and p e n t a n e - s o l u b l e  o i l s  were decant ed 

f rom t he  p r e c i p i t a t e d  a s p h a l t e n e s .  Th i s  process  was r e p e a t ­

ed and a d d i t i o n a l  t h r e e  t i mes  u n t i l  t he  p e n t a n e , a f t e r  

s o n i c a t i o n  and c e n t r i f u g a t i o n ,  remai ned r e l a t i v e l y  c l e a r  

and c o l o r l e s s .

Th i s  p r ocedur e  l ed t o  t he  s e p a r a t i o n  and r e c o v e r y  o f  

a p p r o x i m a t e l y  2000 grams o f  a r e l a t i v e l y  pure as pha l t ene  

f r a c t i o n  whi ch was used as f e e d s t o c k  f o r  t h i s  s t u d y .

P y r i t e  S e p a r a t i o n

The p y r i t e  used i n  t h i s  s t udy  was separ a t ed  f rom a 

h i gh p y r i t e  coal  r e c e i v e d  f r om t he  C o l o n i a l  mine i n  Madi son-  

v i l l e ,  K e n t u c k y . The coal  was ground us i ng  a j aw m i l l  and 

s h a t t e r  box and t he  p y r i t e  separ a t ed  ou t  us i ng  a shaker
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t a b l e .  X - r ay  d i f f r a c t i o n  and Mbssbauer Spec t r oscopy  v e r i f i e d  

t h a t  t he  separ a t ed  p o r t i o n  was i n  f a c t  p y r i t e .  A more 

d e t a i l e d  d e s c r i p t i o n  o f  t he  s e p a r a t i o n  process  has been 

p r es en t ed  by Eaton [ 5 3 ] .

C a t a l y s t  P r e s u l f i d i n g  

P r i o r  t o  i n i t i a t i o n  o f  r e a c t i o n  w i t h  a s p h a l t e n e s ,  t he 

commerc i a l  h y d r o p r o c e s s i n g  c a t a l y s t s  were p r e s u l f i d e d  i n  a 

10% HgS i n  Hg gas m i x t u r e  ac c o r d i n g  t o  t he  f o l l o w i n g  

s e q u e n t i a l  p r oc ed u r e .

1. Ground ( - 200  mesh) c a t a l y s t  was d r i e d  i n  an oven at  

110°C f o r  24 h o u r s .

2. The d r i e d  c a t a l y s t  was coo l ed  i n  a des si  c a t o r , weighed 

t o  3 . 0  + 0 . 2  grams and l oaded i n  t he  r e a c t o r  al ong

w i t h  278 + 2 grams o f  t e t r a l i n .

3. The r e a c t o r  head assembly was a t t a c h e d  and t he l u b r i ­

ca t ed  head b o l t s  t o r q ue d  down t o  150 f t - l b ^  i n  25

f t - 1 bf  i n c r e me n t s .

4.  The a p p r o p r i a t e  i n s t r u m e n t  c o n n e c t i o n s ,  v a l v e  l i n e s ,

v a l v e  handl e e x t e n d e r s ,  h e a t i n g  j a c k e t  and sample i n j e c ­

t i o n  c y l i n d e r ,  were a t t a c h e d .  The cage f an was then 

a c t u a t e d .

5. The system was l eak  checked w i t h  he l i um up t he o p e r a ­

t i n g  p r e s s u r e  o f  1 500 p s i g  and t he  r e a c t o r  head re- 
tor qued as n e c e s s a r y .
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6. The he l i um was s l o w l y  ven t ed t h r oug h  v a l v e  V I 0.  400

p s i g  o f  10% HgS/Hg was charged t h r ough  va l v es  V6 and V7.

7. Co o l i n g  wa t e r  t o  t he  s t i r r e r  was s t a r t e d  and t he  Magne- 

d r i v e  s t i r r e r  was set  at  1500 rpm.

8.  The h e a t e r  was t u r n ed  on and t he system b r ough t  t o  t he

p r e s u l f i d i n g  c o n d i t i o n s  o u t l i n e d  i n  Tabl e 16.

Aspha l t ene  M i x t u r e  P r e p a r a t i o n  

Dur i ng  t he  c a t a l y s t  p r e s u l f i d i n g  p e r i o d  t he  i n j e c t i o n  

m i x t u r e  o f  t e t r a l i n  and as p h a l t e n e  was p r epa r ed .

1 . 75 grams o f  t e t r a l i n  was added t o  60 grams o f  a s p h a l ­

t ene  i n  a t a r e d  400 ml beaker  equi pped w i t h  a magnet i c  

s t i r r i n g  b a r . The m i x t u r e  was s t i r r e d  r a p i d l y  on a 

magne t i c  s t i r r e r  t o  i n s u r e  homogen i e t y .

2. A 3 i nch  No. 17 s y r i n g e  need l e  was i n s e r t e d  i n t o  t he

opened t op  f i t t i n g  o f  Cl and t he  s y r i n g e  c a r e f u l l y

f i l l e d  w i t h  t he  t e t r a l i n / a s p h a l t e n e  m i x t u r e .  The m i x ­

t u r e  was t hen f o r c e d  i n t o  Cl t h r ough  t he  needl e w i t h  a

Tabl e 16. P r e s u l f i d i n g  C o n d i t i o n s

Temperature 
Pressur e  ( c o l d )  
HgS/ HgConcen t r a t i on

400°C 
400 ps i g  
10 mol %

T i me
A g i t a t o r  Speed

3 hours 
1500 rpm
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r u bbe r  pi  pet  bu l b  connec t ed by a g l a s s  t ube t o  a 

r u bbe r  s t o p p e r  i n s e r t e d  i n  t he  t op  o f  t he  p l u n g e r !  ess 

s y r i n g e .  The s y r i n g e  was r e f i l l e d  u n t i l  a l l  o f  t he  

m i x t u r e  had been t r a n s f e r r e d  i n t o  C l .

3.  The s y r i n g e ,  need l e ,  s t i r r i n g  bar  and beaker  were r e ­

weighed t o  d e t e r mi ne  t he amount o f  " uncharged m i x t u r e " .

4.  The t op o f  Cl was then a t t a c h e d  t o  t he  hydrogen supp l y  

system and a l l  f i t t i n g s  were p r es s u r e  c h e c k e d .

Run Procedure - C a t a l y t i c

1 . At  t he  end o f  t he  p r e s u l f i d i n g  p e r i o d  t he  t e mper a t u r e

c o n t r o l l e r  was set  t o  415° C .

2. As t he  r e a c t o r  t e mp e r a t u r e  approached 415°C t he 

s upp l y  r e g u l a t o r  was set  a t  1500 ps i g  and t he l i n e  

between VI and V3 f l u s h e d  t w i c e  w i t h  hydrogen.

3. When t he t e mp e r a t u r e  reached 415°C t he  sample was i n j e c ­

t ed  by s e q u e n t i a l l y  openi ng va l v e s  V I ,  V3 and V4.

4.  When t he r e a c t o r  p r essu r e  jumped t o  1 500 ps i g  t he  m i x ­

t u r e  had been i n j e c t e d  and t he  s t opwat ch  was s t a r t e d  

t o  i n d i c a t e  t he  run t i me .

5. The t e mp e r a t u r e  c o n t r o l l e r  was r e s e t  i n  o r d e r  t o  ma i n ­

t a i n  t he  d e s i r e d  r e a c t o r  t emper a t u r e ,  ( u s u a l l y  400°C) .

6.  Va l ves  V4, V3 and VI and t he  hydrogen supp l y  v a l v e  

were c l o s e d .
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7. At  one mi nu t e  and f i f t y  seconds i n t o  t he  run t he 

sample l i n e  was f l u s h e d  by openi ng v a l v e  V8 b r i e f l y  

and r e c l o s i n g .  One s i de  o f  V9 was opened and t he f l u i d  

was a l l owed  t o  d r a i n  i n t o  a t a r e d  vesse l  l a b e l e d  

" s l o p " .  Val ve V9 was c l o s e d .

8.  At  two mi nu t es  v a l v e  V8 was agai n opened b r i e f l y  and 

c l o s e d .  The o t h e r  s i de  o f  v a l v e  V9 was opened and t he 

p r o d u c t  sample a l l owed  t o  d r a i n  i n t o  a c l e a n ,  oven-  

d r i e d ,  t a r e d  c e n t r i f u g e  t ube l a b e l e d  " 2 " .

9.  Val ve V9 was c l os e d  and t he l i n e  out  o f  V9 was 

removed,  f l u s h e d  w i t h  acetone i n t o  a " wash" f l a s k ,  

blown dr y  w i t h  compressed a i r ,  and r e p l a c e d .

10.  Steps 7, 8 and 9 were r epea t ed  at  5, 10,  15, 30 and 60 

mi nu t es  i n t o  t he  r un .  The samples were c o l l e c t e d  i n  

t ubes  l a b e l e d  " 5 " ,  " 1 0 " ,  " 1 5 " ,  "30"  and " 6 0 " ,  r e s p e c ­

t i v e l y .  In o r d e r  t o  i n s u r e  adequate m a t e r i a l  f o r  a n a l y ­

s i s ,  two a d d i t i o n a l  sampl es,  l a b e l e d  "60+1"  and "60+2" ,  

were t aken i mme d i a t e l y  f o l l o w i n g  t he  60 mi nu t e  sample.

11. Each t ube p l us  sample was weighed t o  t he  nea r es t  0.1 

m i l l i g r a m  on t he two-pan a n a l y t i c a l  ba l ance .

12. The " s l o p "  vesse l  was rewe i ghed .
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Run Procedure - N o n - C a t a l y t i c  

The p r e v i o u s  d i s c u s s i o n  a p p l i e s  t o  a l l  o f  t he  c a t a ­

l y t i c  r u n s .  For  t he  runs where no het erogeneous  c a t a l y s t  

was added,  t he  f o l l o w i n g  m o d i f i c a t i o n s  t o  t he  p r ocedur e  

were made.

1. The c a t a l y s t  p r e s u l f i d i n g  p r ocedur e  was o m i t t e d .

2.  278 grams o f  t e t r a l i n  was charged t o  t he  r e a c t o r . The 

r e a c t o r  was sea l ed and t he  a p p r o p r i a t e  f i t t i n g s  and 

i n s t r u m e n t  c o n n e c t i o n s  a t t a c h e d . The system was p r e s ­

sure t e s t e d  t o  t he  d e s i r e d  o p e r a t i n g  p r e s s u r e .

3. The t e t r a l i n / a s p h a l t e n e  m i x t u r e  was l oaded i n t o  t he  

sample c y l i n d e r .  C l ,  p r i o r  t o  heat  u p .

4.  Co o l i n g  wa t e r  t o  t he  s t i r r e r  was s t a r t e d ,  t he  Magne- 

d r i v e  s t i r r e r  was set  a t  1 500 rpm,  and t he cage fan 

t u r n e d  on.

5.  Hea t i ng  began by s e t t i n g  t he  t e mp e r a t u r e  c o n t r o l l e r  t o  

15°C above t he d e s i r e d  o p e r a t i n g  t e m p e r a t u r e .

6.  When t he  r e a c t o r  t e mp e r a t u r e  reached 15°C above t he 

d e s i r e d  o p e r a t i n g  t e m p e r a t u r e , t he  t e t r a l i n / a s p h a l t e n e  

m i x t u r e  was i n j e c t e d  and t he  run proceeded as b e f o r e .

Shutdown Procedure

1. F o l l o w i n g  t he  60 mi nu t e  samples t he  t e mp e r a t u r e  c o n t r o l ­

l e r  was shu t  o f f .
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2. The h e a t i n g  j a c k e t  was l owered and t he  r e a c t o r  c o o l i n g  

f an  a c t u a t e d .

3. The t e m p e r a t u r e  o f  t he  system was mo n i t o r ed  down t o

30°C at  whi ch t i me  a gas sample was t a k e n .

M a t e r i a l  Bal ance 

The c o n t e n t s  whi ch remai ned i n  t he  r e a c t o r  f o l l o w i n g

a run were account ed f o r  by m a t e r i a l  ba l ance acc o r d i ng  t o

t he  f o l l o w i n g  p r ocedur e  :

1. The r e a c t o r  was d e p r e s s u r i z e d  by s l o w l y  openi ng v a l v e

VI 0.

2. I n j e c t i o n  c y l i n d e r .  C l ,  was d i s c o n n e c t e d  and rewe i ghed.

The d i f f e r e n c e  between t h i s  we i g h t  and t he i n i t i a l

c y l i n d e r  we i gh t  was termed " u n i n j e c t e d  m i x t u r e " .

3.  The v a l v e  hand l e  e x t e n d e r s ,  r u p t u r e  d i s k  vent  l i n e ,

gas i n l e t  system and wa t e r  c o o l i n g  l i n e s  were d i s c o n ­

nec t ed f r om t he  r e a c t o r  u n i t .

4.  The head b o l t s  were l oosened and removed.

5.  The s t i r r e r  assembly was c a r e f u l l y  l i f t e d  out  and 

f l u s h e d  w i t h  acetone i n t o  t he  "wash"  f l a s k .  The head 

gaske t  and b a f f l e  were removed and r i n s e d  w i t h  acetone 

i n t o  t he  "wash" f l a s k .

6.  Va l ve  V9 was opened and t he  sample l i n e  was f l u s h e d  

w i t h  acet one i n t o  t he  "wash" f l a s k .

7. The r e a c t o r  body was u n b o l t e d  f r om i t s  moun t i ng .  I t s
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c o n t e n t s  were c a r e f u l l y  poured i n t o  a t a r e d  f l a s k  

l a b e l e d  " r e a c t o r "  and r ewe i ghed .  Remaini ng m a t e r i a l  

was r i n s e d  t h o r o u g h l y  w i t h  acetone and poured i n t o  t he 

"wash"  f l a s k .

8.  Acetone was s t r i p p e d  f r om t he  m a t e r i a l  i n  t he  "wash" 

f l a s k  by r o t a r y  e v a p o r a t i o n  at  70°C.  When no f u r t h e r  

acet one was r e c o v e r e d ,  t he  f l a s k  was coo l ed  and weighed 

t o  compl e t e  t he  m a t e r i a l  ba l ance .
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ANALYTICAL METHODS

Pr oduc t  F r a c t i o n a t i o n  by S o l v e n t  Se p a r a t i o n  A n a l y s i s  

The c o n v e r s i o n  o f  as p h a l t e n es  t o  o i l s  was de t e r mi ned

by p e r f o r m i n g  a s o l v e n t  f r a c t i o n a t i o n  on t he  r e a c t i o n

p r o d u c t s . Th i s  p r oc ed u r e ,  o u t l i n e d  i n  F i g u r e  10,  i s  d i s c u s ­

sed i n  d e t a i l  be l ow.

1 . 150 ml o f  N-pentane was added t o  each o f  t he  weighed

s amp 1 e s .

2. The samples were s o n i c a t e d  i n  an u l t r a s o n i c  bath f o r  5 

mi nu t es  .

3. The s o n i c a t e d  samples were t hen c e n t r i f u g e d  at  2600 

rpm f o r  4 mi nu t es .

4.  The l i q u i d  was decant ed i n t o  500 ml Er l enmeyer  f l a s k s

and l a b e l e d  w i t h  t he  a p p r o p r i a t e  sample t i me .

5. Steps 1 t h r oug h  4 were r epea t ed  two a d d i t i o n a l  t i mes

u n t i l  t he  l i q u i d ,  f o l l o w i n g  s o n i c a t i o n  and c e n t r i f u g a ­

t i o n ,  was c l e a r  and c o l o r l e s s .

6.  A f t e r  t he  l a s t  wash t he  t ubes  were p l aced  i n  a d e s s i c a -  

t o r  and a l l owed  t o  d r y  o v e r n i g h t .

7. The d r i e d  samples were weighed t o  t he  n e a r e s t  0.1

m i l l i g r a m  t o  de t e r mi ne  t he  we i gh t  o f  t he  pentane i n s o l u ­

b l e s .

8.  The samples were t hen e x t r a c t e d , s o n i c a t e d  and c e n t r i ­

f uged t h r e e  t i mes  w i t h  150 ml each o f  t o l u e n e .  The
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e x t r a c t  was decant ed i n t o  500 ml f l a s k s  whi ch were 

d e s i g n a t e d  w i t h  t he  a p p r o p r i a t e  sample t i m e .  Th i s  p r o c e ­

dure was r epea t ed  t w i c e  more u n t i l  t he  e x t r a c t  remained 

c l e a r  and c o l o r l e s s .  The t ubes  were p l aced  i n t o  a

d r y i n g  oven at  110°C o v e r n i g h t .

9.  The t ubes  were coo l ed  and weighed y i e l d i n g  t o l u e n e

i n s o l u b l e s .  They were t hen e x t r a c t e d ,  s o n i c a t e d  and

c e n t r i f u g e d  a f i n a l  t h r e e  t i mes  w i t h  100 ml each o f  

THF. The THF e x t r a c t  was decant ed i n t o  l a b e l e d  500 ml

f l a s k s  and t he  t ubes  o v e n - d r i e d  at  110°C o v e r n i g h t .

10. The samples were coo l ed  and weighed a f i n a l  t i me y i e l d ­

i ng  THF i n s o l u b l e s .

The o i l ,  asph a l t e ne  and p r e a s p h a l t e n e  f r a c t i o n s  were

r e c ov e r ed  f rom t he  p e n t a n e , t o l u e n e  and THF e x t r a c t s ,

r e s p e c t i v e l y ,  by t he  f o l l o w i n g  p r ocedur e  :

11. The pent  ane was evapor a t ed  f rom t he  sample by r o t a r y  

e v a p o r a t i o n  at  50°C,  1 a t m. The pentane was r ecover ed

and r e u s e d . The o i l s  were p l aced i n t o  20 cc v i a l s

l a b e l e d  w i t h  t he  run number and sample t i me  and s t o r ed  

under  r e f r i g e r a t i o n .

12.  The t o l u e n e  s o l u b l e  f r a c t i o n  was c o n c e n t r a t e d  t o  a 

t h i c k  l i q u o r  by r o t a r y  e v a p o r a t i o n  at  70°C under  vacuum. 

The c o n c e n t r a t e  was poured i n t o  4 c e n t r i f u g e  t ubes and
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each washed,  s o n i c a t e d ,  c e n t r i f u g e d  and decant ed w i t h  

3x100 ml n - pen t ane .  The p r e c i p i t a t e d  as p ha l t e nes  were 

t hen p l aced  i n  a d e s s i c a t o r  and a l l owe d  t o  d r y .

13. The THF e x t r a c t  was r o t a r y  ev apor a t ed  at  70°C,  1 a t m.

The amount  o f  t h i s  f r a c t i o n  was n e g l i g i b l e  so t h a t  

r e c o v e r y  and a n a l y s i s  o f  t he  THF s o l u b l e s  ( p r e a s p h a l - 

t e n e s )  was not  p o s s i b l e .

Pr oduc t  A n a l y s i s  

E l ement a l  a n a l y s i s  was per f o r med on t he  SRC- I , t he  

f eed  a s p h a l t e n e ,  a l l  o f  t he  i s o l a t e d  p r o d u c t  as p ha l t ene  

sampl es ,  and on t he r ecove r ed  c a t a l y s t s .  The c a r b o n , h y d r o ­

gen and n i t r o g e n  a n a l y s i s  was per f o r med on a Ca r l o - E r b a  

Model  1104 El ement a l  A n a l y z e r  w i t h  a H e w l e t t - P a c k a r d  3380A 

Peak I n t e g r a t o r .  S u l f u r  was de t e r mi ned  us i ng  a Leco I n d u c ­

t i o n  Furnace and Semi - Au t oma t i c  T i t r a t o r .  Oxygen was d e t e r ­

mined by d i f f e r e n c e  i n  a l l  cases.

The r e a c t i o n  gases were ana l yzed us i ng  a Ca r l e  Model  

111H Gas Chromatograph w i t h  a H e w l e t t - P a c k a r d  3390A Peak 

I n t e g r a t o r .  The chr omat ogr aph was equi pped w i t h  a t herma l  

c o n d u c t i v i t y  d e t e c t o r .

M o l e c u l a r  we i gh t  d e t e r m i n a t i o n s  were per f or med by H u f f ­

man L a b o r a t o r i e s ,  Wheat Ri dge,  Co l o r ado .  A f o u r - p o i n t  vapor  

p r e s s u r e  osmomet ry t e s t  was used w i t h  p y r i d i n e  as t he  

s o l v e n t  at  80° C. The r e s u l t s  were e x t r a p o l a t e d  t o  zero 

c o n c e n t r a t i o n  t o  e s t i m a t e  t he  number average m o l e c u l a r
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we i g h t  o f  each sample.

 ̂H nmr were r ecor ded  on a Var i an  EM-360A s p e c t r o m e t e r .  

D e u t e r o c h 1o r o f o r m was used as s o l v e n t  and TMS as t he i n t e r ­

nal  s t a n d a r d .
1 3C CP/MAS nmr were r eco r ded  at  t he  Regional  NMR

Ce n t e r ,  Co l o r ado  S t a t e  U n i v e r s i t y ,  on a N i c o l e t  NT-150

s p e c t r o m e t e r .  Spec t r a  were r e f r e n c e d  t o  TMS.

C a t a l y s t  s u r f a c e  area d e t e r m i n a t i o n s  were made on an 

AccuSorb 2100E Phy s i c a l  A d s o r p t i o n  A n a l y z e r  us i ng  t he  f o u r -  

p o i n t  BET gas a d s o r p t i o n  method.  Pore volumes were measured 

at  Coors Spec t r o - Chemi ca l  L a b o r a t o r y ,  Gol den,  Col or ado

us i ng  mercury  p o r o s i m e t r y  at  15,000 p s i a  ( ASTM C- 699) .
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RESULTS

Res u l t s  o f  Expe r i men t a l  Runs

A t e m p e r a t u r e  and p r es s u r e  p r o f i l e  o f  a t y p i c a l  run 

i s  shown i n  F i g u r e  11. Heat  up t o  t he  i n j e c t i o n  t e mper a t u r e  

was u s u a l l y  accompl i shed w i t h i n  1 hour .  F o l l o w i n g  i n j e c ­

t i o n ,  t he  r e a c t i o n  t e mp e r a t u r e  q u i c k l y  s t a b i l i z e d  and t he 

d e s i r e d  t e mp e r a t u r e  was a t t a i n e d  j u s t  p r i o r  t o  t a k i n g  t he  

2 mi nu t e  sampl e.  I t  was p o s s i b l e  t o  m a i n t a i n  t he  r e a c t i o n  

t e m p e r a t u r e  t o  w i t h i n  +_ 1 °C o f  t he  d e s i r e d  t e mp e r a t u r e  by 

use o f  t he  t e mp e r a t u r e  c o n t r o l l e r  and t he  wa t e r  c o o l i n g  

system.  Pr essu r e  was ma i n t a i n e d  at  1500 + 40 p s i g .

A t o t a l  o f  19 e x p e r i me n t a l  runs were made d u r i n g  the 

cour se  o f  t h i s  s t u d y .  Of t h e s e ,  t he  f i r s t  5 were shakedown 

r u n s , made i n  o r d e r  t o  de t e r m i ne  p r ope r  system o p e r a t i o n  

and opt imum run c o n d i t i o n s .  Four  o f  t he  r e ma i n i n g  14 runs 

were made under  c o n d i t i o n s  o f  no added c a t a l y s t .  Each o f  

t hese  runs were made at  a d i f f e r e n t  t e m p e r a t u r e  so as t o  

i n v e s t i g a t e  t he  t he r ma l  r e a c t i v i t y  o f  t he  a s p h a l t e n e s .  Of 

t he  10 r e ma i n i n g  r u ns ,  6 i n v o l v e d  a c a t a l y s t  s c r een i ng  

s t u d y .  These runs were made i n  o r d e r  t o  de t e r m i ne  t he most 

e f f e c t i v e  c a t a l y s t  and c a t a l y s t  p r o p e r t i e s  f o r  as p ha l t ene  

h y d r o p r o c e s s i n g .  The f i n a l  4 runs i n v o l v e d  v a r y i n g  t he 

r e a c t i o n  par amet er s  so as t o  s t udy  t h e i r  e f f e c t  on a s p h a l ­

t ene h y d r o p r o c e s s i n g  and t o  a t t emp t  t o  de t e r m i n e  an opt imum 

se t  o f  run c o n d i t i o n s .  The r e s u l t s  o f  t he  14 runs whi ch
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gener a t ed  u s e f u l  da t a  are summar ized i n  Appendi x  B.

Res u l t s  o f  El ement a l  A n a l y s i s  

The f eed and r e s i d u a l  asp ha l t e n e  samples were s u b j e c t ­

ed t o  e l emen t a l  a n a l y s i s .  Carbon,  hydrogen and n i t r o g e n  

were de t e r mi ned  us i ng  a C a r l o - E r b a  El ement a l  A n a l y z e r .  

S u l f u r  was measured w i t h  t he  Leco I n d u c t i o n  f u r n a c e  system.  

A t y p i c a l  o u t p u t  f rom t he  C a r l o - E r b a  E l ement a l  Ana l y z e r  i s  

g i ven  i n  F i g u r e  12. Numer i ca l  r e s u l t s  o f  a l l  e l emen t a l  

ana l yses  are t a b u l a t e d  i n  Appendi x  B.

Res u l t s  o f  Gas Chromat ography 

Pr oduc t  gases f o r  each e x p e r i me n t a l  run were anal yzed 

by gas chr omat ogr aphy  and t hese  r e s u l t s  are r e p o r t e d  i n  

Appendi x  B. A t y p i c a l  o u t p u t  o f  t he  Ca r l e  GC system i s  

g i ven  i n  F i g u r e  13.
1 13Re s u l t s  o f  H nmr and C nmr

1 13T y p i c a l  H nmr and C nmr s p e c t r a  f o r  t he  f eed and

r e s i d u a l  a s p h a l t e ne s  appear  l a t e r  i n  t he  D i s c u s s i o n  sec ­

t i o n .  A l i s t i n g  o f  t he  v a r i o u s  hydrogen and carbon t ypes  

o f  t he  f eed and r e s i d u a l  apha l t enes  i s  g i v e n  i n  Appendi x  C.
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N J

TOP
%HKLf i

RT
21

6. 93

T V P E
M

AREA
135945
964521
289145

9. «• o 
69. 41 
20. 81

H P -i 3 8 0 A
D L Y 0FF ST0 P 15 R E J ECT
MV/M .30 ATTN LOG

2 . 7 8

OFF

F i g u r e  12. Sample Out pu t  : C, H, N A n a l y s i s .
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--------------------14  JO

?.3G

17.%

STOF-

RUN » 5 NOV.'82/82 13 46 30

HORN
RT AREA TYPE CAL# AMOUNT

3 79 12875 PV 0.000
3.99 11083 VH 0 000
4.22 1.7504E+07 3HB 1R 97 108
4 65 5147 OTBB 0 000
5 .57 253310 TBP 2R 0.085
7.63 7628 BP 4R 0.002
3.23 3127160 PB 5R 1 551
9 .36 42676 BB 6R 0 012

29.88 658160 PV 0 000
20.99 53128 VB 0.000
21 54 1667 BB 0.000
22.41 110610 PB 7R 0.055
24.27 588110 BB 9R 0 244
25.48 522680 BV 0 000
26 29 369950 VB 0 000
27.09 3315 BB 0.000
27.76 1358460 BV 19R 0.842
26.49 183856 VB HR 0 102
31 22 1331 t) BP 0.000
31.34 3577 PB 0 000

TOTAL OREA= 2 4819E+8? 
HUL FACTOR= 1 0000E+00

F i g u r e  13. Sample Out put  : Gas A n a l y s i s .
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DISCUSSION

M a t e r i a l  Balance and Gas P r o d u c t i o n  

M a t e r i a l  ba l ances  based on t o t a l  r e cove r ed  mass f o r  

each o f  t he  14 r e p o r t e d  runs are g i ven  i n  Appendi x  B. The 

average m a t e r i a l  r e c o v e r y  was 98.9%.  Th i s  v e r i f i e s  both 

t he  adequacy o f  t he  e x p e r i me n t a l  t e c h n i q u e  and t he  assump­

t i o n  o f  n e g l i g i b l e  gas p r o d u c t i o n .  Gas p r o d u c t i o n ,  whi ch 

t y p i c a l l y  amounted t o  l ess  than 1% o f  t he  r e a c t i o n  p r o d u c t ,  

was l i m i t e d  p r i m a r i l y  t o  methane and et hane f o r  t he  t hermal  

r u ns .  For  t he  c a t a l y t i c  runs t he  p r i m a r y  gases produced 

were me t hane, ethane and pr opane.

T e t r a l i n / A s p h a l t e n e  I n t e r a c t i o n s  

The as p ha l t e n es  i s o l a t e d  by t he  p r ocedur e  o u t l i n e d  i n  

F i g u r e  9 were c o m p l e t e l y  s o l u b l e  i n  t e t r a l i n  at  t he  6/1 

sol  v e n t - t o - f e e d  r a t i o  employed i n  t h i s  s t u d y . However,  

t r e a t m e n t  o f  t h i s  s o l u t i o n  w i t h  pentane f a i l e d  t o  r e p r e c i ­

p i t a t e  30.16% o f  t he  o r i g i n a l  a s p h a l t e n e s .  Th i s  f r a c t i o n ,  

whi ch was r e p r o d u c a b l e  t o  w i t h i n  0.35%,  r e p r e s e n t s  t hose 

as p h a l t e n e  mo l ecu l es  whi ch a s s o c i a t e  so s t r o n g  1 y w i t h  t e t r a ­

l i n  t h a t  n - pen t ane  f a i l s  t o  break a p a r t  t he  a s s o c i a t i o n  

i n t e r a c t i o n .  Tabl e  17 g i v e s  an i n d i c a t i o n  o f  t he  t ypes  o f  

as p h a l t e n e  mo l ecu l es  whi ch are l o s t  t o  t h i s  s o l v e n t  i n t e r ­

a c t i o n  e f f e c t . The asp ha l t e nes  r e p r e c i p i t a t e d  f rom t he 6/1 

t e t r a l i n - t o - a s p h a l t e n e  s o l u t i o n  have a l ower  H/C r a t i o ;  

are h i g h e r  i n  t he  he t e roat oms s u l f u r ,  n i t r o g e n  and oxygen ;
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Tabl e 17. Feed Aspha l t ene  A n a l y s i s

SAMPLE FEED ASPHALTENE REPRECIPITATED FEED 
ASPHALTENE 

( r e p r e c i p i t a t e d  f rom 
6/1 t e t r a l i  n / a s p h a l t e n e  
sol  u t i on  )

111 t i  mate 
A n a l y s i s  ( w t .%)

C 86. 40 85. 53
H 6. 48 6.05
N 1 .69 1 .88

0 <a >

1 .04 1 .09
4. 38 5.45

H/C 0.900 0. 849

Sol  vent  
F r a c t i o n a t i  on 
A n a l y s i  s ( w t .%)

Oi 1 3.83 0. 0
As pha l t en e 92.70 97.91
Pr e a s p ha l t en e 3.36 1 .99
I n s o l u b l e s 0.11 0. 10

M o l e c u l a r ^ )
Wei ght 473.0 554.0

A r o m a t i c i  t y  ^c ^

( f k >
.719 .747

aOxygen de t e r mi ned  by d i f f e r e n c e
^ M o l e c u l a r  we i gh t s  de t e r mi ned  by VPO w i t h  p y r i d i n e  at  80°C
c 1A r o m a t i c i t y  de t e r mi ned  by H nmr
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have s u b s t a n t i a l l y  h i g h e r  m o l e c u l a r  w e i g h t s ;  and have a 

h i g h e r  a r o ma t i c  f r a c t i o n  ( f  ) .  These r e s u l t s  i n d i c a t e  t h a t  

t he  l ower  m o l e c u l a r  we i g h t  asph a l t e ne  mo l e c u l e s ,  whi ch are 

l ess  a r o ma t i c  and c o n t a i n  few he t e r oa t oms ,  are t hose  whi ch 

f a i l  t o  r e p r e c i p i t a t e .

The r e p r e c i p i t a t e d  asp ha l t enes  l i s t e d  i n  Tabl e 17 are 

devo i d  o f  o i l s  and have a p u r i t y  o f  a p p r o x i m a t e l y  98%. 

These as p h a l t e ne s  f orm t he  ba s i s  f o r  compar i sons  o f  c o n v e r ­

s i o n ,  he t e r oa t om removal  , e t c . and are r e f e r r e d  t o  h e r e ­

a f t e r  as " r e p r e c i p i t a t e d  f eed a s p h a l t e n e s " .  Because o f  t he 

c o n s i s t e n t  va l ue  o f  t he  r e p r e c i p i t a t e d  as p h a l t e ne  f r a c t i o n  

i t  was dec i ded  t o  use t he  o r i g i n a l  a s p h a l t  ene f e e d s t o c k  

and c o r r e c t  t he  o v e r a l l  c o n v e r s i o n  by t he  30.16% f a c t o r .  

Th i s  e l i m i n a t e d  t he  need f o r  r e p r e c i p i t a t i o n  o f  t he  e n t i r e  

a s p h a l t e n e  f e e d s t o c k .

K i n e t i c  Model  Development

The h i gh  p r e s s u r e  g a s - f o r c e d  i n j e c t i o n  o f  t he  concen­

t r a t e d  a s p h a l t e n e / t e t r a l i n  m i x t u r e  i n t o  t he  p r ehea t ed  r e a c ­

t o r  vesse l  a l l owe d  p r e c i s e  d e f i n i t i o n  o f  zero r e a c t i o n  

t i m e ,  and avo i ded c o m p l i c a t i o n s  whi ch are consequences o f  

l ong he a t - u p  p e r i o d s .  However ,  t he  da t a  i n d i c a t e  t h a t

t h e r e  e x i s t s  both a mechan i ca l  ( p r e s s u r e )  and t he r ma l

shock e f f e c t  a s s o c i a t e d  w i t h  t he  i n j e c t i o n .  At  ambi ent

t e m p e r a t u r e  ( 2 1 °C ) t he  mechan i ca l  shock e f f e c t  o f  i n j e c t i o n  

account s  f o r  a p p r o x i m a t e l y  a 2% c o n v e r s i o n  t o  o i l s  as i s
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shown by t he  l ower  cur ve  i n  F i g u r e  14. The f o r c e  o f  

i n j e c t i o n  i s  g r e a t  enough t o  break a p a r t  some o f  t he  more 

l a b i l e  m o i e t i e s  o f  t he  as p ha l t e ne  mo l e c u l e ,  t h e r e b y  r e s u l t ­

i ng  i n  a c o n v e r s i o n  t o  o i l s .  The upper  cu r ve  i n  F i g u r e  14 

shows t h a t  a t  p r ehe a t  t e mp e r a t u r es  o f  415°C ( r un t em­

p e r a t u r e  400°C)  a t he r ma l  shock e f f e c t  ac t s  i n  c o n c e r t  

w i t h  t he  mechan i ca l  shock e f f e c t  so as t o  enhance t he 

i n i t i a l  c o n v e r s i o n  t o  o i l s .  As a r e s u l t ,  t he  c o n v e r s i o n  

f rom t i me  zero ( i n j e c t i o n )  , t o  t he f i r s t  sample at  2 m i n ­

ut es  i s  a compos i t e  o f  t he mechan i ca l  and t he r ma l  shock o f  

i n j e c t i o n  as w e l l  as chemi cal  r e a c t i o n .

The shock e f f e c t s  o f  i n j e c t i o n  c o m p l i c a t e d  t he k i n e t i c  

mode l i ng  o f  t he  system t o  t he  e x t e n t  t h a t  s i mp l e  z e r o , 

f i r s t  or  second o r d e r  models d i d  not  g i v e  a c c u r a t e  r e p r e s e n ­

t a t i o n s  o f  t he  d a t a .  More complex models such as t he 

f o l l o w i n g  s e r i e s - p a r a l l e l  mechanism:

k 1 k g

Asphal  t e n e ---------------------n t e rmedi  a t e --------------►  Oi 1

___________________ k_Z_______________________t
cou l d  not  be used because o f  t he  l ac k  o f  d e t e c t i o n  o f  an 

i n t e r m e d i a t e  s p e c i e s .

Si nce t hese  k i n e t i c  models f a i l e d  t o  s i m u l a t e  t he 

r e a c t i o n  system,  a new approach was t r i e d .  The f eed a s p h a l - 

t ene was c o n c e p t u a l l y  separ a t ed  i n t o  two f r a c t i o n s :

( 1 ) a r e a c t i v e  as p ha l t e ne  f r a c t i o n
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O - 4 0 0  °C 
0 - 2 1  °C

.20

. 15 -

. 10 -

TIME (MIN.)

F i g u r e  14. Shock E f f e c t s  o f  I n j e c t i o n .
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( 2 ) an u n r e a c t i v e  asp ha l t e ne  f r a c t i o n .

Assuming t h a t  t he  o v e r a l l  r a t e  o f  a s p ha l t e ne  h y d r o p r o c e s ­

s i ng  i s  t he  sum o f  two f i r s t  o r d e r  r a t e  ex p r e s s i o n s

r e p r e s e n t i n g  t hese two f r a c t i o n s ,  t he  o v e r a l l  r a t e  eq u a t i o n  

may be w r i t t e n  as f o l l o w s :

r A = a l k l CA + a2 k 2 CA (1^
where:  r ^  = r a t e  o f  asph a l t e n e  p r o d u c t i o n

a i  = f r a c t i o n  o f  r e a c t i v e  asp ha l t e n e

k i = r a t e  c o n s t a n t  a s s o c i a t e d  w i t h  r e a c t i v e  as ­

phal  t ene h y d r o p r o c e s s i n g  

@2 = f r a c t i o n  o f  u n r e a c t i v e  as pha l t ene  

kg = r a t e  c o n s t a n t  a s s o c i a t e d  w i t h  u n r e a c t i v e  as - 

p h a l t e n e  h y d r o p r o c e s s i n g  

= mo l a r  c o n c e n t r a t i o n  o f  a s p ha l t ene

For  a ba t ch  r e a c t o r  t he  m a t e r i a l  ba l ance i s :

dNA = - r AV (2)

dt

where : NA = moles o f  aspha l t e ne

S u b s t i t u t i n g  t he  r a t e  eq u a t i o n  i n t o  t he  m a t e r i a l  ba l ance 

t he  f o l l o w i n g  e q u a t i o n  r e s u l t s :

-dlNA = <*1 ki  INa + ag kg Na (3)

dt

The moles o f  as p h a l t e ne  at  any t i me  can be r e w r i t t e n  as:

Na = Na ( 0 . 7  - XA) (4)
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where:  Nfl = moles o f  f eed as p ha l t e ne
Ao

= f r a c t i o n a l  c o n v e r s i o n  o f  as p ha l t e ne  

The f a c t o r  0 . 7  a r i s e s  because on l y  70% o f  t he  f eed a s p h a l - 

t ene i s  r e c o v e r a b l e .  S u b s t i t u t i n g  e q u a t i o n  (4)  i n t o  equa­

t i o n  (3)  t he  r a t e  eq u a t i o n  becomes :

dX^ = a-| k -j ( . 7-X^ ) + «g k g ( . 7 - X^ ) (5)

d t

Upon i n t e g r a t i o n  o f  (5)  and s u b s t i t u t i o n  o f  t he  l i m i t s :

XA(0)  = 0

XA( t )  ■ XA
t he  i n t e g r a t e d  f orm o f  t he  r a t e  eq u a t i o n  i s  o b t a i n e d :

- k , t  - k ?t
0 . 7 - X ^  = a ^ e  + a^e  ( 6 )

0.7

Equa t i on  ( 6 ) c o n t a i n s  4 unknown pa r ame t e r s ,  a ^ , k ^ , a  ̂ and 

k g , and can be so l ved  by us i ng  t he  Peel  -Back Method o f  

k i n e t i c a n a l y s i s .

The Pee l - Back  Method assumes t h a t  g i ven  a response 

f u n c t i o n  w r i t t e n  i n  t he  form o f  e q u a t i o n  ( 6 ) ,  t h a t  a l l

f a s t e r  r e a c t i o n s  are compl et ed at  l ong t i m e s .  Th i s  a l l ows

t he  s l ow r e a c t i o n s  t o  be uncoup l ed f rom t he  f a s t  r e a c t i o n s

and each ana l yzed s e p a r a t e l y .  For  t h i s  method t o  be v a l i d  

however ,  t h e r e  must  be a d i s t i n c t  break i n  t he  cur ve  when

t he  response f u n c t i o n  i s  p l o t t e d  vs .  t i me  on a s e m i - l o g ­

a r i t h m i c  g r a p h . F i g u r e s  15 and 16 f rom run 11 i l l u s t r a t e
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F i g u r e  15. Pee l - Back  Method A n a l y s i s ;  O v e r a l l  Rea c t i on .
P o i n t s  r e p r e s e n t  o v e r a l l  r e a c t i o n  d a t a .  The 
l i n e  r e p r e s e n t s  t he  i s o l a t e d  r e a c t i o n  o f  t he  
u n r e a c t i v e  as p h a l t e ne  f r a c t i o n .
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F i g u r e  16. Pee l - Back  Method A n a l y s i s :  I s o l a t e d  Reac t i on  
o f  The Reac t i v e  As pha l t en e  F r a c t i o n .
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t he  me t hod . The response f u n c t i o n  ( 0 . 7 - X ^ ) / 0 . 7  i s  p l o t t e d  

on t he  l o g a r i t h m i c  o r d i n a t e  w h i l e  t i me  i s  p l o t t e d  a l ong 

t he  a b s c i s s a .  The data show t h a t  a d e f i n i t e  break occurs  

at  t he  2 mi nu t e  p o i n t .  Th i s  i n d i c a t e s  t h a t  t he  f a s t  

r e a c t i o n ,  whi ch i n v o l v e s  t he  r e a c t i v e  as p h a l t e n e  f r a c t i o n ,  

i s  comp l e t e  by 2 mi n u t e s .  Th i s  p o r t i o n  o f  t he  r e a c t i o n  

account s  f o r  t he  c o n v e r s i o n  by both mechan i ca l  and t hermal  

shock e f f e c t s  as w e l l  as by chemi ca l  r e a c t i o n .  At  t he  2 

mi nu t e  p o i n t  and beyond t he  dat a p o i n t s  are l i n e a r  and 

i n v o l v e  chemi ca l  r e a c t i o n  o f  t he  u n r e a c t i v e  as p ha l t ene  

f r a c t i o n  o n l y .  By d r awi ng a b e s t - f i t  l i n e a r  r e g r e s s i o n  

l i n e  t h r o u g h  t he  da t a  p o i n t s  at  2 t h r ou g h  60 mi nu t es  and 

e x t e n d i n g  t h i s  l i n e  t o  t he  zero t i me  a x i s ,  t he  paramet er  

a g , t he  f r a c t i o n  o f  u n r e a c t i v e  asph a l t e ne  at  t i me  ze r o ,  i s  

o b t a i n e d .  Si nce t he  response f u n c t i o n  has been no r ma l i ze d  

t o  1 . 0 , t he  f r a c t i o n  o f  r e a c t i v e  asphal  t ene  at  t i me  zero 

i s  s i m p l y :

“ 1 = V a 2
The r a t e  c o n s t a n t , k g , may now be d e t e r m i n ed .  For  a 

f i r s t - o r d e r  r e a c t i o n ,  t he  h a l f - l i f e  i s  g i ven  by t he  equa­

t i o n  :

t  = I "  2 
* k

Upon r e a r r a n g i n g  and s o l v i n g  f o r  k t he  e q u a t i o n  becomes :

k = 1 n 2
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By d e t e r m i n i n g  t he  t i me  at  whi ch t he  c o n c e n t r a t i o n  o f  t he 

a s p h a l t e n e s  become h a l f  o f  t h e i r  i n i t i a l  v a l u e ,  t he  r a t e  

c o n s t a n t  may be de t e r mi n ed .  Because t he  r a t e  o f  c o n v e r s i o n  

o f  t he  u n r e a c t i v e  a s p ha l t enes  was ext reme 1 y s l ow,  t he 

h a l f - l i f e  had t o  be e x t r a p o l a t e d  by us i ng  t he  e q u a t i o n  o f  

t he  b e s t - f i t  l i n e  t h r oug h  t he  da t a  p o i n t s  o f  t he  slow 

r e a c t i o n .

The r a t e  c o n s t a n t  f o r  t he  f a s t  r e a c t i o n ,  k-j , i s  d e t e r ­

mined by s u b t r a c t i n g  t he  response f u n c t i o n  o f  t he  slow 

r e a c t i o n  f rom t he  o v e r a l l  r esponse f u n c t i o n .  Th i s  p r ocedur e  

g i v e s  t he  response f u n c t i o n  f o r  t he  f a s t  r e a c t i o n  and i s  

p l o t t e d  i n  F i g u r e  16 f o r  run 11. The r e a c t i v e  asphal  t ene 

r a t e  c o n s t a n t  i s  t hen c a l c u l a t e d  by t he  same pr ocedur e  as 

f o r  t he  u n r e a c t i v e  as p ha l t e n e  f r a c t i o n .  Sample c a l c u l a ­

t i o n s  us i ng  t h i s  p r ocedur e  f o r  Run 11 are g i ven  i n  Appendi x  

E.

The r a t e  c o n s t a n t s  k-j and k^ de t e r mi ned  by t h i s  

method r e p r e s e n t  a f i r s t  c u t  t o  t he o p t i m i z e d  va l ues  o f  k-j 

and k g . In o r d e r  t o  o p t i m i z e  t he  k i n e t i c  model  t o  t he  

d a t a , t he  va l ues  o f  k-j and kg were s y s t e m a t i c a l l y  v a r i e d  

u n t i l  t he  sum o f  squared r e s i d u a l s  ( SSR ) were mi n i m i z ed .  

Tabl e 18 and F i g u r e  17 compare t he va l ues  o f  k-j and kg f o r  

Run 11 as de t e r mi ned  d i r e c t l y  f rom t he  Pee l - Back  met hod, 

and as de t e r mi ned  by m i n i m i z i n g  t he  sum o f  squared r e s i ­

d u a l s .  As ex p ec t e d ,  t he  o p t i m i z e d  r a t e  c o n s t a n t  paramet er s
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F i g u r e  17. Compar i son o f  K i n e t i c  Rate Cons t an t s  f o r  run 11.
Dashed l i n e  o b t a i n e d  d i r e c t l y  f rom Peel - Back  
Me t hod . S o l i d  l i n e  o b t a i n e d  by m i n i m i z i n g  SSR 
o f  p a r a m e t e r s .
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g i v e  a b e t t e r  f i t  t h r o u g h o u t  t he e n t i r e  range than does 

t he d i r e c t l y  de t e r mi ned  r a t e  c o n s t a n t s .

Tabl e 18. Compar i son o f  K i n e t i c  Rate Cons t an t s  f o r  Run 11.

Det ermi ned D i r e c t l y  Determi ned by
f rom Peel - Back Method M i n i m i z i n g  SSR

k , ( mi n . ^ ) 0.601 1 . 01

k„  ( m i n . " 1 ) 1 . 6 3 x l 0 ~ 3 1 . 1 8 x l 0 ‘ 3

Conver s i on  A n a l y s i s  

Conver s i on  r e s u l t s  f o r  each o f  t he  4 phases o f  s t udy  

are d i s c u s s e d  i n  t h i s  s e c t i o n .  Each o f  t he  runs were model ­

ed ac c o r d i n g  t o  t he  Pee l - Back  Method o f  k i n e t i c  a n a l y s i s .  

Op t i mi zed  va l ues  o f  t he  r a t e  c o n s t a n t s  are r e p o r t e d .

Phase I - Thermal  Hyd r o p r oc es s i ng  

Values o f  a-j , > k-j and k^ are r e p o r t e d  i n  Tabl e 19

f o r  t he  t he r ma l  r u n s . The paramet er s  a-j and are t he 

f r a c t i o n s  o f  r e a c t i v e  and u n r e a c t i v e  as pha l t enes  r e s p e c ­

t i v e l y .  The r a t e  c o n s t a n t  k-j r e p r e s e n t s  t h a t  p o r t i o n  o f  

t he  o v e r a l l  r e a c t i o n  where t he  r e a c t i v e  a s p h a l t e n e  f r a c t i o n  

i s  c o n v e r t e d  t o  o i l s .  Th i s  occurs  w i t h i n  t he  f i r s t  2 

mi nu t es  f o l l o w i n g  i n j e c t i o n .  Beyond 2 mi nu t es  o n l y  t he 

u n r e a c t i v e  a s p ha l t e ne  f r a c t i o n  remai ns and t he r a t e  c on ­

s t a n t  kg a p p l i e s .
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Tabl e 19. Thermal Hyd r o p r o cess i ng Rate P a r a me t e r s .

Run No. Temp (°C) «1 °2 k i
,  . -1 x (mi n .  ) k g ( mi n . ~  ̂ )

6 21 .032 .968 1 .80 1 . 70 x 1 0 " *
7 355 .010 .900 1.12 3 . 6 0 x 1 0 " *
8 375 .010 .900 0 . 8 8 4 . 4 0 x 1 0 ' *
9 400 .171 .829 1 .53 7 . 2 0 x 1 0 ' *

F i g u r e  18 shows t he f i t  o f  t he  k i n e t i c  model  t o  t he 

da t a  at  each o f  t he t he r ma l  p r oc e s s i n g  c o n d i t i o n s .  In each 

case t he c o n v e r s i o n  t o  o i l s  i s  e x t r e me l y  r a p i d  w i t h i n  t he 

f i r s t  2 m i n u t e s .  Beyond 2 m i n u t e s ,  t he  c o n v e r s i o n  s l o w l y  

i n c r e a s e s  over  t he  r e ma i n i n g  p e r i o d  o f  t he  r e a c t i o n .  The 

d i f f e r e n c e  between t he  c o n v e r s i o n  at  355°C and 375°C i s  

s m a l l ,  compared t o  t he  d i f f e r e n c e  between 375° and 400°C. 

Th i s  i n d i c a t e s  t h a t  t emp e r a t u r e s  i n  t he  range o f  375°C and 

below are t oo  m i l d  t o  e f f e c t  any s i g n i f i c a n t  changes upon 

t he  as p h a l t e ne  mo l e c u l e ,  and t hus  r e p r e s e n t s  a l ower  l i m i t  

t o  t he r ma l  a s p ha l t ene  h y d r o p r o c e s s i n g .

The r a t e  c o n s t a n t  r e p r e s e n t s  t he  chemi ca l  r e a c t i o n  

o f  t he  u n r e a c t i v e  as p h a l t e ne s  and shows a n o t i c e a b l e  t em­

p e r a t u r e  dependence.  F i g u r e  19 i l l u s t r a t e s  t h i s  dependence 

w i t h  a p l o t  o f  In k.  ̂ vs .  1 / T .  As can be seen t he f i t  o f  

t he  p o i n t s  t o  t he  l i n e a r  r e g r e s s i o n  l i n e  i s  not  as good as 

would be expec t ed f o r  a c h e m i c a l l y  pure compound. Th i s  may 

be due t o  random sampl i ng  e r r o r s  and c o n s t r u c t i o n  o f  e r r o r  

l i m i t s  on t he  p o i n t s  would v e r i f y  t he  l i n e a r i t y  o f  t he
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F i g u r e  19. A r r h e n i u s  P l o t  o f  Thermal  Hy d r o p r o c es s i ng  R e s u l t s .
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r e s u l t s .  However ,  i t  i s  a l s o  p o s s i b l e  t h a t  t he  p o i n t s  do 

not  f i t  a s t r a i g h t  l i n e  because asp ha l t e nes  are compr i sed 

o f  a l a r g e  number o f  c h e m i c a l l y  he t erogeneous  compounds 

whose a c t i v a t i o n  e n e r g i e s  f o r  t he  v a r i o u s  h y d r o p r o c e s s i n g  

r e a c t i o n s  d i f f e r  c o n s i d e r a b l y .

Assuming t h a t  t he  A r r e h en i  us e q u a t i o n  ho l ds  r ea s on ab l y  

we l l  over  a nar row range o f  t e m p e r a t u r e , i t  was a p p l i e d  t o  

t he  r e s u l t s  at  375° and 400°C. For  t h i s  t e mp e r a t u r e  range 

an a c t i v a t i o n  energy o f  17.1 k c a l ' g m o l e   ̂ was c a l c u l a t e d .  

A l t h ou gh  t h i s  va l ue  i s  l ower  t han normal  f o r  a homogeneous 

r e a c t i o n ,  i t  agai n i n d i c a t e s  t h a t  t he t he r ma l  p r o c es s i n g  

c o n d i t i o n s  are so m i l d  t h a t  o n l y  t he  most  l a b i l e  m o i e t i e s  

o f  t he  asph a l t e ne  mo l ecu l e  are r e a c t i n g  t o  any s i g n i f i c a n t  

e x t e n t .

Phase I I  - P y r i t e  and HgS C a t a l y t i c  Hydr o p r o c es s i ng

I t  has been known f o r  some t i me  t h a t  t he  presence o f  

p y r i t e  p l ays  a s i g n i f i c a n t  c a t a l y t i c  r o l e  i n  t he  c o n v e r s i o n  

o f  coal  t o  l i q u i d  p r o d u c t s .  The genera l  b e l i e f  i s  t h a t  

p y r i t e  i s  r a p i d l y  reduced under  coal  l i q u e f a c t i o n  c o n d i ­

t i o n s  t o  p y r r h o t i t e , a n o n - s t o i c h i o m e t r i c  i r o n  s u l f i d e  

compound. The r e a c t i o n  may be w r i t t e n  as f o l l o w s :

FeS2 + xHg ^S F e S  + xHgS

Th i s  sugges t s  t h a t  p y r r h o t i t e  i s  t he  a c t i v e  c a t a l y s t  and 

f u n c t i o n s  by c a t a l y z i n g  t he  r e a c t i o n  whi ch t r a n s f o r m s  gas ­

eous m o l e c u l a r  hydrogen t o  donor  hydrogen i n  t he  s o l v e n t
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[ 5 4 ] .  However , because o f  t he  low s u r f a c e  area o f  p y r i t e
p _ i

( <2m *g"  ) i t  i s  d i f f i c u l t  t o  see how i t  can f u n c t i o n  

e f f i c i e n t l y  as a h y d r o g e n a t i o n  c a t a l y s t .

An a l t e r n a t i v e  i n t e p r e t a t i o n  o f  t he c a t a l y t i c  a c t i v i t y  

o f  p y r i t e  i s  t h a t  t he  a c t i v e  c a t a l y s t  i s  a c t u a l l y  H^S 

whi ch i s  produced i n  s i t u  by t he  r e d u c t i o n  o f  p y r i t e .  I t  

has been e s t a b l i s h e d  t h a t  H^S i s  an e f f e c t i v e  hydrogen 

t r a n s f e r  c a t a l y s t  f o r  f r e e  r a d i c a l  r e a c t i o n s  [ 5 5 ] .  The 

c a t a l y s i s  occur s  by r e p l a c i n g  t he slow hydrogen t r a n s f e r  

s t ep w i t h  two f a s t e r  s t eps :

R* + H2S ----- > -  RH + HS-

HS- + R' H ----- >»H2$ + R'-

Si nce t he  e a r l y  s t ages o f  coal  l i q u e f a c t i o n  are t ho u g h t  t o  

proceed v i a  f r e e  r a d i c a l s ,  t he  above mechanism may we l l  be 

i n  e f f e c t .

A r e c e n t  s t udy  by Ba l dwi n  and V i n c i g u e r r a  [ 5 6 ]  was 

des i gned t o  t e s t  t he c a t a l y t i c  a c t i v i t i e s  o f  p y r i t e ,  HgS, 

and p y r i t e / H g S  m i x t u r e s  t owar ds  coal  l i q u e f a c t i o n .  T h e i r  

r e s u l t s ,  F i g u r e s  20 and 21,  show t h a t  w i t h  r e s p e c t  t o  

c o n v e r s i o n  t o  THF s o l u b l e  m a t e r i a l s ,  both p y r i t e  and HgS 

show c a t a l y t i c  p r o p e r t i e s  at  t he  10 mi nu t e  r e a c t i o n  t i me .  

At  t he 60 mi nu t e  r e a c t i o n  t i me  HgS and p y r i t e / H g S  m i x t u r e s  

show a d i s t i n c t  i n c r e a s e  i n  c o n v e r s i o n  over  t he  pure 

p y r i t e  a d d i t i v e .

Wi th r e s p e c t  t o  c o n v e r s i o n  t o  o i l s ,  however ,  HgS
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al one showed a s l i g h t  i n h i b i t i n g  e f f e c t  at  t he  10 mi nu t e  

r e a c t i o n  t i me  and l i t t l e  or  no p o s i t i v e  c a t a l y t i c  e f f e c t  

a t  t he  l o n ge r  60 mi nu t e  r e a c t i o n  t i me .  P y r i t e ,  on t he 

o t h e r  hand, showed a d e f i n i t e  c a t a l y t i c  e f f e c t  a t  10 mi nu t es  

and a n e g l i g i b l e  e f f e c t  at  60 m i nu t es .

These r e s u l t s  s t r o n g l y  i n d i c a t e  t h a t  both p y r i t e  and 

HgS are c a t a l y t i  c a l l y  e f f e c t i v e  i n  enhanc i ng t he  p r i ma r y  

r e a c t i o n s  o f  coal  l i q u e f a c t i o n .  However ,  o n l y  p y r i t e  or  

p y r i t e / H g S  m i x t u r e s  are ab l e  t o  pe r f o r m as c a t a l y s t s  f o r  

t he  more d i f f i c u l t ,  secondary  o i l - f o r m i n g  r e a c t i o n s .

The r e s u l t s  o f  t he  p r es e n t  s t udy  on a s p h a l t e ne  h y d r o ­

p r o c e s s i n g  c o n f i r m s  t he  above c o n c l u s i o n s .  F i g u r e  22 shows 

c o n v e r s i o n  r e s u l t s  us i ng  p y r i t e  and H^S s e p a r a t e l y  as 

c a t a l y s t s . The da t a  was modeled by t he Pee l - Back  method 

and t he  k i n e t i c  paramet er s  are l i s t e d  i n  Tabl e 20.  The two 

c a t a l y t i c  runs are r e f e r e n c e d  t o  t he t he r ma l  run made 

under  t he  same r e a c t i o n  c o n d i t i o n s  (400°C,  1500 p s i g ) .

Tabl e 20. P y r i t e  and H^S Rate Parameters

RUN NO. CATALYST k .j ( m i n .™1 )

11

10

P y r i t e  .195 .805

h2s .151 .849

1 . 01

1 .07 1 . 41x l O ’ 3 

1 . 1 8 x l 0 " 3

The r e s u l t s  show t h a t  at  s h o r t  r e a c t i o n  t i mes  ( <30
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m i n u t e s ) ,  t he  a d d i t i o n  o f  H^S a c t u a l l y  r e t a r d s  t he p r od u c ­

t i o n  o f  o i l s .  At  r e a c t i o n  t i mes  g r e a t e r  t han 30 mi n u t e s ,  

HgS shows a s l i g h t l y  p o s i t i v e  c a t a l y t i c  e f f e c t . For  t he  

run us i ng  p y r i t e  as a c a t a l y s t ,  however ,  a p o s i t i v e  c a t a l y ­

t i c  e f f e c t  i s  observed t h r o u g h o u t  t he  run i n d i c a t i n g  t h a t , 

at  l e a s t  f o r  a s p h a l t e ne  h y d r o p r o c e s s i  n g , p y r i t e  ( o r  more 

a c c u r a t e l y  t he  p y r r h o t i t e / b ^ S  m i x t u r e )  i s  an a c t i v e  c a t a ­

l y s t  w h i l e  HgS a l one i s ,  f o r  t he  most  p a r t , i n a c t i v e .

Phase I I I  - Commercial  C a t a l y s t  Hy d r o p r o c es s i ng

The t h i r d  phase o f  t h i s  s t udy  was des i gned t o  i n v e s t i ­

ga t e t he  e f f e c t s  o f  v a r i o u s  commerc i a l  c a t a l y s t s  on t he 

h y d r o p r o c e s s i  ng r e a c t i o n s  o f  c o a l - d e r i v e d  a s p h a l t e n e s .  The 

p h y s i c a l  and chemi ca l  p r o p e r t i e s  o f  t he  f o u r  c a t a l y s t s  

chosen f o r  c omp a r a t i v e  s t udy  are l i s t e d  i n  Tabl e 12. A l l  

o f  t he  c a t a l y s t s  used i n  t h i s  s t udy  were f r e s h  and ground 

t o  0.074 mm. The c h o i c e  o f  f r e s h  c a t a l y s t  was based on t he 

assumpt i on  t h a t  compar i son o f  t he  i n i t i a l  a c t i v i t y  o f  t he  

f r e s h  c a t a l y s t  i s  a good i n d i c a t o r  o f  i t s  r e l a t i v e  s t e a dy -  

s t a t e  a c t i v i t y .  To t e s t  whet her  t h i s  assumpt i on i s  a c t u a l l y  

v a l i d ,  l ong t erm e x p e r i me n t a l  runs would have t o  be made. 

Th i s  cannot  be accompl i shed i n  t he  p r e s e n t  s t udy  because 

o f  t i me  and f e e d s t o c k  l i m i t a t i o n s .

The runs were c a r r i e d  out  under  i d e n t i c a l  c o n d i t i o n s  

o f  c a t a l y s t  p r e t r e a t m e n t ,  t i m e ,  t e mp e r a t u r e  and p r es s u r e  

i n  o r d e r  t o  a l l o w  d i r e c t  a n a l y t i c a l  compar i sons  o f  c a t a l y s t
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pe r f o r mance .  C a t a l y s t  pe r f o r mance  i n c l u d e s  degree o f  c o n v e r ­

s i o n ,  r e l a t i v e  a c t i v i t y  o f  t he  r ecove r ed  c a t a l y s t s ,  and 

r e s i d u a l  as p ha l t e ne  q u a l i t y .  The f i r s t  two o f  t hese  f a c t o r s  

are d i s c u s s ed  her e .  Res i dua l  as p ha l t e ne  q u a l i t y  w i l l  be 

d i s c us s ed  i n  a l a t e r  s e c t i o n  on t he e l emen t a l  and s t r u c ­

t u r a l  a n a l y s i s  o f  r e s i d u a l  a s p h a l t e n e s .

Reduced dat a f o r  t he  c a t a l y t i c  runs are t a b u l a t e d  i n  

Append i x  B. Conver s i on  r e s u l t s  al ong w i t h  t he  c o r r e s p o n ­

d i ng  k i n e t i c  models are shown i n  F i g u r e  23.  A l so  shown i n  

F i g u r e  23 are t he  r e s u l t s  f o r  t he t hermal  run made under  

t he  same r e a c t i o n  c o n d i t i o n s .  The r a t e  par amet er s  f o r  t he 

f o u r  c a t a l y t i c  runs are l i s t e d  i n  Tabl e 21.

As i s  ev i denced f rom F i g u r e  23,  t he  a d d i t i o n  o f  a 

c a t a l y s t  r e s u l t s  i n  a g r e a t l y  enhanced c o n v e r s i o n  t o  o i l s  

t h r o u g h o u t  t he  e n t i r e  r e a c t i o n  p e r i o d .  The c a t a l y t i c  c o n v e r ­

s i on  at  60 mi nu t es  v a r i e s  f rom 1.8 (HDN-30) t o  2.1 (HDS-20A) 

t i mes  t he c o r r e s p o n d i n g  60 mi nu t e  t he r ma l  c o n v e r s i o n .

The HDS-20A ( Co-Mo/Al ^O^ ) c a t a l y s t  r e s u l t e d  i n  t he 

g r e a t e s t  o i l  y i e l d ,  f o l l o w e d  i n  de c r e a s i ng  o r d e r  by HDS-9A 

( N i - Mo / A l  203 ) ,  N i - 4 3 0 3 E ( N i -W/Al  203 ) , and HDN-30 ( N i -Mo/  

A l gOg) .  Wi th t he  e x c e p t i o n  o f  t he  HDS-9A c a t a l y s t ,  t he  

f i r s t  2 mi nu t es  o f  r e a c t i o n  r e s u l t e d  i n  a c o n v e r s i o n  t o  

o i l s  o f  1 5. 74 + 0.38%.  Th i s  r e p r e s e n t s  between 50 t o  60 

p e r c e n t  o f  t he  t o t a l  c o n v e r s i o n  f o r  t he  e n t i r e  r u n . The 

r e ma i n i n g  40 t o  50 p e r c e n t  o f  t he  c o n v e r s i o n  t akes  p l ace
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Tabl e 21.  Commercial  C a t a l y s t  
Hy d r op r o c es s i ng  Rate Parameters

RUN NO CATALYST a

12

14

15

13

N i - 4303E .245 .755

HDS-9A .261 .739

HDS-20A .287 .713

HDN-30 .226 .774

0.31

0. 70

1 .50

1 .24

4 . 12x10”3 

3 . 4 9 x 1 0 " 3 

3 . 2 0 x 1 0 " 3 

3 . 6 3 x 1 O' 3

d u r i n g  t he  subsequent  58 mi nu t es  o f  r e a c t i o n .  Th i s  l a t t e r  

p a r t  o f  t he  r e a c t i o n  appears l i n e a r  due t o  t he  smal l  

va l ues  o f  t he  r a t e  c o n s t a n t , k g .

The HDS-9A c a t a l y s t  d i s p l a y s  a much more gr adual

i n c r e a s e  i n  t he  i n i t i a l  c o n v e r s i o n  than t h a t  observed f o r  

t he  o t h e r  t h r e e  c a t a l y s t s . However,  beyond t he 15 mi nu t e

p o i n t  i t s  b e h a v i o r  i s  s i m i l a r .  Th i s  i n d i c a t e s  t h a t  w i t h  

r e s p e c t  t o  t he  o t h e r  c a t a l y s t s ,  t he  HDS-9 c a t a l y s t  has a 

l ower  i n i t i a l  r a t e  o f  asp ha l t ene  c o n v e r s i o n .  Si nce t he 

t ype  o f  me t a l s  and t he  metal  l o a d i n g  used are s i m i l a r  t o  

t he  o t h e r  c a t a l y s t s  i t  i s  b e l i e v e d  t h a t  t h i s  e f f e c t  i s  due 

t o  t he  p h y s i c a l  p r o p e r t i e s  o f  t he  c a t a l y s t  s u p p o r t . In 

p a r t i c u l a r ,  t he  pore s i z e  d i s t r i b u t i o n  or  t he  degree o f

metal  d i s p e r s i o n  may cause such an e f f e c t , however ,  f u r t h e r

s t udy  would be r e q u i r e d  t o  de t e r mi ne  t he exac t  na t u r e  o f  

t h i s  phenomenon.

The c a t a l y s t s  used i n  t h i s  s t udy  d i f f e r e d  f rom one
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a n o t h e r  w i t h  r e s p e c t  t o  seve r a l  chemi ca l  and p h y s i c a l  

p r o p e r t i e s .  These i n c l u d e  metal  c o m p o s i t i o n ,  p e r c e n t  metal  

l o a d i n g ,  s u p po r t  s u r f a c e  a r e a , and pore s i z e  d i s t r i b u t i o n .  

D i r e c t  compar i son o f  r e s u l t s  o f  each c a t a l y s t  i s  t h e r e f o r e  

d i f f i c u l t .  However ,  g e n e r a l i z a t i o n s  f rom t h i s  work ,  and 

t h a t  o f  o t h e r s ,  a l l o ws  some i n s i g h t  i n t o  t he  p r o p e r t i e s  o f  

an e f f e c t i v e  asp ha l t e n e  h y d r o p r o c e s s i n g  c a t a l y s t .

The Co-Mo/AlgOg c a t a l y s t  ( HDS-20A) appeared t o  be 

more e f f e c t i v e  f o r  l i q u e f a c t i o n  o f  as p ha l t e nes  t han e i t h e r  

o f  t he  Ni -Mo/ Al ^Og c a t a l y s t s  or  t he  Ni -W/ Al ^O^  c a t a l y s t . 

Si nce t he  p r i n c i p l e  mechanism f o r  l i q u e f a c t i o n  o f  t he  

i n i t i a l  as p ha l t e nes  i s  h y d r o g e n o l y s i  s o f  t he  weaker  ca r bon -  

he t e r oa t om bonds,  t hese  r e s u l t s  i mp l y  t h a t  t he  Co-Mo/Al ^Og 

c a t a l y s t  has a g r e a t e r  h y d r o g e n o l y s i s a c t i v i t y  t han e i t h e r  

o f  t he  o t h e r  c a t a l y s t s .  Th i s  r e s u l t  i s  c o n s i s t e n t  w i t h  

work o f  S a t t e r f i e l d  and Cocche t t o  [ 5 7 ]  where t he  Co-Mo/Al  

c a t a l y s t  appeared t o  have a g r e a t e r  h y d r o g e n o l y s i s  a c t i v i t y ,  

w h i l e  t he  Ni - Mo / A l ^ O^  c a t a l y s t  appeared t o  have a g r e a t e r  

h y d r o g e n a t i o n - d e h y d r o g e n a t i o n  a c t i v i t y .

The s u r f a c e  area and p o r e - s i z e  d i s t r i b u t i o n  have d e c i ­

s i v e  e f f e c t s  on asph a l t e n e  h y d r o p r o c e s s i n g .  In o r d e r  f o r  

t he  c a t a l y s t  t o  remai n a c t i v e  t he  pores must  remain f r e e  

o f  coke d e p o s i t s  so t h a t  t he  r e a c t a n t  mo l ecu l es  can d i f f u s e  

t o  t he  a c t i v e  s i t e s .  For  l a r g e  mo l ecu l es  such as a s p h a l - 

t e n e s ,  a l a r g e  macropore d i s t r i b u t i o n  i s  e s s e n t i a l  f o r
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e f f e c t i v e  access t o  t he  i n t e r i o r  o f  t he  po r es .  Pore s i z e  

d i s t r i b u t i o n s  o f  t he  macropores (>100 A) f o r  t he  f r e s h  

c a t a l y s t s  are l i s t e d  i n  Append i x  D.

D e a c t i v a t i o n  o f  t he  c a t a l y s t s  i s  domi nated by cok i ng  

and he t e r oa t om p o i s o n i n g .  Tab l e  22 l i s t s  p r o p e r t i e s  o f  t he  

c a t a l y s t s  r ecove r ed  a f t e r  60 mi nu t es  o f  r e a c t i o n .  In each 

case t he  carbon b u i l d u p  i s  a p p r o x i m a t e l y  7-8 p e r c e n t ,  and 

t he  H/C r a t i o  1 . 3 - 1 . 8 . The s u r f a c e  areas decrease f rom 

11-48 p e r c e n t  o f  t h e i r  o r i g i n a l  v a l u e s .  A l t hough  a r e c t i ­

l i n e a r  c o r r e l a t i o n  between s u r f a c e  carbon and hydrogen 

c o n c e n t r a t i o n s  w i t h  t he  l oss  o f  t o t a l  c a t a l y s t  s u r f a c e  

area i s  not  o b t a i n e d ,  t h e r e  are i n d i c a t i o n s  t h a t  t he  

amount o f  carbon and hydrogen d e t e c t e d  has a d e t r i m e n t a l  

e f f e c t . The d e t e c t i o n  o f  n i t r o g e n  i n d i c a t e s  t he  presence 

o f  n i t r o g e n  c o n t a i n i n g  compounds adsorbed onto t he c a t a ­

l y s t .  Such compounds have been shown t o  l ower  t he  c a t a l y s t  

a c t i v i t y  [ 5 8 ] .  S u l f u r  and oxygen compounds have not  y e t  

been d i s t i n g u i s h e d  f rom t he s u l f u r  i n  MoSx or  t he  oxygen 

i n  A1gOg. However ,  i t  i s  r eas onab l e  t o  assume t h a t  a d s o r p ­

t i o n  o f  some h e t e r o c y c l i c  compounds a l so  c o n t r i b u t e s  t o  

l o w e r i n g  t he c a t a l y s t  a c t i v i t y .

Of t he  c a t a l y s t s  t e s t e d ,  t he  Ni -W/AlgOg c a t a l y s t  had 

t he  l a r g e s t  amount o f  carbon d e p o s i t i o n  y e t  t he  l e a s t  

s u r f a c e  area r e d u c t i o n .  Th i s  appar en t  anomaly may be due 

t o  t he  l a r g e  average pore d i a me t e r  o f  t he  Ni -W/AlgOg c a t  a-
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l y s t .  Wi th a l a r g e  number o f  macr opores ,  cok i ng  may occur

and not  b l o c k  t he  pores c o m p l e t e l y .  Th i s  l eaves  t he  r e s t  

o f  t he  pore a c t i v e  f o r  r e a c t i o n .  The same amount o f  coke 

d e p o s i t e d  on t he e n t r an c e  o f  a m i c r o p o r e ,  however ,  would

c o m p l e t e l y  i s o l a t e  t h a t  pore f rom t he  r e a c t a n t s  and t hus  

remove t he mi c r o po r e  s u r f a c e  f rom r e a c t i o n .  I f  t he  m i c r o -  

pore s u r f a c e  area c o n s t i t u t e s  a l a r g e  f r a c t i o n  o f  t he

t o t a l  s u r f a c e  a r e a , carbon d e p o s i t i o n  w i l l  have a s i g n i f i ­

can t  e f f e c t .  T h e r e f o r e , i t  would seem t h a t  f o r  as pha l t e ne  

h y d r o p r o c e s s i n g ,  hav i ng  a c a t a l y s t  w i t h  a l a r g e  pore d i a ­

met er  i s  more i m p o r t a n t  t han hav i ng one w i t h  a l a r g e

s u r f a c e  a r e a .

Phase IV - E f f e c t s  o f  P r ocess i ng  C o n d i t i o n s  

The f i n a l  phase o f  t h i s  work was des i gned t o  de t e r mi ne  

t he  e f f e c t s  whi ch some o f  t he  more i m p o r t a n t  p r ocess  c o n d i ­

t i o n s  had upon a s p h a l t e n e  h y d r o p r o c e s s i n g .  The f o l l o w i n g

f o u r  e f f e c t s  were s t u d i e d :

1. C a t a l y s t  P r e s u l f i  di  ng

2. HgS Purge f rom P r e s u l f i d e d  C a t a l y s t

3.  Extended Time Run (3 Hours ) and Reproducabi  - 

l i t y  Test

4. Extended Time Run (3 Hours ) at  425°C.

C a t a l y s t  P r e s u l T i d i n g  

Run 16 was under t aken  i n  o r d e r  t o  s t udy  t he  e f f e c t  o f  

c a t a l y s t  p r e s u l T i d i n g .  The HDS-9A ( Ni - M o / A l ^0^)  c a t a l y s t
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was used.  A l l  r e a c t i o n  c o n d i t i o n s  and pr ocedur es  remained 

t he  same as p r e v i o u s l y  d e s c r i b e d  w i t h  t he  e x c e p t i o n  t h a t  

t he  c a t a l y s t  was added i n  i t s  ox i de  s t a t e  and not  p r e s u l -

f i d e d  p r i o r  t o  r e a c t i o n .  F i g u r e  24 shows t he compar i son 

between t he a c t i v i t i e s  o f  t he  p r e s u l f i d e d  HDS-9A c a t a l y s t

( upper  cu r ve  ) and t he  n o n - p r e s u l f i d e d  HDS-9A c a t a l y s t  ( l o w ­

er  c u r v e ) .  The s u b s t a n t i a l  r e d u c t i o n  i n  c o n v e r s i o n  f o r  t he  

n o n - p r e s u l f i d e d  c a t a l y s t  run i s  l i k e l y  due t o  o v e r r e d u c t  i on 

o f  t he  metal  ox i de  t o  t he  base metal  . Th i s  e f f e c t ,  common 1 y 

known as s i n t e r i n g ,  r ende r s  t he  c a t a l y s t  i n a c t i v e .  The 60 

mi nu t e  c o n v e r s i o n  f o r  t he  n o n - s u l f i d e d  c a t a l y s t  i s  l ess

than 4 pe r c e n t  g r e a t e r  than f o r  t he  400°C t her ma l  r un .  I t

i s  e v i d e n t ,  t h e r e f o r e , t h a t  p r ope r  p r e s u l f i d i n g  o f  t hese 

h y d r o p r o c e s s i n g  c a t a l y s t s  i s  necessar y  i n  o r d e r  t o  ach i eve 

t h e i r  maximum a c t i v i t y .

HgS Purge From P r e s u l f i d e d  C a t a l y s t  

Run 17 was made us i ng  t he  HDN-30 ( Ni -Mo/Al  2^3 ) c a t a ­

l y s t .  The run c o n d i t i o n s  and c a t a l y s t  p r e t r e a t m e n t  were 

i d e n t i c a l  t o  t hose p r e v i o u s l y  d e s c r i b e d ,  w i t h  t he  e x c e p t i o n  

t h a t  f o l l o w i n g  t he  3 hour  p r e s u l f i d i n g  o p e r a t i o n ,  t he 

system was purged o f  H^S by a f l o w  o f  pure hydrogen gas at  

20 c c / m i n .  f o r  one h o u r . Th i s  was i n t e n de d  t o  d e p l e t e  t he 

excess H^S i n  t he  gas phase and enhance t he hydrogen 

c o n c e n t r a t i o n .  The r e s u l t s ,  d e p i c t e d  i n  F i g u r e  25,  show 

t h a t  t he  H^S purge r e s u l t e d  i n  a decreased c o n v e r s i o n
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F i g u r e  24.  E f f e c t  o f  P r e s u l f i d i n g  HDS-9A C a t a l y s t  on 
Asp ha l t en e  C o n v e r s i o n . Upper Curve p r e ­
sul  f i d e d  c a t a l y s t ,  l ower  c u r v e  n o n - p r e s u l - 
f i d e d  c a t a l y s t .
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F i g u r e  25.  A c t i v i t y  o f  P r e s u l f i d e d  HDN-30 C a t a l y s t  
A f t e r  HgS Purge by Hg. Upper c u r v e ,  
normal  run c o n d i t i o n s ;  Lower c u r v e , H« 
purge.  ù
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t h r o u g h o u t  t he  r e a c t i o n  by a p p r o x i m a t e l y  5 p e r c e n t .  Th i s  

i n d i c a t e s  t h a t  t he  s u l f u r  spec i es  on t he c a t a l y s t  formed 

d u r i n g  p r e s u l f i d i n g  ( MoSx ) i s  u n s t a b l e .  In t he  presence o f  

hydrogen a l one i t  i s  r a p i d l y  decomposed.  Th i s  reduces t he  

number o f  a c t i v e  s i t e s  and t hus  reduces t he  h y d r o p r o c e s ­

s i ng  a c t i v i t y  o f  t he  c a t a l y t .

Extended Time Run (3 Hours)  and R e p r o d u c a b i l i t y  Test  

Run 18 was t he  f i r s t  o f  two 3 hour  r u n s . I t  was c on ­

duc t ed i n  o r d e r  t o  observe t he l o n g - t i m e  c o n v e r s i o n  o f  

asphal  t enes  as we l l  as t o  t e s t  t he r ep r o du c a b i  l i t y  o f  t he

d a t a . F i g u r e  26 d i s p l a y s  t he  combined r e s u l t s  o f  runs 14 

and 18. Both runs were made under  i d e n t i c a l  r e a c t i o n  

c o n d i t i o n s  us i ng  a p r e s u l f i d e d  HDN-30 c a t a l y s t .  In F i g u r e  

26,  run 14 i s  c h a r a c t e r i z e d  by t he square da t a  p o i n t s  and

ex t ends  up t o  60 mi n u t e s .  Run 18, c h a r a c t e r i z e d  by t he 

open c i r c l e  da t a  p o i n t s ,  beg i ns  at  60 mi nu t es  and ex t ends

up t o  180 mi n u t e s .  The two most  i m p o r t a n t  p o i n t s  on F i g u r e  

26 are t he  two 60 mi nu t e  da t a  p o i n t s .  These two p o i n t s ,

r e p r e s e n t i n g  t he  c o n v e r s i o n  t o  o i l s  f o r  t he  two s epar a t e  

r u n s ,  g i v e  an i n d i c a t i o n  o f  t he  r e p r o d u c a b i  l i t y  o f  t he 

da t a  and t hey  v e r i f y  t he  v a l i d i t y  o f  t he  assumpt i on o f  a 

c o n s t a n t  volume bat ch r e a c t o r . The 60 mi nu t e  da t a  p o i n t  o f  

run 14 r e p r e s e n t s  t he  f i n a l  sample o f  t he  r u n . P r i o r  t o  

t a k i n g  t h i s  sample a p p r o x i m a t e l y  12 we i g h t  pe r c en t  o f  t he  

i n i t i a l  r e a c t o r  mass had been l o s t  due t o  p r e v i o u s  sam-
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pi  i n g . The 60 mi nu t e  da t a  p o i n t  o f  run 18 r e p r e s e n t s  t he

f i r s t  sample o f  t h a t  r un .  Cons equen t l y ,  no p r e v i o u s  mass 

l oss  due t o  sampl i ng  had o c c u r r e d  p r i o r  t o  t a k i n g  t h i s  

sampl e.  The d i f f e r e n c e  i n  c o n v e r s i o n  between t he  two 60

mi nu t e  da t a  p o i n t s  i s  l ess  t han 1 p e r c e n t  and i n d i c a t e s  an

e x c e l l e n t  r e p r o d u c a b i l i t y  o f  t he  da t a  between t he two runs 

as we l l  as v e r i f i c a t i o n  t h a t  t he  assumpt i on o f  a c o n s t a n t  

volume bat ch r e a c t o r  i s  v a l i d .

The r e p r o d u c a b i l i t y  shown he r e ,  between t he  two 60

mi nu t e  da t a  p o i n t s ,  may g i v e  a m i s l e a d i n g  i n d i c a t i o n  o f  

t he  p r e c i s i o n  o f  t he  da t a  f rom t h i s  and o t h e r  r u ns .  A l ­

t hough t he  60 mi nu t e  da t a  p o i n t s  are w i t h i n  1 pe r c en t  o f

one a n o t h e r ,  t hey  are l ower  than t he  smoothed model  p r e d i c ­

t i o n  by up t o  2 p e r c e n t .  Th i s  same s c a t t e r  i s  observed i n

sev e r a l  o f  t he  o t h e r  runs and r e p r e s e n t s  t he  i n h e r e n t  

sampl i ng  e r r o r  o f  t he  e x p e r i me n t .  From t h i s  a n a l y s i s  i t  

appears t h a t  t he  data r e p r o d u c a b i l i t y  i s  w i t h i n  t he  e x p e r i ­

mental  sampl i ng  e r r o r .

The c o n t i n u e d  p o s i t i v e  s l ope  o f  t he c o n v e r s i o n  w i t h  

r e s p e c t  t o  t i me  i n  F i g u r e  26 shows t h a t  t he  f i r s t - o r d e r

k i n e t i c  model  d e r i v e d  p r e v i o u s l y  f i t s  w e l l .  A l t hough  r e s i ­

dence t i mes  o f  t h r e e  hours and g r e a t e r  are not  d e s i r a b l e  

i n  i n d u s t r i a l  r e a c t i o n  sys t ems,  t hese  r e s u l t s  i n d i c a t e  

t h a t  a s u b s t a n t i a l  c o n v e r s i o n  o f  as p ha l t e nes  can be ach i eved 

under  t hese  c o n d i t i o n s  i f  t he  r e a c t i o n  t i me  i s  o f  s u f f i -



T-2857 100

c i e n t  d u r a t i o n .

Tabl e  23 shows t he  e l emen t a l  a n a l y s i s  o f  ca r bon ,  

hydrogen and n i t r o g e n  on t he  r ecover ed  HDN-30 c a t a l y s t  f o r  

run 18 a f t e r  180 mi nu t es  o f  r e a c t i o n .  These r e s u l t s ,  

compared t o  t hose  o f  run 14 f o r  t he  60 mi nu t e  r ecover ed  

c a t a l y s t  ( Tab l e  22 ) ,  shows a l ower  carbon c o n t e n t  a l ong 

w i t h  an i n c r e a s e d  H/C r a t i o .  N i t r o g e n  has i nc r e a s e d  by 

a p p r o x i m a t e l y  0. 27 p e r c e n t .  In g e n e r a l ,  however ,  i t  does 

not  appear  t h a t  any a d d i t i o n a l  s i g n i f i c a n t  d e a c t i v a t i o n  o f  

t he  c a t a l y s t  has o c c u r r e d .

Tab l e  23.  E l ement a l  A n a l y s i s  o f  HDN-30 C a t a l y s t
A f t e r  180 Mi nu t es  o f  Reac t i on  at  400 C.

C (wt .%)  H (wt .%)  H/C N (wt .%)

6. 34 1.14 2.16 0.87

Extended Time Run (3 Hours)  a t  425°C 

The f i n a l  run i n  t h i s  s e r i e s  e v a l u a t e d  t he c a t a l y t i c  

a c t i v i t y  o f  t he  HDN-30 c a t a l y s t  at  425°C.  The c a t a l y s t  was 

p r e s u l f i d e d  j u s t  p r i o r  t o  use at  t he  p r e v i o u s l y  d e s c r i b e d  

c o n d i t i o n s  b e f o r e  i n c r e a s i n g  t o  t he  r e a c t i o n  t e mp e r a t u r e  

o f  425°C. F i g u r e  27 shows t he  r e s u l t s  o f  t he  as p ha l t ene  

c o n v e r s i o n  under  t hese  c o n d i t i o n s .  N o t i c e a b l e  d i f f e r e n c e s  

between t h i s  and p r e v i o u s  runs are i mme d i a t e l y  a p p a r e n t . 

F i r s t ,  a l t h ou g h  t he jump i n  i n i t i a l  c o n v e r s i o n  (<5 mi nu t es )  

i s  s t i l l  p r e s e n t ,  i t  i s  o f  a s i g n i f i c a n t l y  l ower  magni t ude
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t han f o r  t he  c o r r e s p o n d i n g  c a t a l y t i c  run at  400°C ( F i g u r e

26 ) .  Th i s  decrease i n  t he  i n i t i a l  r a t e  o f  c o n v e r s i o n  at

t he  h i g h e r  t e mpe r a t u r e  i n d i c a t e s  t h a t  t he  c a t a l y s t  has 

s u f f e r e d  a moderate d e a c t i v a t i o n .  A l t hough  p e r i o d i c  measure­

ments o f  t he  c a t a l y s t  s u r f a c e  were not  made, t h i s  d e a c t i ­

v a t i o n  i s  most  l i k e l y  a t t r i b u t a b l e  t o  r a p i d  coke accumul a­

t i o n .  Beyond t he  i n i t i a l  r e a c t i o n  p e r i o d  (>15 m i n u t e s ) , 

t he  r a t e  o f  coke ac c u mu l a t i o n  decreased and t he e f f e c t s  o f  

t he  h i g h e r  t emp e r a t u r e  became domi nan t .  The h i g h e r  t emper a ­

t u r e  r e s u l t e d  i n  i n c r e a s i n g  t he  t u r n o v e r  f r e q u e n c y  o f  t he

r e a c t a n t  a s p ha l t e nes  on t he  a c c e s s i b l e  c a t a l y t i c  s i t e s .  By 

i n c r e a s i n g  t he  t u r n o v e r  f r e q u e n c y ,  t he  e f f e c t  o f  a de­

c r eased number o f  a c t i v e  s i t e s  was d i m i n i s h e d .  The net  

r e s u l t  was an i n c r e a s e  i n  t he  u l t i m a t e  as p ha l t ene  c o n v e r ­

s i on  by 17% over  t h a t  a t t a i n e d  at  400°C.

Ev i dence t o  s uppor t  t he  assumpt i on o f  i nc r eas ed  d e a c t i ­

v a t i o n  by coke ac c u mu l a t i on  at  4250C i s  p r esen t ed  i n  Tabl e 

24.  In each case,  t he  accumul a t ed e l ement  ( C, H, N) i s  o f  

s i g n i f i c a n t l y  g r e a t e r  magni t ude at  425°C than f o r  any o f

t he  p r e v i o u s  c a t a l y t i c  runs made at  400^C. In p a r t i c u l a r ,  

compar i son o f  Tabl e 23 ( HDN-30 c a t a l y s t ,  3 h o u r s , 400°C )

w i t h  Tabl e 24 (HDN-30 c a t a l y s t ,  3 hour s ,  425°C) shows t h a t  

at  425°C t h e r e  i s  a 3 p e r c e n t  i n c r e a s e  i n  t he  amount o f  

adsorbed carbon and a near  d o u b l i n g  o f  t he amount o f  

adsorbed n i t r o g e n  on t he c a t a l y s t  a f t e r  3 hour s .
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Tabl e 24.  El ement a l  A n a l y s i s  o f  HDN-30 C a t a l y s t  
A f t e r  180 Mi nu t es  o f  Reac t i on  at  425 C

C (wt .%)  H (wt .%)  H/C N (wt .%)

9. 09 1.54 2. 03 1.43

A second d i s t i n c t i v e  d i f f e r e n c e  i n  t he  cu r ve  o f  F i g u r e  27 

i s  t h a t  i t  d i s p l a y s  a much smoother  p r o f i l e  t h r o u g h o u t  t he 

r e a c t i o n  than f o r  any p r e v i o u s  r un .  I t  a l so  appears t o  be 

appr oach i ng  t he l i m i t  o f  compl e t e  c o n v e r s i o n  (X^ = 0 . 70)

i n  a u n i f o r m  manner .

E l ement a l  and S t r u c t u r a l  A n a l y s i s  o f  Res i dua l  Aspha l t enes  

In o r d e r  t o  o b t a i n  i n f o r m a t i o n  on e l emen t a l  and s t r u c ­

t u r a l  changes whi ch occur  t o  t he  a s p ha l t ene  mo l ecu l e  du r i n g  

r e a c t i o n ,  r e s i d u a l  a s p ha l t e ne  samples were anal yzed by

e l emen t a l  a n a l y s i s ,  vapor  p r essu r e  osmomet ry (VP0) ,   ̂H nmr 
1 3and C nmr .

El ement a l  A n a l y s i s  

Tabl es  25 t h r oug h  27 g i v e  condensed e l emen t a l  a n a l y s i s  

r e s u l t s  f o r  runs 6- 13 .  Tabl e  25 shows, as expec t ed ,  t h a t  

i n s i g n i f i c a n t  changes occur  i n  t he  H/C r a t i o ,  pe r cen t  

s u l f u r ,  and pe r c en t  n i t r o g e n  f o r  t he  t he r ma l  h y d r o p r o c e s ­

s i ng  r u n s .  These r e s u l t s ,  a l ong w i t h  t he  low e x t e n t  o f  

t he r ma l  c o n v e r s i o n ,  i n d i c a t e  t h a t  t he  as p h a l t e n e s  are ver y  

r e f r a c t o r y  t o  t he r ma l  h y d r o p r o c e s s i n g .

Tabl e 26 compares t he e l emen t a l  ana l yses  o f  t he  400°C 

t her ma l  run w i t h  t he  H^S and p y r i t e  a d d i t i v e  c a t a l y t i c
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Tab l e  25. El ement a l  A n a l y s i s  o f  Res i dua l  Asphal  t enes 
F o l l o w i n g  Thermal  H y d r o p r o c es s i n g .

RUN NO. CONDITIONS TIME (mi n . ) H/C S N

- R e p r e c i p i t a t e d — — 0.849 0.09 1 . 88
Feed Aspha l t enes

6 21 °C 60 0.841 1. 10 1 .92

2 0.897 0.95 1 .79
7 355°C 15 0.848 0.92 1 .97

60 0.842 1 .01 2.01

2 0.855 0. 98 2 . 00
8 375°C 15 0.855 0.99 1 .99

60 0.851 1 .02 2 . 02

2 0.850 1 .03 1 .96
9 400°C 15 0.841 0. 98 2.06

60 0. 838 0.80 2.09

Tabl e  26.  El ementa l  A n a l y s i s  o f  Res i dua l  Aspha l t enes  
F o l l o w i n g  H^S and P y r i t e  C a t a l y t i c  Hy d r o p r o c e s s i n g .

RUN NO. CONDITIONS TIME (mi n . ) H/C S N

- Reprec i  pi  t a t e d 0.849 1 .09 1 . 88
Feed Aspha l t enes

2 0. 850 1 .03 1 .96
9 400°C,  Thermal 15 0.841 0.98 2.06

60 0.838 0. 80 2.09

2 0.835 1. 12 2. 04
10 400°C, H,S 15 0.840 1 .02 2.07c 60 0.847 0.95 2.11

2 0.831 1 .05 2.04
1 1 400°C,  P y r i t e 15 0.835 0.99 2.11

60 0.847 0.97 2.15
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Tabl e  27.  E l ement a l  A n a l y s i s  o f  Res i dua l  Aspha l t enes
F o l l o w i n g  Commercial C a t a l y s t Hy d r o p r o c e s s i n g .

RUN NO CONDITIONS TIME ( mi n . ) H/C S N

- R e p r e c i p i t a t e d — • 0.849 1 .09 1 .88
Feed Aspha l t enes

2 0.850 1 .03 1 .96
9 400° C, Thermal 1 5 0.841 0. 98 2.06

60 0.838 0.80 2.09

2 0.853 1 .07 2.03
12 400°C, HDS-20A 15 0.846 0.83 2 . 10

60 0.850 0.51 2.04

2 0.841 1 .01 2.05
13 400°C,  HDS-9A 15 0.853 0.83 2.05

60 0. 850 0.60 2 . 02

2 0. 844 1 .03 2.04
15 0.850 0.85 2.05

14,  18 400°C, HDN-30 60 0.875 0.52 1 . 88
120 0.873 0.42 1 .89
180 0.880 0.41 1 .75

2 0.853 1. 12 2.04
15 400°C,  N i -4303E 15 0.863 0. 80 2.09

60 0.865 0. 64 2.07
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r u ns .  I n t e r e s t i n g l y ,  both t he  H^S and p y r i t e  runs d i s p l a y  

s i m i l a r  t r e n d s ,  however ,  t he  changes are not  g r e a t l y  d i f ­

f e r e n t  f rom t he 400°C t her ma l  r un.

The use o f  t he  commerc i a l  h y d r o p r o c e s s i n g  c a t a l y s t s  

b r ough t  about  t he  ma j or  changes i n  t he  r e s i d u a l  as pha l t ene  

e l e men t a l  makeup. Tabl e 27 l i s t s  t he  e l emen t a l  ana l yses  o f  

t he  r e s i d u a l  asphal  t enes  f o r  each o f  t he  commerc i a l  c a t a ­

l y s t s  u s e d . The r e s u l t s  i l l u s t r a t e  t h a t  a l t h o ug h  each 

c a t a l y s t  was a p p r o x i m a t e l y  e q u a l l y  e f f e c t i v e  i n  removi ng 

s u l f u r ,  o n l y  t he  HDN-30 c a t a l y s t  was e f f e c t i v e  i n  both 

remov i ng n i t r o g e n  and i n c r e a s i n g  t he H/C r a t i o .  F i gu r e s  28 

t o  30 examine t hese r e s u l t s  i n  more d e t a i l  by compar i ng 3 

i m p o r t a n t  runs : t he  400°C t her ma l  r un ;  t he  400°C HDS-20A

c a t a l y t i c  run ; and t he 400°C HDN-30 c a t a l y t i c  r un .  The 

HDS-20A c a t a l y t i c  run showed the g r e a t e s t  c o n v e r s i o n  t o  

o i l s ,  however ,  i t  was i n e f f e c t i v e  i n  remov i ng n i t r o g e n  or  

i n c r e a s i n g  t he  H/C r a t i o  o f  t he  r e s i d u a l  a s p h a l t e n e ,  as i s

e v i d e n t  f rom F i g u r e s  29 and 30. The HDN-30 c a t a l y s t ,  on

t he  o t h e r  hand , had a l ower  o v e r a l l  c o n v e r s i o n  t o  o i l s ,  

y e t  t he  r e s u l t s  show a d e f i n i t e  decrease i n  t he  pe r cen t  

n i t r o g e n  a l ong w i t h  a c o n c omi t a n t  i n c r e a s e  i n  t he  H/C r a t i o .

C l o s e r  e x a mi na t i o n  o f  F i g u r e s  29 and 30 show t h a t  f o r  

t he  HDN-30 c a t a l y t i c  r un ,  t he  pe r c en t  n i t r o g e n  remains 

r e l a t i v e l y  c o n s t a n t  f o r  t he  f i r s t  15 mi nu t es  o f  r e a c t i o n .  

Beyond 15 mi nu t es  t h e r e  i s  a n e a r - l i n e a r  decrease i n  t he
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p e r c e n t  n i t r o g e n .  The H/C r a t i o ,  however ,  i n c r e a s e s  i n  a 

n e a r - l i n e a r  manner t h r o u g h o u t  t he  e n t i r e  r un .  These r e s u l t s  

are c o n s i s t e n t  w i t h  t he  proposed mechanism f o r  n i t r o g e n  

removal  f r om a h e t e r o c y c l i c  system.  H y d r o d e n i t r o g e n a t i o n  

o f  h e t e r o c y c l i e s  such as p y r i d i n e  occur s  by compl e t e  h y d r o ­

g e n a t i o n  o f  t he  r i n g ,  f o l l o w e d  by r i n g  openi ng and n i t r o ­

gen removal  [ 2 9 ] .

Thus , i f  r i n g  h y d r o g e n o l y s i s ( s t ep  2) i s  t he  r a t e - l i m i t i n g  

s t e p ,  as was de t e r mi ned  by M c l l v r i e d ,  a de l ay  i n  n i t r o g e n  

removal  w i l l  be observed w h i l e  t he  H/C r a t i o  i n c r e a s e s  

c o n t i n u o u s l y .

S t r u c t u r a l  A n a l y s i s
1 3Pr ot on and C n u c l e a r  magnet i c  r esonance s p e c t r o ­

scopy,  a l ong w i t h  vapor  p r es s u r e  osmomet ry,  were used i n

t h i s  s t ud y  t o  c h a r a c t e r i z e  t he  complex m u l t i  component  as -
1 13p h a l t e n e  m i x t u r e s .  Ty p i c a l  H and C nmr s p e c t r a  o f  t he  

a s p h a l t e n es  are shown i n  F i g u r es  31 and 32.  The p r o t on  

s p e c t r a  c o n s i s t s  p r i m a r i l y  o f  b r o a d , f e a t u r e l e s s  enve l opes
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r e s u l t i n g  f r om a l a r g e  range o f  chemi ca l  s h i f t s  due t o

numerous p r o t o n  e n v i r on me n t s .  The bas i s  f o r  q u a n t i t a t i v e

a n a l y s i s  o f  such s p e c t r a  i s  dependent  on t he  a b s o r p t i o n

bands be i ng  s u f f i c i e n t l y  separ a t ed  f rom one a n o t h e r . The

13C s p e c t r a ,  F i g u r e  32,  i s  more s h a r p l y  r e s o l v e d  due t o

t he  compacted sc a l e  and t he  t e c h n i q u e s  o f  c r o s s - p o l a r i z a -
1 3t i  on and magi c - a n g l e  s p i n n i n g  ( C CP/MAS).

The ass i gnment s  o f  a b s o r p t i o n  bands f o r  t he  d i f f e r e n t  

hydrogen and carbon t ypes  [27 , 34,  39]  are g i ven  i n  Table

28.  The a r o ma t i c  p r o t on  band , Ha r , i s  broad and d i f f u s e  

w i t h  a sharp peak at  6=7. 25 ppm. Th i s  peak i s  due t o  t he 

a b s o r p t i o n  o f  t he  met h i ne group o f  c h l o r o f o r m  i n  t he  s o l ­

vent  (99.8% i s o t o p i c a l l y  pure CDC1 g ) and i s  ex t r aneous  t o  

t he  asphal  t ene  s p e c t r a .  The Har  band a l s o  c o n t a i n s  t he  

p h e n o l i c  p r o t o n s .  The Ha band c o n t a i n s  t hose  hydrogens i n 

s a t u r a t e d  groups « t o  a r o ma t i c  r i n g s .  The p r i ma r y  ab s o r p ­

t i o n  peak o f  Ha occurs  at  6=2. 40 ppm. As shown i n  F i g u r e  

31,  t he  base o f  t h i s  band i s  not  d i s t i n c t l y  r e s o l v e d  f rom 

t he Hq ba nd . t he  Hq band r e p r e s e n t s  t hose  hydrogens o f  

me t h i ne ,  me t hy l ene  or  methy l  groups B or  f u r t h e r  f rom an 

a r oma t i c  r i n g .  Th i s  band u s u a l l y  shows 2 d i s t i n c t i v e  peaks 

imposed on a broad a b s o r p t i o n  ba s e . The 3 p r i ma r y  p r o t on  

a b s o r p t i o n s  i n  t he  Hq band are : naph t hen i c  p r o t o n s ,  6=1. 58 

ppm ; me t h y l e n i  c p r o t o n s ,  6 = 1 . 2 5  ppm ; and s a t u r a t e d  methy l  

p r o t o n s ,  6=0.90 ppm. A ve r y  d i f f u s e  band was somet imes
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observed i n  t he  o l e f i n i c  r e g i o n  ( 6 : 6 . 0 0 - 4 . 5 0  ppm).  However,  

due t o  t he  low i n t e n s i t y  o f  t h i s  band i t  was not  e x p l i c i t l y  

c o n s i d e r e d .

Tabl e 28 [ 3 4 ] .  Ass i gnments  o f  Prot on and Carbon Bands 
o f  NMR Spec t r a  o f  Aspha l t enes

Range o f  Band Envelope 
SYMBOL 6 , ppm From TMS  ASSIGNMENT

H 9.00 - 4.50 A r omat i c  p r o t o n s ,  p h e n o l i c
ar and o l e f i n i c  p r o t on s  mi ght

be i n c l u d e d .

H 4.50 - 1.73 Hydrogen i n  s a t u r a t e d
a groups a t o  a r oma t i c  r i n g s

H 1.73 - 0. 00 Hydrogen i n  s a t u r a t e d
0 groups B o r  f u r t h e r  t o

a r oma t i c  r i n g s .

ar 200 - 80 Ar oma t i c  carbon a t oms , 
a r oma t i c  carbon atoms 
s u b s t i t u t e d  by 0 i n c l u d e d

80 - 10 S a t u r a t e d  carbon atoms

1 3The C CP/MAS nmr s p e c t r a  shows an a b s o r p t i o n  band 

c e n t e r e d  at  6 =230 ppm. Th i s  i s  t he  f i r s t  l e f t  s p i n n i n g  

s i deband o f  t he  a r o m a t i c s .  The s p i n n i n g  s i debands are 

symmet r i c  about  t he  a b s o r p t i o n  peak , i n d i c a t i n g  t h a t  t he  

f i r s t  r i g h t  s p i n n i n g  s i deband o f  t he  a r oma t i c s  occurs  

w i t h i n  t he  a l i p h a t i c  r e g i o n .  In o r de r  t o  c o r r e c t  t he  i n t e -
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g r a t e d  peak areas f o r  t he  s p i n n i n g  s i debands ( ssb)  t he  ssb

was measur ed , s u b t r a c t e d  f rom t he a l i p h a t i c s  and added
1 3t w i c e  t o  t he  a r o m a t i c s .  F u r t h e r  e x a mi na t i o n  o f  t he  C 

s p e c t r a  shows no ev i dence  o f  c a r bony l  resonances ( 6 : 210 - 170  

ppm) i n  t he  a s p h a l t e n e s .  The a r o ma t i c  band,  C . c o n t a i n s  

a s h o u l d e r  ce n t e r e d  at  158 ppm. Th i s  i s  due t o  a r oma t i c  

C-0 whi ch i s  p r i m a r i l y  p h e n o l i c .  W i t h i n  t he band t h e r e

i s  p a r t i a l  r e s o l u t i o n  o f  t he  a l i p h a t i c  groups i n t o  me t hy l en -

i c c a r b o n s , 6 = 30 ppm, and methy l  c a r b o n s , 6 = 22 ppm.
1 13The i n t e g r a t e d  peak areas f rom H nmr and C nmr

were used t o  d e f i n e  s t r u c t u r a l  pa r amet er s  by t he  method o f  

Brown and Ladner  [ 2 7 ] .  The par amet er s  and t h e i r  accom­

pany i ng  e q u a t i o n s  are l i s t e d  and d e f i n e d  i n  Tabl e 29.  Some

o f  t he  e q u a t i o n s  i n  Tabl e 29 are m o d i f i c a t i o n s  o f  t he
1 3o r i g i n a l  Brown and Ladner  e q u a t i o n s  and i n c o r p o r a t e  C

nmr da t a  where a p p r o p r i a t e .  Three assumpt i ons  are made 

w i t h  r e ga r d  t o  t hese r e l a t i o n s :

1. A l l  t he  oxygen i s  d i r e c t l y  a t t ac he d  t o  aroma­

t i c  systems and i s  not  shared between them.

2. The a r o ma t i c  r i n g s  are not  l i n k e d  by C-C bonds,

as i n  a p o l y a r y l  system.

3. N i t r o g e n  and s u l f u r  compr i se  a m i n o r i t y  f r a c ­

t i o n  o f  t he  m a t e r i a l s  and are not  account ed

f o r .

The necessar y  dat a f o r  use o f  t he  e q u a t i o ns  i n  Tabl e 29
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Tabl e  29.  D e f i n i t i o n s  o f  S t r u c t u r a l  P a r a me t e r s .

P A R A M E T E R  . D E F I N I N G  E Q U A T I O N _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ D E F I N I T I O N

( H / C ) a ,
C

C H C a l  
( f r o m  ( f r o m

^ H n m r ) '  ^ ^ C n m r )

a l i p h a t i c  H / C  r a t i o

f a
C  -  C a l  

C

A r o m a t i c i t y  ( d e t e r m i n e d  

b y  n m r  )

f a
H  x  y  

C 

H

A r o m a t i c i t y  ( d e t e r m i n e d  

b y  ^ H  n m r )

H a r u ? •  : a t o m i c  h y d r o g e n - t o - c a r -  
b o n  r a t i o  o f  t h e  h y p o ­
t h e t i c a l  u n s u b s t i t u t e d  
a r o m a t i c  m a t e r i a lC a r Ç -

H x  y

0

H *

" S r . O H

f r a t i o n a l  d e g r e e  o f  
s u b s t i t u t i o n  o f  t h e  
a r o m a t i c  s y s t e m

C A
f à  ( M )  ( C )  

1 0 0
t o t a l  n u m b e r  o f  a r o m a t i c  
c a r b o n  a t o m s

R s

H
a r u n u m b e r  o f  s u b s t i t u t e d  

a r o m a t i c  r i n g  c a r b o n s

n

» s

n u m b e r  o f  c a r b o n  a t o m s  
p e r  s a t u r a t e d  s u b s t i ­
t u e n t

■ *

^ "  H a r u ^ a r  . 

C A - - - - - - - - - - - - - - 2 - - - - - - - - - - - - - - - - -
n u m b e r  o f  a r o m a t i c  r i n g s
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are l i s t e d  i n  Appendi ces B ( e l e men t a l  a n a l y s i s )  and C (nmr 

da t a  and VPO m o l e c u l a r  w e i g h t s ) .

The c o n s t a n t s  x and y i n  t he Brown and Ladner  equa­

t i o n s  r e p r e s e n t  t he  average H/C r a t i o  on carbons a t o  a r y l  

r i n g s ,  and on a l i p h a t i c  carbons B or  f u r t h e r  t o  a r y l  

r i n g s ,  r e s p e c t i v e l y .  There i s  i n s u f f i c i e n t  da t a  t o  d e t e r ­

mine whet her  x and y d i f f e r  s t a t i s t i c a l l y .  I f  x and y are 

assumed t o  be equal  , t he  two c o n s t a n t s  may be combined 

i n t o  one.  Th i s  c o n s t a n t ,  t he  H/C a l i p h a t i c  r a t i o ,  (H/ Cj ^ - j ,

may be c a l c u l a t e d  f rom  ̂H and ^ C  nmr d a t a .  Tabl e  30 shows
1 13(H/C)  i r a t i o s  f o r  runs where both H and C nmr dat a was

a v a i l a b l e .  The average va l ue  o f  ( H/C ) a -| f r om Tabl e 30 i s
1 32 . 02 .  P r i o r  t o  t he  devel opment  o f  C nmr,  i n v e s t i g a t o r s  

assumed a va l ue  o f  x =y = ( H/ C) ^ =2 . 0 .  Th i s  assumpt i on  worked 

w e l l  i n  t he  p r e d i c t i o n  o f  s t r u c t u r a l  pa r amet er s  us i ng  t he 

Brown and Ladner  e q u a t i o n s .  The above e x p e r i me n t a l  r e s u l t s  

v e r i f i e s  t he  accur acy  o f  t h i s  assumpt i on  and i n d i c a t e s  

t h a t  t he  a l i p h a t i c  s t r u c t u r e s  are p r e d o m i n a t e l y  met hy l ene 

g r o u p s . In t h i s  t h e s i s  a l l  c a l c u l a t i o n s  were made us i ng 

t he  e x p e r i m e n t a l l y  de t e r mi ned  v a l u e ,  x =y = ( H/ C) = 2 . 0 2 .
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Tabl e 30.  C a l c u l a t e d  H/C A l i p h a t i c  Ra t i o  

RUN NO. ( H / C ) al

Feed 1.90
8 2.13
9 2.05

10 2.09
11 1.79
12 2.09
13 1.86
14 2.24

Average = 2.02

1 13Si nce H and C nmr are be i ng used i n  tandem t o

de t e r mi n e  s t r u c t u r a l  pa ramet er s  o f  a s p h a l t e n e s , i t  i s  de ­

s i r a b l e  t o  know t he  r e l a t i v e  r e l i a b i l i t y  o f  each method.  A

c o n v i e n i e n t  way t o  measure t h i s  i s  t o  compare t he  a r o m a t i -
1 3c i t y  va l ues  o f  asphal  t enes as o b t a i n e d  by C nmr ( f  )

w i t h  t hose  e s t i m a t e d  f rom  ̂H nmr us i ng  t he  method o f  Brown

and Ladner  ( f ^ ) .  Res u l t s  o f  t h i s  compar i son ,  l i s t e d  i n

Tabl e  31,  show good agreement  between t he two ar omat i  c i ­

t i e s ,  w i t h  f ' s l i g h t l y  l owe r ,  on t he  a v e r a g e , t han f  .
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Tabl e 31.  Aromat i  c i t i e s  o f  Aspha l t enes  as Determi ned

by 13C NMR and ' h NMR.

___________________A r o m a t i c i t y  _______________

f  f  1 h
RUN NO. a a Au

Feed 0. 704 0 . 734 - 0 . 030
8 0 . 752 0.739 0.013
9 0. 763 0. 759 0.004

10 0. 758 0. 750 0.008
11 0. 739 0. 779 - 0 . 040
12 0.743 0. 734 0.009
13 0. 719 0. 740 -0.021
14 0.773 0. 748 0.025

1 3f  = a r o m a t i c i t y  de t e r mi ned  by C nmr

b

f 1 1a = a r o m a t i c i t y  de t e r mi ned  by H nmr

Th i s  r e l a t i o n s h i p  has been i n v e s t i g a t e d  by Re t c o f s k y  et  

a l .  [ 3 6 ]  f o r  a l a r g e  number o f  coal  d e r i v a t i v e s .  They 

proposed t he r e l a t i o n s h i p  between f ^  and f  t o  be

f ' = 0 . 919 f  + 0.065 a a
w i t h  a s t a n d a r d  e r r o r  o f  e s t i m a t e  o f  0 . 027 .  A p l o t  o f  f ^  

vs .  f  i s  made i n  F i g u r e  33 al ong w i t h  t he  above eq ua t i o n  

and i t s  e r r o r  l i m i t s .  Wi th t he  e x c e p t i o n  o f  one p o i n t ,  t he 

r e s u l t s  o b t a i n e d  i n  t h i s  t h e s i s  l i e  w i t h i n  t he  e r r o r  

l i m i t s  o f  t he  above r e l a t i o n .

P r e v i o u s l y  d e s c r i b e d  r e s u l t s  o f  t h i s  t h e s i s  have shown
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t h a t  f o r  t he  t he r ma l  and t he  and p y r i t e  a d d i t i v e  runs

t he  degree o f  c o n v e r s i o n  o f  t he  a s p h a l t e n e s - t o - o i I s  was 

q u i t e  l ow.  In a d d i t i o n ,  t he m o l e c u l a r  e l emen t a l  makeup was 

o n l y  m o d e r a t e l y  a l t e r e d  f rom t he r e p r e c i p i t a t e d  f eed a s p h a l - 

t en e s .  Th i s  i n d i c a t e s  t h a t ,  f o r  t hese  two phases o f  s t ud y ,  

t he  as p h a l t e n e  s t r u c t u r a l  u n i t  remai ned b a s i c a l l y  un­

changed.  S t r u c t u r a l  a n a l y s i s  us i ng  t he  e q u a t i o n s  o f  Brown 

and Ladner  concur s  w i t h  t he above r e s u l t s  i n  t h a t  most  o f  

t he  pa r amet e r s  show on l y  moderate v a r i a t i o n  f rom t he r e p r e ­

c i p i t a t e d  f eed a s p h a l t e n e .  T h e r e f o r e , a d e t a i l e d  s t r u c t u r a l  

a n a l y s i s  and compar i son o f  r e s u l t s  o f  t hese  runs w i l l  not  

be made.

The maj or  changes t o  t he  r e p r e c i p i t a t e d  feed a s p h a l - 

t ene s t r u c t u r a l  u n i t  occ u r r e d  when us i ng  t he  commerci a l  

h y d r o p r o c e s s i n g  c a t a l y s t s ,  i n  p a r t i c u l a r  t he c a t a l y s t s  

HDS-20A and HDN-30. These two c a t a l y s t s  gave t he h i g h e s t  

con ver  s i o n - t o - o i 1s and t he g r e a t e s t  he t e r oa t om removal  o f  

t he  r e p r e c i p i t a t e d  f eed a s p h a l t e n e s ,  r e s p e c t i v e l y .  I t  i s  

o f  p r i m a r y  i n t e r e s t ,  t h e r e f o r e , t o  compare t he s t r u c t u r a l  

m o d i f i c a t i o n s  t o  t he  asp ha l t e n e  mo l ecu l e  b r ough t  about  by 

t hese two c a t a l y s t s .  Tabl e 32 l i s t s  t he  average mo l e c u l a r  

p r o p e r t i e s  o f  t he  r e s i d u a l  a s p h a l t e n e s ,  as de t e r mi ned  by 

t he  m o d i f i e d  Brown and Ladner  e q u a t i o n s ,  f o r  t he  HDS-20A 

and HDN-30 c a t a l y t i c  r u n s . In a d d i t i o n ,  t he  p r o p e r t i e s  o f  

t he  r e p r e c i p i t a t e d  feed aspha l t e nes  and t he 400°C t hermal
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run as p h a l t e n e s  are i n c l u d e d  f o r  compar i son .  Exami na t i on  

o f  t he  r e s u l t s  l i s t e d  i n  Tabl e 32 i n d i c a t e s  t h a t  t he  most  

s i g n i f i c a n t  s t r u c t u r a l  changes seem t o  have o c c u r r e d  t o  

t he  HDN-30 pr ocessed a s p h a l t e n e . The s t r u c t u r a l  pa r amet er s  

o f  t he  HDS-20A and t he 400°C t her ma l  r e s i d u a l  as p ha l t enes  

t y p i c a l l y  show va l ues  i n t e r m e d i a t e  t o  t he HDN-30 as p ha l t ene  

and t he  r e p r e c i p i t a t e d  f eed a s p h a l t e n e . The m o l e c u l a r

we i gh t  o f  t he  r e s i d u a l  as p ha l t e nes  decreases i n  t he  o r d e r  

Feed>400°C thermal>HDS-20A>HDN-30. Th i s  i n d i c a t e s  t h a t  t he 

mo l e c u l a r  we i g h t  change i s  more a f u n c t i o n  o f  t he  degree 

o f  h y d r o p r o c e s s i n g  r a t h e r  t han t he e x t e n t  o f  c o n v e r s i o n .  

The H/C a l i p h a t i c  r a t i o  shows no ob s e r v a b l e  t r e n d s ,  here

or  i n  Tabl e  30.  However ,  f o r  t he HDN-30 c a t a l y t i c  r un ,  

t h e r e  i s  a s i g n i f i c a n t  i n c r e a s e  i n  ( H/C ) over  t h a t  o f

t he  f e e d . Th i s  i s  c o n s i s t e n t  w i t h  t he  observed i n c r e a s e  i n  

t he  o v e r a l l  H/C r a t i o  and i n d i c a t e s  t he  p r o d u c t i o n  o f  a 

l a r g e r  a l k y l  group f r a c t i o n .  The h y d r o g e n - t o - c a r b o n  r a t i o  

o f  t he  h y p o t h e t i c a l  u n s u b s t i t u t e d  a r o ma t i c  m a t e r i a l ,  

H a r u ^ a r *  shows l i t t l e  change i n  t he  f i r s t  t h r e e  samples,  

however ,  f o r  t he  HDN-30 a s p h a l t e n e ,  r e s u l t s  i n d i c a t e  t h a t

t he  number o f  ca t a - condensed  a r o ma t i c  r i n g s  decreases 

s l i g h t l y  f rom t h a t  o f  t he  f e e d . The number o f  a r oma t i c  

carbon atoms,  C , decreases i n  t he  o r d e r  Feed>400°C t h e r -  

mal>HDS-20A>HDN-30. The number o f  a r oma t i c  r i n g s ,  R^, how­

e v e r ,  r emai ns  c o n s t a n t  at  5 f o r  t he  f e e d , 400°C t hermal
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and HDS-20A r u n s . For  t he  HDN-30 pr ocessed a s p h a l t e n e , RQ 

decreases t o  4.  The average number o f  carbon atoms per  

s a t u r a t e d  s u b s t i t u e n t ,  n , remai ns n e a r l y  c o n s t a n t  as 

does a and Rs ; t he  f r a c t i o n a l  degree o f  s u b s t i t u t i o n  o f  

t he  a r o ma t i c  system and t he  number o f  s u b s t i t u t e d  a r oma t i c  

r i n g  c a r bons ,  r e s p e c t i v e l y .

A l t hou gh  t h e r e  appear  t o  be some i n c o n s i s t e n c i e s  i n  

t he  r e s u l t s  w i t h i n  a p a r t i c u l a r  sampl e,  a l l  samples were 

s u b j e c t  t o  t he  same sources o f  e r r o r .  T h e r e f o r e , t he 

r e s u l t s  shou l d  be c o n s i s t e n t  between sampl es ,  t hus  v a l i d a ­

t i n g  t he  above compar i son .

In summary, t he  aspha l t e ne  s t r u c t u r e  observed here 

c o n s i s t s  o f  4-5 a r oma t i c  r i n g s  w i t h  26-30 a r oma t i c  carbon 

atoms.  There are 9-10 non- a r omat i  c carbon atoms ( n ap h t h e n i c  

and a l k y l ) ,  1-2 OH g r o u p s , and 0-1 h e t e r o r i n g s  per  mo l e ­

c u l e .  The average s u b s t i t u e n t  cha i n  l e n g t h  c o n s i s t s  o f  1-2 

carbon atoms w i t h  30-35 pe r c en t  o f  t he  a v a i l a b l e  a r oma t i c  

edge atoms occup i ed  by s u b s t i t u e n t s .

From t hese r e s u l t s  a h y p o t h e t i c a l  ave r age- aspha l  t ene 

mo l ecu l e  may be p o s t u l a t e d  whi ch p r o v i d e s  a b e s t - f i t  t o  

t he  m o l e c u l a r  par amet er s  i n  Tabl e 32.  F i g u r e s  34 and 35 

d e p i c t  two p o s s i b l e  as p ha l t e ne  s t r u c t u r e s  a l ong w i t h  t h e i r  

s t r u c t u r a l  p a r a m e t e r s . I t  must  be remembered t h a t  t he data 

y i e l d s  o n l y  average p r o p e r t i e s  and t h a t  t hese  proposed 

s t r u c t u r e s  are based upon t h i s .  However ,  F i g u r e s  34 and 35
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HO

HO

M o l e c u l a r  Formula Cgg Hgg NO
M o l e c u l a r  Weight  549
( H / C ) al  2.0
f a  0. 70

Ha r u / C ar  0 ' 71
a 0.45
C, 28

Rs 9
n 1.5

Ra 6

Note:  In model  s t r u c t u r e s  c e r t a i n  groups may be r e p l a c e d
by s u l f u r .

F i g u r e  34.  H y p o t h e t i c a l  Ave r age  A s p h a l t e n e  S t r u c t u r e  I .
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Note :

HO.

M o l e c u l a r  Formula Hgg NOg
M o l e c u l a r  Weight  483

( H/C ) al  1.75
f a  0.76

Ha r u / C ar  0 ' 84
a 0.45

CA 26
Rs 10
n 1.1

Ra 5

model  s t r u c t u r e  c e r t a i n  groups may be r e p l a c e d  
s u l f u r .

F i g u r e  35.  H y p o t h e t i c a l  Ave r age  A s p h a l t e n e  S t r u c t u r e  I I .
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i l l u s t r a t e  t he  t ypes  o f  mo l ecu l es  whi ch r e p r e s e n t  t he 

a s p h a l t e n e  f r a c t i o n  and as such may p r o v i d e  a d d i t i o n a l  

i n s i g h t  i n t o  t he  p h y s i c a l  and chemi ca l  p r o p e r t i e s  o f  a s p h a l - 

t e n e s .
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CONCLUSIONS

The h y d r o p r o c e s s i n g  o f  c o a l - d e r i v e d  a s p h a l t e n e s , whe­

t h e r  t he r ma l  or  c a t a l y t i c ,  r e s u l t e d  i n  c o n v e r s i o n  p r o f i l e s  

o f  s i m i l a r  f o r m . An i n i t i a l  jump i n  c o n v e r s i o n ,  p r i m a r i l y  

due t o  mechan i ca l  ( p r es s u r e  ) and t he r ma l  shock e f f e c t s , 

o c c u r r e d  w i t h i n  t he  f i r s t  two mi nu t es  o f  r e a c t i o n .  The 

subsequent  r e a c t i o n  p e r i o d  i n v o l v e d  o n l y  chemi ca l  r e a c t i o n  

whi ch was c h a r a c t e r i z e d  by a ver y  low c o n v e r s i o n  r a t e .  The 

system was s u c c e s s f u l l y  modeled as t he  sum o f  a r e a c t i v e  

and an u n r e a c t i v e  asph a l t e n e  f r a c t i o n ,  each f o l l o w i n g  

f i r s t - o r d e r  k i n e t i c s .

The t he r ma l  h y d r o p r o c e s s i n g  s t udy  showed t h a t  a s p h a l - 

t enes  are e s s e n t i a l l y  u n r e a c t i v e  at  l ower  t e mp e r a t u r es  and 

o n l y  mo d e r a t e l y  r e a c t i v e  a t  h i g h e r  t e m p e r a t u r e s .  The 60 

mi nu t e  c o n v e r s i o n s  at  355° ,  375° and 400°C were 8.3%, 8 . 6% 

and 14.4%, r e s p e c t i v e l y .  There was ve r y  l i t t l e  change i n  

t he  e l emen t a l  a n a l y s i s ,  m o l e c u l a r  w e i g h t s ,  and nmr d e t e r ­

mined s t r u c t u r a l  pa r amet er s  o f  t he  r e s i d u a l  as p ha l t enes  

w i t h  r e s p e c t  t o  t he  r e p r e c i p i t a t e d  f eed a s p h a l t e n e s .  An 

A r r h e n i u s  p l o t  o f  t he  r a t e  c o n s t a n t  o f  t he  u n r e a c t i v e  

a s p h a l t e n e  f r a c t i o n  f a i l e d  t o  show l i n e a r i t y  over  t he  

t e mp e r a t u r e  range s t u d i e d .  The d i f f e r e n t  a c t i v a t i o n  e n e r ­

g i e s  o f  t he  numerous chemi ca l  compounds whi ch form t he 

a s p h a l t e n e  f r a c t i o n  i s  b e l i e v e d  t o  be r e s p o n s i b l e  f o r  t h i s  

n o n - l i n e a r i t y .  An a c t i v a t i o n  energy o f  17.1 k c a l / g mo l e  was
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c a l c u l a t e d  f o r  t he  t emp e r a t u r e  range 375° t o  400°C.  The 

low magni t ude o f  t h i s  a c t i v a t i o n  energy i s  due t o  t he  f a c t  

t h a t  on l y  t he  most  l a b i l e  bonds are be i ng b r o k e n .

The second phase o f  s t ud y ,  whi ch i n v o l v e d  H^S and 

p y r i t e  a d d i t i v e s ,  showed t h a t  H^S a l one had l i t t l e  e f f e c t

on as p h a l t e ne  c o n v e r s i o n .  P y r i t e ,  on t he  o t h e r  hand,  d i s ­

p l ayed a p o s i t i v e  c a t a l y t i c  e f f e c t  i n d i c a t i n g  t h a t  t he 

p y r r h o t i t e / H g S  m i x t u r e ,  whi ch i s  f ormed i n  s i t u  by t he

r e d u c t i o n  o f  p y r i t e ,  i s  e f f e c t i v e  i n  c a t a l y z i n g  t he  more 

d i f f i c u l t  secondary  o i l - f o r m i n g  r e a c t i o n s .  However ,  t h i s  

e f f e c t  was s m a l l ,  and r e s u l t s  o f  e l emen t a l  and s t r u c t u r a l

a n a l y s i s ,  and m o l e c u l a r  we i gh t  d e t e r m i n a t i o n s  show on l y  

mi nor  d i f f e r e n c e s  between t he  400°C t her ma l  run and t he

HgS and p y r i t e  r uns .

The use o f  m e t a l - s u p p o r t e d  commerc i a l  h y d r o p r o c e s s i n g  

c a t a l y s t s  r e s u l t e d  i n  an enhanced con v e r s i o n - t o - o i 1s o f  

f r om 1.8 ( HDN-30 ) t o  2.1 (HDS-20A) t i mes  t he  c o r r e s p o n d i n g

400°C t her ma l  c o n v e r s i o n .  A l t hough  t he  HDS-20A c a t a l y s t  

gave t he h i g h e s t  c o n v e r s i o n  t o  o i l s  i t  was not  t he  most  

e f f e c t i v e  c a t a l y s t  f o r  he t e r oa t om removal  . The HDN-30 c a t a ­

l y s t  had a 5 p e r c e n t  l ower  60 mi nu t e  c o n v e r s i o n - t o - o i 1s 

t han t he  HDS-20A c a t a l y s t  ; however ,  i t  pe r f o r med as we l l  

as t he  HDS-20A f o r  s u l f u r  r emova l .  In a d d i t i o n ,  t he  HDN-30 

was t he o n l y  commerc i a l  c a t a l y s t  t e s t e d  whi ch was ab l e  t o  

remove n i t r o g e n  and i n c r e a s e  t he a t omi c  H/C r a t i o ;  both
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d e s i r a b l e  p r o p e r t i e s  f o r  a h y d r o p r o c e s s i n g  c a t a l y s t .

The f a c t  t h a t  t he  l a r g e  pore HDN-30 N i - Mo c a t a l y s t  

was f ound t o  be more e f f e c t i v e  f o r  deni  t r o g e n a t  i on than

e i t h e r  t he  Co-Mo or  Ni -W c a t a l y s t s  i s  p r o b a b l y  because

N i -Mo i s  a more a c t i v e  c a t a l y s t  f o r  h y d r o g e n a t i o n .  However ,  

because o f  t he  wide range o f  p h y s i c a l  and chemi ca l  p r o p e r ­

t i e s  o f  t he  c a t a l y s t s  used i n  t h i s  s t udy  i t  i s  d i f f i c u l t  

t o  draw any d e f i n i t i v e  c o n c l u s i o n s  on t he e f f e c t i v e n e s s  

whi ch a s i n g l e  c a t a l y s t  p r o p e r t y  ha d . I t  i s  on l y  p o s s i b l e

t o  say t h a t ,  based on o v e r a l l  pe r f o r mance ,  t he  HDN-30 

c a t a l y s t  was t he most  e f f e c t i v e  f o r  asph a l t e n e  h y d r o p r o c e s ­

s i n g .

D e a c t i v a t i o n  o f  t he  c a t a l y s t s  appeared due p r i m a r i l y  

t o  coke d e p o s i t i o n .  Coking occ u r r e d  r a p i d l y  and c o r r e s p o n ­

ded t o  t he  decrease o f  c a t a l y s t  s u r f a c e  a r e a . As expec t ed ,  

t he  amount o f  coke 1 aydown was g r e a t e r  at  425° than at

400°C.

I t  was f ound t h a t  c a t a l y s t  p r e s u l f i d i n g  was necessary  

i n  o r d e r  t o  b r i n g  t he  c a t a l y s t  t o  i t s  most  a c t i v e  s t a t e  ; 

however ,  p r e s u l f i d i n g  c o n d i t i o n s  were not  v a r i e d  i n  o r d e r  

t o  a s c e r t a i n  whe t her  or  not  t hey  were opt imum.  A d d i t i o n a l ­

l y ,  i t  was de t e r mi ned  t h a t  t he  s u r f a c e  s u l f u r  spec i es  

f ormed d u r i n g  p r e s u l f i d i n g  was u n s t a b l e  and i n  o r d e r  t o  

p r e v e n t  an i n a d v e r t e n t  decrease i n  c a t a l y s t  a c t i v i t y  s u f f i ­

c i e n t  s u l f u r  had t o  be p r e s e n t  t h r o u g h o u t  t he r e a c t i o n .
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The e f f e c t  o f  i n c r e a s i n g  t he c a t a l y t i c  r e a c t i o n  t em­

p e r a t u r e  t o  425°C was a d r ama t i c  i n c r e a s e  i n  c on v e r s i o n  

( 8 . 6% g r e a t e r  at  60 m i n u t es ,  17% g r e a t e r  a t  180 m i n u t e s ) .  

However ,  t h e r e  was e s s e n t i a l l y  no c o r r e s p o n d i n g  i n c r e a s e  

i n  t he  degree o f  he t e r oa t om r e m o v a l . Si nce t h e r e  was a l so  

an i n c r e a s e  i n  coke d e p o s i t i o n  at  t he  e l e v a t e d  t e mpe r a t u r e  

t h e r e  i s  an i n d i c a t i o n  t h a t  more t han one k i nd  o f  s i t e  i s  

o p e r a t i v e  i n  t hese  h y d r o p r o c e s s i n g  r e a c t i o n s .

Combini ng t he  r e s u l t s  o f  e l emen t a l  a n a l y s i s ,  mo l e c u l a r
1 3we i gh t  d e t e r m i n a t i o n s ,  and p r o t on  and C nmr p r ov i de d  

i n s i g h t  i n t o  t he  average s t r u c t u r e  o f  c o a l - d e r i v e d  a s p h a l - 

t e n e s .  The r e s i d u a l  as p ha l t enes  do not  show g r e a t  d i f f e r ­

ences i n  s t r u c t u r a l  pa r amet er s  f rom t he  r e p r e c i p i t a t e d  

f eed a s p h a l t e n e s .  Th i s  r e s u l t  i s  p r i m a r i l y  due t o  t he  f a c t  

t h a t  i f  any ma j o r  s t r u c t u r a l  m o d i f i c a t i o n  i s  made t o  t he  

a s p ha l t ene  mo l ecu l e  i t  w i l l  not  possess t he  same s o l u b i l i t y  

c h a r a c t e r i s t i c s  and as a r e s u l t  w i l l  no l o n g e r  be d e f i n e d

as an a s p h a l t e n e .  T h e r e f o r e ,  mo l ecu l es  whi ch remain as

a s p ha l t enes  share many o f  t he  same s t r u c t u r a l  c h a r a c t e r i s ­

t i c s .  The s t r u c t u r e s  d e p i c t e d  i n  F i g u r e s  34 and 35 t hus  

p r o v i d e  a mean i n g f u l  d e s c r i p t i o n  o f  t he  aspha l t e nes  i n  

t erms o f  t h e i r  average p a r a m e t e r s .

F i n a l l y ,  d i r e c t  compar i sons o f  r e s u l t s  f rom t h i s  s t udy

t o  r e s u l t s  f r om s i m i l a r  s t u d i e s  (18,  26,  44-46)  are d i f f i ­

c u l t  t o  make. There t y p i c a l l y  e x i s t s  s i g n i f i c a n t  d i f f e r e n -
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ces between r e a c t i o n  v a r i a b l e s  such as as p ha l t e n e  p r o c e s ­

s i ng  h i s t o r y ,  a s p ha l t e n e  c o n c e n t r a t i o n ,  s o l v e n t  t y p e ,  and 

c a t a l y s t  t y p e . T h e r e f o r e  each s t udy  must  be j udged on t he 

bas i s  o f  i t s  own m e r i t  and compar i sons made o n l y  where 

t r u l y  a p p r o p r i a t e .
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RECOMMENDATIONS FOR FURTHER STUDY

Th i s  work c o n s t i t u t e s  what  may be termed as an e x p l o r a ­

t o r y  s t udy  i n t o  t he  p h y s i c a l  and chemi ca l  b e h a v i o r  and 

p r o p e r t i e s  o f  c o a l - d e r i v e d  a s p h a l t e n e s .  Reac t i on  c o n d i t i o n s  

were s e l e c t e d  p r i m a r i l y  on t he  bas i s  o f  t he r e s u l t s  o f  

p r e v i o u s  s t u d i e s .  However ,  da t a  f rom some o f  t he  l a t e r  

runs o f  t h i s  i n v e s t i g a t i o n  i n d i c a t e  t h a t  o p t i m i z a t i o n  o f  

t he  p r o c e s s i n g  c o n d i t i o n s  has not  been a t t a i n e d  and i s  

s t i l l  necessar y  f o r  e f f i c i e n t  as p ha l t e ne  h y d r o p r o c e s s i n g .  

In p a r t i c u l a r ,  a more e x t e n s i v e  i n v e s t i g a t i o n  o f  t he  e f ­

f e c t s  o f  t e mp e r a t u r e  and p r e s s u r e  must  be p u r s u e d .

In c o n j u n c t i o n  w i t h  t he  o p t i m i z a t i o n  o f  t he  p r o c e s s i n g  

c o n d i t i o n s  t he  c o m p a r i t i v e  c a t a l y s t  s t udy  needs t o  be 

expanded t o  i n c l u d e  more o f  t he  h y d r o p r o c e s s i n g  c a t a l y s t s  

a v a i l a b l e  t o d a y . A c a t a l y s t  o f  p a r t i c u l a r  i n t e r e s t  i s  t he 

Harshaw 0402T, a s i l i c a - p r o m o t e d  Co-Mo on a l umi na c a t a l y s t .  

As ment i oned b e f o r e  [ 4 7 ]  t h i s  c a t a l y s t  was f ound t o  g i v e  

s u p e r i o r  pe r f o r mance f o r  coa l  l i q u e f a c t i o n  and has been 

used e x t e n s i v e l y  at  t he  U.S.B.M.  S y n t h o i 1 p i l o t  p l a n t .

The q u a l i t y  o f  t he  o i l  whi ch was produced i s  an area 

whi ch was not  i n v e s t i g a t e d  i n  t h i s  s t u d y .  The u l t i m a t e  

goal  o f  as p ha l t e n e  h y d r o p r o c e s s i n g  i s  t o  ge ner a t e  a h i gh 

q u a l i t y  o i l  whi ch can be upgraded f o r  use as a l i q u i d  

f u e l .  T h e r e f o r e ,  i t  i s  mandat ory  t h a t  t he  o i l  f r a c t i o n  be
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ana l yzed i n  terms o f  i t s  p h y s i c a l  and chemi ca l  p r o p e r t i e s  

so as t o  p r ope r  1 y assess t he  d e s i r a b i l i t y  o f  expandi ng 

a s p h a l t e n e  h y d r o p r o c e s s i n g  t o  an en l a r g ed  s c a l e .  A n a l y s i s  

o f  t he  o i l  f r a c t i o n  would n e c e s s a r i l y  c e n t e r  on t he  pe r c en t  

o f  he t e r oa t o ms ,  a r o m a t i c i t y ,  m o l e c u l a r  we i g h t  and v i s c o s i ­

t y ,  as t hese p r o p e r t i e s  are used t o  e v a l u a t e  t he  q u a l i t y  

o f  t he  o i l  and t he  ease w i t h  whi ch i t  may be up g r a ded .

A f i n a l  area o f  i mp o r t a n c e ,  one whi ch was o n l y  b r i e f l y  

ment i oned i n t h i s  work ,  i s  whet her  or  not  one f r a c t i o n  o f  

t he  asphal  t ene i s  more amenable t o  l i q u e f a c t i o n  t han an­

o t h e r .  F u r t h e r  s t udy  i n t o  t h i s  area would r e q u i r e  ad op t i n g  

a f r a c t i o n a t i o n  t e c h n i q u e  based on e i t h e r  chemi ca l  c l a s s  

(eg.  SESC ) or  ac i d - b a s e  f u n c t i o n a l i t y .  Convers i on  w i t h  

r e s p e c t  t o  each f r a c t i o n  cou l d  then be f o l l o w e d  i n  o r de r  

t o  de t e r mi ne  whet her  or  not  a s p e c i f i c  f r a c t i o n  was bei ng 

p r e f e r e n t i a l l y  c o n v e r t e d .  The b e n e f i t  o f  such a s t udy  

would be t o  p o i n t  ou t  t he  p a r t i c u l a r l y  r e f r a c t o r y  f r a c t i o n s  

and t o  adopt  a p p r o p r i a t e  c o n d i t i o n s  f o r  t h e i r  c o n v e r s i o n .
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APPENDI 

FEED COAL/SRC-

A

ANALYSIS



Feed Coal Analyses 
Kentucky 9 Coal

Date. 1980
Run
Mine

Proximate Analysis, wt \ 
Moisture 
Ash
Volatile Matter 
Fixed Carbon

Ultimate Analysis, wt % 
Carbon 
Hydrogen 
N i trogen 
Chlorine 
Sulfur 
Ash
Oxygen (by difference)

Dry Heating Value. Btu/lb

Sulfur Forms, wt \
Pyr i t ic 
Sulfate 
Sul fide 
Organic

Mineral Analysis, wt %
Phos. pentoxide, P 20 s 
Silica, SiOi 
Ferric Oxide, Fe^O^ 
Alumina, Al20 3 
Titania, Ti02 
Lime, CaO 
Magnesia, MgO 
Sulfur Trioxide, SO, 
Potassium Oxide, K20 
Sodium Oxide, Na;0 
Undetermi ned

19-21 Feb 
201 ABC MB 
Lafayette

1. 23 
9. 33 

31 . 36 
58.08

73. 04 
4.39 
0. 49 
(a)
2.44 
9.41 
10. 23

13,311

0 . 6 6
0 .01

< 0 . 0 1
1.77

0.09 
59. 70 
13.06 
20. 39 
1.56 
1.01 
0.80 
0.92 
2. 14 
0.41

(a) Chlorine data not available for Run 201ABC MB.

ical chlorine content of Ky 9 (Lafayette) coal (SN 517.54) was 0.24 wt .
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Solvent Refined Coal Ajialyr.es 
Kentucky 9 Coal

Date, 1980 19 Feb

Run 201 MB

Samp 1e K12S V I 1 0 ( a )

Proximate Analysis, wt \ 
Volatile Matter 
Fixed Carbon 
Moisture 
Ash

Ultimate Analysis, wt % 
Carbon 
Hydrogen 
Nitrogen 
Sulfur 
Chlorine 
Ash
Oxygen, by difference 

Heating Value, Btu/lb 
Sulfur Forms, wt \

Pyritic 
Sulfate 
Sulfide 
Organic 

Fusion Point, °F

45.37 
54. 37 
< 0.01  

0 . 26

. 38 
40 
, 30
. 26

Distil late
at 500°F, wt % 
vacuum, m  Hg 
at 600° F, wt \  
vacuum, m  Hg 

Solvent Fractionation Analysis, wt X
 ôrrnn  -------

Asphaltene(c)
Benzene insoluble^)
Cresol insoluble organic 
Ash

0. 26 
4.40 

15,906

< 0 . 0 1
< 0 . 0 1

0 . 0 2
1.24

374

1.34 
0. 1 
6.17 
0. 1
22.60
42.40
32.15
2.59
0.26

39. 98 
59. 18 
0
0. 84

86.80 
5.45 
1 . 34 
1 . 07

0.43
4.91

14,764

1.07

25. 1 
38. 1 
36.8

0.43

(a) Laboratory filtered and vacuum distilled.
(b) Pentane soluble.
(c) Benzene soluble, pentane insoluble.
(d) Cresol soluble.
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APPENDIX B 

EXPERIMENTAL RUN RESULTS
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APPENDIX C 

ASPHALTENE STRUCTURAL RESULTS
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APPENDIX D 

CATALYST PROPERTIES
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SAMPLE CALCULATIONS

The f o l l o w i n g  pages show sample c a l c u l a t i o n s  f o r  

t he  m a t e r i a l  ba l ance  and c o n v e r s i  o n - t o - o i 1s f rom run 17. 

The Pee l - Back  method c a l c u l a t i o n s  are p r esen t ed  us i ng  

run 11 as an example.

I . M a t e r i al  Bal ance

To t a l  Mass I n :

As pha l t en e  6 0 . 06g
T e t r a l i n  ( i n j e c t e d )  7 5 . 1 7g
T e t r a l i n  ( i n  r e a c t o r ) 278.16g
C a t a l y s t  3 . 04g

To t a l  Mass Recovered :

4 1 6 . 45g To t a l

Uncharged S l u r r y  1 . 73g
U n i n j e c t e d  S l u r r y  1 . 97g
Reac t or  305.39g
Slop 2 9 . 23g
Wash 10.61 g
Samples 5 9 . 86g
T e t r a l i n  Recovered f rom 

Knock-Out  Vessel  3 . 25g
412.04g To t a l

Mass Lost  = 4 . 39g
% Recovery = 98.95%

I I .  Conver s i on  t o  O i l s

A. Prepared S l u r r y

Asp ha l t en e  = 6 0 . 06g
T e t r a l i n  = 7 5 . 1 5g
I n j e c t i o n  S o l v e n t - t o - F e e d  Rat i  o= 1.25
y A s p h a l t ene I  n ’ cc

T e t r a l i n  " ° * 56
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B. Uncharged Mass

To t a l  Uncharged Mass 
Uncharged As pha l t en e  =
Uncharged T e t r a l i n

C. U n i n j e c t e d  Mass

To t a l  U n i n j e c t e d  Mass 
U n i n j e c t e d  Aspha l t ene  
U n i n j e c t e d  T e t r a l i n

D. T e t r a l i n  Recovered Dur i ng  Purge 

To t a l  T e t r a l i n  Recovered =

E. To t a l  Mass i n  Reac t or

1 . 7 3g 
0 . 77g 
0.96g

1 . 97g 
0 . 87g 
1.1 Og

3 . 25g

A s p h a l t e n e s :  60.06 - 0.77 - 0.87 = 5 8 . 42g
T e t r a l i n :  278.16 + 75.17 - 0.96 - 1.10 - 3 .25 = 348.02g
Reac t or  S o l v e n t - t o - F e e d  R a t i o :  5.96
wAspha l t ene I  

T e t r a l i n  " 0 - 86

F . Conver s i on

TIME UNCORRECTED (%) CORRECTED (

0 30.16 0 . 0 0
2 40.47 10.31
5 42.43 12.27

10 43.87 13.71
15 43. 54 13.38
30 48.46 18.30
60 51 .07 20.91

* Co r r e c t e d  by 30.16% Fa c t o r

Pee l - Back  Model C a l c u l a t i o n s

A. Conver s i on  Data
TIME Xa ( . 7 - X a ) /

0 0 . 0 1. 0
2 0.1198 0.8289
5 0.1345 0.8079

10 0.1433 0. 7953
15 0. 1526 0.7820
30 0.1571 0.7756
60 0.1749 0.7501
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B. Slow Reac t i on  Equa t i on

o 2 ( t )  = - 9 . 4 7  x 1 0 " 4t  + 0.8049

t i  9 = 425.1 mi n .2 » £

k -  = 1 5 - i = 1.631 x 10" 3 m i n . " 1 

^ , 2

C. I s o l a t i o n  o f  Fas t  Reac t i on

TIME ( .7-X ) / . 7  RESPONSE FUNCTION A

0 1.0 0.8049 0.1951
2 0.8289 0.8030 0.0259

D. Fast  Reac t i on  Equa t i on  

a ] ( t )  = - 0 . 0846t  + 0.1951 

11 , = 1.15 mi n.2 j I
k i  = 0.601 min.  ^

E. K i n e t i c  Model
_ g

XA = 0 . 7 [ l - 0 . 1 9 5 1 e " -601t  - 0 . 8 0 4 9 e ' 1 ' 631 x 10 t ]


