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INTRODUCTION 

Al though  r e c y c l i n g  heavy s o l v e n t s  h a s  r e c e n t l y  r e - e m e r g e d  1 , 2 , 3 , 4  
a s  a key t o  c u t t i n g  t h e  c o s t  o f  d i r e c t  c o a l  l i q u e f a c t i o n ,  l i t t l e  d a t a  
f o r  t h e  h y d r o g e n a t i o n  o f  heavy s o l v e n t  d o n o r s  have  b e e n  r e p o r t e d .  
T h i s  s t u d y  a d d r e s s e s  t h e  k i n e t i c  and  thermodynamic  a s p e c t s  of c a t a -  
l y t i c  h y d r o g e n a t i o n  o f  p y r e n e ,  a d o n o r  s o l v e n t  p r e c u r s o r  t h o u g h t  t o  
p l a y  an  i m p o r t a n t  r o l e  i n  c o a l  l i q u e f a c t i o n  p r o c e s s e s  t h a t  u s e  heavy  
r e c y c l e  s o l v e n t s  . 5 , 6  

d i -  ( H  P y ) ,  t e t r a -  ( H  P y ) ,  h e x a -  (H6Py) ,  d e c a -  (Hl0Py) ( F i g u r e  1 )  and  
p e r h y d f o -  ( H  P y )  s p e j i e s  v i a  a complex  mechanism i n v o l v i n g  a ne twork  
o f  r e v e r s i b l k 6 p a r a l l e l  and  s e r i e s  r e a c t i o n s .  
have  d e a l t  w i t h  a s p e c t s  o f  p y r e n e  h y d r o g e n a t i o n ,  i n c l u d i n g  h y d r o -  
c r a c k i n g  r e a c t i o n s  , 7  r e a c t i o n  p r o d u c t  d i s t r i b u t i o n s 8  y 9  and  the rmo-  
dynamic p r o p e r t i e s  , lo  t h e  k i n e t i c s  o f  h y d r o g e n a t i o n  have  n o t  been  
p r e v i o u s l y  r e p o r t e d .  

In  t h e  p r e s e n c e  o f  a c a t a l y s t ,  p y r e n e  (Py)  i s  h y d r o g e n a t e d  t o  

Though s e v e r a l  s t u d i e s  

EX PER IMENTAL 

T h i r t y - s i x  b a t c h  h y d r o g e n a t i o n  e x p e r i m e n t s  were p e r f o r m e d  w i t h  
s o l u t i o n s  o f  9 . 1  w t  % p y r e n e  i n  n - h e x a d e c a n e ,  wh ich  a p p r o x i m a t e d  t h e  
c o n c e n t r a t i o n s  found  i n  i n t e g r a t e d  t w o - s t a g e  l i q u e f a c t i o n  r e c y c l e  
s o l v e n t s . 1 1  To e v a l u a t e  t h e  e f f e c t s  o f  r e a c t i o n  c o n d i t i o n s  on t h e  
k i n e t i c s  o f  h y d r o g e n a t i o n ,  r e a c t i o n s  were p e r f o r m e d  o v e r  a r a n g e  o f  
c o n d i t i o n s :  T e m p e r a t u r e s  o f  348 ,  374 and  394OC, p r e s s u r e s  o f  5 0 0 ,  
1250 and  2000 p s i g ,  and c a t a l y s t / p y r e n e  w e i g h t  r a t i o s  o f  0 . 0 5 ,  0 . 1 5  
and  0 . 4 5 .  S e v e r a l  e x p e r i m e n t s  p e r f o r m e d  w i t h o u t  c a t a l y s t  c o n f i r m e d  
t h a t  c o n t r i b u t i o n s  of homogeneous r e a c t i o n s  and  r e a c t o r  w a l l  e f f e c t s  
were  i n s i g n i f i c a n t .  I n  a d d i t i o n ,  s e v e r a l  c a t a l y z e d  e x p e r i m e n t s  
p e r f o r m e d  w i t h  h e x a h y d r o p y r e n e  p r o v e d  t h e  e x i s t e n c e  o f  r e v e r s i b l e  
r e a c t i o n  s t e p s .  

M a t e r i a l s .  P y r e n e ,  h e x a h y d r o p y r e n e ,  and  n - h e x a d e c a n e  were u s e d  a s  
o b t a i n e d  f rom A l d r i c h  Chemica l  Company. M o d i f i e d  S h e l l  324 ,  a Ni-Mo/ 
a l u m i n a  c a t a l y s t  c u r r e n t l y  u s e d  i n  t h e  second  s t a g e  o f  i n t e g r a t e d  
t w o - s t a g e  p i l o t  p l a n t  o p e r a t i o n s , 2  was added  t o  t h e  r e a c t o r s  a s  a 
-200 mesh powder .  High p u r i t y  hydrogen  ( 9 9 . 9 9 9 % )  was u s e d  i n  a l l  t h e  
e x p e r i m e n t s .  

A p p a r a t u s  and  P r o c e d u r e .  -The b a t c h  r e a c t i o n s  were p e r f o r m e d  i n  
s t a i n l e s s  s t e e l  m i c r o r e a c t o r s  , I 2  e q u i p p e d  w i t h  t h e r m o c o u p l e s  and 
p r e s s u r e  t r a n s d u c e r s ,  w i t h  a l i q u i d  c a p a c i t y  o f  3 . 6  cm3 and  a g a s  
volume o f  2 2  cm3. Four  r e a c t o r s  c o u l d  b e  o p e r a t e d  s i m u l t a n e o u s l y .  
A f t e r  t h e  r e a c t o r s  were c h a r g e d  w i t h  1 0 0  mg o f  p y r e n e ,  1 g o f  
n - h e x a d e c a n e  and  5 ,  1 5  o r  45 mg o f  c a t a l y s t ,  t h e y  were p r e s s u r i z e d  
w i t h  hydrogen  (420 ,  1 0 5 0  o r  1850 c o l d  c h a r g e ) ,  and  h e a t e d  t o  t e m p e r a -  
t u r e  ( t i m e  t o  t e m p e r a t u r e  = 1 min)  i n  a f l u i d i z e d  s a n d  b a t h  w h i l e  
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b e i n g  h o r i z o n t a l l y  s h a k e n  a t  200 c y c l e s / m i n .  T e m p e r a t u r e s  a n d  
p r e s s u r e s  were r e c o r d e d  w i t h  a d i g i t a l  d a t a  a c q u i s i t i o n  s y s t e m  d u r i n g  
t h e  C o u r s e  o f  t h e  e x p e r i m e n t s .  F o l l o w i n g  t h e  h e a t i n g  p e r i o d ,  t h e  
r e a c t o r  v e s s e l s  were  r a p i d l y  quenched  t o  ambien t  t e m p e r a t u r e  ( t i m e  o f  
quench  = 1 0  s e c ) ,  and t h e  p r o d u c t s  o f  t h e  e x p e r i m e n t  were removed f o r  
a n a l y s e s .  I t  was e s t i m a t e d  f rom t h e  r e a c t o r  h e a t - u p  a n d  quench  r a t e s  
t h a t  t h e  time a t  t e m p e r a t u r e  c o u l d  b e  d e t e r m i n e d  t o  w i t h i n  0 . 5  min. 
T e m p e r a t u r e s  c o u l d  b e  m a i n t a i n e d  c o n s t a n t  t o  w i t h i n  + 2 O C  and 
p r e s s u r e s  t o  w i t h i n  5 2 0  p s i g  d u r i n g  t h e  h e a t i n g  p e r r o d  o f  t h e  
e x p e r i m e n t s .  

P r o d u c t  A n a l y s e s .  The p r o d u c t s  were  washed f rom t h e  r e a c t o r  w i t h  
t o l u e n e ,  f i l t e r e d  t o  remove c a t a l y s t  and t r a n s f e r r e d  t o  a v o l u m e t r i c  
f l a s k .  F o l l o w i n g  a d d i t i o n  o f  an  i n t e r n a l  s t a n d a r d  ( Z - m e t h y l n a p h t h a -  
k n e j ,  t h e  p r o d u c t  s o l u t i o n  was b r o u g h t  t o  5 0  m l  w i t h  a d d i t i o n a l  
t o l u e n e  and  a n a l y z e d  by g a s  ch romatography  ( H e w l e t t - P a c k a r d  5 8 4 0 A  
w i t h  f l ame  i o n i z a t i o n  d e t e c t i o n  F I D )  u s i n g  t h e  f o l l o w i n g  c o n d i t i o n s :  
1 / 8  i n  x 1 0  f t  column w i t h  S u p e l c o  1 0 %  SP-2100 on 100/120 S u p e l c o p o r t ,  
t e m p e r a t u r e  220°C, n i t r o g e n  c a r r i e r  g a s  20 c c / m i n .  

Gas chromatography /mass  s p e c t r o m e t r y  t e c h n i q u e s  were  used  t o  
i d e n t i f y  t h e  o r d e r  o f  e l u t i o n  o f  components  o f  t h e  r e a c t i o n  m i x t u r e ,  
wh ich  a g r e e d  w i t h  p r e v i o u s l y  p u b l i s h e d  r e s u l t s  . 9  
s i s  o f  t h e  r e a c t i o n  m i x t u r e  was a c c o m p l i s h e d  u s i n g  e x t e r n a l  and 
i n t e r n a l  s t a n d a r d s .  The e x t e r n a l  s t a n d a r d ,  a s o l u t i o n  o f  2 - m e t h y l -  
n a p h t h a l e n e ,  n - h e x a d e c a n e ,  p y r e n e  and  1,2,3,6,7,8-hexahydropyrene i n  
t o l u e n e  was u s e d  t o  o b t a i n  F I D  r e s p o n s e  f a c t o r s  f o r  t h e  componen t s  
r e l a t i v e  t o  t h e  i n t e r n a l  s t a n d a r d ,  2 - m e t h y l n a p h t h a l e n e .  These  w e r e  
0 . 9 9  f o r  n - h e x a d e c a n e ,  1 . 1 0  f o r  h e x a h y d r o p y r e n e  and  1 . 0 4  f o r  p y r e n e .  
The r e l a t i v e  r e s p o n s e  f o r  h e x a h y d r o p y r e n e  was used  f o r  t h e  o t h e r  
h y d r o p y r e n e s .  The w e i g h t s  (11') o f  n - h e x a d e c a n e ,  p y r e n e  and  h y d r o -  
p y r e n e s  i n  e a c h  sample  were  c a l c u l a t e d  f rom t h e i r  G C  chromatogram 
a r e a s  (A),  t h e  r e s p o n s e  o f  2 - m e t h y l n a p h t h a l e n e  (Rmn) and t h e i r  
r e l a t i v e  r e s p o n s e  (Rr ) .  

Q u a n t i t a t i v e  a n a l y -  

The c o n c e n t r a t i o n  o f  p y r e n e  and  h y d r o p y r e n e s  was c a l c u l a t e d  on a 
m o l a l ,  moles /1000 g h e x a d e c a n e ,  b a s i s .  C o n c e n t r a t i o n  was n o r m a l i z e d  
t o  i n i t i a l  p y r e n e  c o n c e n t r a t i o n  f o r  t h e  k i n e t i c  c a l c u l a t i o n s .  

CALCULATIONS 

A s  a f i r s t  s t e p  i n  d e l i n e a t i n g  t h e  o v e r a l l  r e a c t i o n  n e t w o r k  f o r  
c a t a l y t i c  p y r e n e  h y d r o g e n a t i o n ,  t h e  h y d r o g e n a t i o n  o f  p y r e n e  t o  4 , s -  
d i h y d r o p y r e n e  ( e q u a t i o n  1) was a n a l y z e d :  

The a s s u m p t i o n  t h a t  p y r e n e  i s  n o t  fo rmed  d i r e c t l y  f rom h y d r o p y r e n e s  
o t h e r  t h a n  KzPy and d o e s  n o t  d i r e c t l y  form h y d r o p y r e n e s  o t h e r  t h a n  
H Py i s  s u p p o r t e d  by  r e p o r t e d  s t u d i e s  o f  h y d r o g e n a t i o n  p r o d u c t  d i s t r i -  
b 6 t i o n s  a s  a f u n c t i o n  o f  t e m p e r a t u r e  and  p r e s s u r e . 9  Because  t h e  h y d r o -  
gen  c o n c e n t r a t i o n  was i n  e x c e s s  d u r i n g  t h e  r e a c t i o n s  ( e . g . ,  minimum o f  
26 moles o f  H2 p e r  mole P y ) ,  t h e  r a t e s  c a n  h e  mod.elled b y  p s e u d o  
f i r s t - o r d e r  k i n e t i c s :  

162 

I 



[PYI,, [H2Pyln molar concentrations of pyrene and dihydropyrene 
respectively, relative to the initial concentration 
of pyrene after n time intervals. 

: pseudo first-order rate constants. kl, k-1 

: an empirical function derived by performing a 
least squares fit [ H  Py] vs time data using 
piecewise cubic splihes. 

The values of k and k were determined by performing a mini- 
mization on F in equation ( a j :  

j .  
[Pylj*, [H2Pylj* E experimental concentrations at time t 

5 calculated concentrations at time t. ['YIn/ tn-tj' [H2PYInJ t =t. 3 '  
n 1  

The values of [Py] and [H2Py] 
[Py] * = 1 and [H2Py] [H2Py] * ="O and numerically integrating 
equaeions ( 2 )  and (3)Ousing a f8urth order Runge-Kutta algorithm. 

were estimated by setting [Pyla = 

RESULTS AND DISCUSSION 

Qualitative aspects of the kinetics of pyrene hydrogenation may 
be obtained from curves of concentration vs time, at constant temp- 
erature and pressure, for the major species of the system. Figure 2 
shows curves at 348OC and 1 2 5 0  psig for the concentration of pyrene 
and 4,5-dihydropyrene (H2Py) and Figure 3 for 4,5,9,10-tetrahydro- 
pyrene (H Py), 1,2,3,6,7,8-hexahydropyrene ( H  Py) and 1,2,3,3a,4,5- 
hexahydro8yrene ( I - H  Py). 
hydrogenated specie 8ith the largest concentration is H2Py followed 
by H Py, H Py and I-H Py. .For these experiments, the concentration 
of dgca- atd perhydro8yrenes was less than 1% of the product mixture. 

The kinetics and thermodynamics of the formation of 4,5-dihydro- 
pyrene are discussed below with respect to the effect of catalyst/ 
pyrene ratio, hydrogen pressure and temperature. 

Catalrst/Pyrene Ratio. vs cata- 
lyst ;eight f o r  experiments performed at 348'C and 1 2 5 0  p;ig pressure. 
As can be seen from Figure 4, kl for hydrogenation of pyrene and k-l 
for dehydrogenation of dihydropyrene are proportional to catalyst 
weight, which is proportional to active surface area. 

As can be seen frog the figures, the 

Figure 4 shows a plot of kl and k 
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H d r o g e n  P r e s s u r e .  From a p l o t  of k and k-$  vs .HA p r e s s u r e ,  F i g u r e  5 ,  
can b e  s e e n  t h a t  whi le  k l  i s  l i n e a r l y  p r o  o r t i o  a1 t o  p r e s s u r e  up 

t o  1250 p s i g ,  k i s  r e l a t i v e l y  i n d e p e n d e n t  o f  p r e s s u r e .  T h i s  s u p p o r t s  
t h e  a s s u m p t i o n  f i a t  e q u a t i o n  (1) i s  t h e  o n l y  r e a c t i o n  d i r e c t l y  i n v o l v -  
i n g  Py up t o  p r e s s u r e s  o f  a t  l e a s t  1 2 5 0  p s i g .  However, t h e  h i g h  f o r -  
ward  r a t e  c o n s t a n t  a t  2000 p s i g  may i n d i c a t e  a c h a n g e  i n  r e a c t i o n  
mechanism. I n  a d d i t i o n  t o  t h e  k i n e t i c  p a r a m e t e r s ,  t h e  p r e s s u r e  e a u i l -  
i b r i u m  c o n s t a n t  and  h e a t  o f  r e a c t i o n  may b e  c a l c u l a t e d  f o r  h y d r o g e n a -  
t i o n  of Py t o  H2Py. 
as  

The p r e s s u r e  e q u i l i b r i u m  c o n s t a n t  K i s  d e f i n e d  
P 

1 [HZPYl - 1 k i  
( 5 )  K =  _ _ -  

w h e r e  P ,  t h e  h y d r o g e n  p a r t i a l  p r e s s u r e ,  i s  t a k e n  as  t h e  h y d r o g e n  
f u g a c i t y .  Based on  t h e  r a t e  c o n s t a n t s  o b t a i n e d  a t  348°C f o r  3 p r  s 
s u r e s  and c a t a l  s t / p y r e n e  r a t i o s ,  K was found t o  b e  7.24 x l o - '  
0 . 6 1  x l o - '  p s i g - 1 .  
d a t a ,  4 .77 x 1 0 - 4  and  3 .14  px 1 0 - 4  p s i g - 1  r e s p e c t i v e l y ,  t h e  h e a t  o f  
h y d r o g e n a t i o n  AH o f  p y r e n e  t o  d i h y d r o p y r e n e  c a n  b e  o b t a i n e d  from a 
v a n ' t  Hoff p l o t  shown i n  F i g u r e  6 .  The e n t h a l p y  o f  h y d r o g e n a t i o n  was 
f o u n d  t o  b e  - 1 5  k c a l / m o l e ,  w h i c h  i s  c o m p a r a b l e  t o  v a l u e s  f o r  h y d r o -  
g e n a t i o n  o f  o t h e r  p o l y n u c l e a r  a r o m a t i c s  . I3  

T e m p e r a t u r e .  F i g u r e  7 shows a n  A r r h e n i u s  p l o t  o f  r a t e  c o n s t a n t s  k l  
a n  The a p p a r e n t  a c t i v a t i o n  e n e r g i e s  o b t a i n e d  f rom F i g u r e  6 
fo: : h Q * h y d r o g e n a t i o n  o f  p y r e n e  and d e h y d r o g e n a t i o n  o f  d i h y d r o p y r e n e  
w e r e  found t o  b e  28 and 46 k c a l / m o l e  r e s p e c t i v e l y  f o r  S h e l l  324 
c a t a l y s t .  A s  c a n  b e  s e e n  f rom F i g u r e  7 ,  a l t h o u g h  t h e  f o r w a r d  and 
r e v e r s e  r a t e  c o n s t a n t s  a r e  n e a r l y  e q u a l  a t  348OC, t h e  r e v e r s e  r a t e  
c o n s t a n t  i s  o v e r  twice  t h a t  o f  t h e  f o r w a r d  r a t e  a t  394OC. T h e r e f o r e ,  
a l t h o u g h  b o t h  r e a c t i o n  r a t e  c o n s t a n t s  i n c r e a s e  w i t h  t e m p e r a t u r e ,  
d e h y d r o g e n a t i o n  i s  f a v o r e d  o v e r  h y d r o g e n a t i o n  a t  t e m p e r a t u r e s  above  
350 O C  . 

From K v a l u e s  o g t a i n e d  from t h e  374 and  394OC- 

CONCLUSIONS 

Ult imate  a p p l i c a t i o n  o f  t h i s  k i n e t i c  and thermodynamic  d a t a  t o  
d i r e c t  coal l i q u e f a c t i o n  must  t a k e  i n t o  c o n s i d e r a t i o n  t h e  c o n d i t i o n s  
imposed by t h e  p a r t i c u l a r  p r o c e s s  u s e d .  However, two g e n e r a l i z a t i o n s  . 
may b e  made r e g a r d i n g  h y d r o g e n  s u p p l i e d  b y  t h e  d i h y d r o p y r e n e  component 
o f  d o n o r  s o l v e n t s :  (1) I n c r e a s i n g  h y d r o g e n  p a r t i a l  p r e s s u r e  i n c r e a s e s  
b o t h  t h e  r a t e  a t  which  H2Py i s  formed and t h e  e q u i l i b r i u m  c o n c e n t r a -  
t i o n  o f  H Py. T h e r e f o r e ,  p y r e n e  r e h y d r o g e n a t i o n  s h o u l d  b e  done a t  a s  
h i g h  a p r z s s u r e  as  i s  c o s t  e f f e c t i v e .  
t e m p e r a t u r e  f a v o r s  t h e  r a t e  o f  a t t a i n m e n t  o f  e q u i l i b r i u m  be tween Py 
and  H Py ,  t h e  p o s i t i o n  o f  t h e  e q u i l i b r i u m  i s  s h i f t e d  t o w a r d  p y r e n e .  
Tempe4ature  must  t h e r e f o r e ,  b e  a d j u s t e d  t o  a c h i e v e  a n  optimum t r a d e - o f f  
b e t w e e n  r a t e  of f o r m a t i o n - a n d  maximum p o s s i b l e  c o n c e n t r a t i o n  o f  HZPy. 
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FIGURE 1 
STRUCTURES FOR PYRENE AND HYDROGENATED PYRENES 
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FIGURE 2 
CONCENTRATIONS OF PYRENE AND DIHYDROPYRENE 

(348 OC, 1250 PSIG, 15 MG SHELL 324) 
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FIGURE 4 

DEPENDENCE OF RATE CONSTANTS ON CATALYST LEVEL 
(348 O C, 1250 PSIG, SHELL 324) 
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FIGURE 5 

DEPENDENCE OF RATE CONSTANTS ON PRESSURE 
(348 OC, 15 MG SHELL 324) 
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F I G U R E  6 

ENTHALPY OF HYDROGENATJON REACTION 
(348 "C, 1250 PSIG, 15 MG SHELL 324) 
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F I G U R E  7 

ARRHENIUS PLOT OF RATE CONSTANTS 
(1250 PSIG, 15 MG SHELL 324) 
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