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SEPARATION SCIENCE AND TECHNOLOCY,22(2&3),889-910,1987 

Shale Oil Denitrogenation with Ion Exchange 

M. E. PR(IDICHa, D. C. CRONAUERb, and G. MARCELIN' 

GULF RESEARCH & DEVELOPMENT COMPANY 
P. 0. BOX DRAWER 2038 
PITTSBURGH, PENNSYLVANIA 15230 

ABSTRACT 

The n i t r o g e n - c o n t a i n i n g  a r o m a t i c s  no rma l ly  found i n  
c r u d e  r e t o r t e d  s h a l e  o i l s  h a v e  b e e n  shown t o  b e  
i n v o l v e d  i n  r e a c t i o n s  l e a d i n g  t o  t h e  d e p o s i t i o n  o f  
i n s o l u b l e  g u m s  a n d  s e d i m e n t s .  T h e s e  n i t r o g e n -  
c o n t a i n i n g  compounds must be  removed i n  o r d e r  t o  p e r m i t  
t h e  e f f e c t i v e  u t i l i z a t i o n  of t h e  s h a l e  o i l  p r o d u c t .  

A p r o c e s s  i s  p r o p o s e d  i n  w h i c h  t h e  n i t r o g e n -  
c o n t a i n i n g  compounds found i n  raw s h a l e  o i l  are  removed 
by mi ld  h y d r o d e n i t r o g e n a t i o n  f o l l o w e d  b y  r e s i n  i o n  
e x c h a n g e .  I o n  e x c h a n g e  d a t a  f r o m  e x p e r i m e n t a t i o n  
i n v o l v i n g  s i x  j e t  f u e l  (154-271OC) and d i e s e l  f u e l  
(271-343OC) b o i l i n g  p o i n t  c u t s  a r e  p r e s e n t e d .  Amberlyst  
A-15, a m a c r o r e t i c u l a r ,  s t r o n g l y  a c i d i c ,  c a t i o n  
exchange r e s i n  i s  used i n  t h i s  s t u d y .  Three t y p e s  o f  
e x p e r i m e n t s  were performed:  b a t c h  s o r p t i o n  e q u i l i b r i u m  
e x p e r i m e n t s ,  b a t c h  s o r p t i o n  k i n e t i c s  e x p e r i m e n t s ,  and 
dynamic ion-exchange column pe r fo rmance  t e s t s .  The  
Langmuir i s o t h e r m  was found t o  d e s c r i b e  t h e  e q u i l i b r i u m  
s o r p t i o n  b e h a v i o r  of t h e  s h a l e  o i l / i on -exchange  r e s i n  
s y s t e m  f a i r l y  w e l l .  The s o r p t i o n  k i n e t i c s  a r e  
d e s c r i b e d  u s i n g  a q u a d r a t i c - d r i v i n g  f o r c e  model. 

- 
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890  PRUDICH, CRONAUER, AND MARCELIN 

Dynamic m o d e l i n g ,  a s s u m i n g  i n t r a p a r t i c l e  ( s o l i d )  
d i f f u s i o n  c o n t r o l  and i n c l u d i n g  t h e  r e s u l t s  of t h e  
b a t c h  e q u i l i b r i u m  and  b a t c h  k i n e t i c s  e x p e r i m e n t s ,  
p r o v i d e s  r e a s o n a b l e  p r e d i c t i o n  o f  t h e  r e s u l t s  of 
dynamic ion-exchange column pe r fo rmance  tests. 

T w o  a d d i t i o n a l  r e s i n s  ( A m b e r l y s t  XE-397 a n d  
Amberlyst  XN-1010) of s imi la r  c h e m i c a l  compos i t ion  t o  
Amberlyst  A-15, b u t  w i t h  1 /3  and 3 times t h e  d e g r e e  of 
c r o s s l i n k i n g ,  r e s p e c t i v e l y ,  were t e s t e d .  Pore s i z e  
d i s t r i b u t i o n s  were de te rmined  for  each of t h e  t h r e e  
r e s i n s .  The r e s i n  w i t h  t h e  l a r g e s t  a v e r a g e  p o r e  s i z e  
was shown t o  have an e f f e c t i v e  c a p a c i t y  f o r  n i t r o g e n -  
c o n t a i n i n g  compounds o f  a b o u t  2.5 times t h e  n e x t  most 
e f f e c t i v e  r e s i n .  

INTRODUCTION 

The n i t r o g e n - c o n t a i n i n g  a r o m a t i c s  n o r m a l l y  found i n  c r u d e  
r e t o r t e d  s h a l e  o i l s  have been shown t o  be i n v o l v e d  i n  r e a c t i o n s  
l e a d i n g  t o  t h e  d e p o s i t i o n  of i n s o l u b l e  s e d i m e n t s  and g u m s ( l ) .  These 
n i t r o g e n - c o n t a i n i n g  compounds must b e  removed i n  o r d e r  t o  p e r m i t  t h e  
e f f e c t i v e  u t i l i z a t i o n  of t h e  s h a l e  o i l  p r o d u c t .  S e v e r e  hydrode- 
n i t r o g e n a t i o n  i s  t h e  means most commonly used t o  r e d u c e  t h e  concen- 
t r a t i o n  of t h e s e  n i t r o g e n - c o n t a i n i n g  compounds from t h e i r  i n i t i a l  
levels  (1.3 t o  2.2 w t %  N )  t o  r e a s o n a b l e  l e v e l s  (<50 ppm). A s  s u c h ,  
h y d r o d e n i t r o g e n a t i o n  h a s  b e e n  t h e  s u b j e c t  o f  c o n s i d e r a b l e  
r e s e a r c h ( 2 ~ 3 ) .  

S u b s t a n t i a l  e f f o r t  h a s  been devo ted  t o  e l u c i d a t i n g  t h e  mechanism 
o f  t h e  h y d r o d e n i t r o g e n a t i o n  r e a c t i o n ,  p r i n c i p a l l y  b e c a u s e  c o p i o u s  
a m o u n t s  o f  e x p e n s i v e  hydrogen are  t y p i c a l l y  consumed d u r i n g  t h i s  
h e t e r o a t o m  removal  p r o c e s s .  E a r l y  work by Koros e t  a l . ( 4 )  r e v e a l e d  
t h a t  s a t u r a t i o n  preceded r i n g  c l e a v a g e  and e v e n t u a l  n i t r o g e n  removal  
a s  ammonia. Effects of method o f  s h a l e  o i l  e x t r a c t i o n  from t h e  r o c k  
on  p r o c e s s i n g  r e s u l t s ( 5 ) .  v a r i a t i o n s  i n  t h e  p r o c e s s i n g  methods 
t h e m s e l v e s ( 6 ) ,  a n d  p r o p e r t i e s  o f  c a t a l y s t s  used for  t h e  hydro- 
t r e a t i n g ( 7 )  have drawn t h e  a t t e n t i o n  of r e s e a r c h e r s  i n  t h e  a t t e m p t  t o  
r e d u c e  t h i s  t e c h n i c a l  p o s s i b i l i t y  t o  commercial r e a l i t y .  

A s e c o n d ,  and  n e a r l y  s e p a r a t e ,  body of l i t e r a t u r e  h a s  been 
deve loped  around t h e  removal  o f  n i t r o g e n - c o n t a i n i n g  compounds i n  non- 
aqueous media by methods such  a s  i o n  exchange and s o l v e n t  e x t r a c t i o n .  
Much o f  t h i s  work h a s  c e n t e r e d  around t h e  development  of a n a l  t i c a l  
m e t h o d s .  C o m p a r i s o n s  o f  v a r i o u s  m e t h o d s  o f  s e p a r a t i o n T 8 * 9 ) ,  
comparison o f  i o n  exchan e r s ( 1 0 * 1 1 * 1 2 ) ,  and a r ev iew o f  a v a r i e t y  o f  
a n a l y t i c a l  a p p r o a c h e s ( l 3 7  w i l l  a c q u a i n t  t h e  r e a d e r  w i t h  t h i s  f i e l d .  
Work w i t h  model compounds h a s  he lped  t o  e l u c i d a t e  how an ion-exchange 
a p p r o a c h  may b e  a p p l i e d  t o  f ~ e l s ( ~ ~ * ~ 5 ) ,  w h i l e  work w i t h  a c t u a l  
f e e d s t o c k s  such  a s  bi tumen and heavy o i l  has  he lped  t o  i d e n t i f y  what 
d i f f i c u l t i e s  may be  e n c o u n t e r e d  d u r i n g  a c t u a l  o p e r a t i o n s f l 6 *  1 7 ) .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
1
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



SHALE O I L  DENITROGENATION a91 

A l i n k a g e  between t h e  two approaches descr ibed  above i s  s u p p l i e d  
by r e s e a r c h e r s  who a r e  aware o f  t h e  s i g n i f i c a n t  c o s t  of  hydrogen f o r  
r e f i n i n g  o p e r a t i o n s  and who wish t o  t a k e  advantage o f  t h e  g e n e r a t i o n  
of  b a s i c  molecules  dur ing  t h e  p a r t i a l  h y d r o t r e a t i n g  of  s h a l e  o i l .  
Work by P a r k i n s o n ( l 8 )  h a s  descr ibed  t h e  approach o f  h y d r o t r e a t i n g  
followed by a c i d  e x t r a c t i o n .  Cronauer e t  a l  .C19) have demonstrated 
t h e  u t i l i t y  o f  combining t h e  h y d r o t r e a t i n g  s t e p  w i t h  r e s i n  i o n  
exchange. This  two s t e p  process ing  o f  s h a l e  o i l  f o r  n i t r o g e n  removal 
appears  t o  be p a r t i c u l a r l y  a t t r a c t i v e  because while  t h e  u n i t  c o s t  o f  
removing each incrementa l  amount o f  n i t rogen-conta in ing  compound by 
hydrodeni t rogenat ion  i n c r e a s e s  a s  t h e  c o n c e n t r a t i o n  o f  t h e  n i t r o g e n -  
c o n t a i n i n g  compounds i n  t h e  s h a l e  o i l  becomes smal l ,  t h e  ion  exchange 
p r o c e s s  becomes i n c r e a s i n g l y  e f f e c t i v e  ( b o t h  t e c h n i c a l l y  and  
economical ly)  i n  t h i s  same c o n c e n t r a t i o n  region.  

The p r e s e n t  i n v e s t i g a t i o n  h a s  been d e s i g n e d  t o  p r o v i d e  a 
p r e l i m i n a r y  e v a l u a t i o n  o f  t h e  e f f e c t i v e n e s s  of  r e s i n  ion  exchange a s  
a technique  f o r  t h e  removal of  n i t rogen-conta in ing  compounds from 
m i l d l y  hydrodeni t rogenated shale-der ived l i q u i d s .  The f i r s t  p a r t  o f  
t h i s  s tudy  d e a l s  with t h e  performance of  a s i n g l e  ion-exchange r e s i n ,  
Amberlyst A-15. The goa l  of t h i s  p a r t  of  t h e  work is t h e  i d e n t i f i -  
c a t i o n  o f  a s imple ,  asymptot ic  model which can be used t o  d e s c r i b e  
t h e  ion-exchange behavior  o f  t h i s  system. The formula t ion  o f  such a 
model should provide a pre l iminary  screening  t o o l  f o r  d a t a  a n a l y s i s  
a s  wel l  a s  p o i n t  t h e  way towards process  and/or chemical improve- 
ments. The exper imenta l  d a t a  c u r r e n t l y  a v a i l a b l e  do not  j u s t i f y  t h e  
formula t ion  o f  more d e t a i l e d  mechanis t ic  models f o r  t h e  removal of  
n i t rogen-conta in ing  molecules  from s h a l e  o i l  by r e s i n  ion  exchange. 

The second p a r t  o f  t h i s  paper d e a l s  with a comparison of  t h e  
performance of t h e  Amberlyst A-15 ion-exchange r e s i n  wi th  two o t h e r  
r e s i n s  (Amberlyst XN-1010 and Amberlyst XE-397). The two resins, 
XN-1010 and XE-397, have e s s e n t i a l l y  t h e  same chemical f u n c t i o n a l i t y  
a s  t h e  A-15 resin,  but  with 3 times and 1/3 times t h e  degree  o f  
c r o s s l i n k i n g ,  r e s p e c t i v e l y .  The degree  of c r o s s l i n k i n g  i s  shown t o  
e f f e c t  t h e  i n t e r n a l  s t r u c t u r e  of  t h e  ion-exchange r e s i n s .  In  ion- 
exchange p r o c e s s e s ,  t h e  phys ica l  a s  wel l  a s  t h e  chemical a s p e c t s  o f  
t h e  s o r p t i o n  process  must be understood i n  o r d e r  t o  maximize t h e  
u t i l i t y  o f  t h e  s y s t e m .  When l a r g e  molecules  a r e  involved i n  ion  
exchange, t h e  phys ica l  c o n s t r a i n t s  imposed by t h e i r  d i f f u s i o n  may 
c o n t r o l  t h e  process .  Thus, knowledge o f  t h e  t r a n s p o r t  p r o p e r t i e s  o f  
t h e  molecule / res in  systems involved i s  necessary  t o  t h e  unders tanding  
o f  t h e  ion-exchange p r o c e s s  and i n t e r p r e t a t i o n  o f  t h e  o b s e r v e d  
phenomena. 

The d i f f u s i o n  o f  molecules  i n t o  l i q u i d - f i l l e d  p o r e s  i s  t h e  
r e l e v a n t  problem i n  t h e  c a s e  o f  nitrogen-compound removal from s h a l e  
o i l  by r e s i n  i o n  exchange. A thorough unders tanding  of  t h e  t r a n s p o r t  
o f  l i q u i d s  i n  porous media i s  impor tan t  i n  p r e d i c t i n g  exchange r a t e s  
and i n  choosing s o l i d  adsorbents .  Prasher  and Ma(20) r e p o r t e d  t h e  
d i f f u s i v i t y  o f  molecules  i n t o  l i q u i d - f i l l e d  s u b s t r a t e s  and developed 
some c o r r e l a t i o n s  between d i f f u s i v i t i e s ,  molecular  r a d i u s ,  and pore 
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89 2 P R U D I C H ,  CRONAUER, AND MARCELIN 

r a d i u s .  A few e x p e r i m e n t a l  o r  t h e o r e t i c a l  s t u d i e s  have r e p o r t e d  
d i f f u s i o n  l i m i t a t i o n s  of l a r g e  m o l e c u l e s  i n t o  po rous  media.  S h i r u r a  
e t  a l . ( 2 1 )  s t u d i e d  t h e  d i f f u s i o n  b e h a v i o r  of l a r g e  m o l e c u l e s  i n t o  
c a t a l y s t  p o r e s  and c o r r e l a t e d  t r a n s p o r t  p r o p e r t i e s  w i t h  h y d r o t r e a t i n  
a c t i v i t y  f o r  d i f f e r e n t  p o r e  s t r u c t u r e s .  B a l t u s  and Anderson(22y 
s t u d i e d  t h e  d i f f u s i o n  of a s p h a l t e n e  f r a c t i o n s  t h r o u g h  m i c r o p o r o u s  
membranes of c a r e f u l l y  c o n t r o l l e d  p o r e  s i z e  and found a d i s c r e p a n c y  
w i t h  t h e o r y  w h i c h  t h e y  a t t r i b u t e d  t o  m o l e c u l a r  s h a p e .  O t h e r  
i n v e s t i g a t o r s  h a v e  shown t h a t  it d o e s  n o t  s u f f i c e  to  c a l c u l a t e  
e f f e c t i v e n e s s  f a c t o r s  from e x i s t i n g  t h e o r i e s ,  s i n c e  p a r a m e t e r s  s u c h  
a s  p o r e  s h a p e ,  m o l e c u l a r  s h a p e ,  and ore network s t r u c t u r e  c a n n o t  be  
s a t i s f a c t o r i l y  t a k e n  i n t o  a ~ c o u n t ( ~ 3 7 .  Fu r the rmore ,  o t h e r  phenomena 
s u c h  a s  " s k i n  e f f e c t s " ,  s m a l l  s u r f a c e  o p e n i n g s  c o v e r i n g  l a r g e  
i n t e r n a l  p o r e s ,  canno t  be  p r e d i c t e d  A p r i o r i .  

A number o f  t e c h n i q u e s  exist fo r  measu r ing  o r  e s t i m a t i n g  t h e  
p h y s i c a l  c o n s t r a i n t s  o f  d i f f u s i o n  i n t o  p o r e s .  The eas ies t ,  and 
u n f o r t u n a t e l y  one  of t h e  l e a s t  m e a n i n g f u l  m e t h o d s ,  c o n s i s t s  of  
m e a s u r i n g  p o r e  s i z e  d i s t r i b u t i o n s  by e i t h e r  n i t r o g e n  s o r p t i o n  o r  
mercury p o r o s i m e t r y .  Average p o r e  s i z e  and po re  s i z e  d i s t r i b u t i o n s  
de t e rmined  by t h e s e  t e c h n i q u e s  o f t e n  r e l y  on t h e  a s sumpt ion  t h a t  t h e  
s o l i d  p a r t i c l e  c o n t a i n s  c y l i n d r i c a l  p o r e s  which can be  c o m p l e t e l y  
f i l l e d .  As s u c h ,  t h e s e  t e c h n i q u e s  c o m p l e t e l y  n e g l e c t  t h e  e f f ec t s  
t h a t  p o r e  s h a p e  can  have  on t h e  e f f e c t i v e  i n t r a p a r t i c l e  d i f f u s i v i t y .  

EXPERIMENTAL 

S h a l e  O i l  Feed 

The s h a l e  o i l  d i s t i l l a t e  used i n  t h i s  s t u d y  was p r e p a r e d  by 
m i l d l y  h y d r o t r e a t i n g  and s u b s e q u e n t l y  d i s t i l l i n g  a raw s h a l e  o i l .  
The raw s h a l e  o i l  was an  a v a i l a b l e  sample o f  O c c i d e n t a l  O i l  from Burn 
Number 6. The raw s h a l e  o i l  (1 .37  w t %  N )  was h y d r o d e n i t r o g e n a t e d  a t  
t h r e e  l e v e l s  o f  s e v e r i t y  o v e r  a commercial  c a t a l y s t  (NM-504, K a t a l c o  
C o r p o r a t i o n ) .  The t h r e e  p r o d u c t  o i l s  were d e s i g n a t e d  P67-152 (0.51 
wtg  N), P67-153 (0.30 w t %  N ) ,  and P67-154 (0.15 w t $  N ) ,  r e s p e c t i v e l y .  
The  raw o i l  and  t h e  p r o d u c t  o i l s  were t h e n  f r a c t i o n a t e d  b y  
d i s t i l l a t i o n  i n t o  t h e  f o l l o w i n g  c u t s :  

Naphtha OP - 154OC 
J e t  F u e l  154 - 271OC 
Diesel F u e l  271 - 343OC 
Gas O i l  343 - 516OC 
Residue 5 16OC+ 

The p r o d u c t  i n s p e c t i o n s  f o r  the  raw s h a l e  o i l  and t h e  h y d r o t r e a t e d  
p r o d u c t s  a r e  g i v e n  i n  T a b l e  1 .  Only t h e  j e t  f u e l  and t h e  d i e s e l  f u e l  
cuts are d i s c u s s e d  i n  t h i s  pape r .  A more d e t a i l e d  d e s c r i p t i o n  o f  t h e  
sample p r e p a r a t i o n  and a n a l y s e s  of t h e  f e e d s t o c k s  can b e  found i n  a 
r e p o r t  by Cronaue r (24 ) .  T o t a l  n i t r o g e n  i n  t h e  s h a l e  o i l  f r a c t i o n s  was 
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SHALE OIL DENITROGENATION 893 

analyzed by oxidative combustion followed by chemiluminescence 
detection. A D-10 Total Nitrogen Analyzer System (Dohrrnan Division, 
Environtech Corporation, Santa Clara) was used for this analysis. All 
nitrogen contents are reported on a weight/weight basis (example - 
grams nitrogen per gram resin; grams nitrogen per gram oil). All 
values concerning the ion-exchange resin are given on a dry basis. 

Adsorbent(1on-Exchange Resin) 

Amberlyst A-15 (Rohm & Haas, Philadelphia) was used exclusively 
throughout the first set of experiments. A-15 is a macroreticular. 
strongly acidic, cation exchange resin. Chemically, it is a 
sulfonated, crosslinked styrene/divinylbenzene polymer. Amberlyst 
A-15 is described as having an exchange capacity of 4.4 meq/g, an 
internal surface area of 100 rn2/g, and an average pore diameter of 
160 8.  The exchange capacity of 4.4 meq/g should give Amberlyst A-15 

TABLE 1 

Properties of Shale Oil Samples 

Raw 

Elemental Analysis, Wt% 

Carbon 
Hydrogen 
Nitrogen 
Sulfur 

Distillation Yields, Wt% 

OP - 154OC 
154 - 27loC 
271 - 343OC 
343 - 516OC 
5 16OC+ 
Losses 

Distillate Nitrogen, Wt8 

OP - 154OC 
154 - 271OC 
271 - 343OC 
343 - 516OC 
5 16OC+ 

Raw Shale 
Oi 1 

84.64 
11.82 
1.37 
0.71 

0.0 
16.9 
22.7 
46.6 
13.8 ---- 

P67- 
152 
85.91 
12.92 
0.51 
0.04 

1.3 
22.3 
26.9 
43.0 
6.2 
0.3 

---- 
0.27 
0.46 
0.58 ---- 

P67- P67- 
153 154 
86.55 86.07 
13.16 13.19 
0.30 0.15 
0.04 0.02 

1.4 1.5 
24.2 25.5 
27.1 27.6 
42.5 41.9 
4.4 2.6 
0.4 0.9 
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894 PRUDICH, CRONAUER, AND MARCELIN 

T a b l e  2 

Ion-Exchange Res in  P r o p e r t i e s  

Exchange Cap. S u r f a c e  Ave. Pore P o r e  Cross-  
Res in  C a p a c i t y ,  U t i l . ,  A rea ,  R a d i u s ,  Vo l . ,  l i n k i n g ,  D e s f r  

cm / s  

XN-1010 3 .6  53 200 60 0.46 3 0 . 3 0 ~ 1 0 - 8  
100 160 0 .48  1 1 . 5 5 ~ 1 0 - ~  

104 53 66 300 0.50 0 .33  1 . 8 6 ~ 1 0 - 8  
A-15 4.4 
XE-397 4.9 

* V a l u e s  s u p p l i e d  by Rohm & Haas; c r o s s l i n k i n g  v a l u e s  a r e  r e l a t i v e  
only; Cap. U t i l .  = t h e o r e t i c a l  exchange  c a p a c i t y  u t i l i z e d  a t  t h e  
r a t i o  o f  one  n i t r o g e n  atom p e r  exchange  s i t e .  

meq/g * %  m2/g X mL/g ---- 

t h e  a b i l i t y  t o  a d s o r b  0.062 grams o f  n i t r o g e n  p e r  gram o f  d r y  r e s i n  
i f  a l l  of t h e  s i tes are u t i l i z e d  a t  t h e  r a t i o  o f  one  n i t r o g e n  p e r  
s i t e .  The i o n - e x c h a n g e  r e s i n s ,  A m b e r l y s t  XE-397 a n d  A m b e r l y s t  
XN-1010, used  i n  t h e  second p a r t  o f  t h e  s t u d y  a r e  c h e m i c a l l y  s i m i l a r  
t o  Amber lys t  A-15 b u t  have  1 / 3  and 3 times t h e  d e g r e e  o f  c r o s s -  
l i n k i n g ,  r e s p e c t i v e l y .  P e r t i n e n t  ion-exchange  r e s i n  p r o p e r t i e s  for 
t h e s e  two resins c a n  be  found i n  T a b l e  2. The n i t r o g e n - r e m o v a l  
e f f e c t i v e n e s s  of 19 a d d i t i o n a l  a d s o r b e n t s  can  b e  found e l s e w h e r e ( 2 4 ) .  

S o r p t i o n  E q u i l i b r i u m  Exper imen t s  

E q u i l i b r i u m  r e s i n  l o a d i n g  d a t a  were g e n e r a t e d  f o r  t h e  s i x  jet 
f u e l  and d i e s e l  f u e l  f r a c t i o n s .  I n  o r d e r  t o  o b t a i n  t h e s e  d a t a ,  15  
gram s a m p l e s  of  t h e  s h a l e  o i l  f r a c t i o n  t o  be  s t u d i e d  were weighed 
i n t o  e a c h  o f  s e v e r a l  s m a l l  Er lenmeyer  f l a s k s .  V a r i o u s  amounts  (0 .25 ,  
0 .5 ,  1 .0 ,  2.0, 3 .0 ,  4.0 grams)  of r e s i n  had p r e v i o u s l y  been added  t o  
t h e  f l a s k s .  The o i l  and r e s i n  were m a i n t a i n e d  a t  27OC f o r  abou t  72 
h o u r s  d u r i n g  which time t h e  f l a s k s  were c o n t i n u o u s l y  s w i r l e d .  (Longer 
t r e a t m e n t  times conf i rmed  t h a t  no a d d i t i o n a l  s o r p t i o n  o c c u r r e d  a f t e r  
72 h o u r s ) .  A t  t h e  end o f  t h e  72  hour  p e r i o d ,  t h e  o i l s  were f i l t e r e d  
t o  remove t h e  ion-exchange r e s i n  and t h e  f i l t r a t e  ( s h a l e  o i l )  was 
a n a l y z e d  f o r  n i t r o g e n  c o n t e n t .  The amount of n i t r o g e n  adso rbed  by 
t h e  ion-exchange  r e s i n  was c a l c u l a t e d  by d i f f e r e n c e .  Res in  n i t r o g e n  
l e v e l s  were n o t  measured d i r e c t l y .  D e s o r p t i o n / r e g e n e r a t i o n  d a t a  were 
a l so  g e n e r a t e d .  These  d e s o r p t i o n  d a t a  c a n  be  found i n  r e f e r e n c e  24. 

S o r p t i o n  K i n e t i c s  Exper imen t s  

I n t r a p a r t i c l e  d i f f u s i o n  dynamics  were s t u d i e d  by o b s e r v i n g  t h e  
r a t e  a t  which t h e  n i t r o g e n - c o n t a i n i n g  compounds were t a k e n  up by t h e  
r e s i n  i n  a well-mixed t a n k .  Care  was t a k e n  t o  i n s u r e  t h a t  s u f f i c i e n t  
mix ing  e n e r g y  was used  so t h a t  o n l y  d i f f u s i o n  w i t h i n  t h e  r e s i n  
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SHALE OIL DENITROGENATION 895 

p a r t i c l e  would c o n t r o l  t h e  s o r p t i o n  r a t e  p r o c e s s .  I n  a t y p i c a l  
e x p e r i m e n t ,  10 grams of ion -exchange  res in  were w e i g h e d  i n t o  a 
b a f f l e d ,  g l a s s  mix ing  vessel a l o n g  w i t h  200 m l  o f  t h e  s h a l e  o i l  
f r a c t i o n  t o  b e  s t u d i e d .  The s h a l e / o i l  r e s i n  m i x t u r e  was t h e n  mixed 
a t  s t i r r e r  s p e e d s  o f  320-340 rpm f o r  24 h o u r s .  Sma l l  s amples  o f  
s h a l e  o i l  l i q u i d  were t a k e n  p e r i o d i c a l l y  t h r o u g h o u t  t h e  r u n  a n d  
a n a l y z e d  f o r  n i t r o g e n  c o n t e n t .  The sample  s izes  were k e p t  s m a l l  so 
a s  n o t  t o  c a u s e  a s i g n i f i c a n t  d e c r e a s e  i n  t h e  volume o f  l i q u i d  b e i n g  
a g i t a t e d .  

Dynamic Column Pe r fo rmance  

A set of dynamic ion-exchange  r u n s  was made u s i n g  t h e  Amber lys t  
A-15  r e s i n .  In t h e s e  r u n s ,  a b o u t  30 grams o f  f r e s h ( d r y )  r e s i n  were 
c h a r g e d  t o  a 9.5 mm-i.d. by 1000 mm-length t u b e .  The s h a l e  o i l  
f r a c t i o n s  were t h e n  pumped t h r o u g h  t h e  r e s i n  bed a t  a f i x e d  f l o w  
r a t e .  Samples  o f  t h e  e f f l u e n t  s h a l e  o i l  p r o d u c t  were t a k e n  and 
a n a l y z e d  f o r  n i t r o g e n  c o n t e n t .  

Mercury P o r o s i m e t r y  

The  p o r e  s i z e  d i s t r i b u t i o n s  o f  t h e  ion-exchange  r e s i n s  were 
d e t e r m i n e d  u s i n g  a M i c r o m e r i t i c s  S c a n n i n g  Mercury P o r o s i m e t e r  c a p a b l e  
of o p e r a t i n  t o  60,000 p s i g .  t h e r e b y  measu r ing  p o r e s  i n  t h e  r a n g e  o f  
20 t o  5000 f i n  r a d i u s .  

RESULTS A N D  DISCUSSION 

S e v e r a l  s i m p l i f y i n g  a s s u m p t i o n s  a re  i n h e r e n t  i n  t h e  a n a l y s i s  and 
d i s c u s s i o n  o f  t h e  d a t a  p r e s e n t e d  below. These  a s s u m p t i o n s  a r e :  

o The dynamic ion-exchange  p r o c e s s  f o r  nitrogen-compound removal  
from s h a l e  o i l  i s  i n t r a p a r t i c l e  ( s o l i d )  d i f f u s i o n  c o n t r o l l e d .  

o A l l  n i t r o g e n - c o n t a i n i n g  s p e c i e s  w i t h i n  a g i v e n  f r a c t i o n  
( b o i l i n g  r a n g e  c u t  a n d / o r  d e g r e e  of h y d r o d e n i t r o g e n a t i o n )  can  
b e  a c c u r a t e l y  d e s c r i b e d  by a s i n g l e ,  a v e r a g e  e f f e c t i v e  
d i f f u s i v i t y  and a s i n g l e .  a v e r a g e  se t  o f  e q u i l i b r i u m  
p a r a m e t e r s .  

o The ion-exchange  r e s i n  b e a d s  ( f o r  e a c h  r e s i n  t y p e )  can  be  
a c c u r a t e l y  d e s c r i b e d  by a s i n g l e ,  a v e r a g e  p a r t i c l e  r a d i u s .  

o The s o r p t i o n  of n i t r o g e n - c o n t a i n i n g  compounds is a r e v e r s i b l e  
p r o c e s s .  

These  a s s u m p t i o n s  have  been  made i n  o r d e r  t o  s i m p l i f y  t h e  
m a t h e m a t i c a l  t r e a t m e n t  o f  t h e  d a t a .  The b a t c h  s o r p t i o n  k i n e t i c s  
e x p e r i m e n t s  h a v e  been c o n t r o l l e d  i n  s u c h  a way so a s  t o  i n s u r e  
p a r t i c l e  s i d e  r e s i s t a n c e  c o n t r o l .  The d e c i s i o n  t o  i n c l u d e  o n l y  
i n t r a p a r t i c l e  ( s o l i d )  d i f f u s i o n  i n  t h i s  a n a l y s i s  of t h e  ion-exchange  
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896 P R U D I C H ,  CRONAUER, AND MARCELIN 

d a t a  i s  based on observa t ion  o f  t h e  shapes o f  t h e  dynamic i o n -  
exchange column breakthrough d a t a .  These d a t a  show t h a t  t h e  break- 
through curves  a r e  markedly asymmetric with d i s t i n c t  t a i l i n g .  These 
shape a t t r i b u t e s  tend t o  be c h a r a c t e r i s t i c  o f  ion-exchange s y s t e m s  
where i n t r a p a r t i c l e  ( s o l i d )  d i f f u s i o n  i s  t h e  r a t e  c o n t r o l l i n g  s t e p .  
I t  c a n  be a r g u e d  t h a t  p o r e  d i f f u s i o n  s h o u l d  be  a s i g n i f i c a n t  
c o n t r i b u t o r  t o  t h e  p a r t i c l e - s i d e  r e s i s t a n c e  f o r  t h e  c a s e  o f  a 
m a c r o r e t i c u l a r  r e s i n .  Our  d a t a  w i l l  l a t e r  show t h a t  t h i s  is almost  
c e r t a i n l y  t r u e  i n  t h e  c a s e  o f  nitrogen-compound removal from sha le-  
der ived  l i q u i d s .  

The equi l ibr ium s o r p t i o n  d a t a  genera ted  f o r  a l l  s i x  s h a l e  o i l  
f r a c t i o n s  were analyzed assuming t h a t  they  could be represented  by 
s i m p l e ,  monovariant  i so therms having c o n s t a n t  s e p a r a t i o n  f a c t o r s .  
Using an approach descr ibed  by Vermeulen e t  a1.125). a f i t  was made 
o f  each i n d i v i d u a l  se t  o f  d a t a  t o  t h e  e q u a t i o n ,  

where y* and x a r e  d i m e n s i o n l e s s  s o l i d  and l i q u i d  phase s o l u t e  
c o n c e n t r a t i o n s ,  and r is t h e  s e p a r a t i o n  f a c t o r .  When r < l ,  t h e  
equi l ibr ium isotherm is f a v o r a b l e  t o  t h e  uptake o f  t h e  s o l u t e  and t h e  
isotherm is a Langmuir isotherm.  When r = l ,  t h e  isotherm is  l i n e a r  
( R a o u l t ' s  l a w ) ,  while  t h e  c o n d i t i o n  r > l  d e s c r i b e s  t h e  Freundl ich 
i so therm (unfavorable  t o  t h e  uptake o f  s o l u t e ) .  Values f o r  r a s  
determined f o r  t h e  s i x  s h a l e  o i l  f r a c t i o n s  can be found i n  Table  3 .  
S i n c e  r < l  f o r  a l l  o f  t h e  s h a l e  o i l  f r a c t i o n s  t e s t e d ,  t h e  Langmuir 
isotherm was u s e d .  The Langmuir isotherm can be descr ibed  a s ,  

where Q is  t h e  maximum asymptot ic  sol id-phase s o l u t e  c o n c e n t r a t i o n ,  
KL i s  t h e  equi l ibr ium c o n s t a n t ,  and q* and c a r e  t h e  s o l i d  and l i q u i d  
phase s o l u t e  c o n c e n t r a t i o n s ,  r e s p e c t i v e l y .  Es t imates  f o r  t h e  terms Q 
and KL a r e  a l s o  given i n  Table  3. F igures  1 and 2 show t h e  exper i -  
mental  d a t a  p l o t t e d  about Langmuir i so therms genera ted  f o r  t h e  j e t  
f u e l s  and d i e s e l  f u e l s ,  r e s p e c t i v e l y .  

A perusa l  o f  Table 3 shows t h a t  t h e  percent  of  t h e  p o t e n t i a l  
r e s i n  c a p a c i t y  o f  0.062 g N/g r e s i n  which is u t i l i z e d  a t  s a t u r a t i o n  
ranges from a high o f  92 percent  (0.057 g N/g r e s i n )  f o r  P67-154 j e t  
f u e l  (0.09 w t %  N )  t o  a low of  26 p e r c e n t  (0.016 g N/g r e s i n )  f o r  
P67-152 d i e s e l  f u e l  (0.46 w t %  N ) .  Simply put .  t h e  u t i l i z a t i o n  o f  
s o r p t i o n  c a p a c i t y  o f  Amberlyst A-15 f o r  n i t rogen-conta in ing  s p e c i e s  
d e c r e a s e s  with i n c r e a s i n g  b o i l i n g  range o f  t h e  s h a l e  o i l  f r a c t i o n  
( j e t  fue l  > d i e s e l  f u e l )  and i n c r e a s e s  with d e c r e a s i n g  n i t r o g e n  
conten t  ( i n c r e a s i n g  s e v e r i t y  of  hydrodeni t rogenat ion)  wi th in  a given 
b o i l i n g  r a n g e  f r a c t i o n  (P67-152 < P67-153 < P67-154) .  These  
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Table  3 

Sorp t ion  Parameters  f o r  Amberlyst A-15 

~~ 

Cap. 
Fuel  r r  q r e f .  Crefs Q, KL. M I . .  Desfr --- g N/ g N/ g N/ --- % cm / s  

g r e s i n  g o i  1 g r e s i n  

J e t  Fue ls  

P67-152 0.011 0.033 0.00280 0.0332 31900 53 1 . 5 9 ~ 1 0 - ~  
P67-153 0.018 0.040 0.00178 0.0409 30100 64 0 . 7 8 ~ 1 0 - ~  
P67-154 0.022 0.057 0.00090 0.0566 51000 92 --------- 
Diesel F u e l s  

P67-152 0.131 0.016 0.00460 0.0183 1450 26 --------- 
P67-153 0.295 0.023 0.00280 0.0329 840 37 __------- 
P67-154 0.293 0.025 0.00140 0.0353 1730 40 --------- 

Cap. U t i l .  = percent  o f  t h e o r e t i c a l  exchange c a p a c i t y  u t i l i z e d  a t  
t h e  r a t i o  o f  one n i t r o g e n  atom per  exchange s i t e .  

o b s e r v a t i o n s  i n d i c a t e  t h a t  it i s  not  p o s s i b l e  f o r  Amberlyst A-15 t o  
s o r b  one N f o r  each ion-exchange s i t e  f o r  a l l  o f  t h e  s h a l e  o i l  
f r a c t i o n s  s t u d i e d .  Apparent ly ,  a l l  of  t h e  s o r p t i v e  si tes a r e  not  
a v a i l a b l e  f o r  ion exchange w i t h  a l l  o f  t h e  n i t r o g e n - c o n t a i n i n g  
compounds. T h i s  l a c k  o f  e f f i c i e n c y  could be caused by t h e  s t e r i c  
b locking  o f  a d j a c e n t  s i tes  by l a r g e ,  sorbed molecules;  t h e  exc lus ion  
of  some o f  t h e  l a r g e r  n i t rogen-conta in ing  molecules  from t h e  smal le r  
pores ;  t h e  f o u l i n g  and plugging o f  t h e  r e s i n  by some u n i d e n t i f i e d  
f r a c t i o n  i n  t h e  s h a l e  o i l ;  o r  some o t h e r  change t o  t h e  r e s i n  caused 
by exposure t o  t h e  o i l s .  

Ion-exchange s o r p t i o n  k i n e t i c s  were determined f o r  on ly  two of  
t h e  s i x  s h a l e  o i l  f r a c t i o n s ,  P67-152 je t  f u e l  ar,d P67-153 j e t  f u e l .  
The exper imenta l  d a t a  obta ined  f o r  t h e  o t h e r  j e t  and d i e s e l  f u e l  
f r a c t i 0 r . s  were n o t  s u i t a b l e  f o r  e v a l u a t i o n  by  t h e  mathematical  
methods employed because t h e  ion-exchange column was t o o  s h o r t  t o  
p e r m i t  a " c o n s t a n t  p a t t e r n "  sorp t io t?  f r o n t  t o  develop f o r  t h e s e  
f r a c t i o n s .  The raw d a t a  for t h e s e  r u n s  car. be found e l sewhere(24) .  
The quadra t ic -dr iv ing- force  r e l a t i o n ( 2 6 )  was used t o  d e s c r i b e  t h e  
k i n e t i c s  of ion  exchange i n  t h e  a n a l y s i s  of t h e  ba tch  ra te  d a t a .  Hal l  
e t  a1.(27)  have shown t h a t  t h e  quadra t ic -dr iv ing- force  r e l a t i o n s h i p  
a d e q u a t e l y  a p p r o x i m a t e s  t h e  r i g o r o u s  n u m e r i c a l  s o l u t i o n  f o r  
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SHALE O I L  DENITROGENATION 899 

s o l i d - d i f f u s i o n  k i n e t i c s  u n d e r  c o n s t a n t  p a t t e r n  c o n d i t i o n s .  The 
q u a d r a t i c - d r i v i n g - f o r c e  e x p r e s s i o n  c a n  b e  r e p r e s e n t e d  a s ,  

d a  - - =  ------ De f f n 2  (8" -------- 22-qq2) ( 3 )  
d t  r0 

where  t i s  t h e  t ime, D e f f  is t h e  e f f e c t i v e  i n t r a p a r t i c l e  d i f f u s i v i t y ,  
ar.d ro is t h e  ion-exchange  res in  bead  r a d i u s .  The p v a l u e s  r e p r e s e n t  
t h e  s o l i d - p h a s e  s o l u t e  c o n c e n t r a t i o n  a v e r a g e d  o v e r  t h e  volume of t h e  
ion-exchange  r e s i n  bead .  

I n  o r d e r  t o  d e t e r m i n e  t h e  e f f e c t i v e  d i f f u s i v i t i e s ,  e x p e r i m e n t a l  
d a t a  were leas t  s q u a r e  f i t  t o  t h e  q u a d r a t i c - d r i v i n g - f o r c e  e q u a t i o n  
k e e p i n g  mass b a l a n c e  c o n s i d e r a t i o n s  i n  mind. An i t e r a t i v e ,  f i n i t e  
d i f f e r e n c e  t e c h n i q u e  was used  t o  pe r fo rm t h e  l e a s t  s q u a r e s  f i t t i n g .  
At? a v e r a g e  v a l u e  o f  0.0447 cm was a s s i g n e d  t o  ro i n  order t o  a r r ive  
a t  p u m e r i c a l  v a l u e s  f o r  D e f f .  The e x p e r i m e c t a l  v a l u e s  p l o t t e d  
a g a i n s t  t h e  l e a s t  s q u a r e  c u r v e s  a r e  shown i n  F i g u r e  3. The c u r v e  f o r  
t h e  P67-153 j e t  f u e l  i l l u s t r a t e s  t h e  e x c e l l e n t  e x p e r i m e n t a l  r ep roduc -  
i b i l t y  o b t a i n e d  f o r  t h e s e  d a t a .  T h i s  c u r v e  i n c l u d e s  d a t a  from t h r e e  
d i f f e r e n t  b a t c h  ra te  e x p e r i m e n t s .  

The e f f e c t i v e  d i f f u s i v i t y  f o r  t h e  n i t r o g e n - c o n t a i n i n  compounds 
i n  Amber lys t  A-15 was found t o  d e c r e a s e  from 1.59 x 10-f cm2/s f o r  
P67-152 j e t  f u e l  t o  0.78 x cm2/s f o r  P67-153 j e t  f u e l .  When 
t h e s e  two n u m e r i c a l  v a l u e s  are  c o n s i d e r e d  i n  l i g h t  o f  t h e  q u a l i t a t i v e  
o b s e r v a t i o n s  made f o r  t h e  o t h e r  f o u r  s h a l e  o i l  f r a c t i o n s ,  a d i s t i n c t  
p a t t e r r .  emerges .  The e f f e c t i v e  d i f f u s i v i t y  w i t h i n  t h e  ion-exchange  
r e s i r .  d e c r e a s e s  w i t h  i n c r e a s i n g  b o i l i n g  rar.ge o f  t h e  s h a l e  o i l  
f r a c t i o n  ( j e t  f u e l  > d i e s e l  f u e l ) .  T h i s  o b s e r v a t i o n  can  be e x p l a i n e d  
i n  terms of t h e  l a r g e r  m o l e c u l a r  s i z e  of t h e  n i t r o g e n - c o n t a i n i n g  
compounds found i n  t h e  d i e s e l  f u e l  f r a c t i o n ( 2 4 ) .  However, w i t h i n  t h e  
same b o i l i n g  r a n g e  f r a c t i o n ,  t h e  e f f e c t i v e  d i f f u s i v i t y  i n t o  t h e  r e s i n  
bead i s  s e e n  t o  d e c r e a s e  w i t h  d e c r e a s i n g  nitrogen-compound c o n t e n t .  
T h i s  o b s e r v a t i o n  o f  d e c r e a s i n g  e f f e c t i v e  d i f f u s i v i t y  w i t h  d e c r e a s i n g  
l i q u i d - p h a s e  s o l u t e  c o n c e n t r a t i o n  is c o n s i s t e n t  w i t h  t h e o r e t i c a l  
a n a l y s e s  o f  d i f f u s i o r .  i n  p o r o u s  s o l i d s  m a d e  b y  o t h e r  
i n v e s t i g a t o r s ( 2 8 , 2 9 ) .  When d e a l i n g  w i t h  p o r o u s  s o l i d s ,  t h e  e f f e c t i v e  
i n t r a p a r t i c l e  d i f f u s i v i t y  can  be  t h o u g h t  of a s  b e i n g  compr ised  o f  t h e  
sum of two terms. One term, which i n c l u d e s  t h e  s o l i d - d i f f u s i v i t y  
( d i f f u s i v i t y  o f  t h e  s o l u t e  t h r o u g h  t h e  s o l i d  s u r f a c e )  can  u s u a l l y  be  
c o n s i d e r e d  t o  b e  c o n s t a n t .  The o t h e r  term, which i n c l u d e s  t h e  
p o r e - d i f f u s i v i t y  ( d i f f u s i v i t y  of t h e  s o l u t e  w i t h i n  t h e  l i q u i d - f i l l e d  
p o r e s  of t h e  p a r t i c l e )  can  b e  shown t o  d e c r e a s e  w i t h  d e c r e a s i n g  bu lk  
l i q u i d - p h a s e  s o l u t e  c o n c e n t r a t i o n .  The n e t  a c t i o n  of t h e s e  two terms 
r e s u l t s  i n  an  e f f e c t i v e  i n t r a p a r t i c l e  d i f f u s i v i t y  t h a t  d e c r e a s e s  w i t h  
d e c r e a s i n g  l i q u i d - p h a s e  s o l u t e  c o n c e n t r a t i o n .  

The m a t h e m a t i c a l  t r e a t m e n t  of t h e  con t inuous - f low ion-exchange  
column ( b r e a k t h r o u g h  c u r v e )  d a t a  is h a n d l e d  d i f f e r e n t l y  from t h a t  f o r  
t h e  e q u i l i b r i u m  and ra te  d a t a .  The a n a l y s i s  of t h e  b a t c h  e q u i l i b r i u m  
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FIGURE 3. Jet fuel sorption rate experiments in a mixed tank. (Solid 
lines are least square fits t o  the quadratic-driving-force 
rate relationship; C is the liquid-phase solute 
concentration.) 
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SHALE OIL DENITROGENATION 901 

and r a t e  d a t a  was made by s t a t i s t i c a l l y  c u r v e  f i t t i n g  t h e  d a t a  t o  
assumed m a t h e m a t i c a l  forms. T h e  c o n t i n u o u s  c o l u m n  b e h a v i o r  i s  
a n a l y z e d  by u t i l i z i n g  t h e  r e s u l t s  o f  t h e  e q u i l i b r i u m  and r a t e  d a t a  
a n a l y s e s  t o  g e n e r a t e  b r e a k t h r o u g h  c u r v e s  t h a t  a r e  t h e r e f o r e  d e r i v e d  
i n d e p e n d e n t l y  o f  t h e  c o n t i n u o u s  f l o w  d a t a .  T h e  p r e d i c t e d  
b r e a k t h r o u g h  c u r v e s  were g e n e r a t e d  by s o l v i n g  an  e q u a t i o n  based  on 
a p p l y i n g  t h e  q u a d r a t i c - d r i v i n g - f o r c e  r a t e  e x p r e s s i o n  t o  f i x e d  bed 
ion-exchange  s y s t e m s  w i t h  f a v o r a b l e  ion-exchange  e q u i l i b r i a ( 2 7 ) .  The 
mode l ing  e q u a t i o n  i s  g i v e n  a s ,  

r I n  

L 

1 - x2 l + r  

= YqNpF ( T2 - T1 ) ( 4 )  

where  Y q N p ~  is t h e  c o r r e c t e d  number o f  t r a n s f e r  u n i t s ( 2 7 )  and T i s  
t h e  r a t i o  o f  t h e  a c t u a l  v o l u m e  o f  c o l u m n  e f f l u e n t  t o  t h e  
s t o i c h i o m e t r i c  amount o f  e f f l u e n t  t h a t  would b e  r e q u i r e d  t o  b r i n g  t h e  
resin bed i n t o  e q u i l i b r i u m  w i t h  t h e  f e e d  stream i f  a l l  o f  t h e  
n i t r o g e n - c o n t a i n i n g  compounds were a d s o r b e d .  The s u b s c r i p t s  1 and  2 
i n d i c a t e  two d i f f e r e n t  t r e a t m e n t  vo lumes .  The s o l u t i o n s  of Equa t ion  
4 f o r  t h e  P67-152 and P67-153 j e t  f u e l s  a l o n g  w i t h  e x p e r i m e n t a l l y  
d e t e r m i n e d  b r e a k t h r o u g h  c u r v e  d a t a  a r e  shown i n  F i g u r e s  4 and 5. 
r e s p e c t i v e l y .  

The f i t  o f  t h e  e x p e r i m e n t a l  d a t a  t o  t h e  model c u r v e s  is reason-  
a b l y  good f o r  t h e  m i d d l e  p o r t i o n s  and t h e  t a i l s  o f  t h e  b r e a k t h r o u g h  
c u r v e s  f o r  b o t h  P67-152 and P67-153 j e t  f u e l s .  However, b o t h  o i l s  
show p r e m a t u r e  b r e a k t h r o u g h  a t  t h e  l e a d i n g  edge  of t h e  b r e a k t h r o u g h  
c u r v e .  T h i s  p r e m a t u r e  b r e a k t h r o u g h  c o u l d  be  due  t o  any  o n e ,  or 
combina t ion  o f ,  t h e  f o l l o w i n g  r e a s o n s :  u n d e v e l o p e d  c o n c e n t r a t i o n  
f r o n t ,  c o n c e n t r a t i o n  d e p e n d e n t  d i  f f u s i v i t y  , p a r t i a l  c h a n n e l i n g ,  
a n d / o r  c h r o m a t o g r a p h i c  s e p a r a t i o n  o f  t h e  n i t r o g e n - c o n t a i n i n g  s p e c i e s  
i n  t h e  s h a l e  o i l .  The  c o n c e n t r a t i o n  d e p e n d e n t  i n t r a p a r t i c l e  
d i f f u s i v i t y ,  d u e  t o  t h e  c o n t r i b u t i o n  of p o r e  d i f f u s i o n  t o  t h e  o v e r a l l  
e f f e c t i v e  r a t e ,  i s  most l i k e l y  o n e  c o n t r i b u t i n g  c a u s e  o f  t h i s  
d e v i a t i o n  from t h e  s i m p l e  model.  
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FIGURE 4. Dimensionless  ion-exchange breakthrough curve  f o r  1 5 2 J E T .  
(The s o l i d  l i n e  is t h e  p r e d i c t e d  breakthrough curve  
assuming i n t r a p a r t i c l e ,  so l id-phase  d i f f u s i o n  c o n t r o l . )  
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FIGURE 5. Dimensionless  ion-exchange breakthrough curve  f o r  1 5 3 J E T .  
(The s o l i d  l i n e  is t h e  p r e d i c t e d  breakthrough curve  
assuming i n t r a p a r t i c l e ,  so l id-phase  d i f f u s i o n  c o n t r o l . )  
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FIGURE 6. Comparison of b r e a k t h r o u g h  c u r v e s  f o r  XN-1010, A-15, and 
XE-397 r e s i n s  u s i n g  152JET c o n t a i n i n g  0.27% N .  

Armed w i t h  t h e  t e s t i n g  methodology deve loped  f o r  Amberlyst  A-15, 
it was dec ided  t o  i n v e s t i g a t e  t h e  e f f e c t s  of v a r y i n g  t h e  r e s i n  pore 
s t r u c t u r e  on t h e  n i t r o g e n - c o n t a i n i n g  compound ion-exchange s o r p t i o n  
performance.  Resin p o r e  morphology was a l o g i c a l  v a r i a b l e  t o  p u r s u e  
a s  t h e  n i t r o g e n - r e m o v a l  i o n - e x c h a n g e  p r o c e s s  a p p e a r e d  t o  b e  
c o n t r o l l e d  by d i f f u s i o n  w i t h i n  t h e  r e s i n  bead. Amberlyst  XN-1010 and 
Amberlyst  XE-397 were s e l e c t e d  f o r  t h i s  s t u d y  s i n c e  t h e y  were known 
t o  v a r y  from Amberlyst  A-15 p r i m a r i l y  i n  d e g r e e  of c r o s s l i n k i n g  ( 3  
times and l / 3  t imes,  r e s p e c t i v e l y ) .  Because o f  a s h o r t  s u p p l y  of 
P67-153 and P67-154 j e t  f u e l s ,  it was n e c e s s a r y  t o  t es t  t h e  samples  
o f  Amber lys t  XE-397 and Amberlyst XN-1010 u s i n g  o n l y  P67-152 j e t  
f u e l .  A s  shown i n  F i g u r e  6 ,  t h e  XE-397 i s  f a r  s u p e r i o r  t o  A-15 and 
XN-1010 i n  removing n i t r o g e n - c o n t a i n i n g  compounds from t h e  P67-152 
j e t  f u e l .  In terms of i n t e g r a t e d  n i t r o g e n  s o r p t i o n  c a p a c i t y  i n  
c o l u m n  o p e r a t i o n ,  t h e  Amberlyst  XE-397 r e s i n  was a b o u t  2 .5  times 
b e t t e r  t h a n  t h e  Amberlyst  A-15 r e s i n .  

T h a t  t h i s  improved performance was due t o  an i n c r e a s e  i n  ion-  
exchange c a p a c i t y  was conf i rmed  by a more d e t a i l e d  a n a l y s i s  of t h e  
ion-exchange e q u i l i b r i a .  The r e s u l t s  o f  t h e s e  s t u d i e s  are shown i n  
F i g u r e  7 .  Assuming  Langmuir-type s o r p t i o n  i s o t h e r m s ,  Amberlysts  
XE-397, A-15, and XN-1010 show c a p a c i t i e s  o f  0.072, 0.033, and 0.027 
grams N/gram r e s i n ,  r e s p e c t i v e l y .  When c o n s i d e r i n g  t h e i r  t h e o r e t i c a l  
exchange c a p a c i t i e s  (4 .9 ,  4 .4 ,  and 3.6 meq/gram), t h i s  c o r r e s p o n d s  t o  
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FIGURE 7. P67-152 jet fuel equilibrium sorption curves. (Solid lines 
are fits to the linearized Langmuir isotherm; c is the 
liquid-phase solute concentration; q* is the solid-phase 
solute concentration in equilibrium with c.) 

a capacity utilization of 104% for XE-397 and only 53% for both A-I5 
and XN-1010. Therefore, it is likely that a mechanism such as 
pore-mouth plugging is making some of the reaction sites unavailable 
for ion exchange with the nitrogen-containing compounds. 

Experiments were also run to determine the rate of nitrogen 
removal in a batch tank. The results of these tests are presented in 
Figure 8. Assuming that intraparticle diffusion is controlling and 
that the rate of i o n  exchange can be described by a quadratic- 
driving-force expression, effective diffusivities for the nitrogen- 
compound removal ion-exchange process can be calculated. The 
effective diffusivities determined in this manner for XE-397, A-15. 
and XN-1010 are 1.86 x 10-8, 1.55 x 10-8. and 0.30 x 10-8 cm2/s, 
respectively. Even though XE-397 and A-15 have similar effective 
diffusivities, XE-397 adsorbs nitrogen-containing compounds much 
faster than A-15 because of its superior sorption capacity. 
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FIGURE 8. Ion-exchange s o r p t i o n  k i n e t i c s  r e s u l t s  f o r  XN-1010, A-15, 
and XE-397 r e s i n s  with 152JET c o n t a i n i n g  0.27%N. ( S o l i d  
l i n e s  a r e  l e a s t  square  f i t s  t o  t h e  quadra t ic -dr iv ing- force  
r a t e  r e l a t i o n s h i p ;  c i s  t h e  l iqu id-phase  s o l u t e  
c o n c e n t r a t i o n . )  

Pore s i z e  d i s t r i b u t i o n s  f o r  XN-1010, A-15, and XE-397, a s  
determined by scanning mercury porosimetry a r e  shown i n  F igure  9.  
Although a l l  t h r e e  r e s i n s  show approximately t h e  same t o t a l  p o r e  
volume ( c a .  0.5 mL/gram), t h e  pore s i z e  d i s t r i b u t i o n s  a r e  s i g n i f i -  
c a n t l y  d i f f e r e n t  i n  a l l  t h r e e  c a s e s .  The XN-1010 r e s i n  shows a 
d i s t r i b u t i o n  of pores  over most of  t h e  micro-pore range ,  20 t o  400 1, 
with  l i t t l e  p o r o s i t y  i n  t h e  macro-pore region.  The A-15 r e s i n  is 
in te rmedia te -pored ,  with most o f  t h e  pore volume p r e s e n t  i n  40 t o  
1000 I( r a d i i  pores .  Almost no pores  smal le r  than  40 A a r e  p r e s e n t  i n  
t h i s  r e s i n .  The pore s i z e  d i s t r i b u t i o n  o f  XE-397 shows t h i s  resin t o  
c o n s i s t  o f  t h e  l a r g e s t  pores ,  m o s t l y  g r e a t e r  t h a n  100  I( and a 
s i g n i f i c a n t  p o r t i o n  above 500 8 .  

A prominent f e a t u r e  o f  t h e  porosimetry r e s u l t s  i s  t h e  h y s t e r e s i s  
t h a t  i s  observed f o r  a l l  o f  t h e  i n t r u s i o n - e x t r u s i o n  curves, Although 
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906 PhUDICH, CRONAUER, AND MARCELIN 

! 1 
Pore Rad ius ,  1 

FIGURE 9. C u m u l a t i v e  p o r e  v o l u m e  v e r s u s  l o g  of p o r e  r a d i u s  f o r  t h e  
XN-1010, A - 1 5 .  a n d  XE-397 r e s i n s .  

t h i s  h y s t e r e s i s  is n o t i c e a b l e  f o r  b o t h  t h e  XN-1010 and A-15 r e s i n s ,  
i t  i s  much m o r e  p r o n o u n c e d  f o r  t h e  XE-397 r e s i n .  T h i s  l a r g e  
h y s t e r e s i s  for  t h e  Amber lys t  r e s i n s  migh t  imply  t h a t  t h e y  p o s s e s s  an 
u n u s u a l  p o r e  s t r u c t u r e  n o t  c o n s i s t i n g  o f  s i m p l e ,  c y l i n d r i c a 1 , a n d  
i n t e r c o n n e c t i n g  p o r e s .  R a t h e r ,  i t  c o u l d  i n d i c a t e  t h e  p r e s e n c e  o f  
e i t h e r  " ink-wel l"  p o r e s  o r  a c o m p l i c a t e d  n e t w o r k  o f  t h r o a t s  a n d  
c a v i t i e s  w h i c h  r e s u l t  i n  an e a s y - t o - f i l l  b u t  d i f f i c u l t  t o  empty 
m a t e r i a l .  The l a r g e  i n t r u s i o n - e x t r u s i o n  h y s t e r e s i s  c o u l d  a l s o  be 
i n d i c a t i v e  o f  s t r u c t u r a l  changes  o f  t h e  r e s i n  p a r t i c l e s  by t h e  l a r g e  
mercury  p r e s s u r e .  To i n v e s t i g a t e  t h i s  p o s s i b i l i t y ,  three c o n s e c u t i v e  
i n t r u s i o n - e x t r u s i o n  s c a n s  were pe r fo rmed  on  t h e  same sample  of XE-391 
r e s i n .  Wi th in  e x p e r i m e n t a l  e r ror ,  t h e  c u r v e s  were i d e n t i c a l  ( p o r e  
volume t o  A 0.05 mL) and i n  a l l  c a s e s  t he  h y s t e r e s i s  was e v i d e n t .  
S i n c e  t h e  r e s i n  was n o t  damaged i r r e v e r s i b l y ,  t h e  h y s t e r e s i s  was most 
l i k e l y  d u e  t o  p o r e  m o r p h o l o g y  a n d  n o t  t o  r e s i n  d e s t r u c t i o n .  
t l I n k - w e l l t t  p o r e s  w o u l d  b e  e x p e c t e d  t o  c o n t r i b u t e  a d i f f u s i o n a l  
l i m i t a t i o n  i n  e x c e s s  of  t h a t  d u e  t o  p o r e s  o f  e q u a l  v o l u m e t r i c  
e q u i v a l e n t  d i a m e t e r  b e c a u s e  o f  t h e  p r e s e n c e  o f  n a r r o w  p o r e  
r e s t r i c t i o n s  be tween t h e  l a r g e r  i n t e r n a l  c a v i t i e s .  T h i s  a d d e d  
d i f f u s i o n a l  r e s i s t a n c e  i n  t h e  l a r g e  po red  XE-397 r e s i n  would h e l p  t o  
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SHALE OIL DENITROGENATION 907 

e x p l a i n  why t h e  XE-397 r e s i n  and t h e  A-15 r e s i n  have  s i m i l a r  
e f f e c t i v e  d i f f u s i v i t i e s  bu t  widely d i f f e r e n t  s o r p t i o n  c a p a c i t i e s .  The 
s u r f a c e  a r e a s  o f  t h e  r e s i n s  ( a s  presented  i n  Table  2)  were c a l c u l a t e d  
from t h e  mercury i n t r u s i o n  curves  assuming c y l i n d r i c a l  pores  and 
complete f i l l i n g  and a r e ,  t h e r e f o r e ,  o n l y  approximate. 

SUMMARY/CONCLUSIONS 

The e f f e c t i v e n e s s  o f  a combined p r o c e s s  c o n s i s t i n g  o f  mild 
hydrodeni t rogenat ion  followed by a r e s i n  ion-exchange t rea tment  of  
low b o i l i n g  s h a l e  o i l  d i s t i l l a t e s  h a s  been demonstrated.  A s imple ,  
asymptot ic  model based on t h e  Langmuir s o r p t i o n  isotherm and t h e  
assumption o f  i n t r a p a r t i c l e  sol id-phase d i f f u s i o n  c o n t r o l  i s  adequate  
t o  guide  r e s i n  performance screening .  The use o f  t h i s  s imple model 
provides  a way of  numerical ly  e s t i m a t i n g  r e s i n  s o r p t i o n  c a p a c i t i e s  
and e f f e c t i v e  i n t r a p a r t i c l e  d i f f u s i v i t i e s  ( a n d  r a t e s  o f  i o n  
e x c h a n g e ) .  O b s e r v a t i o n s  o f  t h e  p a r a m e t r i c  v a r i a t i o n s  o f  t h e s e  
es t imated  c a p a c i t i e s  and d i f f u s i v i t i e s  may lead  t o  t h e  development of  
more a c c u r a t e  and comprehensive mechanis t ic  models .  

Work with t h e  Amberlyst A-15 resin h a s  s u g g e s t e d  n i t r o g e n -  
compound s i z e  and shape a s  impor tan t  parameters  i n  t h e  n i t rogen-  
compound-removal ion-exchange process .  Amberlyst A-15 shows a h igher  
e q u i l i b r i u m  c a p a c i t y  u t i l i z a t i o n  f o r  n i t rogen-conta in ing  compounds 
found i n  t h e  lower b o i l i n g  j e t  f u e l  f r a c t i o n  t h a n  i t  d o e s  f o r  
n i t rogen-conta in ing  compounds found i n  t h e  h igher  b o i l i n g  d i e s e l  f u e l  
f r a c t i o n .  The molecular  weights  o f  compounds found i n  t h e  je t  f u e l  
f r a c t i o n  a r e  expected t o  be smal le r  than  t h o s e  f o r  compounds found i n  
t h e  d i e s e l  f u e l  f r a c t i o n .  F u r t h e r  evidence for t h e  i n f l u e n c e  o f  
molecular  s i z e / s h a p e  can be gained from t h e  f a c t  t h a t ,  w i t h i n  a given 
b o i l i n g  p o i n t  f r a c t i o n  ( e i t h e r  j e t  o r  d i e s e l ) ,  t h e  e q u i l i b r i u m  
s o r p t i o n  c a p a c i t y  o f  Amberlyst A-15 i n c r e a s e s  with i n c r e a s i n g  degree 
o f  hydrodeni t rogenat ion .  The n i t rogen-conta in ing  compounds wi th in  a 
g i v e n  b o i l i n g  p o i n t  g r o u p i n g  would be expec ted  t o  decrease  i n  
effect ive molecular  diameter  (due t o  r i n g  cleavage and/or l o s s  o f  
p e n d a n t  g r o u p s )  w i t h  i n c r e a s e s  i n  t h e  s e v e r i t y  o f  hydrode-  
n i t r o g e n a t i o n .  

The set  o f  experiments  u t i l i z i n g  Amberlyst r e s i n s  XN-1010, A - 1 5 ,  
and XE-397 and P67-152 j e t  f u e l  h a s  i d e n t i f i e d  r e s i n  pore morphology 
a s  a key performance-control l ing v a r i a b l e .  Amberlysts XN-1010, A-15 .  
and XE-397 h a v e  mean p o r e  r a d i i  o f  60 8 ,  160 8 ,  and 300 8 ,  
r e s p e c t i v e l y .  If i t  is assumed t h a t  one n i t rogen-conta in ing  group 
can be adsorbed a t  each ion-exchange s i t e ,  Amberlysts XN-1010 and 
A-15 show s o r p t i o n  o f  only 53% o f  t h e i r  t h e o r e t i c a l  c a p a c i t i e s .  
Amberlyst XE-397 shows s o r p t i o n  o f  104% of  i t s  t h e o r e t i c a l  c a p a c i t y .  
This  observa t ion  would sugges t  t h a t  pores  below a c e r t a i n  s i z e  range 
a r e  n o t  a v a i l a b l e  t o  nitrogen-compound ion-exchange. The presence o f  
t h e s e  smal l  pores  r e s u l t  i n  u n d e r u t i l i z a t i o n  o f  t h e  exchange c a p a c i t y  
o f  t h e  r e s i n .  P o r e  morphology a l s o  i s  shown t o  i n f l u e n c e  t h e  
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908 PRUDICH, CRONAUER, AND MARCELIN 

magni tude  of t h e  e f f e c t i v e  i n t r a p a r t i c l e  d i f f u s i v i t y .  The  small  
po red  XN-1010 r e s i n  shows an  e f f ec t ive  i n t r a p a r t i c l e  d i f f u s i v i t y  of  
0.30 x 10-8 cm2/s,  w h i l e  t h e  i n t e r m e d i a t e  pored  A-15 and l a r g e  po red  
XE-397 r e s i n s  show e f f e c t i v e  i n t r a p a r t i c l e  d i f f u s i v i t i e s  o f  1 .55  x 
10-8 cm2/s and  1.86 x 10-8 cm2/s, r e s p e c t i v e l y .  The s i m i l a r i t y  i n  
magn i tude  of t h e  d i f f u s i v i t i e s  i n  t h e  i n t e r m e d i a t e  and l a r g e  pored  
r e s i n s  may b e  due  t o  t h e  p r e s e n c e  o f  !link well1' p o r e s  ( l a r g e  p o r e s  
w i t h  c o n s t r i c t e d  n e c k s )  i n  t h e  l a r g e - p o r e d  Amber lys t  XE-397 r e s i n .  
These  p h y s i c a l  r e s t r i c t i o n s  i n  t h e  p o r e  s t r u c t u r e  of XE-397 would be  
e x p e c t e d  t o  d e c r e a s e  t h e  magn i tude  of p o r e  d i f f u s i v i t y  w i t h i n  t h i s  
r e s i n .  

The e f f e c t i v e  i n t r a p a r t i c l e  d i f f u s i v i t y  f o r  e a c h  o f  t h e  r e s i n s  
s t u d i e d  is p r o b a b l y  a c o m b i n a t i o n  o f  s o l i d -  a n d  p o r e - p h a s e  
d i f f u s i v i t i e s .  The i n c l u s i o n  of p o r e - d i f f u s i v i t y  a s  a component o f  
t h e  e f f e c t i v e  d i f f u s i v i t y  w o u l d  h e l p  e x p l a i n  t h e  o b s e r v e d  
c o n c e n t r a t i o n  dependence  of t h e  e f f e c t i v e  i n t r a p a r t i c l e  d i f f u s i v i t y  
( d e c r e a s e  i n  e f f e c t i v e  i n t r a p a r t i c l e  d i f f u s i v i t y  w i t h  d e c r e a s i n g  
l i q u i d - p h a s e  s o l u t e  c o n c e n t r a t i o n ) .  T h i s  would r e s o l v e  t h e  v a r i a t i o n  
be tween e x p e r i m e n t a l  o b s e r v a t i o n  and model p r e d i c t i o n  ev idenced  i n  
F i g u r e s  4 ,  5 ,  and 8. 
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NOMENCLATURE 

c =  

q r e f  = 

q =  

Q =  

r =  
ro = 
t =  

c o n c e n t r a t i o n  o f  s o l u t e  i n  t h e  l i q u i d  p h a s e ,  g N/g 
o i l  
c o n c e n t r a t i o n  o f  s o l u t e  i n  t h e  l i q u i d - p h a s e  f e e d ,  
g N/g o i l  
e f f e c t i v e  i n t r a p a r t i c l e  d i f f u s i v i t y  based  on t h e  
q u a d r a t i c - d r i v i n g - f o r c e  e x p r e s s i o n ,  cm2/sec 
Langmuir s o r p t i o n  e q u i l i b r i u m  c o n s t a n t ,  d i m e n s i o n l e s s  
c o n c e n t r a t i o n  o f  s o l u t e  i n  t h e  s o l i d  phase  i n  
e q u i l i b r i u m  w i t h  c ,  g N/g r e s i n  
c o n c e n t r a t i o n  of s o l u t e  i n  t h e  s o l i d  phase  i n  
e q u i l i b r i u m  w i t h  c r e f ,  g N/g r e s i n  
volume ave raged  s o l i d - p h a s e  s o l u t e  c o n c e n t r a t i o n ,  
g N/g r e s i n  
a s y m p t o t i c  s o l i d - p h a s e  so lu t e  c o n c e n t r a t i o n ,  g N/g 
r e s i n  
s e p a r a t i o n  f a c t o r ,  r = x i y j / x j y i ,  d i m e n s i o n l e s s  
a v e r a g e  r e s i n  bead  r a d i u s ,  cm 
time, sec 
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T = c r e f (  V - v c  )/qrefpbV, throughput  parameter ,  

v = volume o f  t h e  r e s i n  bed,  om3 
V = cumulat ive f l u i d  volume fed t o  t h e  column, cm3 
x = c / c r e f ,  l iquid-phase s o l u t e  c o n c e n t r a t i o n ,  

y* = q*/qre=., sol id-phase s o l u t e  c o n c e n t r a t i o n ,  

d imens ionless  

d imens ionless  

d imens ionless  

6 = bed voidage 
fi ion-exchange r e s i n  bulk d e n s i t y ,  g/cm3 
Y s N p ~ =  c o r r e c t e d  number o f  t r a n s f e r  u n i t s ,  d imens ionless  
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