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Abstract:
The effect of partially hydrogenated creosote oil as a hydrogen donor agent on catalytic upgrading of
SRC-II was investigated. Creosote oil is a coal-derived solvent used as a start-up solvent in the Solvent
Refined Coal process.

The hydrogenated creosote oil was added in three different ratios to SRC-II Light End Column Feed
product: 25%:75%, 50 % : 50%, 75%:25%. MSU-C-49 catalyst which was developed at Montana State
University, and two commercial catalysts, Shell NM324 and Harshaw HT-400, were evaluated in a
small scale trickle bed reactor.

The effect of high concentration of creosote oil on catalytic upgrading of SRC-II is nonbeneficial. As
the percentage of creosote oil is increased the activity in denitrogenation and desulfurization decreased.
Harshaw HT-400 is more active for denitrogenation and desulfurization than either Shell NM324 or
MSU-C-49. 
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ABSTRACT

The e f f e c t  o f  p a r t i a l l y  h y d ro g e n a te d  c r e o s o te  o i l  a s  
a  h y d ro g en  d o n o r a g e n t  on c a t a l y t i c  u p g ra d in g  o f  SRC-II 
was i n v e s t i g a t e d .  C re o so te  o i l  i s  a c o a l - d e r iv e d  s o lv e n t  
u se d  a s  a s t a r t - u p  s o l v e n t  in  th e  S o lv e n t  R e f in e d  Coal 
p r o c e s s .

The h y d ro g e n a te d  c r e o s o te  o i l  was added  in  th r e e  
d i f f e r e n t  r a t i o s  to  SR C -II L ig h t  End Column Feed  p ro d u c t :  
25%:75%, 50 % : 50%, 75%:25%. MSU-C-49 c a t a l y s t  w hich  was 
d e v e lo p e d  a t  M ontana S t a t e  U n iv e r s i ty ,  and  two com m erc ia l 
c a t a l y s t s .  S h e l l  NM324 and H arshaw H T-400, w ere e v a lu a te d  
in  a  s m a ll  s c a l e  t r i c k l e  b ed  r e a c t o r .

The e f f e c t  o f  h ig h  c o n c e n t r a t io n  o f  c r e o s o te  o i l  on 
c a t a l y t i c  u p g ra d in g  o f  SR C -II i s  n o n b e n e f i c i a l ; As th e  . 
p e rc e n ta g e  o f  c r e o s o te  o i l  i s  i n c r e a s e d  th e  a c t i v i t y  in  
d e n i t r o g e n a t io n  and d e s u l f u r i z a t i o n  d e c r e a s e d .  Harshaw 
HT-400 i s  more a c t i v e  f o r  d e n i t r o g e n a t io n  and  d e s u l f u r ­
i z a t i o n  th a n  e i t h e r  S h e l l  NM324 o r  MSU-C-49.

)
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'CHAPTER I 

INTRODUCTION

The t h i r t y  y e a r s  o f  s u c c e s s  in  c o a l  l i q u e f a c t i o n  

te c h n o lo g y  h a s  d e m o n s tra te d  c o a l 's  f e a s i b i l i t y  a s  a  new 

e n e rg y  s o u r c e . H ow ever, no com m erc ia l p l a n t  h a s  been  

c o n s t r u c te d  s in c e  th e  te c h n o lo g y  h a s  become a r e a l i t y .  

P o l i t i c s ,  econom ics and e n v iro n m e n ta l  c o n s id e r a t io n s !  h a v e 7 

in f lu e n c e d  i t s  p r o g r e s s .

The m o st e f f i c i e n t  u se  o f  c o a l  i s  when i t  i s  b u rn ed  

d i r e c t l y  in  f u rn a c e s  o r  u n d e r b o i l e r s .  The p ro b lem  o f  

co m b u stio n  i s  th e  e m is s io n  o f  n o x io u s  g a s e s  su ch  a s  s u l f u r  

o x id e s  and  n i t r o g e n  o x id e s .  In d e e d , t h i s  c o n c e rn  was one 

r e a s o n  f o r  i n i t i a t i n g  th e  s h i f t  from  c o a l  to  o i l  f o r  

e l e c t r i c a l  pow er g e n e r a t io n .

L iq u i f y in g  c o a l  h a s  b e en  p ro v e d  to  be  th e  m ost 

e f f i c i e n t  w ay (I) to  p ro v id e  l i q u i d  f u e l  from  c o a l .

How ever, l i q u i f i e d  c o a l  h a s  to o  h ig h  a s u l f u r  and  n i t r o g e n  

c o n te n t  to  be  a c c e p te d  e i t h e r  by th e  EPA(2 ,3 )  o r  in  

c o n v e n t io n a l  p e tro c h e m ic a l  r e f i n i n g  p r o c e s s e s .  The 

p e tro le u m  r e f i n i n g  i n d u s t r i e s  do n o t  a c c e p t  l i q u i f i e d  c o a l  

b e c a u se  o f  e q u ip m e n t and p o l l u t i o n  p ro b le m s . N itro g e n  con­

t a in e d  in  th e  f e e d s to c k  f o r  F lu id  C a t a l y t i c  C racking(FC C ) 

w ould  be a m a jo r so u rc e  o f  p o l l u t i o n  and e q u ip m e n t dam age.
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H ydrogen b l i s t e r i n g  i s  an exam ple o f  th e  e x te n s iv e  damage
' ■ C

p o s s ib l e  i n  e q u ip m e n t. A n o th e r im p o r ta n t  r e a s o n  f o r  th e  

u p g ra d in g  o f  c o a l  l i q u i d s  i s  t h a t  h ig h  n i t r o g e n  and s u l f u r  

c o n te n t  i n  o r g a n ic  compounds c a u se  u n d e s i r a b le  p o is o n in g  

o f  th e  a c i d i c  f u n c t io n s  o f  c a t a l y s t s  i n  r e f i n i n g  p ro c e s s e s  

( 5 ) .  P o is o n in g  s h o r te n s  c a t a l y s t  l i f e  and in c r e a s e s  ..the  

c o s t  o f  in v e s tm e n t .  From econom ic c o n s i d e r a t i o n s , p r i c e  

d e te rm in e s  th e  f e a s i b i l i t y  o f  s u b s t i t u t i n g  c o a l  l i q u i d  f o r  

p e tro le u m . The u p g ra d in g  o f  c o a l  l i q u i d s  becam e a n e c e s ­

s a r y  p ro c e d u re  i f  th e  l i q u i d s  a r e  to  be u sed  a s . s u b s t i t u t e s  

f o r  p e tro le u m .

The p u rp o se  o f  t h i s  r e s e a r c h  i s  to  i n v e s t i g a t e  th e  

e f f e c t  o f  d i f f e r e n t  c a t a l y s t s  on th e  u p g ra d in g  o f  S o lv e n t  

R e f in e d  C o a l(SR C -II) by th e  a d d i t i o n  o f  h y d ro g e n a te d  

c re o s o te  o i l .  The c r e o s o te  o i l  a c t s  a s  a h y d ro g en  donor 

a g e n t .



3

CHAPTER I I  

GOAL CONVERSION

C oal h a s  b e en  u se d  in  many d i f f e r e n t  ways f o r  more 

th a n  a  c e n tu r y .  In  th e  b e g in n in g  i t  was u sed  p r im a r i l y  

f o r  h e a t  by c o m b u s tio n . D i r e c t  co m b u stio n  i s  th e  m ost 

s t r a ig h t f o r w a r d  and  c o n v e n ie n t  u se  o f  c o a l .  C oa l g a s i f i ­

c a t io n  was in t r o d u c e d  a s  a s u b s t i t u t e  f o r  n a t u r a l  g a s .  

H ow ever, th e  e n e rg y  su p p ly  and  th e  r e s o u r c e  s t r u c t u r e  h a s  

ch an g ed  o v e r  th e  y e a r s .  I t  was n o t  u n t i l  W orld War I I  

when p e o p le  n eed ed  much more e n e rg y . B ecause  o f  th e  

p e tro le u m  s h o r ta g e ,  c o a l  a g a in  becam e an im p o r ta n t  e n e rg y  

r e s o u r c e .  I t  was d u r in g  W orld War I I  t h a t  th e  non­

p e tro le u m  p ro d u c in g  c o u n t r i e s  w ere  f o r c e d  to  d e v e lo p  a 

s u b s t i t u t e  f o r  p e tro le u m . H ow ever, consum ers c u r r e n t l y  u se  

a b o u t  75% o f  t h e i r  p e tro le u m  p r o d u c ts  in  th e  fo rm  o f  d i s ­

t i l l a t e s  (6) .  The enorm ous co n su m p tio n  o f  d i s t i l l a t e s  in  

t r a n s p o r t a t i o n  an d  h e a t in g  f u e l  h a s  become a m a jo r re a so n  

to  th e  l i q u i f y  c o a l .

C oal L iq u e f a c t io n

C oal i s  c o n v e r te d  to  a l i q u i d  p r o d u c t  th ro u g h  e i t h e r  

d i r e c t  o r  i n d i r e c t  l i q u e f a c t i o n  t e c h n iq u e s . I n d i r e c t  

l i q u e f a c t i o n  i s  th e 'm o s t  d e v e lo p e d . F i r s t ,  c o a l  i s  g a s i ­
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f i e d  to  p ro d u ce  a m ix tu re  o f  h y d ro g en  and  ca rb o n  m onoxide 

w hich i s  th e n  com bined by c a t a l y s t s  to  form  l i q u i d  com­

p o u n d s. C u r r e n t ly ,  th e  O hly eom m erO ial p r o c e s s . i s  th e  

P is h e r -T ro p s c h  b e in g  u se d  in  S o u th  A f r ic a  in  c o n ju n c t io n  

w ith  K o p p e rs -T o tz e k , T exaco , W in k le r -L u rg i  and  S h e l l -  

K oppers g a s i f i e r s .

Two d i f f e r e n t  p r o c e s s e s  o f  d i r e c t  l i q u e f a c t i o n  a re  

c a t a l y t i c  h y d ro g e n a t io n  and  th e  u se  o f  a donor s o lv e n t .

The l a t t e r  was c h a r a c t e r i z e d  a s  th e  S o lv e n t  R e f in e d  C oal 

(SRC) p ro c e s s  d e v e lo p e d  by P i t t s b u r g  and Midway C oal Co. 

and  th e  Exxon Donor Solvent(E D S ) p r o c e s s .  B oth  p ro c e s s e s  

p ro d u ce  l i q u i f i e d  g o a l  by s o l v e n t  e x t r a c t i o n .

D i r e c t  c a t a l y t i c  h y d ro g e n a tio n  e s s e n t i a l l y  re d u c e s  

m o le c u la r  w e ig h t  and  in c r e a s e s  th e  H/C r a t i o  o f  th e  p a r e n t  

c o a l  m o le c u le  to  a  r a t i o  s i m i l a r  to  t h a t  o f  a p e tro le u m  

c ru d e .  The p ro c e s s  u se d  c a t a l y s t s  c o m p ris in g  c o b a l t  and 

molybdenum o x id e  on a lu m in a  o r  m o lte n  ZnCl2 ( S ) . The 

S y n th o i l  and  H -c o a l p ro c e s s e s  a r e  exam ples o f  d i r e c t  

c a t a l y t i c  h y d ro g e n a t io n .

S o lv e n t  R e fin e d  C oal (SRC)

I n  1974, P i t t s b u r g  & Midway C oal M ining Company owned 

by th e  G u lf O il  Company was aw arded  a c o n t r a c t  by th e  

D e p a rtm en t o f  Energy(DOE) f o r  th e  SRC-I p i l o t  p l a n t  s t a r t ­

up o p e r a t i o n . . F ig u re  I  shows th e  flo w  scheme o f  th e  SRC-I 

p r o c e s s .  SRC-I was d e s ig n e d  to  p ro d u ce  low a sh  and low
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s u l f u r  s o l i d  b o i l e r  f u e l (7) to  m ee t th e  s u l f u r  e m is s io n  

re q u ir e m e n t .  The p u lv e r i z e d  c o a l  and  a n th ra n c e n e  o i l  was 

in tro d u c e d  i n to  a  s l u r r y  ta n k  and  pumped to  th e  s l u r r y  

p r e h e a t e r ,  w here s l u r r y  was p r e h e a te d  to  above 800°F a t  

100 a tm . The p r e h e a te d  s l u r r y  was fe d  to  a d i s s o l v e r  and 

th e  s o l v e n t  in  th e  s l u r r y  from  th e  d i s s o l v e r  was r e c o v e re d  

a s  a r e c y c le  s tre a m  w hich w en t b ack  to  th e  s l u r r y  ta n k .

The SR C -II mode was c o n n e c te d  to  SRC-I i n  1 9 7 7 (8 ) . F ig u re  

2 shows th e  SR C -II f lo w  schem e. The f i n a l  p r o d u c t  in  

SR C -II i s  l i q u i d  a t  room te m p e r a tu r e . T h is  m akes SRC-II 

c o n s id e r a b ly  d i f f e r e n t  from  SR C -I. The o v e r a l l  y i e l d  arid 

h y d ro g en  co n su m p tio n  o f  th e  SR C -II p ro c e s s  a r e  g iv e n  in  

T ab le  I . The f e e d  f o r  t h i s  r e s e a r c h  i s  L ig h t  End Column 

Feed(L E C F), a l i g h t  l i q u i d  from  th e  v a p o r - l i q u id  

s e p a r a t o r s  o f  th e  SR C -II p r o c e s s .



H YDROG EN

COAL

•  HYDROCARBON GAS

LIQUID fUCL TO SOUDlflCATtON

F ig u re  I .  Flow Scheme o f  SRC-I P r o c e s s .
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FRACTIONATlOMMtOM PRESSURE
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QUENCH

COAL INTERMEDIATE

V-MSllFLASH VESSEL

WATER QUENCH

VACUUM

VACUUM BOTTOM S

R fC Y C L t SLURRY

F ig u re  2 . Flow  Scheme o f  SR C-II P ro c e s s
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T ab le  I

Y ie ld s  from  SR C -II p ro c e s s

wt%
M o is tu r e - f r e e  

C oal Charge

Math an e
E th an e
P ropane
Is o -B u ta n e
n -B u tan e

5 .8
4 .4
4 .1
0.2
2.0

Ct--IS S 0C N aphtha 
19 3-316°C  M iddle D i s t i l l a t e  
3 1 6 -4 82°C Heavy D i s t i l l a t e  
482 C + R esid u e

10.2
17.9

7 .9
24 .0

P y r i d i n e - I n s o lu b I e  O rg a n ic  M a te r ia l  
(IOM)
Ash
R e s id u a l  S

4 .6

12.0
1.1

Carbon Monoxide 
Carbon D iox ide  
H ydrogen S u l f id e  
Ammonia 
W ater

0.11.0
2 .5
0 .4
6.2

T o ta l 104.4

H ydrogen C onsum ption 4 .4
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CHAPTER I I I

USE OF HYDROGENATED CREOSOTE OIL IN SR C -II UPGRADING

H is to r y

B ecause  o f  th e  l a r g e  am ount o f  p o ly a ro m a t i c  c o n te n t ,  

c r e o s o te  o i l ,  a  c o a l - d e r iv e d  s o l v e n t  once w id e ly  u se d  f o r  

wood p r o t e c t i o n ,  becam e a f a v o r i t e  in  th e  s t a r t - u p  o f  th e  

SRC p r o c e s s .  S e v e ra l  s t u d i e s  have  i n v e s t i g a t e d  th e  use  o f  

c r e o s o te  o i l  a s  a h y d ro g en  d o n o r s o l v e n t  in  th e  l i q u e ­

f a c t i o n  o f  c o a l .  I t  was n o t  an  a t t r a c t i v e  a g e n t  i n  th e  

u p g ra d in g  o f  l i q u i f i e d  c o a l  u n t i l  G ivens e t  a l . ( 8) and 

P o t t s  e t  a l . (9) in t r o d u c e d  c r e o s o te  o i l  i n  1978 a s  a 

s o lv e n t  i n  a s tu d y  o f  d e r iv in g  l i q u i d  f u e l s  from  SRC-I ' 

p r o d u c t  and  in  th e  e v a lu a t io n  o f  co m m erc ia l c a t a l y s t s .

I n  1982 S t i e g e l  e t  a l . ( 1 0 )  u se d  c r e o s o te  o i l  f o r  th e  

s c r e e n in g  o f  u p g ra d in g  c a t a l y s t s  f o r  S R C -I.

I t  i s  r e a s o n a b le  to  u se  h y d ro g e n a te d  c r e o s o te  o i l  in  

th e  u p g ra d in g  o f  SRC-I b e c a u se  i t  i s  a s o l i d  p r o d u c t  and 

n eed s  to  be  d i s s o lv e d  b e fo r e  i t  c a n  be  h a n d le d .  H ydrogen­

a te d  c r e o s o te  o i l  c an  a c t  a s  a  h y d ro g en  donor s o lv e n t  in  

th e  u p g ra d in g .
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The b a s i c  c o n c e p t, in  u s in g  h y d ro g e n a te d  c re o s o te  o i l  

i n  SRC-I u p g ra d in g  i s  s im p ly  an a p p l i c a t i o n  o f  i t s  

h y d r o g e n - t r a n s f e r  c a p a c i ty .  H ow ever, s in c e  SR C -II end  

p ro d u c ts  a r e  l i q u i d s , th e  i n t r o d u c t i o n  o f  h y d ro g e n a te d  

c r e o s o te  o i l  i n  u p g ra d in g  i s  b e in g  s tu d ie d  b e c a u s e  o f  th e  

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

H ydrogen Donor S o lv e n t  in  C oal L iq u e f a c t io n

The e s s e n c e  o f  c o a l  p r o c e s s in g  to  l i q u i d  f u e l s  i s  

to  in c r e a s e  th e  H/C r a t i o  o f  th e  c o a l  ( ^ 0 . 8 )  to  t h a t  o f  

m o to r f u e l  ( = 2 .0 )  . T h is  i s  a c c o m p lish e d  w ith  a  s p e c i f i c  

s o lv e n t  i n  a  h y d ro g e n -g a s  a tm o s p h e re .

A lth o u g h  th e  m echanism  o f  how a s o lv e n t  h e lp s  in  

i n c r e a s in g  th e  H/C r a t i o  o f  c o a l  i s  n o t  c o m p le te ly  u n d e r­

s to o d ,  i t  i s  w e l l  a c c e p te d  t h a t  th e  e f f i c i e n c y  o f  c e r t a i n  

h y d ro g e n - r ic h  s o lv e n ts  i s  a  f u n c t io n  o f  t h e i r  a b i l i t y  to  

d o n a te  h y d ro g en  atom s to  c o a l  and  c o a l  p r o d u c t s . A 

commonly s u g g e s te d  r o u te  in v o lv in g  f r e e  r a d i c a l s  and  

h y d ro g en  t r a n s f e r  i s : (11)

c o a l - c o a l ----- - 2 c o a l  ©

coal©
h y d ro g en
donor ■®-coal© H
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I n  1981, D e rb y s h ire  e t  a l . (13) f u r t h e r  p ro p o se d  a 

" s y n e r g i s t i c  e f f e c t "  b e tw een  p y r e n e - t e t r a l in  m ix tu r e s  and 

m o le c u la r  h y d ro g en  by w hich  c o a l  c o n v e rs io n  was en h an c ed . 

I t . c a n  be e x p la in e d  by fo l lo w in g  r e a c t i o n s :

t e t r a l  i n  + c o a l ---- n a p h th a le n e  + coalH

t e t r a l  i n  + p y re n e  ----n a p h th le n e  + d ih y d ro p y re  ne

p y re n e  + ---- ®»» d ih y d ro p y re n e

d ih y d ro  p y ren e+  c o a l  — *»- p y re n e  + coalH

T here  i s  a  r e d u c t io n  in  th e  h y d ro g en  t r a n f e r r e d  from  

t e t r a l i n ,  and  h y d ro g e n a t io n  o f  c o a l  by p y ren e  i s  en h an ced  

by h y d ro g en  and  p y re n e .

A c tu a l ly ,  th e  u s u a l  c r i t e r i o n  f o r  s o l v e n t  s e l e c t i o n  

i s  th e  s o l v e n t ’ s h y d ro g e n -d o n a tio n  a b i l i t y .  H y d ro g en a ted  

s o lv e n ts  have  b e e n  shown by F u r lo n g  a t  a l .(1 4 )  to  be  b e t t e r  

s o lv e n ts  in  c o a l  c o n v e rs io n  th a n  th e  o r i g i n a l  unhyd ro ­

g e n a te d  m a t e r i a l .  D av ies  and o t h e r s (15) a l s o  showed t h a t  

e x t r a c t i o n  e f f i c i e n c i e s  o f  h y d ro g e n a te d  a n th r a c e n e  o i l s  

a r e  c o n s i s t e n t l y  h ig h e r  o v e r  th e  e n t i r e  b o i l i n g  ra n g e  th a n  

th e  o r i g i n a l  a n th ra c e n e  o i l ,  p resu m ab ly  due to  th e  

p re s e n c e  o f  p o ly c y c l i c  h y d ro a ro m a tic  com pounds. These 

compounds a r e  known to  be  r e a c t i v e  s o lv e n ts  and e f f e c t i v e  

d o n o rs  o f  h y d ro g en  to  c o a l  f r a g m e n ts .  M eanw hile , i t  i s  

w o rth  n o t in g  t h a t  th e  u h h y d ro g e n a te d  a n th ra c e n e  o i l  have 

a  h ig h e r  s o l v e n t  pow er th a n  w ould  be  e x p e c te d  from  th e

I
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e x t r a c t i o n  e f f i c i e n c i e s  o f  i t s  m ain  com ponents su ch  a s  

n a p h th a le n e , a n th r a c e n e ,  p h e n a n th re n e  and d ib e n z o f u r a n (1 5 ) .

H y d ro p ro c e s s in g  o f  C oal L iq u id s

T h is  r e s e a r c h  i s  c o n c e rn e d  w ith  th e  h y d ro p ro c e s s in g  

o f  c o a l  l i q u i d s  w ith  s p e c i a l  em phases on d e n i t r o g e n a t io n  

and  d e s u l f u r i z a t i o n  a s  w e l l  a s  th e  p ro d u c t io n  o f  a  g r e a t e r  

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

In  c o n v e n t io n a l  p e tro le u m  r e f i n i n g  i n d u s t r i e s  

d e n i t r o g e n a t io n  i s  g r e a t l y  overshadow ed  by d e s u l f u r i z a t i o n ,  

b e c a u se  c ru d e  o i l  g e n e r a l ly  c o n ta in s  l i t t l e  o r  no n i t r o g e n .  

H ow ever, th e  h ig h  c o n te n t  o f  n i t r o g e n  in  c o a l  p ro d u c ts  can  

n o t  be  ig n o r e d .  S in c e  th e  h y d r o t r e a t i n g  c a t a l y s t s  

d e v e lo p e d  f o r  p e tro le u m  r e f i n i n g  i n d u s t r i e s  show l i t t l e  

d e n i t r o g e n a t io n  a c t i v i t y ,  a s e p a r a t e  d ev e lo p m en t o f  

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

M e ta ls  su ch  a s  Mo, Co, N i, an d  W have  b e e n  p ro v e n  to  be 

w o rk a b le .

U n lik e  d e s u l f u r i z a t i o n ,  d e n i t r o g e n a t io n  r e q u i r e s  th e  

s a t u r a t i o n  o f  th e  a ro m a tic  r i n g  p r i o r  to  th e  c le a v a g e  o f  

th e  c a r b o n - n i t r o g e n  b o n d . T h e re fo r e ,  h y d ro g en  consum ption  

i s  u s u a l ly  h ig h  f o r  f e e d s to c k s  w ith- h ig h  c o n c e n t r a t io n s  o f  

n i t r o g e n  b e c a u se  o f  th e  s a t u r a t i o n  o f  a ro m a tic  r i n g s .
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M ost o f  th e  s t u d i e s  on d e n i t r o g e n a t io n  m echanism  

u se d  a s p e c i f i e d  n i t r o g e n  compound in s t e a d  o f  th e  c o a l 

l i q u i d .  G a te s  e t  a l .  (16) p ro p o se d  a mechanism f o r  th e  

h y d r o d e n i t r o g e n a t io n  o f  q u in o l in e  a s  fo l lo w s :

P r

T hree  m inor h y d ro c a rb o n s
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The p r o p o s e d  m ech an ism  f o r  h y d r o d e s u l f u r i z a t i o n  o f  

d i b e n z o t h i o p h e n e  (DBT) i s  a s  f o l l o w s :

CnD

C oal i s  f i r s t  c le a v e d  i n t o  r a d i c a l  f ra g m e n ts  by th e  

s o l v e n t  u n d e r h ig h  te m p e ra tu re  and p r e s s u r e ,  th e n  th e  

h y d ro g en  donor s o lv e n t  g iv e s  up a  hyd rogen  r a d i c a l  to  th e  

c o a l  f ra g m e n t p e rm a n e n tly  r e d u c in g  th e  c o a l  m o le c u la r  s i z e .  

In  t h i s  o p t io n ,  th e  s o lv e n t  i s  a h y d r o g e n - t r a n s f e r  a g e n t  

w hich d o n a te s  h y d ro g en s  to  m ass iv e  c o a l  m o le c u le s .

However, th e r e  i s  a n o th e r  im p o r ta n t  r o l e  w h e re in  th e  

s o lv e n t  a id s  in  th e  r e d i s t r i b u t i o n  o f  h y d ro g en , b u t  w h e re in  

no n e t  t r a n s f e r  o f  H ydrogen o c c u r s .  In  o r d e r  to  d i s ­

t in g u i s h  i t  from  "hyd rogen  t r a n s f e r " ,  i t  i s  c a l l e d  "h y d ro ­

gen s h u t t l i n g "  w hich  i s  shown a s  f o l l o w s : ( 12)
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+ S o l v e n t • + S o lv en t-H

H-C •

* 0 i s  any  p a r t  o f  c o a l  m o le c u le .

B erg  and  M cC an d less(17) have  b een  i n v e s t i g a t i n g  th e  

u p g ra d in g  o f  c o a l  l i q u i d s  s in c e  th e  1 9 7 0 's .  T h e ir  r e s u l t s  

show t h a t  p o re  s i z e  and  th e  am ount o f  m e ta l lo a d in g  o f  th e  

c a t a l y s t  a r e  some o f  th e  m ost im p o r ta n t  f a c t o r s  in  

d e te rm in in g  th e  e f f e c t i v e n e s s  o f  a c a t a l y s t .  N e v e r th e le s s ,  

h y d ro g en  co n su m p tio n  i s  n o t  a n e g l i g i b l e  f a c t o r  in  th e  

c o n s id e r a t io n  o f  th e  econom ics o f  c o a l - l i q u i d  u p g ra d in g .
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From u n d e r s ta n d in g  th e  m echanism s f o r  h y d r o t r e a t i n g  

in  c o a l  l i q u e f a c t i o n ,  i t  i s  r e a s o n a b le  to  e x p e c t  t h a t  

h y d ro g e n a te d  c r e o s o te  o i l  m ig h t be  u se d  in  u p g ra d in g  o f  

c o a l  l i q u i d  and g iv e  some im provem ent in  th e  a c t i v i t y  o f  

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

R e se a rc h  on U p g rad in g  o f  SR C-II

Many v a r i a b l e s  in f lu e n c e  th e  u p g ra d in g  o f  S R C -II , 

i n c lu d in g  te m p e ra tu re ,  p r e s s u r e ,  c a t a l y s t ,  l i q u i d  h o u r ly  

sp a ce  v e l o c i t y  (LHSV), and  h y d ro g en  flo w  r a t e .  C a t a l y t i c  

e f f e c t i v e n e s s  i s  in f lu e n c e d  fry p o re  d ia m e te r  d i s t r i b u t i o n ,  

su r fa c e , a r e a ,  m e ta l  lo a d in g ,  c a t a l y s t  d e a c t i v a t i o n ,  and  

th e  p re s e n c e  o f  a  p ro m o to r o r  i n h i b i t o r .

S e v e ra l  d i f f e r e n t  co m m erc ia l c a t a l y s t s ,  new c a t a l y s t s

w ith  v a r io u s  m e ta l s ,  m e ta l - lo a d in g  am ounts and  p o re  s i z e

d i s t r i b u t i o n  w ere a l l  i n v e s t i g a t e d  by Y e h ( IS ) . The s tu d y

showed t h a t  a c o m b in a tio n  o f  4% CoO, 8% MoO^, 1% NiO, 8%

WOg b a se d  on N a lc o -7 8 -6 0 0 8 c - 1 /3 2 "  was th e  m ost e f f e c t i v e

i n  h y d ro d e n i t r o g e n a t io n  o f  S R C -II . B h a t i a (19) u sed  th e

same ca ta ly s t(M S U -C -4 9 ) in  h i s  r e s e a r c h  and f u r t h e r  showed

t h a t  a t  th e  o p e r a t in g  c o n d i t io n  o f  425°C te m p e ra tu re  and
- Ia LHSV o f  I . 25hr , th e  w e ig h t  p e r c e n t  d e n i t r o g e n a t io n  i s  

a b o u t  57.2% and w e ig h t  p e r c e n t  d e s u l f u r i z a t i o n  i s  a b o u t

88.3% .
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R e s u l ts  o f  a c o n c u r r e n t  i n v e s t i g a t i o n  by S a h in (2 0 ) 

w ere u t i l i z e d  in  t h i s  r e s e a r c h  in  th e  c o m p a ris io n  o f  

r e s u l t s .  In  S a h in 11 s r e s e a r c h ,  H arshaw  HT-400 gave th e  ; 

b e s t  p e rfo rm a n c e  in  u p g ra d in g  SR C -II VFF(Vacuum F la s h  

Feed) .• The s tu d y  showed 77% d e n i t r o g e n a t io n  and 65% 

d e s u l f u r i z a t i o n  u s in g  th e  H arshaw  HT-400 c a t a l y s t  w i th o u t ,  

w a te r  a d d i t i o n .

C re o so te  O il

In  t h i s  r e s e a r c h  H oppers c r e o s o te  o i l ,  a  c o a l - d e r iv e d  

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

in t r o d u c e d  a s  a h y d ro g en  donor a g e n t .  H oppers t a r  c r e o s o te  

o i l  i s  c o m p rise d  p r im a r i l y  o f  tw o, th r e e  and fo u r  r i n g  

p o ly n u c le a r  a ro m a tic  co m p o n en ts , and i t s  h y d ro g en  c o n te n t  ■ 

i s  lo w er th a n  f o r  c o n v e n t io n a l  r e c y c le  s o l v e n t s . However, 

when u se d  a s  s o l v e n t  in  th e  SRC p ro c e s s  th e  h y d ro g en  donor 

c a p a c i ty  o f  c r e o s o te  o i l  was im proved  by h y d r o t r e a t i n g (2I ) .

The c r e o s o te  o i l  was a n a ly z e d  by A l l i e d  C hem ical Co. 

(22) a s  shown in  T ab le  I I .  B ecause  i t  i s  a  s o l i d - l i q u i d  

m ix tu r e , i t s  v i s c o s i t y  a t  200° f  i s  a b o u t  6 c e n t i p o s e (8) ,  

w h ich  c a u s e s  h a n d l in g  p ro b lem s t h a t  w ere overcom e by th e  

m o d if ic a t io n  o f  th e  fe e d  sy s te m  w ith  h e a t in g  ta p e s  and

c o i l s .
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*

T ab le  i i .  Gas C h ro m a to g rap h ic  A n a ly s is  o f  C r ro s o te  O il

Compound________________  Wt%

N itro g e n  Compounds

B e n z o n i t r i l e 0 .1 2

o - E th y l a n i l i n e 0 .0 3

Q u in o lin e 0 .3 7

I s o q u in o l in e 0 .3 0

2 -M e th y !q u in o lin e 0 .4 2

In d o le 0 .2 1

I - N a p t h o n i t r i l e 0 .1 9

2 -N a p h th o n it r i l e 0 .1 4

A c r id in e 0 .1 9

C a rb a z o le 2 .2

2-M ethyI c a r b a z o le 1 .7

S u l f u r  Compounds
T h ia n a p h th e n e 0 .08

D ip h en y len e  s u l f i d e 0 .5 2

Oxygen Compounds
Coumarone 0 .1 0
D ib e n z o fu ra n 6 .7
3-M ethyld ip h e n y Ie n e  o x id e 1 .7

I , 2 -B e n zo d ip h en y len e  o x id e 0 .9 6

P h en o l 0 .1 2

o -C re s o l 0 .0 5

p -C re s o l 0 .3 7

m -C reso l 0 .1 6

4 - In d a n o l 0 .5 5

* G uin , J . A. e t  a l . ,  I n d .  E ng. Chem. P ro c e s s  D es. 
D e v ., V o l. 17, No. 2, 1978.
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T ab le  I I .  (C o n tin u ed )

____________Compound____________________ Wt%

H y d rocarbons
p - Cymene 0.02
In d an  0 .1 1
N a p h th a len e  5 . 1
2 -M e th y !n a p h th a le n e  1 .3
1 -  M e th y ln a p h th a le n e  0 .3 8
D ip h en y l 0 .4 9
I , 6-D im e th y !n a p h th a le n e  0 .3 9
2 , 3 -D im e th y !n a p h th a le n e  0 .1 9
A cenaph thene  6 .0
F lu o re n e  1 0 .3
9 , IO -D ih y d ro a n th ra c e n e  2 .4
2 -  M e th y If lu o re n e  0 .8 5
P h e n a n th re n e  18 .6
A n th ra c e n e  4 .3
3 -  M ethylp h e n a n th re n e  0 .9 8
4 , 5-Me th y  le n e p h e n a n th re n e  2 .5
2 -M e th y !a n th ra c e n e  0 .2 4
9 -M e th y !a n th ra c e n e  1 .2
F lu o ra n th e n e  5 .5
P y ren e  2 .6
U n id e n t i f ie d  compounds
in  d i s t i l l a t e  7 .56

T o ta l  d i s t i l l a t e  88 .18
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CHAPTER IV 

EXPERIMENTAL 

C a ta ly s t s

Two co m m erc ia l c a t a l y s t s  ( S h e l l  NM324 and  H arshaw  HT- 

400) and  MSU-C-49 w hich  had  b een  d e v e lo p e d  by Y eh(18) w ere 

a p p l i e d  i n  t h i s  r e s e a r c h .  The p r o p e r t i e s  o f  th e s e  

c a t a l y s t s  a r e  shown in  T ab le  I I I .

A l l  c a t a l y s t s  w ere p r e s u l f u r i z e d  w ith  a 10% hydrogen  

s u l f i d e  i n  h y d ro g en  m ix tu re  f o r  10 h o u rs  i n  o r d e r  to  

p r e v e n t  th e  r e d u c t io n  o f  c a t a l y s t  a c t i v i t y  by h ig h  tem p er­

a tu r e  h y d ro g e n a tio n  (23) .

E qu ipm en t

A s m a l l - s c a l e ,  t r i c k l e - b e d  r e a c t o r  a s  show en in  F ig u re  

3 was u se d  th ro u g h o u t  t h i s  r e s e a r c h .  The t r i c k l e - b e d  

r e a c t o r  i s  40 in c h e s  lo n g  and  made o f  I"  ID , s c h e d u le  80 

in c o n e l  p ip e .

A t th e  to p  o f  r e a c t o r  a  c r o s s  was w e ld ed  to  th e  

r e a c t o r  and  f i t t e d  w ith  a 3 6 - in c h  lo n g  s t a i n l e s s  s t e e l  tu b e  

i n t o  th e  r e a c t o r  to  s e rv e  a s  a  th e rm o w e ll. The o t h e r  two 

o p e n in g s  w ere f o r  SR C -II f e e d  and th e  h y d ro g en  i n l e t .



21

T ab le  I I I .  C a t a ly s t  P r o p e r t i e s

MSU-C-49 S h e l l  NM324 H arshaw HT-400

Type E x tru d e d E x tru d e d E x tru d e d

S iz e 1 /32" 1 /16" 1 /32"

B ulk D e n s ity  (g /c c ) 0 .855 0 .8 0 1

P ore  V olum e(m l/gram ) 0 .8 4 0 .396 0 .5
2

S u rfa c e  A re a (m /g ram ) 214 .6 18 8 220
A verage P ore  D iam ete r 
(A°)

156 .5 98 HO

M etal C ontent(w t% )

NiO 1.0 2. 72

MoOg 8.0 13.16 15.0

CoO 4 .0 3.0

WO3 8.0

Note : C a t a ly s t  s u p p o r t  o f  MSU-C-49 i s  N a lc o -7 8-6 00 SC



Legend: REACTOR

F R I : F l o w  R a t e  R e c o r d -  PUMP SEPARATOR ABSORBER
e r / I n d i c a t o r  — —

T R I : Temp. R e c o r d e r /
I n d i c a t o r

In d ica to r

t o
v e n t

C.W, o u t to  vent

f ! I

S a m p l e  ,
Continuous SchemeS a m p l e

Batch Scheme
* C o n tin u o u s  Scheme i s  Used f o r  E x p e r im e n ta l  Runs 
** B a tc h  Scheme i s  Used f o r  H y d r o t r e a t in g  C re o so te  O i l

F ig u re  3 . Flow  Scheme o f  S m a ll S c a le  T r ic k le - B e d  R e a c to r .
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A t th e  b o t to m  o f  t h e  r e a c t o r  was a t h r e a d e d  cap  f i t t e d  

w i th  an o u t l e t  f o r  p r o d u c t  r e l e a s e  a n d /o r  l o a d in g  and un­

l o a d i n g  o f  th e  c a t a l y s t .

The r e a c t o r  was h e a t e d  by an  e l e c t r i c  w in d in g  which 

was w rapped a ro u n d  a 6- i n c h  O.D. aluminum b lo c k  su r ro u n d e d  

by i n s u l a t e d  m a t e r i a l .  The b lo c k  had a I - in c h  b o re  h o le  

f o r  th e  r e a c t o r .

T em p era tu re  was m easu red  by two ch rom e1-a lum eI

th e rm o co u p le s  w hich  w ere c o n n e c te d  to  d i g i t a l  th e rm o co u p le
' ' '

r e a d o u t s . The th e rm o c o u p le s  w ere  l o c a t e d  in  th e  p e r h e a t  

and  r e a c t i o n  s e c t i o n s .

L iq u id  fe e d  was pumped th ro u g h  a 1 / 8 - i n c h  s t a i n l e s s  

s t e e l  tu b e  by a m e te r in g  pump. In  h y d r o t r e a t i n g  o f  

c r e o s o t e  o i l ,  th e  f e e d  sy s te m  was h e a t e d  by w ra p p in g  

e l e c t r i c  t a p e s  o r  c o i l s  a ro u n d  th e  tu b e s  to  r e d u c e ’th e  h ig h  

v i s c o s i t y  o f  th e  c r e o s o t e  o i l .

Gaseous p h a se  p r o d u c t  was co n d en sed  by a d o u b le - p ip e  

ty p e  c o n d e n se r  and  c o l l e c t e d  a f t e r  a  g a s - l i q u i d  s e p a r a t o r  

e i t h e r  c o n t i n u o u s l y  o r  by b a t c h .  The l a t t e r  was u s e d  in  

h y d r o t r e a t i n g  o f  c r e o s o t e  o i l  b e c a u s e  o f  i t s  h ig h  v i s c o s i ­

ty  and h ig h  b o i l i n g  p o i n t .  In  t h i s  c a s e ,  l i q u i d  was 

a l lo w e d  t p  be c o l l e c t e d  i n  a c a t c h p o t  f i r s t .  Whenever th e  

l i q u i d  p r o d u c t  was rem oved, th e  v a lv e  be tw een  th e  s e p a r a t o r  

and  th e  c a t c h p o t  was c lo s e d  and th e  c a t c h p o t  was 

d e p r e s s u r i z e d  th ro u g h  a v e n t .  A f t e r  th e  l i q u i d  p r o d u c t  

was d r a i n e d  from  th e  b o t to m , th e  c a t c h p o t  was r e p r e s s u r i z e d
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w i th  n i t r o g e n  and  th e  v a lv e  was r e o p e n e d .

H y d r o t r e a t in g  C re o s o te  O i l

The h y d ro g en  to  c a rb o n  r a t i o  o f  c r e o s o t e  o i l  can  be 

i n c r e a s e d  by h y d r o t r e a t i n g ,  i t  c an  th e n  be u s e d  a s  a 

s o l v e n t  i n  th e  SRC p r o c e s s .  H y d r o t r e a t in g  i n c r e a s e d  th e  

h y d ro g en  c o n t e n t  a b o u t  1% from  6.1% to  7.5%. The h y d ro -  

t r e a t i n g  c o n d i t i o n s '  w ere  s u g g e s te d  by W rig h t  e t  a l .  (21)

i n  1975 a s  shown in  T ab le  V.
!

To i n c r e a s e  p u m p a b i l i ty  o f  c r e o s o t e  o i l  i n  th e  

e x i s t i n g  e q u ip m e n t ,  tfre LHSV was i n c r e a s e d  to  1 .0  c . c . /  

c . c .  o f  c a t a l y s t / h r ,  and  th e  h y d r o t r e a t i n g  was r e p e a t e d  

u n d e r  th e  same c o n d i t i o n s  u n t i l  th e  p r o d u c t  was l i q u i d .

T h e o r e t i c a l l y ,  th e  f e e d  f lo w  r a t e  can  be  i n c r e a s e d  

by i n c r e a s i n g  th e  volume o f  c a t a l y s t  i n s t e a d  o f  i n c r e a s i n g  

th e  LHSV. However, th e  c a p a c i t y  o f  th e  r e a c t o r  r e s t r i c t s  

u sag e  to  no more th a n  100ml o f  c a t a l y s t ,  h e n c e ,  th e  LHSV 

was i n c r e a s e d .

The c a t a l y s t  and i n e r t  p a c k in g  d i s t r i b u t i o n  in  th e  

r e a c t o r  i s  shown i n  F ig u r e  4.

A n a ly s i s

The n i t r o g e n  and s u l f u r  c o n t e n t  o f  c r e o s o t e  o i l  a r e  

s i m i l a r  t o  t h a t  o f  S R C -II , and  t h i s  makes i t  d i f f i c u l t  

to  d i f f e r e n t i a t e  th e  c o n t r i b u t i o n  o f  SRC-II an d  c r e o s o t e  

o i l  in  th e  m i x t u r e . T h e r e f o r e ,  i t  was assum ed t h a t
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c a t a l y s t s  p r o d u c e ' th e  same d e g re e  o f  h y d r o t r e a t i n g  on SRC-II 

and  c r e o s o t e  o i l .  ". The a n a l y s i s  o f  th e  p r o d u c t s '  for- s u l f u r  

and  n i t r o g e n  c o n t e n t  was based , on o v e r a l l  p r o d u c t s  i n  l i e u  

o f  s p e c i f y i n g  i t  f o r  SRC-II o r  c r e o s o t e  o i l .

■ S u l f u r  c o n t e n t  was a n a ly z e d  and r e p o r t e d  to  0.03% 

a c c u ra c y  u s in g  a  q u a r t z  tu b e  co m b u s tio n  m ethod w hich  was 

d e v e lo p e d  by S h e l l  D evelopm ent C o . (2 4 ) ,  and  w e ig h t  p e r c e n t  

d e s u l f u r i z a t i o n  was c a l c u l a t e d  b y 'a s su m in g ' n o - w e ig h t  change 

b e tw ee n  f e e d  and  p r o d u c t .

The m a t e r i a l  b a la n c e  e q u a t io n  f o r  s u l f u r  i n  t h i s  

p r o c e s s  i s  shown a s  f o l lo w s :

Ws°  Cs f  * (1™X) + Cc f  * (1" X) = Cp

A f t e r  a r r a n g e m e n t ,  i t  b eco m es:

I-X
Ws - C s f  + (I-Ws ) - C c f

X = I -
w S - c S f  ' 4" - C c f
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=BxN—

S e c t i o n  A:
175 m l. o f  1 /4 '

S e c t i o n  B:

D enstone  i n e r t .

25 m l. o f  1 /8  D enstone  i n e r t .

S e c t i o n  C:
60 m l. o f  C a t a l y s t

I l

60 m l. o f  1 /8  D enstone  i n e r t .

S e c t io n  D: 
A bout 80 ml. 
i n e r t .

o f  1 /8  Denstone

F ig u r e  4. C a t a l y s t  and  P a c k in g  D i s t r i b u t i o n  in  
T r ic k le - B e d  R e a c to r .
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L ik e w is e ,  w e ig h t  p e r c e n t  d e n i t r o g e n a t i o n  was d e t e r ­

mined by an im proved  K je ld a h l  M ethod(25) and  fo l lo w e d  th e  

e q u a t i o n :

Y = 1-
C

P

•Cs f (1—Wg) c i f

ANSI/A S TM D86-77 s t a n d a r d  d i s t i l l a t i o n  was a p p l i e d  

in  th e  d e t e r m i n a t i o n  o f  th e  e x t e n t  o f  c r a c k i n g (26) . .
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CHAPTER V

RESULTS AND DISCUSSION
/

The f i r s t  t h r e e  ru n s  u s in g  MSU-C-49 w ere c o n d u c te d  a t  

t h r e e  d i f f e r e n t  r a t i o s  o f . c r e o s o t e  o i l  to  S R C -II , and  th e  

l a s t  two r u n s  u se d  S h e l l  NM324 and  Harshaw H T - 4 0 0 - c a ta ly s t s ,  

k e e p in g  th e  c r e o s o t e  o i l  to  SR C -II r a t i o  a t  25%:75%. The 

o t h e r  c o n d i t i o n s  o f  a l l  r u n s  w ere  k e p t  c o n s t a n t  and a re  

shown i n  T ab le  IV and T ab le  V.

T ab le  IV. M a t e r i a l s  f o r  E x p e r im e n ta l  Runs

Run No. C a t a l y s t C r e o s o te  O i l  
SRC-II .

CPC-C25 • MSU-C-49 ' 25%:75% '

CPC-C50 : MSU-C-49 50%:50%

CPC-C75 MSU-C-49 75%:25% .

CPS-C25 S h e l l  NM324 25%:75%

CPH-C25 Harshaw HT-400 25%:75%
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T ab le  V. R e a c t io n  C o n d i t io n s

U pgrad ing  o f  SRC-II

T em p era tu re  (0C) , ( F)
2P r e s s u r e  (-Kg/m ) , ( p s ig )

L iq u id  H ourly  Space V e l o c i ty  
( c . c .  S R C - I I / c . c .  c a t a l y s t / h r )

Hydrogen Flow R a te  
(S C F /b b i:  o f  SRC-II)

Running T im e(hr)

H y d ro g e n a t in g  C r e o s o te  O i l

T em p era tu re  (0C ), (0F)
2

P r e s s u r e  (Kg/m ■) , (p s ig )

L iq u id  H o u rly  Space V e l o c i ty  
( c . c .  c r e o s o t e  o i l / c . c .  
c a t a l y s t / h r )

Hydrogen Flow R ate  
(S C F /b b l . o f  c r e o s o t e  o i l )

C a t a l y s t

4 2 5 /(7 9 7 )

7 .OSxlO5 , ( 1 ,0 0 0 )

1 .25

1 0 , 0 0 0

60 (=0=4,500ml 
SRC-II)

4 1 5 ,(780 )

1 . 0 5 x l0 6 , ( 1 ,5 0 0 )

1 . 0

1 0 , 0 0 0

S h e l l  NM324
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Raw d a ta  f o r  n i t r o g e n  and s u l f u r  a n a ly s e s  and  ASTM 

d i s t i l l a t i o n s  a r e  shown i n  A p p e n d ix . ' The d a ta  i s  p l o t t e d  

i n  F ig u r e  5 to  F ig u r e  18. E very  p r o d u c t  was s e p a r a t e d  by 

ASTM d i s t i l l a t i o n  i n t o  t h r e e  f r a c t i o n s  which ra n g e d  from

up to  400°F, 400°F-----700°F, and  above 700°F . Each f r a c t i o n

was a n a ly z e d  f o r  n i t r o g e n  and s u l f u r  c o n t e n t .

H y d r o t r e a t in g  C re o s o te  O i l

F i r s t ,  th e  K oppers c r e o s o t e  o i l  was h y d ro g e n a te d  

to  i n c r e a s e  i t s  h y d ro g en  c o n t e n t .  I n  t h i s  r e s e a r c h  two 

b a t c h e s  o f  h y d r o g e n a te d  c r e o s o t e  o i l  were made a t  th e  same 

c o n d i t i o n s  w i th  th e  same c a t a l y s t s .  R e s u l t s  show ing th e  

c o n s i s t e n c y  b e tw een  th e s e  two b a t c h e s  a r e  i n ‘T ab le  V j . 

A c t u a l l y ,  t h e s e  two p r o d u c t s  can  be  combined i n t o  o n e . 

However, f o r  c o m p a r is io n ,  th e  r e s u l t s  a r e  shown s e p a r a t e l y .

D e n i t r o g e n a t io n

F i g u r e s  5 -7  show th e  n i t r o g e n  c o n t e n t  i n  th e  p r o d u c t s  

and  th e  w e ig h t  p e r c e n t '  d e n i t r o g e n a t i o n . F ig u re .  5 and  

F ig u r e  5 a r e  p l o t s  f o r  n i t r o g e n  c o n t e n t  v s .  th r o u g h p u t  

o f  S R C -I I . E x c e p t  f o r  th e  CPH-C25 ru n  w hich i s  o b v io u s ly  

low , th e  n i t r o g e n  c o n t e n t  i n  th e  p r o d u c t s  i s  a b o u t  0.35%. 

The CPC-C25, CPS-C25 arid CPH-C25 r u n s  have a h i g h e r  

n i t r o g e n  c o n t e n t  i n  t h e  f e e d s t o c k  b e c a u se  o f  th e  h ig h  

c o n t e n t  i n  S R C -I I . However, r e f e r r i n g  to  F ig u r e  7, 

th e  e x t e n t  o f  n i t r o g e n  rem ova l shows some v a r i a t i o n .
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I n  CPH-C25 ru n ,  t h e r e  i s  a h i g h e r  d e n i t r o g e n a t i o n  than , i n  

CPC-C25. T h is  f a c t  can  be e x p la in e d  by th e  h ig h  m o lybda te  

c o n c e n t r a t i o n  i n  th e  c a t a l y s t  w hich  i s  shown in  T ab le  I I I . 

The same c a t a l y s t  u se d  by S a h in  i n  h i s  r e s e a r c h  r e v e a l e d  

th e  c o n c l u s i o n  t h a t  Harshaw HT-400 c a t a l y s t  h a s  a  h i g h e r  

a c t i v i t y  i n  d e n i t r o g e n a t i o n  th a n  th e  MSU c a t a l y s t .

F ig u r e  7 shows th e  same te n d e n c y  o f  d e n i t r o g e n a t i o n  

w i th  th r o u g h p u t  f o r  d i f f e r e n t  c a t a l y s t s .  N e v e r t h e l e s s ,  

e ac h  ru n  shows a low er  a c t i v i t y  th a n  when i n v e s t i g a t e d  by 

p r e v io u s  c o w o rk e rs  w i th  no c r e o s o t e  o i l  a d d e d .  The low er 

a c t i v i t y  o f  d e n i t r o g e n a t i o n  i n  t h i s  r e s e a r c h  o b v io u s ly  

shows t h a t  th e  e f f e c t  o f  a d d in g  c r e o s o t e  o i l  i n  1 :3 ,  1 :1  

and  3 :1  r a t i o s  to  SR C-II i s  n o t  b e n e f i c i a l . .

D e s u l f u r i z a t i o n

In  th e  same m anner a s  th e  d e n i t r o g e n a t i o n  r e s u l t s  

shown a b o v e , th e  s u l f u r  c o n t e n t  and  w e ig h t  p e r c e n t  d e s u l ­

f u r i z a t i o n  i n  e ac h  p r o d u c t  a r e  p l o t t e d  in  F ig u r e s  8 ,9  and  

10. I n  -g e n e ra l ,  d e s u l f u r i z a t i o n  i s  e a s i e r  to  a c h ie v e  f o r  

c o a l  l i q u i d s  th a n  d e n i t r o g e n a t i o n .

The t h r e e  t e s t  ru n s  show o n ly  s l i g h t  v a r i a t i o n  in  

d e s u l f u r i z a t i o n  a c t i v i t y .  Compared to  90% d e s u l f u r i z a t i o n  

r e p o r t e d  i n  th e  l i t e r a t u r e ,  th e  a c t i v i t y  f o r  t h e s e  ru n s  has  

b e e n  re d u c e d  to  60%. L ike  d e n i t r o g e n a t i o n ,  F ig u r e  10 shows 

t h a t  d e s u l f u r i z a t i o n  d e c r e a s e s  a s  p e r c e n t  o f  c r e o s o t e  o i l  

i n  th e  f e e d  i n c r e a s e s .
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T ab le  V I. SRC-II LECF and Two 
C re o s o te  O i l

B a tc h e s  o f Hydrogena te d

SRC-II H y d ro g en a ted  C re o s o te  O i l
LECF B atch  I B atch  2

N i t r o g e n  Content(w t% ) 0 .6 3 0 .35 0 .39

S u l f u r  Content(w t% ) 0 .6 7 0 .3 2 0 .30

D e n s i ty  (g/cm^) 0 .983 1.05 1.05

ASTM D i s t i l l a t i o n

IB P(0F) 122 205 210
5% 217 490 495

10% 288 575 580

20% 381 645 650

30% 446 690 695

40% 488 — — —* 700

4 3% — 700

50% 541

60% 577

70% 611

80% 660

87% 700

R es id u e  and l o s s 13 57 60
( v o l . %)
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C re o s o te  O i l
O CPC-C25
© CPC-C50
•  CPC-C75

1,800 2 ,700  3 ,600
SRC-II T h roughpu t (ml)

4 ,500

Figure 5. Nitrogen content in products upgraded
by MSU-C49 with different concentrations
of creosote oil.
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Figure 6. Nitrogen content in products upgraded

by different catalysts with 25%
creosote oil.
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C re o s o te
C a t a l y s t  
MSU-C-49 
MS U-C-4 9 
MSU-C-49 
S h e l l  NM324 
Harshaw HT-400

O CPC-C25
@ CPC-C50
#  CPC-C75
■  CPS-C25
A  CPH-C25

SR C-II T hroughpu t (ml) 
F ig u r e  7 . W eight p e r c e n t  d e n i t r o g e n a t i o n .
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C re o s o te  O i l
O CPC-C25
@ CPC-C50
•  CPC-C75

O • ©

1,800 3 ,6002 ,700
SRC-II T hroughpu t (ml)

4 ,500

Sulfur content in products upgraded
by MSU-C49 with different concentra­
tion of creosote oil.

Figure 8.
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C a t a l y s t  
O CPC-C25 MSU-C-49 
■  CPS-C25 S h e l l  NM324 
A  CPH-C25 Harshaw HT-400

4 ,5003,6002 ,700

SR C-II T h roughpu t (ml)

1,800

Sulfur content in products upgraded
by different catalysts with 25%
creosote oil.

Figure 9.
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C a t a l y s tC re o so te

MS U-C-4 9O CPC-C25
MSXJ-C-4 9
MSU-C-49#  CPC-C75

NM324 
HT-400

CPS-C25
A CPH-C25

2,700  3 ,600
SRC-II T h roughpu t (ml) 

F ig u r e  l o . W eight p e r c e n t  d e s u l f u r i z a t i o n .

1,800 4 ,500
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The d a ta  p r e s e n t e d  i n  F ig u r e  10 shows t h a t  th e  Harshaw 

HT-4Q0 c a t a l y s t  h a s  h i g h e r  d e s u l f u r i z a t i o n  a c t i v i t y  th an  

S h e l l  NM324 o r  MSU-C-49.

ASTM D i s t i l l a t i o n  R e s u l t

H y d r o t r e a t in g  SRC-II l i q u i f i e d  c o a l  n o t  o n ly  re d u c e d  

th e  n i t r o g e n  and  s u l f u r  c o n t e n t ,  b u t  a l s o  i n c r e a s e d  th e  

q u a n t i t y  o f  th e  lo w er  b o i l i n g  p o i n t  f r a c t i o n .  F o r 

c o m p a ra t iv e  c o n v e n ie n c e ,  we p l o t t e d  th e  ASTM d i s t i l l a t i o n  

d a ta  f o r  e ac h  ru n  i n d i v i d u a l l y  i n  F ig u r e  11 t o  F ig u r e  14. 

Runs o f  CPS-C25 and  CPH-C25 u se d  th e  same r a t i o  o f  h y d ro ­

g e n a te d  c r e o s o t e  o i l  to  SRC-II i n  th e  f e e d — I  t o  3.

The i n c r e a s e d  s h i f t  from  a h i g h e r  p r o d u c t  b o i l i n g  p o i n t  

ra n g e  to  a low er  one w i th  th e  Harshaw c a t a l y s t ,  ru n  CPH- . 

C25, th a n  w i th  th e  S h e l l  c a t a l y s t ,  ru n  CPS-C25, ' i s  con­

s i s t e n t  w i th  th e  f a c t  t h a t  b e t t e r  d e n i t r o g e n a t i o n  and 

d e s u l f u r i z a t i o n  was o b t a i n e d  w i th  Harshaw HT-400 i n  t h i s  

r e s e a r c h .  F o r  th e  t h r e e  d i f f e r e n t  m i x i n g - r a t i o  r u n s ,  th e  

d i s t i l l a t i o n  c u rv e s  i n  F ig u re  13 and F ig u re  14 show o n ly  a 

t i n y  e f f e c t  i n  i n c r e a s i n g  th e  low er  b o i l i n g  p o i n t  f r a c t i o n  

o f  u p g ra d e d  SRC-II f o r  CPH-C75 an d  CPC-C50 r u n s .

The ASTM d i s t i l l a t i o n s  r e v e a l  th e  f a c t  t h a t ' I t ' i s  

n o t  b e n e f i c i a l  f o r  a  h ig h  p e r c e n ta g e  o f  c r e o s o t e  o i l  to  be 

added  i n  h y d r o p r o c e s s in g  S R C -I I .
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F ig u r e  15 and  F ig u r e  16 show th e  n i t r o g e n  and  s u l f u r  

c o n t e n t  i n  eac h  p r o d u c t  f r a c t i o n  v s .  p e r c e n ta g e  o f  added 

c r e o s o t e  o i l  a f t e r  t r e a t m e n t  u s i n g  MSU-C49 c a t a l y s t .  The 

medium b o i l i n g  f r a c t i o n  h a s  a s l i g h t l y  h i g h e r  n i t r o g e n  

c o n t e n t  f o r  e ac h  o f  th e  t h r e e  d i f f e r e n t  b l e n d i n g - r a t i o  

r u n s .  I t  r e v e a l s  t h a t  th e  e f f e c t  o f  c r e o s o t e  o i l  on 

d e n i t r o g e n a t i o n  i s  d i f f e r e n t  from  t h a t  o f  d e s u l f u r i z a t i o n .

F ig u r e  17 and  18 show th e  d i s t r i b u t i o n  o f  n i t r o g e n  

and  s u l f u r  i n  th e  p r o d u c t s  o f  d i s t i l l a t i o n  f o r  th e  d i f f e r ­

e n t  r u n s .

Summary

I n  summary, th e  n e g a t iv e  e f f e c t  o f  h y d ro g e n a te d  

c r e o s o t e  o i l  on u p g ra d in g  SRC-II l i q u i f i e d  c o a l  i s  o b v io u s  

f o r  b le n d s  o f  25%:75%; 50%:50%; and  75%:25%. T h is  f a c t  can  

be e x p l a i n e d  by th e  c o m p e t i t io n  b e tw ee n  th e  c r e o s o t e  o i l  

and  SRC-II m o le c u le s  b e in g  a d s o rb e d  on th e  a c t i v e  s i t e s  o f  

c a t a l y s t .  The l e s s  c r e o s o t e  o i l  ad ded , th e  l e s s  compe­

t i t i o n  comes from  c r e o s o t e  o i l  f o r  th e  a c t i v e  s i t e s  and  th e  

more m o le c u le s  o f  SRC-II t h a t  w i l l  be  a d s o rb e d  by th e  c a t a ­

l y s t .  A h i g h e r  a c t i v i t y  i n  u p g ra d in g  SRC-II i s  o b t a in e d  

when l e s s  c r e o s o t e  o i l  i s  added , and  th e  e f f e c t  o f  c r e o s o t e  

o i l  i s  n o t  b e n e f i c i a l  a t  t h i s  p o i n t .
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CHAPTER VI 

CONCLUSION

1. The e f f e c t  o f  h y d r o g e n a te d  c r e o s o t e  o i l  a s  a  hyd rogen  

donor a g e n t  on u p g ra d in g  o f  SR C-II i s  n o t  b e n e c i f i a l .

2. The e x t e n t  o f  h y d r o d e n i t r o g e n a t i o n  and. h y d r o d e s u l ­

f u r i z a t i o n  o f  SRC-II w i th  h y d ro g e n a te d  c r e o s o t e  o i l  

v a r i e s  w i th  th e  p e r c e n ta g e  o f  th e  b l e n d in g  r a t i o .  The 

more h y d r o g e n a te d  c r e o s o t e  o i l  added , th e  lo w er  th e  

e x t e n t  o f  d e n i t r o g e n a t i o n .

3. ASTM d i s t i l l a t i o n  i s  an  in d e x  o f  e x t e n t  o f  h y d r o t r e a t ­

in g  th e  c o a l  l i q u i d .  The more h y d ro g e n a te d  c r e o s o t e  

o i l  a d d ed , th e  l e s s  l o w - b o i l i n g  p o i n t  f r a c t i o n  o b t a i n e d

4. Harshaw HT-400 c a t a l y s t  had  t h e  m ost s i g n i f i c a n t  e f f e c t  

on h y d r o t r e a t i n g  SRC-II c o a l  l i q u i d s  o f  th e  c a t a l y s t s

s t u d i e d .
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NOMENCLATURE

: S u l f u r  c o n t e n t  o f  c r e o s o t e  o i l  i n  f e e d  (wt f r a c t i o n )

N i t r o g e n  c o n t e n t  o f  c r e o s o t e  o i l  i n  f e e d  (wt f r a c t i o n )  

S u l f u r  c o n t e n t  o f  SRC-II i n  f e e d  (wt f r a c t i o n )

N i t r o g e n  c o n t e n t  o f  SRC-II i n  f e e d  (wt f r a c t i o n )

S u l f u r  c o n t e n t  i n  p r o d u c t  (wt f r a c t i o n )

N i t r o g e n  c o n t e n t  in  p r o d u c t  (wt f r a c t i o n )

C o n c e n t r a t i o n  o f  SRC-II (wt. f r a c t i o n )

W eigh t f r a c t i o n  rem o v a l  o f  s u l f u r  

W eigh t f r a c t i o n  rem ova l o f  n i t r o g e n
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APPENDIX

T a b le  V I I .  Run CPC- C25

C a t a l y s t :  MSU-C-49

C r e o s o te  O i l  /  SRC-■II: 25% : 75%

A n a l y s i s :
*

Sample No. N i t r o g e n  (wt%) S u l f u r  (wt%)

I 0 .2  9 0 .2 0

2 0 .3 3 0 .1 6

3 0 .3 7 0 .2 1

4 0 .3 9 0 . 26

5 0 . 3 3 0 .1 9

6 0 . 36 0 .2 1

7 0 . 3 3 0 .2 1

8 0 . 3 3 0 .2 0

9 0 . 3 3 0 .2 1

10

• to 
mO 0 . 2 5

Avg. 0 . 34 0 .2 1

Feed 0 . 5 4 0 . 5 8

Wt% Removal 37.04 6 3.79

* Sample was taken every 6 hours.
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Table VIII. Run CPC-C50

C a t a l y s t :  MSU-C-49

C r e o s o te  O i l  /  SRC- I I :  50%:50%

A n a l y s i s :
*

Sample No. N i t r o g e n  (wt%) S u l f u r

i 0 .3 7 0 .1 6

2 0 .3 5 0 .2 1

3 0. 33 0 .1 7

4 0 .2 4 0 .1 7

5 0 .3 1 0 .1 4

6 0 .3 3 0 .2 1

7 0 .39 0 .19

8 0 .30 0 .2 1

9 0 .35 0 .1 8

10. 0 .3 8 0 .2 0

Avg. 0 .335 0 .1 8 4

Feed 0 .49 0 .49

Wt% Removal 31 .63 62 .36

(wt%)

* Sample was taken every 6 hours
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Table IX. Run CPC-C75

C a t a l y s t :  MSU-C-49

C r e o s o te  O i l  /  S R C - I I : 75%:25%

A n a l y s i s :

Sample No*_______ N i t r o g e n  (wt%)__________S u l f u r  (wt%)

I 0 .28 0 .0 8

2 0 .3 1 0 .2 0

3 0 .30 0 .2 1

4 0. 31 0 .2 5

5 0. 33 0 .2 3

6 0 .3 2 0 .2 0

7 0 .3 1 0 .2 6

8 0 .36 0 .1 4

9 0 .3 1 0 .19

10 0 . 36 0 .1 4

Avq. 0 .319 0 .1 9

Feed 0 .42 0 .40

Wt% Removal 24 .05 52 .50

* Sample was t a k e n  e v e r y  6 h o u r s .
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Table X. Run CPS-C25

C a t a l y s t :  S h e l l  NM324 

C r e o s o t e  O i l  /  S R C - I I : 25%:75%

A n a l y s i s :

Sample Not________ N i t r o g e n  (wt%)__________S u l f u r  (wt%)

I 0 .3 3 0 .1 7

2 0 .34 0 .1 7

3 0 .39 0 .2 2

4 0 .3 3 0 .2 1

5 0 .3 7 0 .3 0

Avg. 0 .352 0 .214

Feed 0 .55 0 .5 8

Wt% Removal 36 .00 6 3.10

* Sample was taken every 12 hours.
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Table XI. Run CPH-C25

C a t a l y s t :  Harshaw HT-400 

C r e o s o t e  O i l  /  S R C - I I : 25%:75%

A n a l y s i s :

Sample No._________N i t r o g e n  (wt%)__________S u l f u r  (wt%)

I 0 .2 3 0 .1 5

2 0 .2 3 0 .1 4

3 0 .2 7 0 .2 3

4 0 .26 0 .2 3

5 0 .2 2 0 .2 1

Avg. 0 .242 0 .1 9 2

Feed 0 .55 0 .5 8

Wt% Removal 56 .00 66 .90

* Sample was taken every 12 hours.
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Table XII. ASTM Distillation for Run CPC-C25

F r a c t i o n T em p eratu re  ( uF)
P r o d u c t Feed

IBP 170 2 30

5% 265 375

10% 310 405

20% 385 440

30% 425 465

40% 460 488

50% 490 512

60% 520 545

70% 560 600

80% 625 695

84% — 700

89% 700 —

R es id u e  & 
Loss 11% 16%

F r a c t i o n s N (wt%) S (wt%) N (wt%) S (wt%)

-----400°F 0 .1 8 7 0 .209 0 .488 0 .6 1 8

400°F— 700°F 0 .3 9 1 0 .204 0.615 0 .566

700°F----- 0 .39  7 0 .2 0 8 0 .5 5 7 0 .5 8 2
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T ab le  X I I I .  ASTM D i s t i l l a t i o n  f o r Run CPC-C50

F r a c t i o n T em p era tu re (0F)
P r o d u c t Feed

IBP 175 16 7

5% 285 32 7

10% 350 400

20% 440 450

30% 495 485

40% 543 527

50% 600 580

60% 662 655

65% — 700

70% 700 — —  —

R es id u e  & 
Loss 30% 35%

F r a c t i o n s N (wt%) S (wt%) N (wt%) S (wt%)

---- 400°F 0 .255 0 .170 0 .458 0 .6 4 7

400°F— 700°F 0.400 0 .1 5  7 0 .5  30 0 .496

700°F----- 0 .299 0 .195 0 .428 0 .3 9 2



6 1

T ab le  XIV. ASTK D i s t i l l a t i o n  f o r  Run. CPC- C75

F r a c t i o n T em pera tu re (0 F)
P r o d u c t Feed

IBP 175 175

5% 330 360

10% 425 443

20% 510 505

30% 582 578

40% 650 643

50% 696 694

53% 700 —

5 7% — — — 700

R es id u e  & 4 7% 43%
Loss

F r a c t i o s N (wt%) S (wt%) N (wt%) S (wt%)

-----400°F 0 .3 2 7 0 .210 0 .3 5 1 0 .518

4 0 0 °F - -7 0 0 °F 0.370 0 .2 0 1 0 .438 0 .354

700°F----- 0. 326 0 .226 0.404 0 .456



62
T able  XV. ASTM D i s t i l l a t i o n  fo r  Run CPS-C25

F r a c t io n _____ T em p eratu re
P r o d u c t

(0 F)
F eed

IBP 172 177

5% 271 310

10% 318 380

20% 390 4 30

30% 432 458

40% 463 485

50% 495 515

60% 528 550

70% 575 620

79% — 700

80% 683 —

85% 700 —  —  —

R es id u e  & 
Loss 15% 21%

F r a c t i o n s N (wt%) S (w t%) N (wt%) S (wt%)

-----400°F 0 .1 7 8 0 .2 4 3 0.466 0 .396

400°F— 700°F 0 .412 0 .242 0 .767 0 .586

700OF--- 0.420 0.234 0.478 0.418
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Table  XVI. ASTM D i s t i l l a t i o n  f o r  Run CPH- C25

F r a c t i o n T em pera tu re (0F)
P r o d u c t Feed

IBP 175 177

5% 250 310

10% 295 380

20% 365 430

30% 417 458

40% 455 485

50% 487 515

60% 525 550

70% 578 620

79% — 700

80% 683 ---—

86% 700 —

R es id u e  & 14% 21%
Loss

F r a c t i o n s  N (wt%) S (wt%) N (wt%) S (wt%)

-----400°F 0 .059  0 .2 8 0  0 .466  0 .396

400°F— 700°F 0 .295  0 .160  0 .7 6 7  0 .586

700OF-- 0.357 0.100 0.478 0.418
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