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ABSTRACT 

A l c o h o l s  a n d  e t h e r s  are b e i n g  u s e d  i n c r e a s i n g l y  i n  g a s o l i n e  
b l e n d s  b e c a u s e  t h e y  p r o v i d e  e c o n o m i c  o c t a n e  e n h a n c e m e n t  
( i m p o r t a n t  b e c a u s e  o f  p h a s e - o u t  o f  l e a d )  a n d  b e c a u s e  t h e y  
d e c r e a s e  CO l eve ls  i n  a u t o  e m i s s i o n s .  G a s o l i n e  c o n t a i n i n g  
o x y g e n a t e s  a t  t h e  2 %  0 l e v e l  i s  m a n d a t e d  i n  s i x  
m e t r o p o l i t a n  a reas .  M e t h y l - t e r t i a r y - b u t y l  e t h e r ,  (MTBE) 
a n d  e t h a n o l  e a c h  c o n s t i t u t e s  1% o f  ove ra l l  U .  S .  g a s o l i n e  
u s a g e .  The c r i t e r i a  f o r  s y n f u e l s  are n o t  c e n t s  per MM B t u s  
b u t  a r e  b a s e d  on  t h e i r  p e r f o r m a n c e  v a l u e s .  

O p p o r t u n i t i e s  f o r  improvemen t s  f o r  c o n v e r s i o n  o f  s y n g a s  t o  
o x y g e n a t e s  are c a t a l y s t s  which 1) h a v e  h i g h e r  s e l e c t i v i t y  
t o  m o l e c u l a r  species u s e f u l  as h i g h  p e r f o r m a n c e  f u e l s  a n d  
w h i c h  e l i m i n a t e  m e t h a n e  f o r m a t i o n ,  2 )  o p e r a t e  a t  l o w e r  
t e m p e r a t u r e s  a n d  p r e s s u r e s ,  t h u s  l o w e r i n g  p l a n t  cos t s ,  3) 
i n t e g r a t e  coa l  g a s i f i c a t i o n  a n d  o x y g e n a t e  s y n t h e s i s ,  4 )  
improve  f u e l  u s e .  

P r o m i s i n g  r e s e a r c h  i n c l u d e s  c a t a l y t i c  c o n c e p t s  of d u a l  
f u n c t i o n a l  it y ; c o n t r o l  led metal p a r t i c l e  s i z e  ; b i m e t a l l i c s ,  
z e o l i t e s ;  o r g a n o m e t a l l i c  p r e c u r s o r s ;  enzymes ;  m e l t  a n d  
s l u r r y  s y s t e m s ;  c a t a l y s t s  d e s i g n  b y  e x p e r t  s y s t e m s  (AI). 
L i k e w i s e ,  r e s e a r c h  on  s u r f a c e  s t r u c t u r e  a n d  r e a c t i o n  
mechanisms i s  p r o v i d i n g  c r i t i ca l  g u i d a n c e  i n  deve lopmen t  o f  
t h e s e  c o n c e p t s .  

MOTIVATION FOR OXYFUELS 

I n  t h e  p a s t ,  t h e  p r i n c i p a l  t o o l  f o r  e n e r g y  p o l i c y  has  been  
t h e  m a r k e t  place. R e c e n t l y  however ,  s o c i a l  a n d  p o l i t i c a l  
i s s u e s  h a v e  become i m p o r t a n t  i n  d e t e r m i n i n g  p o l i c y ,  
p a r t i c u l a r l y  t h o s e  wh ich  c o n c e r n  e n v i r o n m e n t a l  p r o t e c t i o n  
a n d  b a l a n c e  of  t r a d e / n a t i o n a l  s e c u r i t y .  G a s o l i n e  a n d  
d i e s e l  f u e l s  m a n u f a c t u r e d  f r o m  p e t r o l e u m  r e s o u r c e s  h a v e  
b e e n  o u r  t r a d i t i o n a l  t r a n s p o r t a t i o n  f u e l s .  However ,  
i m p o r t a t i o n  o f  f o r e i g n  o i l  h a s  b e e n  r i s i n g  r a p i d l y  a n d  now 
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a c c o u n t s  f o r  a b o u t  50% of o u r  p e t r o l e u m  u s a g e ,  c o n t r i b u t i n g  
g r e a t l y  t o  o u r  1 2  d i g i t  b a l a n c e  o f  t r a d e  d e f i c i t .  F u r t h e r ,  
d u e  i n  l a rge  p a r t  t o  a u t o m o b i l e  e x h a u s t  e m i s s i o n s ,  many 
par t s  o f  t h e  US h a v e  major ozone  p r o b l e m s  a n d  a s  many as 65 
m e t r o p o l i t a n  areas h a v e  n o t  a t t a i n e d  f e d e r a l  CO s t a n d a r d s  
(1). 

O x y f u e l s ,  p a r t i c u l a r l y  a l c o h o l s  a n d  e t h e r s ,  c a n  h e l p  
a l l e v i a t e  t h e s e  p r o b l e m s  ( 2 ) .  O x y f u e l s  c a n  be made f rom 
n a t u r a l  gas a n d  f r o m  a b u n d a n t  c o a l  r e s o u r c e s .  T h e r e  a r e  
t w o  immediate b e n e f i t s  f rom t h e  u s e  of  o x y f u e l s .  F i r s t ,  
c o n c e r n  f o r  t h e  e n v i r o n m e n t  h a s  l e t  t o  t h e  p h a s e - o u t  o f  
l e a d  i n  g a s o l i n e  w h i c h  h a s  created a n e e d  f o r  o c t a n e  
enhancement  o f  t h e  g a s o l i n e  p o o l .  B l e n d i n g  i n  o x y f u e l s  can  
p r o v i d e  n e e d e d  o c t a n e  enhancemen t .  S e c o n d l y ,  b l e n d i n g  o f  
o x y g e n a t e s  c a n  l o w e r  CO e m i s s i o n s  a n d  r e d u c e  a c t i v e  
h y d r o c a r b o n  e m i s s i o n s  wh ich  l e a d  t o  o z o n e  f o r m a t i o n .  S i x  
m e t r o p o l i t a n  areas, Denver ,  A l b u q u e r q u e ,  Los A n g e l e s ,  L o s  
V e g a s ,  P h o e n i x ,  Reno a n d  T u c s o n ,  r e q u i r e  t h a t  g a s o l i n e  
c o n t a i n  o x y g e n a t e s  c o r r e s p o n d i n g  t o  2 %  oxygen.  T h i s  can  be 
m e t  b y  u s e  o f  a b o u t  11% MTBE or 6 %  e t h a n o l .  C o n s i d e r a t i o n  
i s  b e i n g  g i v e n  t o  i n c r e a s e  r e q u i r e m e n t s  t o  a b o u t  3% 0. 

A f u r t h e r  m o t i v a t i o n  f o r  o x y f u e l s  i s  p r o v i d e d  b y  t h e  
A l t e r n a t i v e  Motor F u e l s  A c t  (PL 100- 4 9 4 ,  1 9 8 8 ) .  T h i s  a c t  
g i v e s  Amer ican  a u t o m o b i l e  c o m p a n i e s  a r e a l  i n c e n t i v e  t o  
s t a r t  b u i l d i n g  c a r s  p o w e r e d  b y  a l t e r n a t i v e  f u e l s  b y  
a d j u s t i n g  t h e  F e d e r a l l y  m a n d a t e d  a v e r a g e  f u e l  economy 
r a t i n g  t o  ref lect  g a s o l i n e  s a v e d  by  t h o s e  v e h i c l e s .  

B e c a u s e  of  t h e i r  f a v o r a b l e  p e r f o r m a n c e  i n  a u t o m o b i l e  u s e ,  
o x y f u e l s  a r e  now v a l u e d ,  n o t  on t h e  basis o f  t h e i r  h e a t s  o f  
combus t ion ,  t h a t  i s ,  c e n t s  per MM BTU, b u t  on  t h e i r  v a l u e s  
i n  c o n t r i b u t i n g  t o  e n v i r o n m e n t a l  p r o t e c t i o n  a n d  o c t a n e  
e n h a n c e m e n t .  I t  i s  on  t h e  bas i s  o f  t h e i r  f a v o r a b l e  
p e r f o r m a n c e  t h a t  o x y f u e l s  h a v e  a p o t e n t i a l l y  large f u t u r e .  
T h i s  f u t u r e  c a n  be e n h a n c e d  by  i m p r o v e d  t e c h n o l o g y  f o r  
f u e l  m a n u f a c t u r e  a n  u s e .  Improved  t e c h n o l o g y  h a s  b e e n  t h e  
s u b j e c t  o f  i n t e n s i v e  r e s e a r c h ,  t h e  m a i n  t o p i c  of  t h i s  
p a p e r .  

STATUS 

O x y g e n a t e s  o f  i n t e r e s t  as  f u e l s  a r e  shown i n  t a b l e  1 ( 2 ) .  
Most a r e  m a n u f a c t u r e d  by a t w o  s tep p r o c e s s .  F i r s t ,  
s y n t h e s i s  gas, a m i x t u r e  of  h y d r o g e n  a n d  c a r b o n  o x i d e s ,  i s  
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made f r o m  m e t h a n e ,  c o a l  o r  p e t r o l e u m  f r a c t i o n s  i n c l u d i n g  
r e s i d u a .  Then t h e  s y n t h e s i s  gas i s  r e a c t e d  o v e r  a c a t a l y s t  
which d i r e c t s  t h e  h y d r o g e n a t i o n  o f  t h e  c a r b o n  o x i d e s  t o  t h e  
d e s i r e d  p r o d u c t s .  T h e s e  may be h y d r o c a r b o n s  a s  i n  SASOL, 
Sou th  A f r i c a ,  o r  o x y g e n a t e s ,  p a r t i c u l a r l y  m e t h a n o l  o r  mixed 
a l c o h o l s .  

F u e l  e t h a n o l  i s  p r o d u c e d  b y  f e r m e n t a t i o n  o f  c o r n  o r  s u g a r  
c a n e .  I s o p r o p a n o l  a n d  s e c - b u t y l  a l c o h o l  a r e  made b y  
h y d r a t i o n  o f  p r o p y l e n e  a n d  b u t y l e n e s ,  r e s p e c t i v e l y .  T e r t -  

o x i d e .  F u e l  e the r s  a r e  m a n u f a c t u r e d  b y  r e a c t i n g  t h e  
a p p r o p r i a t e  a l c o h o l  w i t h  e i t h e r  i s o b u t e n e  o r  i s o p e n t e n e .  

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

Oxygena te s  h a v e  p e n e t r a t e d  t h e  3 0 0  m i l l i o n  g a l l o n  p e r  d a y  
moto r  f u e l  m a r k e t  i n  t h e  U.S. t o  a n  i n c r e a s i n g  e x t e n t .  A t  
p r e s e n t ,  e t h a n o l  a n d  MTBE e a c h  are b e i n g  u s e d  t o  t h e  e x t e n t  
o f  3 m i l l i o n  g a l l o n s  p e r  d a y .  The g r o w t h  i n  t h e  u s e  o f  
MTBE h a s  been  phenomena l .  The f i r s t  MTBE p l a n t  w a s  b u i l t  
i n  I t a l y  i n  1 9 7 3 .  The g r o w i n g  U.S. m a n u f a c t u r e  a n d  u s e  i s  
shown i n  t a b l e  2 .  N o t e  t h a t  MTBE r $ p r e s e n t s  a n  i n d i r e c t  
b u t  s t r a i g h t f o r w a r d  method o f  u s i n g  m e t h a n o l  i n  g a s o l i n e .  
MTBE i s  r e g a r d e d  as  a more s a t i s f a c t o r y  m e t h o d  o f  u s i n g  
m e t h a n o l  i n  g a s o l i n e  b l e n d s  b e c a u s e  o f  i t s  b e t t e r  
c o m p a t i b i l i t y  w i t h  g a s o l i n e  compared  w i t h  m e t h a n o l .  

A n o t h e r  r e c o g n i t i o n  o f  t h e  v a l u e  o f  MTBE i s  s e e n  i n  t h e  
a c t i o n  b y  ARC0 t o  m a n u f a ' c t u r e  a n d  d i s t r i b u t e  ' e m i s s i o n  
c o n t r o l  g a s o l i n e  I ,  E C - 1 .  T h i s  r e f o r m u l a t e d  g a s o l i n e  
c o n t a i n s  MTBE a n d  i s  d e s i g n a t e d  f o r  u s e  i n  a u t o s  wh ich  a re  
n o t  e q u i p p e d  w i t h  c a t a l y t i c  c o n v e r t e r s .  EC-1 c o n t a i n s  a 
minimum o f  1% oxygen by  w e i g h t .  

IMPROVED TECHNOLOGY FOR OYXFUELS 

There  a re  s i g n i f i c a n t  o p p o r t u n i t i e s  f o r  improvemen t s  i n  t h e  
m a n u f a c t u r e  o f  f u e l  o x y g e n a t e s  f r o m  s y n g a s  ( 3 ) .  P r o m i s i n g  
c a t a l y t i c  r e s e a r c h  r e s u l t s  h a v e  b e e n  r e v i e w e d  i n  a r e p o r t  
( 4 )  prepared f o r  t h e  I n t e r n a t i o n a l  Ene rgy  Agency, s p o n s o r e d  
i n  p a r t  by D.O.E. A v a r i e t y  o f  new c o n c e p t s  h a v e  been  
i n v e s t i g a t e d  w i t h  t h e  a i m  o f  i m p r o v e d  s y n t h e s i s  o f  f u e l  
o x y g e n a t e s .  I n c l u d e d  a r e :  c a t a l y s t s  derived f r o m  a l l o y s ,  
c a t a l y s t  d e s i g n e d  b y  a r t i f i c i a l  i n t e l l i g e n c e ,  b a s e  
c a t a l y s t s  s y s t e m s ,  d u a l  f u n c t i o n  c a t a l y s t s ,  enzymes ,  h y b r i d  
c a t a l y s t s  , m e  1 t s y s t e m s ,  mu I t  i m e t  a 1 c o m p o n e n t s  , 
o r g a n o m e t a l l i c  p r e c u r s o r s ,  p a r t i a l  p o i s o n i n g ,  p a r t i c l e  s i z e  
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c o n t r o l ,  Raney  meta ls ,  s h i p - i n - a - b o t t l e  f a b r i c a t i o n ,  and  
s l u r r y  s y s t e m s .  

T h e  a p p l i c a t i o n  o f  t h e s e  c a t a l y t i c  c o n c e p t s  c a n  p r o v i d e  
f o u r  t y p e s  o f  improvemen t s :  

I) H i g h e r  s e l e c t i v i t y  t o  m o l e c u l a r  s p e c i e s  u s e f u l  as h i g h  
p e r f o r m a n c e  f u e l s ;  e l i m i n a t i o n  o f  me thane  f o r m a t i o n .  

11) Lower p l a n t  i n v e s t m e n t  a n d  o p e r a t i n g  c o s t s .  

I V )  Improved f u e l s  u s e .  

I IMPROVED SELECTIVITY 

111) S a v i n g s  by  i n t e g r a t i o n  o f  g a s i f i c a t i o n  a n d  s y n t h e s i s .  

Mixed a l c o h o l s  are d e s i r e d  a s  f u e l s  b e c a u s e ,  when b l e n d e d  
i n  g a s o l i n e ,  t h e y  ra ise  o c t a n e  r a t i n g s  a n d  a l so  d e c r e a s e  CO 
e m i s s i o n s  f r o m  a u t o s .  The d i s t r i b u t i o n s  o f  a l c o h o l s  f o r  
m i x e d - a l c o h o l  p r o c e s s e s  which  have  b e e n  d e v e l o p e d  a re  shown 
i n  t a b l e  3 .  It  w o u l d  b e  d e s i r a b l e  f o r  t h e  s y n t h e s i s  
r e a c t i o n  t o  p r o v i d e  a la rger  p r o p o r t i o n  o f  e t h a n o l  a n d  less 
methane  f o r m a t i o n .  

P a r t i c l e  s i z e  c o n t r o l  of s e l e c t i v i t y .  
An i n t e r e s t i n g  a p p r o a c h  t o  s e l e c t i v i t y  c b n t r o l  i s  t h r o u g h  
t h e  u s e  o f  c o n t r o l  o f  t h e  c a t a l y s t  m e t a l  p a r t i c l e  s i z e .  AS 
shown i n  f i g u r e  1 ( 5 ) ,  u s i n g  Rh /S i02  c a t a l y s t s ,  m e t h a n o l  i s  
p r o d u c e d  s e l e c t i v e l y  a t  h i g h  R h  d i s p e r s i o n ,  w h i l e  C2 
o x y g e n a t e s  a r e  f a v o r e d  by  larger p a r t i c l e  s i z e ,  f o r  example 
0 . 3 5  nm. M e t h a n e  f o r m a t i o n  i n c r e a s e s  w i t h  d e c r e a s e d  
d i s p e r s i o n .  T h e  r a t i o n a l e  f o r  t h i s  c a t a l y s t s  
s t r u c t u r e / p e r f o r m a n c e  r e l a t i o n s h i p  c a n  b e  u n d e r s t o o d  on t h e  
bas i s  of  t h e  c o n c e p t  t h a t  f o r  f o r m a t i o n  o f  m e t h a n e  a n d  
h i g h e r  a l c o h o l s ,  t h e  c a t a l y s t s  mus t  p o s s e s s  a m u l t i p l i c i t y  
o f  s i t e s ,  p r e s u m a b l y  n e i g h b o r i n g ,  s o  a s  t o  accommodate  
s i m u l t a n e o u s  d i s s o c i a t i v e  c h e m i s o r p t i o n  o f  CO a n d  of H 2 .  
L a r g e r  e n s e m b l e s  o f  me ta l  a toms  are more  l i k e l y  t o  b e  a b l e  
t o  p r o v i d e  t h e s e  m u l t i s i t e s  t h a n  smaller  c r y s t a l l i t e s  and  
h e n c e  larger  c r y s t a l l i t e s  f a v o r  f o r m a t i o n  o f  me thane  and  
h i g h e r  a l c o h o l s .  

M u l t i m e t a l l i c  c a t a l y s t s  f o r  s e l ec t iv i ty  c o n t r o l .  
The  i m p e t u s  f o r  r e s e a r c h  u t i l i z i n g  s u p p o r t e d  Rh c a t a l y s t s  
c a n  b e  t r a c e d  t o  t h e  d i s c o v e r y  a t  Union  Carbide t h a t  
s e l e c t i v i t y  t o  e t h a n o l  c a n  be i m p r o v e d  b y  a d d i n g  s m a l l  
amoun t s  of  m o d i f y i n g  m e t a l s  s u c h  a s  F e  ( 6 ) .  R e c e n t l y ,  
Arakawa a n d  c o - w o r k e r s  ( 7 )  h a v e  e x t e n d e d  t h i s  r e s e a r c h  a r e a  
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i n  a s y s t e m a t i c  way a n d  h a v e  c l a s s i f i e d  p r o m o t e r s  of Rh- 
b a s e d  c a t a l y s t s  a c c o r d i n g  t o  t h o s e  w h i c h  i n c r e a s e  or 
d e c r e a s e  me ta l  d i s p e r s i o n ,  a n d  t h o s e  wh ich  acce le ra t e  CO 
d i s s o c i a t i o n .  T h e  s u g g e s t e d  e f f e c t s  t h e r e f o r e  on  
s e l e c t i v i t y  t o  o x y g e n a t e  s y n t h e s i s  a r e  d e p i c t e d  
s c h e m a t i c a l l y  i n  f i g u r e  2 ( 7 ) .  

Dual f u n c t i o n a l i t y  f o r  s e l e c t i v i t y  c o n t r o l .  
The c o n c e p t  o f  d u a l  f u n c t i o n  c a t a l y s t s  capable o f  b a l a n c e d  
a c c e l e r a t i o n  o f  t w o  d i f f e r e n t  t y p e s  o f  c h e m i c a l  r e a c t i o n s  
h a s  b e e n  u s e d  s u c c e s s f u l l y ,  f o r  e x a m p l e  i n  n a p h t h a  
r e f o r m i n g  ( 8 ) .  R e c e n t l y ,  d u a l  f u n c t i o n a l i t y  h a s  b e e n  shown 
t o  o p e r a t e  i n  a n  i m p o r t a n t  way i n  CO h y d r o g e n a t i o n  i n  which  
CO a n d  H 2  a r e  a c t i v a t e d  on s e p a r a t e  b u t  r e l a t e d  c a t a l y t i c  
s i t e s .  An i m p o r t a n t  f e a t u r e  o f  t h e  r e c o g n i t i o n  of d u a l  
f u n c t i o n a l i t y  i s  t h a t  i t  p e r m i t s  a n  u n d e r s t a n d i n g  a n  
c o n s e q u e n t  f a b r i c a t i o n  o f  c a t a l y s t s  o f  s u p e r i o r  
c a p a b i l i t i e s .  Dua l  f u n c t i o n a l i t y  i s  i l l u s t r a t e d  b y  r e c e n t  
r e s e a r c h  r e s u l t s  o b t a i n e d  w i t h  m o l y b d e n u m - c o n t a i n i n g  
c a t a l y s t s  c o n t a i n i n g  a d d e d  a )  g r o u p  VI11 metal o r  b) a l k a l i  
m e t a l .  

Rh/Mo/Al&. S u p p o r t e d  R h  c a t a l y s t s  h a v e  b e e n  known t o  
h y d r o g e n a t e  CO t o  o x y g e n a t e s  a n d ,  as m e n t i o n e d  a b o v e ,  
s e l e c t i v i t y  c a n  be i n c r e a s e d  by a d d i t i o n  o f  s m a l l  amoun t s  
o f  m o d i f y i n g  m e t a l s .  However ,  r e c e n t l y  it h a s  b e e n  
d i s c o v e r e d  t h a t  t h e  a d d i t i o n  of l a r g e  amoun t s  o f  molybdena  
i n c r e a s e s  g r e a t l y  a c t i v i t y  f o r  CO h y d r o g e n a t i o n  ( 9 ,  10 ,  11, 
1 2 ,  1 3 ) .  S e l e c t i v i t y  t o  o x y g e n a t e s  i s  a l s o  i n c r e a s e d .  
P e r t i n e n t  r e s e a r c h  r e s u l t s  o b t a i n e d  a t  t h e  U n i v e r s i t y  o f  
Delaware are now d i s c u s s e d .  A 3% Rh/A1203 c a t a l y s t s  w a s  
t e s t e d  a t  250° ( a l l  t e m p e r a t u r e s  are O C )  u s i n g  a H2/CO=2 
m i x t u r e  a t  30  MPa. 28% o f  t h e  CO w a s  h y d r o g e n a t e d .  
However w i t h  t h e  a d d i t i o n  o f  1.5% M o  ( i n  o x i d e  f o r m ) ,  
a c t i v i t y  was i n c r e a s e d  1 2 - f o l d  (same c o n v e r s i o n  a t  3 6 , 0 0 0  
GHSV) . S e l e c t i v i t y  t o  o x y g e n a t e s  i n c r e a s e d  t o  6 6 % .  

The number  o f  Rh s i t e s  a c t i v e  f o r  CO a c t i v a t i o n  were 
i d e n t i f i e d  b y  CO c h e m i s o r p t i o n .  I t  was f o u n d  t h a t  CO 
c h e m i s o r p t i o n  d e c r e a s e d  f rom 112 mic romoles  per gram of t h e  
Rh/A1203 c a t a l y s t  t o  28  m i c r o m o l e s  f o r  a Rh/15% ~ o / ~ 1 2 0 3  
c a t a l y s t  w h i l s t  a c t i v i t y  fo r  CO h y d r o g e n a t i o n  i n c r e a s e d  38- 
f o l d .  Thus  a c t i v i t y  p e r  Rh s i t e  ( i d e n t i f i e d  b y  CO 
c h e m i s o r p t i o n )  t h e  t u r n - o v e r  f r e q u e n c y  w a s  i n c r e a s e d  150- 
f o l d  by t h e  a d d i t i o n  o f  t h e  molybdena!  
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I n  o t h e r  e x p e r i m e n t s  ( e t h y l e n e  h y d r o g e n a t i o n )  i t  w a s  
e s t a b l i s h e d  t h a t  CO i n h i b i t s  the  h y d r o g e n a t i o n  c a p a b i l i t y  
o f  Rh/A1203 c a t a l y s t  b u t  t h i s  i n h i b i t i o n  d o e s  n o t  o c c u r  
w i t h  Rh/Mo/A1203 c a t a l y s t s .  A d d i t i o n a l  i n s i g h t  w a s  g a i n e d  
f r o m  k i n e t i c  m e a s u r e m e n t s .  I t  was a l s o  f o u n d  t h a t  CO 
i n h i b i t s  CO h y d r o g e n a t i o n  c a p a b i l i t y  o f  Rh/A1203 b u t  n o t  o f  
Rh/Mo/A1203. 

T h e s e  a n d  o t h e r  c h a r a c t e r i z a t i o n  m e a s u r e m e n t s  h a v e  led t o  
t h e  c o n c e p t  t h a t  a d u a l  s i t e  mechanism operates i n  which  CO 
i s  a c t i v a t e d  b y  R h  m e t a l  a n d  H2 b y  Mo i n  a +5 o r  +4 
o x i d a t i o n  s t a t e  ( 1 2 ) .  a sp i l l -over  e f f e c t  o c c u r s  (10) w i t h  
ac t iva t ed  H m i g r a t i n g  t o  r e a c t  w i t h  a c t i v a t e d  CO F i g .  3 
( 1 2 ) .  I n c r e a s e d  a c t i v i t y  i s  b e l i e v e d  t o  b e  d u e  t o  
i n c r e a s e d  h y d r o g e n a t i o n  c a p a b i l i t y ,  p r e v i o u s l y  l i m i t i n g .  
An i m p o r t a n t  f e a t u r e  is t h a t  H2 a c t i v a t i o n  o c c u r s  on  Mo 
s i t e s  w h i c h  a r e  n o t  i n h i b i t e d  b y  CO. CO i n h i b i t s  H 2  
c h e m i s o r p t i o n  o n  Rh s i t e s .  T h e  i n c r e a s e d  o x y g e n a t e s  a n d  
d e c r e a s e d  m e t h a n e  f o r m a t i o n  a r e  d u e  t o  t h e  i n c r e a s e d  
h y d r o g e n a t  i o n  of a c t i v a t e d ,  u n d i s s o c i a t e d  CO. 

I t  w a s  d e t e r m i n e d  t h a t  t h e  a p p a r e n t  E a c t i v a t i o n  f o r  
m e t h a n o l  f o r m a t i o n  ( 1 8 K c a l / m o l e )  i s  much l o w e r  t h a n  t h a t  
f o r  m e t h a n e  f o r m a t i o n  (34 Kcal /mole) .  T h i s  a l s o  a t t e s t s  t o  
t h e  d i f f e r e n c e  i n  mechanism f o r  f o r m a t i o n  o f  t h e s e  two C 1  
c h e m i c a l s .  D i f f e r e n c e s  i n  E a c t  f o r  m e t h a n e  a n d  m e t h a n o l  
a l s o  provides f o r  c o n t r o l  o f  s e l e c t i v i t y  b y  o p e r a t i o n  a t  
l o w e r  t e m p e r a t u r e s  f o r  h i g h e r  s e l e c t i v i t y  t o  o x y g e n a t e s  
(14). 

The  i m p o r t a n c e  o f  t h e s e  r e s u l t s  i s  t h a t  t h e y  provide a 
g u i d e  f o r  t h e  d e s i g n  o f  b e t t e r  c a t a l y s t s  t h r o u g h  a n  
u n d e r s t a n d i n g  o f  c a t a l y s t  s t r u c t u r e / p e r f o r m a n c e .  Of 
p a r t i c u l a r  p r o m i s e  i s  t h e  g u i d a n c e  p r o v i d e d  i n  t h e  s e a r c h  
€ o r  t h e  best Rh-Mo i n t e r  r e l a t i o n s h i p ,  a n  o p p o r t u n i t y  
h i g h l i g h t e d  by  t h e  1 5 0 - f o l d  i n c r e a s e  i n  a c t i v i t y  per s i t e .  
How t o  make more  o f  t h e s e  s u p e r - a c t i v e  s i tes !  

A l k a l i - M o S 2 - S u ~ ~ o r t .  B i f u n c t i o n a l i t y  h a s  a l s o  b e e n  
i d e n t i f i e d - f o r  M o - c o n t a i n i n g  c a t a l y s t s  c o m p r i s e d  of  a l k a l i -  
MoS2-support  t h a t  c a t a l y z e  CO h y d r o g e n a t i o n  t o  o x y g e n a t e s .  
I t  h a s  b e e n  p r o p o s e d  (15) t h a t  CO i s  ac t iva t ed  b y  t h e  
a l k a l i  a n d  H 2  i s  d i s s o c i a t i v e l y  a c t i v a t e d  b y  MoS2. Large  
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a m o u n t s  o f  a l k a l i  a r e  r e q u i r e d .  Ces ium w a s  f o u n d  t o  be 
p a r t i c u l a r l y  e f f e c t i v e .  

C o n s i d e r a b l e  u n d e r s t a n d i n g  o f  t h e  m e c h a n i s m  o f  CO 
h y d r o g e n a t i o n  w a s  o b t a i n e d  by  i n j e c t i n g  13C e n r i c h e d  C H 3 0 H  
i n t o  t h e  C O / H 2  r e a c t a n t  g a s  ( 1 5 ) .  I t  w a s  shown t h a t  t h e  
C H 4  which  i s  fo rmed  c o n t a i n e d  a p p r e c i a b l e  amoun t s  o f  I3C,  
i n d i c a t i n g  t h a t  m e t h a n e  s y n t h e s i s  c o u l d  o c c u r  v i a  
i n t e r m e d i a t e s  d e r i v e d  f r o m  m e t h a n o l .  I n  t h e  C 2 - C 4  
a l c o h o l s ,  t h e r e  w a s  p r e f e r e n t i a l  I 3 C  e n r i c h m e n t  o f  t h e  
t e r m i n a l  c a r b o n s .  T h i s  o b s e r v a t i o n  a n d  r e l a t e d  e x p e r i m e n t s  
l ed  t o  t h e  c o n c l u s i o n  t h a t  t h e  f o r m a t i o n  o f  e t h a n o l  
o c c u r r e d  t h r o u g h  CO i n s e r t i o n  i n t o  a m e t h y l  i n t e r m e d i a t e  
bound t o  t h e  s u r f a c e  t o  form a n  a c y l  p r e c u r s o r  wh ich  c a n  b e  
h y d r o g e n a t e d  t o  p r o d u c e  e t h a n o l  as shown be low.  

-U Ĥ  
*CH30H fCHXO- 'C% 4 'CH4 

'CH3 *CH3 p3 I SLOW 
Q M  

I I I 
C H ~  - c=o + C H 2 + ~ 2 ~ 6 + ~ 2 ~ 4  
I I I 

& M 

CH2 c=o 
I 

CH2 
I I 
OH M M 

T h a t  t h e  m e t h y l  i n t e r m e d i a t e  i s  d e r i v e d  f r o m  a n  o x y g e n a t e d  
species i s  c lear  s i n c e  o n l y  t h e  t e r m i n a l  c a r b o n  o f  e t h a n o l  
i s  e n r i c h e d .  The mechanism o f  c a r b o n  c h a i n  g r o w t h  t o  fo rm 
C3 a n d  C4  a l c o h o l s  i s  r e p o r t e d  t o  be s i m i l a r  t o  t h a t  of 
e t h a , n o l  s y n t h e s i s ,  t h a t  i s ,  v i a  C O  i n s e r t i o n  i n t o  a 
s u r f a c e - b o u n d  a l k y l .  

I t  was a l s o  shown t h a t  t h e  a d d i t i o n  o f  c o b a l t  t o  t h e  
a l k a l i - M o S 2 - s u p p o r t  c a t a l y s t  p r o v i d e d  f o r  C 1  t o  C2  
h o m o l o g a t i o n  s t e p  wh ich  l e a d s  t o  e t h a n o l  as  t h e  dominan t  
p r o d u c t .  T h e  s y n t h e s i s  p a t t e r n  over  a l k a l i / C o / M o S g  
c a t a l y s t s  t h a t  m a x i m i z e  e t h a n o l  a r e  o p p o s i t e  t o  t h o s e  
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o b s e r v e d  w i t h  Cs/Cu/ZnO c a t a l y s t s  w h i c h  m i n i m i z e s  t h e  
f o r m a t i o n  of e t h a n o l  d u e  t o  c h a i n  g r o w t h  b y  r a p i d  beta  
addi t  i o n  r a t h e r  t h a n  CO i n s e r t i o n .  

Mixed  a l c o h o l s  s y n t h e s i s  over MoS2 c a t a l y s t s ,  i n c l u d i n g  
t h o s e  d o u b l y  p r o m o t e d  w i t h  a l k a l i  a n d  g r o u p  V I 1 1  me ta l ,  h a s  
been t h e  s u b j e c t  o f  a s u b s t a n t i a l  deve lopmen t  e f f o r t .  High 
y i e l d s  o f  e t h a n o l  were d e m o n s t r a t e d  o v e r  K/CoS/MoS2, t a b l e  
3 ( 1 6 ) .  O f  p a r t i c u l a r  i m p o r t a n c e  i s  t h e  o b s e r v a t i o n  t h a t  
h o m o l o g a t i o n  o f  a l c o h o l s  o c c u r s  t o  a s i g n i f i c a n t  e x t e n t .  
T h i s  was t a k e n  as a n  e x p l a n a t i o n  f o r  t h e  g r e a t  d e v i a t i o n  
f r o m  t h e  A n d e r s o n - S h u l z - F l o r y  d i s t r i b u t i o n  p a t t e r n  ( 1 6 )  . 
A s  p o i n t e d  o u t ,  t h e  c o m m e r c i a l  s i g n i f i c a n c e  i s  t h a t  
m e t h a n o l ,  t h e  lowest v a l u e  a lcohol  i n  t h e  m i x e d  a l c o h o l  
p r o d u c t ,  c a n  be a d j u s t e d  v i a  r e c y c l e  t o  a n y  desired leve l  
a n d / o r  t h a t  i n e x p e n s i v e  p u r c h a s e d  m e t h a n o l  c o u l d  be fed  
a l o n g  w i t h  s y n g a s  d r a m a t i c a l l y  i n c r e a s i n g  r e a c t o r  
p r o d u c t i v i t y  . 
I soa lcohols /MTBE 
I t  s h o u l d  be p o i n t e d  o u t  t h a t  h i g h e r  a l c o h o l s  s y n t h e s i z e d  
over Cu/ZnO/A203 c a t a l y s t s  have a b r a n c h e d  c h a i n  s t r u c t u r e .  
O f  t h e  b u t a n o l s  s y n t h e s i z e d  i n  t h e  L u r g i  p r o c e s s ,  70% are 
i s o b u t a n o l  ( 2 - m e t h y l - p r o p a n o l )  ( n o  t e r t i a r y  b u t a n o l )  . T h i s  
has a number o f  i m p l i c a t i o n s .  One i s  t h a t  t h e  i s o b u t a n o l  
c a n  be d e h y d r a t e d  t o  f o r m  i s o b u t y l e n e  wh ich  c a n  t h e n  b e  
r e a c t e d  w i t h  t h e  m e t h a n o l  t o  form MTBE. Thus ,  v a l u a b l e  
MTBE c a n  be s y n t h e s i z e d  e n t i r e l y  f r o m  s y n g a s .  R e a c t i o n s  
for MTBE a r e  g i v e n  i n  F i g .  4 .  T h i s  s u g g e s t s  t h e  
p o s s i b i l i t y  t h a t  t h r o u g h  r e s e a r c h  a way c o u l d  be d e v i s e d  t o  
m a n u f a c t u r e  MTBE f r o m  s y n g a s  e i t he r  i n  a s i n g l e  step o r  a t  
least  i n  fewer s t e p s .  

I1 LOWER PLANT COSTS 

A l t h o u g h  t h e  c o n v e r s i o n  o f  s y n g a s  t o  m e t h a n o l  i s  h i g h l y  
s e l e c t i v e ,  9 9 % ,  i t s  m a n u f a c t u r e  c a n  be i m p r o v e d  b y  
i m p r o v i n g  t h e r m a l  e f f i c i e n c y  a n d / o r  b y  r e d u c i n g  r e c y c l e  a n d  
p u r i f i c a t i o n  c o s t s .  T h i s  h a s  led t o  e n g i n e e r i n g  ideas f o r  
p r o c e s s  improvemen t s  wh ich  c o u l d  l o w e r  p l a n t  i n v e s t m e n t  a n d  
o p e r a t i n g  cos ts .  

S l u r r v  c a t a l y s t s .  For i n s t a n c e ,  a m a j o r  e f f o r t  i s  underway 
t o  d e v e l o p  a l i q u i d - p h a s e  m e t h a n o l  s y n t h e s i s  p r o c e s s  i n  
which  c a t a l y s t  p a r t i c l e s  a r e  s u s p e n d e d  i n  a n  i n e r t  l i q u i d  
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medium.  T h i s  s y s t e m  p r e v e n t s  e x c e s s i v e  t e m p e r a t u r e  
i n c r e a s e s  a n d  s o  permits  h i g h e r  s y n g a s  c o n v e r s i o n  p e r  p a s s ,  
r e d u c i n g  e x p e n s i v e  r e c y c l e .  The c a t a l y s t  i s  a l s o  a b l e  t o  
p r o v i d e  s h i f t  r e a c t i o n  i n  w h i c h  CO r e a c t s  w i t h  water t o  
p r o d u c e  H 2  a n d  C02. T h i s  permits t h e  u s e  o f  less e x p e n s i v e  
s y n g a s  h a v i n g  lower H2/CO r a t i o s .  The s o - c a l l e d  LPMEOH 
process h a s  been  o p e r a t e d  a t  8 t o n s  p e r  d a y  p r o d u c t i o n  rate 
a n d  c o n s t r u c t i o n  a n d  o p e r a t i o n  o f  a c o m m e r c i a l  p l a n t  h a s  
been  p r o p o s e d  ( 1 7 )  . 
I n t e c r r a t e d  S y n t h e s i s / S e p a r a t i o n .  A n o v e l  a p p r o a c h  t o  
c i r c u m v e n t  t h e r m o d y n a m i c  e q u i l i b r i u m  l i m i t a t i o n s  t o  CO 
h y d r o g e n a t i o n  i s  t o  remove m e t h a n o l  f r o m  t h e  r e a c t o r  as it 
i s  f o r m e d  ( 1 8 ) .  A t r i c k l e  f l o w  p r i n c i p l e  h a s  b e e n  
d e m o n s t r a t e d  i n  w h i c h  s y n t h e s i s  c a t a l y s t  p e l l e t s  f o r m  a 
s t a t i o n a r y  bed a n d  s o l i d  a d s o r b e n t  t r i c k l e s  downward over 
( t h r o u g h )  t h e  p a c k e d  bed. T h i s  G a s - S o l i d - S o l i d - T r i c k l e -  
F l o w - R e a c t o r  h a s  b e e n  d e m o n s t r a t e d ;  s y n t h e s i s  c o n v e r s i o n  
p r o c e e d s  t o  c o m p l e t e  c o n v e r s i o n .  

U l t r a  h i q h - a c t i v i t y  c a t a l v s t s .  
A l l o y s .  A s t i l l  d i f f e r e n t  a p p r o a c h  i s  t o  s e a r c h  f o r  
c a t a l y s t s  s o  a c t i v e  t h a t  CO h y d r o g e n a t i o n  c a n  be c a r r i e d  
o u t  a t  much l o w e r  t e m p e r a t u r e s ,  s a y  1 7 5 O ,  t h a n  i s  u s e d  
c o n v e n t i o n a l l y ,  a b o u t  250°.  P e r h a p s  t h e  r e s e a r c h  on  d u a l  
f u n c t i o n  c a t a l y s t s  c a n  l e a d  t o  s u c h  a c a t a l y s t s .  C a t a l y s t s  
d e r i v e d  f r o m  a n  i n t e r m e t a l l i c  c o p p e r / l h x  a l l o y  p r e c u r s o r  
h a v e  b e e n  d i s c o v e r e d  by  r e s e a r c h e r s  a t  t h e  BuMines a t  Reno 
( 1 9 )  t o  e x h i b i t  e x t r a o r d i n a r y  h i g h  a c t i v i t y  f o r  m e t h a n o l  
s y n t h e s i s  b y  CO h y d r o g e n a t i o n .  W o r k e r s  a t  I C 1  ( 2 0 )  
e x t e n d e d  t h i s  d i s c o v e r y  a n d  d e m o n s t r a t e d  t h a t  a c a t a l y s t  
d e r i v e d  from CuCe0.5 p r e c u r s o r  i s  a c t i v e  f o r  s y n t h e s i s  a s  
low a s  100'. Moreover ,  a s t a b l e  a c t i v i t y  o f  2 5  moles o f  
m e t h a n o l  p e r  Kg c a t a l y s t  p e r  h o u r  w a s  o b t a i n e d .  However, 
t h i s  c a t a l y s t  i s  i r r e v e r s i b l y  d e a c t i v a t e d  b y  s m a l l  amounts  
of C 0 2  i n  t h e  s y n g a s .  T h i s  p r e s e n t s  a c h a l l e n g e  t o  
u n d e r s t a n d  t h e  r e a c t i o n  m e c h a n i s m  a n d  t o  u t i l i z e  t h i s  
d i s c o v e r y  i n  p rac t i ca l  p r o c e s s  t e c h n o l o g y .  

Base c a t a l y s t s .  An e n t i r e l y  d i f f e r e n t  l i q u i d  p h a s e  
c a t a l y t i c  s y s t e m  f o r  m e t h a n o l  m a n u f a c t u r e  i n v o l v e s  t h e  
r e a c t i o n  of CO w i t h  a s t r o n g  base s u c h  a s  sod ium methox ide .  
A s  shown i n  t h e  f o l l o w i n g  e q u a t i o n s ,  m e t h y l  f o r m a t e  c a n  be  
p r e p a r e d ,  f o l l o w e d  b y  c a t a l y t i c  h y d r o g e n a t i o n  o f  t h e  me thy l  
f o r m a t e  t o  m e t h a n o l .  
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NaOCH 
Cu catalysts 

C H 3 0 H  + a- HCOOCH3, + 2H2 2CH30H, 

CO + 2HZ - CH30H 

The s y n t h e s i s  r e a c t i o n  i s  ca r r i ed  o u t  a t  80' a n d  3 MPa, 
w h i l s t  t h e  h y d r o g e n a t i o n  i s  o p e r a t e d  a t  110-180'. To b e  
e c o n o m i c ,  it i s  deemed e s s e n t i a l  t h a t  t h e  s y n t h e s i s  and  
h y d r o g e n o l y s i s  be combined .  Thus,  a h y d r o g e n a t i o n  c a t a l y s t  
wh ich  i s  a c t i v e  a t  a l o w e r  t e m p e r a t u r e  i s  n e e d e d .  Some 
s u c c e s s  h a s  b e e n  o b t a i n e d  u s i n g  h i g h l y  a c t i v e  Raney  c o p p e r  
( 2 1 ) .  

A 1 9 8 4  r e p o r t  ( 2 2 )  b y  s c i e n t i s t s  a t  Brookhaven  d e s c r i b e s  a 
n o v e l  a p p r o a c h  t o  m e t h a n o l  s y n t h e s i s .  Two c a t a l y s t  
componen t s  are i n  t h e  l i q u i d  p h a s e ,  a m e t a l  (molybdenum) 
c a r b o n y l  t h a t  a c t i v a t e s  CO a n d  a h y d r i d e  t h a t  h y d r o g e n a t e s  
t h e  c a r b o n y l  t o  m e t h a n o l  a n d  i s  r e g e n e r a t e d  by  r e a c t i o n  
w i t h  h y d r o g e n .  A f u r t h e r  improvement  w a s  r e p o r t e d  i n  which 
s y n t h e s i s  t e m p e r a t u r e  o f  100 '  were u s e d  i n d i c a t i n g  
e x t r a o r d i n a r y  a c t i v i t i e s  f o r  m e t h a n o l  s y n t h e s i s .  T e c h n i c a l  
i n f o r m a t i o n  h a s  n o t  b e e n  made p u b l i c .  

I11 INTEGRATED GASIFICATION-OXYFUEL SYNTHESIS: IG-OS 

The o b j e c t i v e  o f  IG-OS i s  t h e  c o n v e r s i o n  o f  t h e  c r u d e  
h y d r o c a r b o n  f e e d  s t o c k s  t o  o x y g e n a t e s  i n  o n e  s t e p  or a t  
l e a s t ,  w i t h o u t  s e p a r a t i o n ,  i n  o n e  reac tor .  T h i s  may or may 
n o t  i n v o l v e  t h e  i n t e r m e d i a t e  , p r o d u c t i o n  o f  CO a n d  H 2 .  
I n t e n s i v e  research e f f o r t s  a r e  underway t o  c o n v e r t  methane  
b y  d i r e c t  o x i d a t i o n  t o  a l c o h o l s  or t o  e t h y l e n e  which  c a n  b e  
h y d r a t e d  t o  e t h a n o l .  I t  i s  p r o p o s e d  t h a t  t h e  d i r e c t  
c o n v e r s i o n  o f  c o a l  t o  o x y g e n a t e s  may a l s o  be p o s s i b l e .  
R e l a t e d  t o  t h i s  c o n c e p t  i s  t h e  o b s e r v a t i o n  t h a t  me thane  
f o r m a t i o n  o c c u r r e d  i n  t h e  S y n t h a n e  p rocess  o f  c o a l  
g a s i f i c a t i o n .  T h i s  l e d  t o  t h e  s u g g e s t i o n  o f  IGHS, 
i n t e g r a t e d  gasification/hydrocarbon s y n t h e s i s  ( 2 3 ) .  
A c t u a l l y  it h a s  been  d e m o n s t r a t e d  t h a t  by  t h e  a d d i t i o n  of a 
n i c k e l  c a t a l y s t  d u r i n g  c o a l  g a s i f i c a t i o n ,  a c o n s i d e r a b l e  
amount of m e t h a n e  c a n  be s y n t h e s i z e d .  However, t h e  n i c k e l  
c a t a l y s t  became d e a c t i v a t e d  b y  s u l f u r .  C o a l  g a s i f i c a t i o n  
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u s u a l l y  o c c u r s  a t  t e m p e r a t u r e s  a b o v e  800".  However,  t h e  
g a s i f i c a t i o n  t e m p e r a t u r e  c a n  be l o w e r e d  b y  t h e  u s e  o f  
a l k a l i  c a t a l y s t s .  The s y n t h e s i s  o f  m e t h a n o l  o c c u r s  u s u a l l y  
a t  250' a n d  f o r  h i g h e r  a l c o h o l s  t e m p e r a t u r e s  o f  350' + c a n  
b e  u s e d .  For i n t e g r a t e d  c o a l  g a s i f i c a t i o n / o x y g e n a t e  
s y n t h e s i s  it w i l l  b e  n e c e s s a r y  t o  d e v e l o p  c o m b i n a t i o n  
c a t a l y t i c  s y s t e m s  w h i c h  p e r f o r m  g a s i f i c a t i o n  a n d  
o x y s y n t h e s i s  a t  t h e  same t e m p e r a t u r e .  The  c o m b i n a t i o n  
c a t a l y s t  s y s t e m  may i n c l u d e  c a p a b i l i t y  f o r  o x i d a t i o n ,  
s t e a d c a r b o n  r e a c t  i o n  a n d  s y n t h e s i s .  The  s y n t h e s i s  
c a t a l y s t  m u s t  be s u l f u r  s t a b l e ,  n o t  b e l i e v e d  t o  b e  
i m p o s s i b l e  c o n s i d e r i n g  t h e  s u c c e s s  o f  MoS2 c a t a l y s t s  i n  
a l c o h o l  s y n t h e s i s .  

I V  CATALYSTS FOR IMPROVED FUEL USE 

The v a l u e  o f  a f u e l  s h o u l d  b e  j u d g e d  i n  t e r m s  o f  
e f f e c t i v e n e s s  i n  t h e  s y s t e m :  f u e l  m a n u f a c t u r e / f u e l  u s e .  
C a t a l y s i s  c a n  c o n t r i b u t e  t o  more e f f i c i e n t  u s e  o f  o x y f u e l s .  
S y n g a s  c a n  be made a v a i l a b l e  a s  a f u e l  b y  t h e  c a t a l y t i c  
d e c o m p o s i t i o n  o f  m e t h a n o l  o r  b y  c a t a l y t i c  r e a c t i o n  o f  
me thano l  w i t h  steam. T h e r e  i s  a g a i n  i n  f u e l  e f f i c i e n c y  i f  
waste h e a t  i s  u s e d  t o  c a r r y  o u t  t h e  e n d o t h e r m i c  c o n v e r s i o n  
o f  m e t h a n o l  t o  s y n g a s  f u e l .  When waste e x h a u s t  h e a t  i s  
u s e d  (ava i lab le  on-boa rd  a n  a u t o  o r  power p l a n t )  a g a i n  i n  
e f f i c i e n c y  o f  15-20% i s  p r e d i c t e d  t o  be p o s s i b l e  ( 2 4 )  
a l t h o u g h  i n  a c t u a l  t e s t s  f u e l  c o n s u m p t i o n  b e n e f i t s  h a v e  
been  l o w e r .  

C a t a l y s t s  f o r  i m p r o v e d  d i e se l  f u e l  u s e  i s  a l s o  p o s s i b l e .  
Diese l  e n g i n e s  a r e  more e f f i c i e n t  b e c a u s e  o f  t h e  h i g h  
c o m p r e s s i o n  r a t i o  a t  wh ich  t h e y  o p e r a t e .  However, u s e  o f  
h y d r o c a r b o n  d i e s e l  f u e l s  i s  r e c o g n i z e d  a s  c a u s i n g  
p o l l u t i o n ,  a s i t u a t i o n  wh ich  c o u l d  b e  improved  by  t h e  u s e  
o f  m e t h a n o l .  However, t h e  c o m b u s t i o n  c h a r a c t e r i s t i c s  of 
h e a t  m e t h a n o l  a re  n o t  f a v o r a b l e  f o r  d i e s e l  ( n o n - s p a r k  p l u g )  
u s e .  The u s e  o f  a n  a d d i t i v e  s u c h  as AVOCET - t e r m e d  a 
" c h e m i c a l  s p a r k  p l u g "  - i s  b e i n g  d e v e l o p e d  (25). An 
a d d i t i o n a l  o p p o r t u n i t y  w o u l d  b e  t o  d e v e l o p  i n - c y l i n d e r  
c a t a l y s t s  w h i c h  w o u l d  p r o v i d e  f o r  f a v o r a b l e  m e t h a n o l  
combus t ion  u n d e r  d i e s e l  c o n d i t i o n s .  

F i n a l l y ,  it s h o u l d  b e  s a i d  t h a t  many b e l i e v e  t h a t  m e t h a n o l  
w i l l  become a m a j o r  f u e l  n o t  o n l y  a s  a n  a l t e r n a t i v e  f o r  
d i e s e l ,  b u t  a l s o  f o r  g a s o l i n e  as w e l l .  T h i s  i s  b e i n g  
r e c o g n i z e d  i n  t w o  r e c e n t  e v e n t s .  The  f i r s t  i s  t h e  
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m a r k e t i n g  i n  C a l i f o r n i a  b y  Arco a n d  Chevron  o f  M-85 which  
c o n t a i n s  8 5 %  m e t h a n o l .  The s e c o n d  i s  t h e  e x t e n s i v e  t e s t i n g  
b e i n g  ca r r i ed  o u t  w i t h  f l e x i b l e  f u e l  v e h i c l e s ,  FFV, which  
c a n  opera te  o n  g a s o l i n e ,  m e t h a n o l  or a n y  c o m b i n a t i o n  of  
t h e s e  ( 2 ) .  
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Table 1. FUEL OXYGENATES PROPERTIES 

Blending Octane 

Heat of Combustion 
Thousands 

BTU's Per Gallon 

Density 10791079 
Pounds Per 

Gallon 1 6'6 1 6'6 

Boiling Point 
Degrees C 

Production 
In USA, 1987 

Millions of 
GalbWDay '3.0 2.9 

0.79 - 
6.6 

- 
82.4 - 

0.6 

0.80 - 
6.8 

- 
99.5 - 

- 

-AME GAS0 -+ 

1 300 

Fuels of 0.79 density weigh 6.6 pounds per gallon, 277 pounds per barrel of 42 US 
Gallons; 1 ton contains 7.2 barrels or 303 gallons. 
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Table 2 .  U.S. p r o d u c t i o n  of MTBE a n d  m e t h a n o l  c o n s u m p t i o n  
f o r  MTBE m i l l i o n s  o f  g a l l o n s  p e r  y e a r  

S u b s t i f u e l  
(IFP) 

Octarnix 
( L u r g i )  

Year MTBE M e t h a n o l  

6 4  2 5  6 2 2 . 5  0 .5  K/Cu/Co/Al 

62 7 4 8 1 9  -- a l k a l i /  
Cu / Zn /Cr 

1 9 8 2  
1 9 8 3  
1 9 8 4  
1 9 8 5  
1 9 8 6  
1 9 8 7  

* 1 9 8 9  
* *  1 9 8 9  

* C a p a c i t y  
* *  C a p a c i t y  + 

p l a n n e d  

1 9 0  
2 5 0  
3 7 0  
430 
8 3 0  

1 0 3 0  

1 5 3 0  
2 0 1 0  

65 
8 5  

1 3 0  
1 5 0  
2 90 
3 60 

5 3 4  
7 0 0  

T a b l e  3 .  C o m p o s i t i o n  o f  fuel a l c o h o l s  f r o m  syngas 

O t h e r  
A l c o h o l , % i  C 1  CZ C 3  C 4  C5+ o x y g e n a t e s  C a t a l y s t  

MAS (SEHT), 69 3 4 1 3  9 2 K/Zn/Cr 

1 
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I *-*- I * Prmted,WSi;- etc. , 
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Figure 2 .  The r o l e s  of addi t ives  f o r  e f f e c t i v e  synthesis  
of E t O H  and AcOH. 
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Figure 3. Proposed structure/reactivity scheme, rhodium- 
molybdena-alumina catalyst 
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PERFORMANCE ASSESSMENT OF NOVEL SUBSTITUTE GASOLINE COHPONENTS 

s. Stournas, E. Lois and P. Polyssis 
Fuels and Lubricants Laboratory, Department of Chemical Engineering 

National Technical University, 106 82 Athens, Greece 

INTRODUCTION 

During the last several years there has been an increasing 
interest in the European Economic Community in the savings of crude 
oil through the use of substitute fuel components in gasoline, 
which was officially expressed by EEC regulation 536/1985 and other 
regulations that are currently in effect. When this regulation was 
initially conceived in 1982, the principal impetus was concern over 
the availability of imported crude oil in the Community; as time 
went by, however, environmental considerations assumed major 
importance. Given this interest, which is also manifest in other 
parts of the world, it is important to obtain an accurate under- 
standing of the effects of the substitute fuel components on engine 
efficiency and pollution abatement. The major difference between 
traditional gasoline and the substitute fuels under consideration 
lies in their chemical structure and particularly the oxygen 
content of the latter. 

The first problem that must be solved in testing for 
increased fuel performance in gasoline engines is the nature of the 
base fuel to which the additives and extenders will be blended. 
Most of the research work that has been reported [1-61 employs 
full range, unleaded gasoline or specific refinery streams. such as 
reformates 171. The physical characteristics of these fuels (such 
as vapor pressure, RON, MON, distillation behavior, proportion of 
saturates, olefins and aromatics) are usually specified: 
nevertheless, this does not permit exact duplication or extension 
of the reported work because it is impossible to procure the exact 
fuel that was initially employed. To overcome this problem, API-45 
[e l  used a 60:40 mixture of iso-octane and n-heptane as a base 
fuel, whereas other workers [9] employed either pure iso-octane or 
80 octane PRF. T h i s  latter method does permit duplication of 
experiments but suffers from unrealistic (usually too high) BRON 
estimates, because of the dissimilarity of the base fuels to actual 
qasolinP. A s  an example of the disparities that can be encountered, 
the case of MTBE may be inentioiied, whose BRON is listed a3 148 i n  
API-45 (81  although in actual practice [lo] it ranges between 110 
and 120 for most types of gasoline. 

Our approach in this matter has been to prepare a series of 
base fuels which are blends of pure hydrocarbons so as to have 
reproducible compositions, but which at the same time are complex 
enough to approach actual gasoline in behavior. It should be 
remembered, of course, that the high cost of pure hydrocarbons 
places an ecoliomic limit on the complexity of the mixture and the 
choise of components. 

Table 1 contains the compositions and octane numbers of all 
base fuels that were prepared and tested during the course of this 
work, along with the RON and BRON values of the individual 

I 
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constituents. as reported in API-45 [ e l .  
I n  order to be able to evaluate the results quickly, a 

relative effectiveness scale was introduced, by which all fuels 
were compared to the performance of MTBE, both on a molar and on a 
weight basis; the effectiveness of the latter was taken as unity. 
The results s o  far are encouraging, since some useful conclusions 
can be drawn following this systematic approach. 

NOVEL FUEL COMPONENTS: SYNTHETIC ASPECTS 

The aim of the chemical synthesis component of the research 
program is to make available, for testing and correlation purposes, 
structures that appear promising but at the same time can be easily 
prepared from readily available starting materials: exotic 
compounds and intricate synthetic procedures are considered to be 
outside the scope of our current effort. 

In this vein, the procedures that were selected included the 
Leuckart reaction (preparation of substituted amines). acid 
catalyzed additions (preparation of ethers and dioxolanes) and 
simple condensation of amines with formic acid (preparation of 
substituted formamides), along with classical etherification and 
Mannich condensation. 

An intriguing molecule, which in principle should be an 
effective oxygenate component in gasoline, is pinacol dimethyl 
ether (PDME); it i s  structurally similar to MTBE, except that it 
contains two of each of the active molecular centers (tertiary 
carbons and methyl ethers) per molecule: 

C c c  
c-Lo-c c-o-~-L-o-c 
C I L L  
MTBE PDME 

Another attractive feature of PDHE is that it can in principle 
be derived from acetone via the pinacol reduction and trapping of 
the intermediate di-anion. Attempted formation of PDME by 
methylation of the magnesium salt of pinacol that is formed under 
the classical conditions [13] failed because of the extreme lack 
of solubility of the salt. In a second attempt, the more soluble 
aluminum salt [14]  was employed instead, but again very little of 
the desired product was formed. Very recently, PDME was finally 
prepared by the Williamson etherification of the di-sodium salt of 
preformed pinacol, but its antiknock activity has not yet been 
l l , * . , l : : Q , l  1 . 1 1 .  

NOVEL FUEL COMPONENTS: ANTI-KNOCK PERFORMANCE 
AND STRUCTURE-ACTIVITY CORRELATIONS 

- Comparison of activity of oxygeedtom with nitroqen atom i .  
same nio 1 ecu 1 ar environment 

From the results that are depicted in Table 2 it can be seen 
that aliphatic amines are definitely more active anti-knock 
additives than the equivalent alcohols; this holds true as long as 
there is at least one hydrogen attached to the amine nitrogen. On 

__ ____ 
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the contrary, tertiary amine groups have a very strong pro-knock 
effect: an extreme example is N,N,N',N'-tetramethylethylenediamine, 
whose two tertiary nitrogens transform it into what is probably the 
most pro-knock simple amine. An even more striking performance is 
displayed by the commercially available tetrakis-dimethylamino- 
etliylene, whose four tertiary nitrogens lower its BRON to a value 
of about -1000. This behavior of aliphatic tertiary amines is in 
sliarp contrast to that of aromatic amines; thus, in the benzene 
series, tertiary amines (e.g. N,N-dimethylaniline) have no effect 
on the octane rating of the fuel 111) and in the fulvene series 
compounds like 6-dimethylaminofulvene are among the most active 
noli-metallic antiknock additives that have been described so far 
141. Another interesting observation from the results in Table 3 is 
that the known anti-knock activity of the tert-butyl group is 
matched or in some cases surpassed by that of the iso-butyl group. 

In the case of cyclic structures, whose performance is shown 
in Table 4 ,  the contrast between secondary and tertiary amines is 
again quite remarkable: the replacement of pyrrolidine by N-methyl- 
pyrrolidine at the same concentration (3%) in the same fuel reduces 
the octane rating by a full 8 RON units! It was also decided to 
test these two groups In direct comparison and a molecule that 
contains both of them, N-methyl piperazine, was selected. The 
effect of the tertiary nitrogen was stronger and N-methylpiperazine 
displayed proknock behavior. 

Other conclusions that can be drawn from the data on Table 4 
are that heterocyclic five-membered rings are better performers 
than equivalent six-membered rings; this is in agreement with the 
higher activity of cyclopentane (API BRON 141) when compared with 
cyclohexane (API BRON 110). In addition. the presence in the 
molecule of the oxymethylene group C-0-CH2-C leads to pro-knock 
behavior. This again is in igreement with the reported 151 pro- 
knock activity of compounds that contain the oxy-methylene group, 
such as methylal and dimethyl ether; by contrast, antiknock ethers 
such as MTBE and TAME are devoid of this structural feature. 

Furan derivatives 
The furan moiety has been known [8,14] to be an antiknock 

molecular feature. Furfuryl alcohol is one of the most readily 
available and inexpensive furan derivatives which, upon testing, 
displayed high antiknock performance, having a higher BRON rating 
than MTBE and being about 50% more effective on a weight and molar 
basis. It is noteworthy that furfuryl alcohol is the only alcohol 
tested thus far that has a higher antiknock performance than its 
equivalent amine (cf. results in Table 5 ) .  The other advantage of 
this material is its derivation from non-petroleum sources, i.e. 
from renewable agricultural by-products. Its major drawback lies in 
its limited solubility in hydrocarbon fuels (maximum solubility in 
BF-1 is about 1.5% by volume). The next higher homolog, a-methyl 
furfuryl alcohol, possesses much higher solubility while retaining 
the anti-knock performance. 

It is noteworthy that the methyl ether of furfuryl alcohol, 
which was also synthesized and tested, displayed proknock behavior, 
having a BRON of only 6 6 .  In hindsight this result should have been 
expected. given that furfuryl methyl ether, unlike its parent 
alcohol. possesses the strongly proknock structural feature C-CH,- 
0 - C .  Ailother furan derivative that was tested was benzofuran, which 
was also found to possess significant antiknock activity. 
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Finally, a novel additive was designed and synthesized; this 
was N--1:-butylfyrfurylamine (NTBF), which was expected to possess 
good activity since, in addition to the furan ring, it incorporates 
a secondary amine and a tert-butyl group. Indeed, as can be seen 
in the data of table 5 ,  this easily accesssible compound possesses 
one of the highest blending octane numbers among non-aromatic 
amines and is about six times as effective an additive as MTBE on 
a molar basis. 

Substituted .. .. . . . . . __ ... Phenols . . and Derivatives __ 
Substituted phenols have long been known to possess antiknock 

activity. Their effectiveness increases by having them undergo the 
Mannich reaction, which adds an aminomethyl moiety at the ortho 
position, thus transforming them to 2-hydroxybenzylamines (HBA). 
The very high activity of the HBA's (and even more so of their 
salts) was observed by one of us several years ago [ 5 ]  and was 
later extensively investigated by Burns [ 1 , 1 5 ] .  As shown in Table 
5 ,  the improvement in performance that occurs in going from the 
parent phenol to the corresponding HBA is highest among di- 
substituted phenols (xylenols). Creosote, a phenolic mixture that 
is derived from wood tar, displays an antiknock activity similar to 
that of MTBE. Upon transformation to the corresponding HBA mixture 
via the Mannich reaction, a large BRON increase is observed, which 
is consistent with the high xylenol content of creosote. 

POLLUTANT EMISSIONS AND ENGINE PERFORMANCE 

'Ihe effect of oxygenate additives on pollutant emissions from 
yasoline engines has been extensively studied, and it is generally 
accepted that they offer tangible benefits on CO and hydrocarbon 
emissions, while not significantly affecting NOx emissions; the 
aldehyde content in the exhaust, however, is usually higher. When 
any nitrogen-containing material is added to the fuel, there is 
concern that NOx emissions may increase. 

Tests that were run on the CFR engine showed that NOx 
emissions were independent of fuel nitrogen content but dependent 
on air-fuel ratio. However, we do not consider these results as 
representative because the CFR engine has a single cylinder and 
operates under relatively mild conditions when compared to actual 
autoniobi le engines. 

A parallel research project that is being conducted at the 
Department of  Mechanical and Process Engineering of Sheffield 
University (161 is looking into the performance and emissions of 
standard spark-ignition engines that run on gasoline that 
incorporates oxygen and/or nitrogen containing additives. The 
engine which is used at Sheffield is a fully instrumented four- 
cylinder standard production unit, which i s  coupled to an 
appropriate dynamometer. The additives that have been tested were 
blended with unleaded premium gasoline and included MTBE, methanol, 
furan, furfuryl alcohol, anisole, and t-butylamine among several 
others. Fuel economy on an energy basis was improved by amounts 
that ranged from 3 . 5 %  (furfuryl alcohol) t o  0 . 9 %  (anisole); 
representative results are shown in Table 6 .  

As far as exhaust emissions were concerned, oxygenates 
generally tended to follow the pattern mentioned above, except that 
materials containing the furan ring appeared to lower NOx 
emissions. Additionally, it was observed that one of the factors 
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that influence the NOX content of the exhaust gases was the 
conceiitration of the additive; small amounts of additives actually 
decreased NOx emissions in comparison to the base gasoline. After a 
cerCaili concentration threshold was reached, however, NOx emissions 
i inc j~r ,nrr< l .  t l i  trogen-containing additives hehaved i n  slmilsr 
tashir .~ i~ ,  except that threshold concentrations were lower than those 
of oxygenates. 

The novel additive NTBF was also tested in the engine under 
similar conditions but to a limited extent because of the small 
quantities that were available. Preliminary results show that this 
material iiiiyroves fuel economy to an extent similar to other 
additives that contain the furan ring; a single test showed that, 

' at a coilcentration of 1%, NOX emissions were lower than those of 
the base gasoline. Furthermore, it was observed that NTBF lowers 
the aldehyde content of the exhaust gases, which is a rather 
unexpected behavior for an oxygen-containing material. 

CONCLUSIONS 

The screening of over one hundred blends of base fuels with 
potential additive candidates allows the following conclusions to 
be made regarding the relation of molecular structure with anti- 
knock activity: 

a. Amines are usually more effective anti-knock additives than 
the equivalent alcohols. 

b. The presence in the molecule of a tertiary nitrogen atom 
imparts a strong pro-knock effect. 

c. The presence of five-membered rings leads to better 
performance than six-membered rings. 

d. The structural group C-0-CHI-C is a pro-knock feature in 
the molecule. 

e. The biomass derived phenolic mixture known as creosote has 
good antiknock activity, which is greatly enhanced by its 
transformation to HBA via the Mannich reaction. 

f. Molecules designed on the basis of the activity of their 
constituent groups can lead to superior anti-knock' performance. 
(e.g. N-t-butyl furfurylamine) 

ABBREVIATIONS AND DEFINITIONS 
API-45 American Petroleum Institute Research Project 45 (see ref.8) 
BF1-BF5 Base fuels for octane number determinations 

(for comuositions refer to Table 1) 
BRON 
HBA 
MON 
MTBE 
NTBF 
PRF 
RON 
TAME 
THF 

Blending'Research Octane Number' . 
Hydroxy Benzyl Amine 
Motor Octane Number (according to ASTM D-2700) 
Methyl tert-Butyl Ether 
N-t-butyl furfurylamine 
Primary Reference Fuel 
Research Octane Number (according to ASTM D-2699) 
tert-Amyl Methyl Ether 
Tetrahydrofuran 

BRON is defined by the formula: B 5 [M-F(l-V)I/V where: 
B = BRON of a given fuel component 
PI = RON of the fuel blend 
F = RON of the base fuel 
V = Concentration of the component In the blend (vol/vol) 
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TABLE 1 

COMPOSITION OF BASE FUELS 
(Compositions given in percent by volume) 

COMPONENT API BRON API RON BF-1 BF-2 ' BF-3 BF-4 

n-Hexane 19 24.8 20 15 25 28.5 
Cyclohexane 110 83.0 - 15 15 19.0 
n-Heptane 0 0.0 5 1 5 .  - - 
iso-Octane 100 100.0 55 20 20 9.5 
Diisobutylene 168 105.3 5 5 - 
To liiene 124 120.1 15 15 15 28.5 
Xylenes ' 144 117.2 5 15 20 9.5 
Me tha no 1 1.7 
Isoprnpano 1 3 . 3  
f irm 

RON 90.5 85.5 93.4 93.3 

- _. . . - __ -- - - - - - 

- 

- - - 
- - - 
- - - - 

BF-5 - 
19.2 

4.8 
52.8 

14.4 
4.8 

- 

- 

- 
- 
4.0 

91.9 

' The composition of the xylenes mixture, as determined by vapor 
phase chromatography, was 3.7% 0-xylene, 72.3% m-xylene, and 23.9% 
p-xylene. 
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TABLE 2 
Antiknock performance of simple alcohols and amines 

(Results at 3% vol. concentrations in BF-1) 

-___ 

MTBE (5%) 1.8 
Methyl t-octyl ether (2%) 0.7 
i-Rutano 1 0.8 
i-Butylamine 2.9 
di-(i-Buty1)amine 1.8 
t-Butanol (5%) 1.2 

t-Octylamine 0 . 8  
t-octyldimethylamine 0.1 

ethylenediamine -5.5 

t-Butylamine (5%) 2.6 
t-Butyldimethylamine -0.2 

N,N,N',N'-Tetramethyl- 

Tetrakis-dimethylamino- 
ethylene (1%) -11.6 

BRON 

126 
125 
117 
187 
151 
114 
143 
84 
117 
94 

-93 

-1070 

Relative Effectiveness 
( MTBE= 1 ) 

Molar -. Weight .. - 
1 .oo 1.00 
1.52 0 . 8 8  
0.57 0.68 
2.24 2.71 
2.43 1.65 
0.53 0.63 
1.27 1.53 
pro-knock 

1.04 0.68 
0.15 0.07 

pro-knock 

pro-knock 

TABLE-? 
Antiknock performance of cyclic oxygen and nitrogen compounds 

(Results at 3% vol. concentrations in BF-1)  
ComPound. BRON BRON Relative __ Effectiveness .. 

( MTBE= 1 ) 
Molar Weight - 

TIIF 0.2 97.2 
Fyrrolidine 4.9 287.2 

Piperidine 1.9 154 

N-Methylpiperazine ( 2 % )  -1.0 40 
Trimethyldioxolane (1%) 0.1 101 

N-Methyl pyrro 1 idine -3.0 -9.5 

Morpholine -0.5 73.8 

0.12 0.16 
3.80 4.70 
pro-knock 

1.46 1.50 
pro-knoc k 
pro-bnoc k 

0.29 0.23 

TABLE 4 
Antiknock performance of furan derivatives 

C o m v o u n d - -  BRON Relative Effectiveness 
( MTBE= 1 ) 

Molar Weight 
Furan' 190 1.40 1 .e1 
Furfuryl alcohol (1.5%) 170 1.66 1.49 
Methylfurfuryl alcohol (2%) 171 1.86 1.71 
Furfuryl methyl ether (2%) 66 pro-knock 
Benzofuran (1%) 144 1.50 1.13 
Furfurylamine" 153 3.29 2.98 
N-t-Butylfurfurylamlne (1%) 250 6.06 3.49 
"best amine" * * * 174 - 3 . 0  

' Data from API-45 
Data from ref. I121 
Data from ref. [7] 

.. ... 
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TABLE 5 
Antiknock performance of substituted phenols 

and corresponding HBA's 

Compound ~ _____._ BRON Relative Effecti-veness 
( MTBE= 1 ) 

4-cresol (2%) 
HBA (2.5%) 

4-t-hutylphenol(0.5%) 
HBA (1%) 

4-t-octylphenol (1%) 
HBA (0.5%) 

3-cresol (2%) 
HBA (0.5%) 

__ Molar .. Weight .- 
221 3.41 2.79 
287 8.37 4.20 

173 
247 

128 
176 

191 
292 

2.91 1.76 
8.02 3.34 

1.87 0.80 
5.10 1.83 

2.62 2.14 
8.05 4.30 

3,s-xylenol (0.5%) 
HBA (0.5%) 

2.5-xylenol (0.5%) 
HBA (0.5%) 

Creosote (2%) 
HBA ( 2 % )  

124 
271 

1.01 
7.80 

0.72 
3.84 

169 
332 

121 
234 

2.32 1.68 
10.41 5.16 

0.65 
3.06 

_ _  
-- 

TABLE 6 
Change in fuel economy [energy basis] caused by added components 

(let power test, wide open throttle) 

!?_qmqP_ns Improvement in fuel economy (%)  

MTBE 
Methano 1 
Anisole 
Furan 
2-Me thy 1 furan 
Furfuryl alcohol 
tert-Butylamine 

Component concentration: 2% vol. 
Base gasoline: unleaded premium 
Spark timing: minimum for best torque 

3.1 
1.6 
0.9 
1.4 
3.1 
3.5 
2.9 
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A NEAR INFRARED REGRESSION MODEL FOR OCTANE 
MEASUREMENTS IN GASOLINES WHICH CONTAIN MTBE 

Steven M. Maggard 
Research and Development, P. 0. Box 391 

Ashland Petroleum Company 
Ashland, KY 41114 

Keywords : Near Infrared Octane Multiple Regression 

INTRODUCTION 

Near infrared (NIR) spectroscopy has emerged as a superior 
technique for the on-line determination of octane during the 
blending of gasoline. This results from the numerous advantages 
that NIR spectroscopy has over conventional on-line 
instrumentation. 

From an analytical standpoint the NIR is advantageous because the 
spectral data is related to chemical structure. The NIR is also 
a region of the spectrum where Beer's Law can be used to quantify 
results. This allows multiple regression analysis to be 
performed on wavelengths which correlate with chemical function- 
alities and a dependent variable like octane. Additionally, the 
technique is fast, has good repeatability, is objective, and can 
easily be adapted for continuous on-line operation. 

The increasing use of oxygenates as gasoline blending components 
has posed a special problem for NIR spectroscopists. This stems 
from the fact that oxygenates are only present in a small, but 
increasing, percentage of the blends a refinery produces. This 
can result in substantial errors in octane determinations by NIR 
on gasolines which contain oxygenated components. 

Methyl t-butyl ether (MTBE) is currently the oxygenated blending 
component of choice. MTBE is advantageous because it has a high 
blending octane, a low Reid vapor pressure, is relatively cheap, 
and does not form peroxides (1). 

The goal of this project was to develop a NIR regression model 
that could be used to predict pump octanes regardless of whether 
they contained MTBE. 

EXPERIMENTAL 

Approximately 175 samples were submitted to the Ashland Petroleum 
Automotive and Products Applications Laboratory for octane 
analysis by ASTM Methods D2623 and D2699 (2). 

One hundred and forty-three samples were used to form a box car 
distribution. 
within each 0.5 octane numbers across the pump (R+M/2) octane 
range of 8 4 . 5  - 94.0. The remaining samples were used to 
evaluate the performance of the knock engine laboratory. 

The box car consisted of a minimum of five samples 
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A NIRSystems model 6500 near infrared spectrometer was used for 
all data collection. The spectra were co-added and represented 
an average of 100 signals. 

The spectrophotometer was connected to an IBM PS-2 model 50 
computer for signal processing. The PC was also capable of 
transferring data to Ashland's Lexington Data Center. 

A thermostatic temperature controller was used to maintain the 
samples at 27OC 5 0.1. 
sample holders. All measurements were made in transmission mode 
using a path length of 20 mm. 

After data collection the absorbance spectra were converted to 
second derivative spectra using a subroutine of the NIRSystems 
(NSAS) software. The segment gap was 20. Derivatization 
provided a convenient means to normalize the spectra, increase 
band resolution, and to achieve better correlations with octane. 

Sealed quartz cuvettes were used for 

RESULTS AND DISCUSSION 

Figure 1 shows the absorbance spectra of the gasoline samples in 
the second overtone region of the NIR from 1100-1300 nm. Due to 
the absence of baseline resolution only two bands are readily 
apparent. The second overtone of the aromatic C-H stretch is 
centered at 1150 nm and the second overtone of the methyl C-H 
stretch is centered at 1192 nm (3). 

Figure 2 shows the second derivative near infrared (SDNIR) 
spectra of the gasoline samples in the second overtone region. 
In contrast to the absorbance spectra five distinct features can 
be seen. 

Because no band assignments had previously been reported in the 
SDNIR, band assignments were made by comparing the SDNIR spectra 
of the gasoline samples to the SDNIR spectra of model compounds. 

Figure 3 shows the SDNIR spectra of n-hexane and n-butylbenzene. 
The second overtone of the aromatic stretch can be seen between 
1130-1158 nm with a minima at 1144 nm. The position of the 
aromatic group can be deduced from the flatness of n-hexane's 
SDNIR spectrum in this region when contrasted to the band seen in 
the SDNIR spectrum of n-butylbenzene. Two other peaks, which can 
not be assigned at this time, are centered at 1202 and 1238 nm. 

Figure 4 shows the SDNIR spectra of 2,3,4-trimethylpentane and 
cumene. These compounds were chosen as model compounds because, 
with the exception of the aromatic group of cumene, these two 
compounds are composed entirely of methyl and methyne 
functionalities. No methylene groups are present in either 
compound. The second overtone of the aromatic C-H stretch is 
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again centered at 1144 nm. By comparing Figures 3 and 4 one can 
deduce that the second overtone of the methyl C-H stretch is 
centered near 1195 nm. This functionality is common to each of 
the four spectra shown in Figures 3 and 4 .  

It is also possible to assign the second overtone of the 
methylene and methyne groups in the SDNIR by comparing Figures 3 
and 4. The second overtone of the methylene C-H stretch is the 
band centered at 1238 nm in Figure 3. This can be inferred from 
its proximity to the second overtone of the methylene absorption 
band near 1220 nm and the presence of methylene groups in the two 
model compounds shown in Figure 3. 

The second overtone of the methyne C-H stretch in the SDNIR can 
be deduced from Figure 4. It must be the band centered between 
1212-1210 run since cumene and 2,3,4-trimethylpentane do not 
contain methylene C-H groups. 

Figure 5 shows the SDNIR spectra of MTBE and t-butylbenzene. The 
second overtone of the aromatic C-H stretch is centered at 1142 
run. The second overtone of the methyl group is centered near 
1196 nm for these two compounds. The t-butyl group is assigned 
to the bands centered near 1214 nm because neither of the 
compounds contains methylene or methyne functionalities. 

Figure 6 shows the band assignments for the SDNIR spectra of the 
gasoline samples. Based on the model compounds we assign the 
second overtone of the aromatic C-H stretch from 1138-1154 run 
with a minima at 1146 nm. The second overtone of the methyl C-H 
stretch is from 1174-1214 nm with a minima at 1194 nm. The 
region from 1214-1228 nm is assigned as a combination band 
originating from the second overtone of the methyne and t-butyl 
C-H stretches centered at 1224 nm. The second overtone of the 
methylene C-H stretch is positioned between 1230-1264 nm with a 
maxima at 1236 nm. 

Multiple linear regression was performed using the SDNIR spectra 
in the second overtone region. The second overtone of the 
methyne/t-butyl group at 1220 nm was picked first during the 
forward stepwise regression procedure. Later it was demonstrated 
that this wavelength showed the highest correlation with octane 
of any wavelength in the absorbance, baseline offset absorbance, 
first, second, third, or fourth derivative spectra over the 
wavelengths from 400-2500 nm. The regression model was completed 
using the second overtones of the methyl and methylene groups at 
1196 and 1238 nm, respectively. 

Tables 1 and 2 show the results of the multiple linear regression 
for these wavelengths. The standard error of the estimate was 
0.310. Originally a value of 0.343 was obtained. Four data 
values were removed because of apparent discrepancies and the 
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regression procedure was repeated to arrive at the standard error 
of the estimate shown in Table 1. This was later demonstrated to 
be justified based on a comparison of standard errors of 
prediction for the two models. The standard error of prediction 
shown in Table 1 was determined using the jackknife procedure. 
Details of this procedure appear elsewhere (3). 

The standard error of prediction of 0.326 pump octane units 
agrees nicely with the standard error of prediction of the knock 
engine laboratory we were calibrating against and ASTM 
guidelines. The knock engine lab had a standard error of 
performance of 0.323 pump octane units, and the inferred ASTM 
error over this octane range is 0.361 pump octane units. 

Table 3 shows a blind prediction set of 12 gasoline samples which 
contained MTBE in concentrations from 1-11 volume %. Excellent 
results are seen. The utility of this model can be appreciated 
by realizing that only -20% of the calibration samples contained 
any MTBE. This makes this model useful for all blends of 
gasoline currently being produced at Ashland Petroleum's 
refineries. 

From a chemical standpoint the regression model is also quite 
satisfactory and can be explained on the basis of the potential 
stability of free radicals generated by the functionalities 
incorporated into the model. This is related to octane because 
combustion is a free radical process. 

The methyne and t-butyl groups are capable of producing tertiary 
free radicals. This accounts for the large positive simple 
correlation of the second overtone of the methyne/t-butyl 
combination band with octane. This also accounts for the 
predicted increase in octane seen for increases in the 1220 nm 
band within the model. It was not possible to relate increases 
in the SDNIR spectra of the second overtone of the methyne/t-butyl 
absorption band, however. This appeared to stem from the 
transparent nature of this band in the absorbance spectra. 
Spectral subtraction of model compounds did show the band to be 
centered near 1240 nm, but generally the signal was too weak to 
be seen due to the relatively strong absorbance of the second 
overtone of the methylene and methyl C-H groups. 

Increases in the magnitude of the second overtone of the methyl 
and methylene SDNIR spectra, however, were related to increases 
in the second overtone of the absorbance spectra. This was 
determined by comparing the mean absorbance values at 1196 and 
1220 nm to the mean value at 1196 and 1238 nm in the SDNIR 
spectra for differing octane ranges. The data showed a 1:l 
relationship between the average absorbance measurement and the 
magnitude of the corresponding SDNIR band. 
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Some question initially arises in interpreting the role of methyl 
and methylene groups in this model. As expected the second 
overtone of the methylene group at 1238 run shows a negative 
simple correlation to pump octane and the methyl group at 1196 nm 
shows a positive correlation to pump octane. However, in terms 
of the model, increases in the methylene band add to the models 
estimate of pump octane and increases in the methyl band subtract 
from the overall prediction of octane. 

While the latter results do go against preconceived notions of 
the methyl and methylene groups relationship to octane, they fit 
nicely into an octane model based on potential free radical 
stability. 

To begin with it is important to realize that the relationship 
between the methyne, t-butyl, methylene, and methyl 
functionalities can only be interpreted in relationship to the 
model as a whole. For example, the variance in pump octane due 
to isoparaffins is frequently explained by the methyl and 
methylene groups. However, in this model all of the variance 
attributable to branching has already been explained by the 
methyne/t-butyl combination band. 
can be explained by the methyne/t-butyl band since the band will 
be proportionately lower as straight chain hydrocarbon content 
increases. 

The assumption that the variance explained by the methyne/t-butyl 
band is different from the variance explained by the methyl and 
methylene bands is also supported by the statistics used to 
verify the validity of the model. Most importantly the 
regression data showed an absence of multicollinearity and 
autocorrelation. This would not be expected if the 
functionalities were explaining the same variance. 

The other wavelengths used in this model are presumed to account 
for different types of variance in pump octane. For example, it 
is possible to explain the methylene group's positive 
relationship to pump octane in the model on the basis of its free 
radical stability. It can be seen from Figure 3 that 
n-butylbenzene shows a maxima near 1238. In terms of free 
radical stability this is significant because this is an 
indication that a benzyllic carbon is present. 

The negative relationship of the methyl band can readily be 
explained by its tendency to form primary free radicals. 

In summary a pump octane model was developed and shown to be 
Useful for gasolines containing 0-11 volume % MTBE. The 
wavelengths used in the model showed that functionalities that 
could give rise to benzyllic, tertiary, or secondary free 

Even the presence of paraffins 
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radicals were positively related to pump octane whereas primary 
free radicals bore a negative relationship. The strong 
relationship between potential free radical stability and octane 
is believed to occur because combustion is a free radical 
process. 
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Table 1. 
pump octane model. 

Multiple regression data for the 

r 
WAVELENGTH REGRESSION COEFFICIENT 
Cons t an t 85.79 

1220 nm 73.66 

SIMPLE CORRELATION 
- 

0.988 
J 

1196 nm 18.40 0.362 

1238 nm 33.04 -0.961 
b 

Table 3. A comparison of predicted pump octanes 
versus knock engine pump octanes for samples 
containing varying amounts of HTBE. 
I 

4 
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I DIFFERENCE 
IN PUMP 
OCTANE 

PERCENT I MTBE 1 ~~~~~~ I p:{j&p I 
89.2 88.900 -0.300 

92.15 92.054 -0.096 
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Figure 3. 
n-hexane and n-butylbenzene. 

The second deriuatiue of the near 1nFrared spectra of 

-1.148- 
-1.246-' 

11RE 1129 1157 1186 1214 it43 1271 1388 

Figure 4. 
C U ~ O ~ M  fisopropylbemene) and 2,3,4-triaethylpentane. 

The second derivative of the near infrared spectra of 

- .1?1 

-:E;$ <- > <-><- > 
-.961 aroaatlc Rethy1 Rethyne 

\ I  
-1.1y3 L * /  -I 

ilae tm 11!3 1186 1214 1243 it71 I300 

214 



/ 

Figure 5. The second derivative of the near infrared spectra of 
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Figure 6. 
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A new method based on laser attenuation was devised to accurately measure 
the phase separation and, in turn, the water tolerance of gasoline-methanol 
blends with and without cosolvents. Water tolerances were quantified for a 
variety of blends in model and actual gasolines, as well as in major 
refinery streams--alkylate, PCC gasoline, and reformate--which make up 
commercial gasoline pools. Regression analysis of the data shows that the 
water tolerance.behavior of blends with each cosolvent well-described by a 
correlation which includes cosolvent concentration, temperature, and base 
fuel hydrocarbon type. 

INTRODUCTION 

Refiners and marketers have been turning to oxygenates to meet increasing 
demands for gasoline pool octanes in light of more stringent volatility and 
fuel composition controls. Oxygenates which have become important as 
gasoline blending components include methanol (MeOH), ethanol (EtOH), 
isopropanol (IPA), t-butyl alcohol (TBA), and methyl t-butyl ether (MTBE). 
MeOH is generally the most attractive oxygenate from a strictly economic 
point of view, but its direct use as a blending component in current fuel 
systems can cause technical problems [l]. The most serious of these is the 
separation of blends into hydrocarbon and methanol phases when the water 
content exceed a critical level, i.e. the water tolerance. This problem is 
exacerbated at low ambient temperatures. 

Water tolerance is defined as the volume I water that a blend can retain in 
solution--ntolerateo-- at a given temperature without phase separation. 
The water tolerance of gasoline-Me08 blends can be improved by the addition 
of a cosolvent, which is typically a higher alcohol such as IPA or TEA. TBA 
has been identified as the most attractive cosolvent for most commercial 
gasolines, and mixtures of MeOH and TBA have been marketed as an oxygenate 
blending component for gasoline for some time [2] although such mixtures are 
currently in very limited use in the 8.S. 

Previous studies on the water tolerance of gasoline-methanol (MeOH) blends 
have been both qualitative [3,4] and quantitative [5,2] in nature. One 
quantitative study has investigated the water tolerance of gasoline-Me0H 
blends to compare the relative effectiveness of IPA vs. TBA as cosolvents in 
a regular grade leaded gasoline [SI. Other quantitative work [2] has 
examined the relative effectivenss of other alcohols in gasoline, as well as 
the effect of changing aromatics and cosolvent levels on phase separation 
temperatures. One study has reported findings on the effect of boiling 
point and hydrocarbon type in gasoline-Me0H mixtures with no cosolvent [6]. 
However, the effect of base gasoline composition over a wide range on the 
water tolerance of gasoline-MeOE-cosolvent blends has remained largely 
unexplored. 

In the current study, the water tolerance behavior of various gasoline-Me0E 
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blends using s e v e r a l  cosolvents  w a s  i n v e s t i g a t e d  t o  determine and compare 
t h e  e f f i c a c y  of t h e  cosolvents  and t h e  e f f e c t  of f u e l  composi t ion o v e r  a 
wide range. A s  p a r t  of t h i s  work, a u s e f u l ,  new technique based on l a s e r  
a t tenuat ion was devised t o  rapidly and r e l i a b l y  measure phase separa t ions .  

. EXPEEIMBNTAL 
Preparation of Blends 

Three unleaded gasolines--designated as Gasoline A,  B, and C--represent ing 
both regular  and premium grades,  and t h r e e  gaso l ine  blending s tocks  taken  
d i r e c t l y  from r e f i n e r y  s t r e a m s - - L i g h t  A l k y l a t e ,  FCC G a s o l i n e ,  and  
Reformate--were inc luded  f o r  s tudy  as base  f u e l s .  P r o p e r t i e s  of t h e s e  
materials a r e  given i n  Table 1. 

Three  c l a s s e s  of g a s o l i n e  hydrocarbon t y p e s  were s i m u l a t e d  by model 
compounds, as follows: 1) Satura tes  - 85 volX i-octane/ l5  vola  n-heptane; 
2) Olefins  - 50 vol% l-hexene/25 volX l-heptene/25 volX 1-octene;  and  3) 
Aromatics - 33 vol% beneene/34 v01X toluene/33 volX xylenes. 

The following reagent grade oxygenates were d r i e d  over 3 A  molecular s i e v e s  
before use i n  t h e  blends: MeOH, E t O H ,  IPA, TBA, and MTBF,. 

Blends were prepared by mixing the base f u e l  with 5 vola  YeOH, and 0, 2 .5 ,  
or 5 volX cosolvent--EtOH, IPA, TBA, or MTBE. The water c o n t e n t  of each 
MeOH/gasoline c o s o l v e n t  b lend  w a s  a d j u s t e d  us ing  a p r e c i s e  g r a v i m e t r i c  
method and w a s  measured d i r e c t l y  using a Brinkmann Model 652 Karl P i s c h e r  
Coulometer. 

Measurement of Phase Separation 

The method of de te rmining  t h e  water t o l e r a n c e  of a blend w a s  b a s e d  on 
measuring t h e  o p t i c a l  a t t e n u a t i o n  of a l a s e r  beam as it p a s s e s  through a 
f u e l  sample which is undergoing cool ing  [7]. A photodiode equipped w i t h  a 
laser l i n e  f i l t e r  is used t o  measure t h e  i n t e n s i t y  of t h e  t ransmi t ted  l a s e r  
beam, while a thermocouple is used t o  simultaneously measure t h e  temperature 
of t h e  sample. The output  vol tages  from the  photodiode and thermocouple are 
continuously monitored and recorded v i a  a c a l i b r a t e d  dual-pen s t r i p  c h a r t  
recorder .  

When t h e  sample undergoes a phase separa t ion ,  t h e  t r a n s m i t t e d  l a s e r  beam 
i n t e n s i t y  is a t t e n u a t e d  due t o  s c a t t e r i n g  caused by smal l  d r o p l e t s  of a 
second immiscible phase. The temperature which corresponds t o  t h e  i n i t i a l  
r a p i d  l o s s  of photodiode  s i g n a l  is r e c o r d e d  as t h e  phase  s e p a r a t i o n  
temperature. This  is t h e  temperature  of phase s e p a r a t i o n  f o r  t h e  g i v e n  
water leve l  i n  a base fuel/MeOH blend. Accordingly, t h e  water  t o l e r a n c e  a t  
t h i s  temperature is equal  t o  the  measured water  c o n t e n t  of t h i s  sample.  
Measurements were m a d e  over a temperature range of -118 t o  44'C, depending 
on t h e  f u e l  blend under considerat ion.  

A schematic diagram of t h e  apparatus is shown i n  Figure 1. 

RESULTS AND DISCUSSION 

Laser Attenuation Technique Improves Data Acquisition 

Water t o l e r a n c e  d a t a  were obta ined  on over  50 gasol ine-YeOH-cosolvent  
b l e n d s  (-200 d a t a  p o i n t s )  i n  t h i s  s t u d y  u s i n g  t h e  l a s e r  a t t e n u a t i o n  
t e c h n i q u e .  The c o l l e c t i v e  r e s u l t s  ( t o  be more e x t e n s i v e l y  r e p o r t e d  
elsewhere) demonstrated 
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t h e  u t i l i t y  of t h i s  e l e c t r o - o p t i c  approach  f o r  r o u t i n e  and r e l i a b l e  
laboratory measurement of phase t r ans i t i on  temperatures i n  f u e l  blends.  
Previous techniques  for such measurements, i nc lud ing  ASTM methods, have 
generally r e l i e d  on v i s u a l  observa t ion  by an opera tor  and manual record ing  
of the temperature as read from a thermometer. These techniques  a r e  o f t e n  
time consuming and s u b j e c t  t o  inconsis tent  v i sua l  observation by one or more 
ope ra to r s ,  and t h e i r  accu racy  can  be i n f l u e n c e d  by ambient  l i g h t i n g  
conditions. The cu r ren t  technique s ign i f i can t ly  a l l ev ia t ed  these problems. 

Water Tolerance ImDroves With Increasinr  TemDerature 

The water tolerance of gasoline/MeOH blends increases  wi th  temperature.  To 
i l l u s t r a t e  t h i s ,  water t o l e r a n c e s  a r e  p l o t t e d  v e r s u s  1 /T  f o r  g a s o l i n e  
A/MeOH/EtOH blends (Figure 2 ) ,  f o r  FCC gasoline/YeOH blends with and without 
TBA as  t h e  cosolvent (Figure 3), for  ref inery streams con ta in ing  MeOH alone 
(Figure 4) ,  f o r  reformate/YeOH blends with va r ious  cosolvents  (Figure 5), 
and f o r  alkylate/YeOH blends wi th  various cosolvents (Figure 6).  

The r e l a t ionsh ip  between the  water tolerance of a f u e l  blend and temperature 
is adequately described by equation (1) : 

In WT = m (1/T) + k (1) 

where 

WT is w a t e r  to lerance,  v o l I  

m ,  k a r e  constants  depending on the  nature  of t he  base 
f u e l  and t h e  nature and concentration of t he  cosolvent 

T is temperature,  'K 

This l i n e a r  r e l a t ionsh ip  between log  of water t o l e rance  and t h e  r ec ip roca l  
of t empera tu re  w a s  found t o  be v a l i d  f o r  a l l  f u e l s ,  c o s o l v e n t s ,  and 
concentration l e v e l s  invest igated i n  t h i s  study. 

In general ,  t he  h ighe r  the water to l e rance  of a given blend set, t h e  less 
sens i t i ve  t h a t  fuel/YeOH/cosolvent combination t ends  t o  be wi th  r e spec t  t o  
temperature (Figures  3-6). Table 2 g i v e s  t h e  c o n s t a n t s  m and k d e r i v e d  
from l i n e a r  l e a s t  squares  f i t s  of t h e  d a t a  from rep resen ta t ive  blend s e t s ,  
a s  well as the  corresponding water t o l e rances  a t  0 and 20°C c a l c u l a t e d  f o r  
t hese  b l ends .  The s l o p e ,  m ,  r e p r e s e n t s  t h e  s e n s i t i v i t y  of t h e  w a t e r  
tolerance of the blend with respect t o  temperature. 

For any g iven  MeOH/cosolvent combination, t h e  t empera tu re  s e n s i t i v i t i e s  
(slopes,  m) tend t o  decrease  i n  the  order  of a l k y l a t e ,  FCC g a s o l i n e ,  and 
reformate,  and s i m i l a r l y  decrease  i n  t h e  o r d e r  of s a t u r a t e ,  o l e f i n ,  and 
aromatics .  Th i s  d e c r e a s e  in t empera tu re  s e n s i t i v i t y  c o r r e l a t e s  w i t h  
increasing water to l e rance  as i l l u s t r a t e d  by the calculated water tolerances 
a t  0 and 20'C f o r  each  b l end  s e t  shown i n  Tab le  2 .  Th i s  s e n s i t i v i t y  
dec reases  as c o s o l v e n t  is added (Figure 3) and as t h e  e f f i c a c y  of t h e  
cosolvent improves (Figures 5 and 6 ) .  

Water Tolerance ImDroves As Aromatics In Base Fuel Increase 

The composition of t h e  base gaso l ine  has a s i g n i f i c a n t  e f f e c t  on t h e  water 
tolerance of blends containing IleOH. As indicated in Figure 4 and Table 2,  
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water tolerance increases in the following order for the refinery streams: 

Reformate > FCC Gasoline >> Alkylate 
For example, at O'C the water tolerances are 0.0724, 0.0309, 0.0019 volX 
for 5 volX YeOH blends of reformate, FCC gasoline, and alkylate, 
respectively, based on the data shown in Table 2. This relative ordering of 
water tolerance among base fuel types is generally maintained even upon 
addition of cosolvents, as indicated by the data in Table 2. For example, 
at O'C the water tolerances are 0.2152, 0.1649, and 0.0411 vol% for 5 volX 
YeOH/5 vol% EtOH blends of reformate, FCC gasoline, and alkylate. 

The relative water tolerance behavior observed for the refinery streams is 
coupled to the specific hydrocarbon types present in the stream, improving 
in the order of increasing concentrations of: 

Aromatics >> Olefins >> Saturates. 
This finding is confirmed by the model compound data shown in Figure 7 for 
YeOH blends with no cosolvent. Here, the water tolerance is 0.1575, 0.0431, 
and 0.0038 volX for 100% aromatics, 100% olefins, and 100% saturates, 
respectively. As before, this relative ordering persists in the presence of 
cosolvents as well, and is consistent with the relative contributions of 
both polar and hydrogen bonding effects of each hydrocarbon type [B]. 

Use of an aromatics-rich gasoline not only improves the water tolerance for 
a given YeOH blend, but also minimines the cosolvent volume required to 
attain a given water tolerance. For example, when TEA was used as the 
cosolvent to maintain a water tolerance of 0.1 vol% at O'C, the TEA 
concentration required was  1.0, 2.2, and 4.8 voll for 5 vol% MeOH blends of 
reformate, FCC gasoline and alkylate, respectively. 

Effectiveness of Cosolvent Increases With Concentration 

The water tolerance of gasoline/YeOH blends improves significantly by the 
addition of a cosolvent in increasing concentrations. For example, by 
adding 2.5 and 5 vol% of TEA to FCC gasoline/5 vol% MeOH blends, the water 
tolerances at O°C were increased from 0.032 to 0.11 and 0.24 volX, 
respectively (Figure 3). Similar effects were observed in the other base 
fuel blends. However, the effect of base fuel composition on water 
tolerance diminishes as the concentrations of cosolvent are increased. 

Effectiveness of Cosolvent DeDends on Its Structure 

The collective results confirm that higher alcohols are effective cosolvents 
for improving the water tolerance of MeOH/gasoline blends. The cosolvent 
behavior of MTBE, although poorer than the alcohols, indicates that ethers 
also can improve water tolerance of gasoline/MeOH blends. To illustrate this 
finding, the water tolerances of FCC gasoline/MeOH blends at O°C are 
plotted against cosolvent concentration in Figure 8. Between the dosages of 
2.5 and 5 volX, the cosolvent efficacies are 0.056, 0.056, 0.030, and 0.012 
volfA/volX for TBA, P A ,  EtOH, and MTBE, respectively. Consistent with this 
finding, and as illustrated in Figures 5 and 6, cosolvent performance for 
other fuel blends also generally follows the order: 

TEA - IF'A > EtOH > rpBB 
The relative cosolvent effectiveness shown above is consistent with trends 
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in solubility parameters [8] which show the balancing between contributions 
to nonpolar, polar, and hydrogen bonding for each of these oxygenate 
cosolvents as a function of structure. 

As the temperature increases, the relative differences in efficacy of each 
cosolvent begin to diminish (Table 2). At 2OoC, EtOB begins to approach 
the effectiveness of TEA and IPA in many blends. However, because 
wintertime transport, storage, and use of gasoline/MeOH blends is where 
phase separation problems are likely to occur, higher alcohols such as P A  
or TBA would be preferred cosolvents. 

Denression Analysis Provides Good Correlation for Water Tolerance Prediction 

The &ter tolerance of a MeOB/cosolvent blend can be expressed in terms of 
the collective effects of temperature, base fuel hydrocarbon type, and 
cosolvent concentration as follows: 

where 

pcasolvmt is in vol% 

Sat, Olef, Arom are in vol% and derived from PIA analysis of 
is temperature in OC 

the base fuel 

Equation 2 closely approximates the observed water tolerance behavior of all 
base fuel/YeOB/cosolvent blends examined in this study and is the result of 
a multiple linear regression analysis of all data obtained for blends 
prepared in this study. The results of the analysis are summarized in Table 
3, which gives the coefficients (at the 95% significance level) for each 
term i E uation 2 for each cosolvent. The correlation coefficient for each 
fit, r4, :s also given, as is the number of data points considered. 

The correlation coefficients indicate that Equation 2 fits the observed data 
well, despite that the temperature dependence was linearized in terms of a 
quadratic instead of a log c vs. 1/T relationship for convenience. Non- 
linearities evident in the cosolvent concentration dependence data (Figure 
8) were not statistically strong enough over the whole range to warrant a 
non-linear concentration term. 

The results shown in Table 3 tie together the main findings discussed 
separately above. For example, the relative ordering of cosolvent efficacy 
is reflected in the values of the relative coefficients c across a wide 
range of temperatures and compositions (TBA > IPA > EtOB >> MTBE). 
Similarly, the relative ordering of chemical type effects on water tolerance 
is reflected in the relative coefficients s, 0 ,  and a across a wide range of 
temperatures and compositions (Aromatics >> Olefins >> Saturates). Although 
this correlation may not accurately predict water tolerances at the extremes 
of concentration, temperature, and composition (for example, 100% saturates 
at O°C and no cosolvent), it offers the potential to be a useful tool for 
predictive evaluation of YeOB/cosolvent blend behavior in a variety of 
practical gasoline compositions. 

B. A. Jones is gratefully acknowledged for her significant contributions to 
the experimental portion of this work. 
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AlkLak2 
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Yotor Octmo Number 91.2 

Ramid-Yapopor Proaauro, pai 8.3 

Dietillation. .P - 101 - 50% - 901 

185 
21s 
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Trblo 1 

B u ~  Fuel Propertion 

FCC, Gaaoline Caaolina G-olina 
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98.9 93.4 97.8 

89.1 80.7 87.3 

7.7 9.5 13.7 

141 118 
247 223 
330 381 

81 33 54 
2 38 1 
38 31 45 

31 38 
3 15 
88 49 
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Tabla 2 

Effec t  of Temperature on Water Tolormsa:  
Constmtm for Eg. (1) 1nC - m l W / T  + k 

m d  c d s u l a t o d  m t a r  to le ranca  a t  O'C and 20.C 

Fuel 81es4. 

Alk-,lata/YaOH 
r m  
+ EtOH 
+ I P A  
+TEA 

FCC C-olino/YoOH 
1 YTBB 
+ EtOH 
+ IPA 
+ T B A  

Rofo-to/YaOH 
+ YTBB 
+ E t O H  
+ I P A  
r m  

1 W X  SaturPtom/YeOH 
+ YTBB 
+ E t O H  
+TEA 

100% Olafin~/YaOH . u r n  
+ E m  
+ T B A  

1 W X  Ar-tis~/neOH 
+ m  
+ B t w  
+ T E A  

-EL 

-7.082 
-4.729 
-3.388 
-1.917 
-1.728 

-2.143 
-1.342 
-1.716 
-1.425 
-1.037 

-1.781 
-0.835 
-0.814 
-0.429 
-0.451 

-4.739 
-4.234 
-6.699 
-1.948 

-2.081 
-2.ooo 
-1.821 
-1.142 

-1.862 
-0.737 
-0.755 
-0.627 

k 
19.84 
12.99 
9.205 
4.870 
4.178 

4.369 
2.484 
4.480 
3.734 
2.321 

3.822 
0.907 
1.444 
0.169 
0.313 

11.789 
11.279 

4.998 

4.401 
4.875 
4.133 
2.871 

4.932 
1.118 
1.920 
1.382 

ia.on7 

W.T. 0 0.C 

.W19 
,0133 
,0411 
,0956 
,1173 

.03W 
,0381 
,1849 
.2mo 
,2187 

.0724 
,1275 
,2162 

,2823 

,0038 
.0147 
,0283 
.1193 

,0431 
,0708 
,1861 
.22w 

,1576 
,2056 
.ooo 
.4011 

.zaa 

W.T. 0 20.C 

,0109 
,0432 
,0958 
,1642 
.1805 

,0528 
,1232 
.2532 
,3140 
.2963 

,1126 
,1670 
,2838 
,2741 
.2936 

.012e 
,0423 
.1a80 
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,0721 
,1188 
,2474 
,2939 

.2502 
,2471 
,6191 
.4891 

Fuel blond- contain 6 r o l l  YoOB and. for tho.. conta in ing  a 
co.ol.ont, 6 rolX soeo1v.nt. 

h!2hrLL9 0 4,- & A 
NOnO - ,00174 -.woo1 -.oooa4 
UTBE ,01089 ,00189 ,00001 -.W40 
BtOB ,03138 .ooJM .ooOOl -.W104 
IF.A .03378 .M)228 .wool -.ooo55 
TEA .03WS .ma63 .wool -.oooTI 

In fue l  blend. containing 5 r o l l  YoOH 

0 

,00042 
,00023 
. W 1 3  
.MX130 . W 2 0  

A 

,00140 
,00140 
. ooaw 
.00150 . W166 

Number 
of 

0.- 
B7iuL2 

19 
88 
73 
4.3 
.sa 

Corre la t ion  

2- 

.8492 
,9188 
,9080 
,9182 
.9804 

Cooffjci.nt, 

282 



rh 

1 
E 

WATER TOLERANCE: FCC/nEOH/TBA BLENDS 

3.1 I 4.a a 
I l l  X 10.3. In 

I""* I 

WATER TOLERANCE: GASOLINE A/UEOH/ETOH BLENDS 

IIl  X 10.3. In 

c 

e .I 

9 
f .o 

.m 

283 



mu&?' - 3  

WATER TOLERANCE: REFORMATE/MEOH/COSOLVENT BLENDS WATER TOLERANCE: ALKYLATE/MEOH/COSOLVENT BLENDS 

- 7  

WATER TOLERANCE: MOOEL FUEL/MEOH BLENDS 
WATER TOLERANCE: EFFECT OF COSDLVENT TYPE AND CONC 

COSOLMNT CCUCENIRAIIOH. v a  a 

284 



CHEMICAL RELATIONSHIPS I N  ETHANOL 
AND NON-ETHANOL FUELS 

C u r t i s  L. Knudson, Diane K. R ind t ,  and A r t h u r  L .  Ruud 
Energy and Environmental  Research Center 

U n i v e r s i t y  o f  Nor th  Dakota 
U n i v e r s i t y  S ta t i on ,  Box 8213 

Grand Forks, ND 58202 

Keywords: Gasol ine,  Ethanol ,  Benzene 

INTRODUCTION 

The U.S. n a t i o n a l  t r a n s p o r t a t i o n  f u e l  supply i s  changing s i g n i f i c a n t l y  because o f  
environmental  p ressure  t o  reduce carbon monoxide, ozone, hydrocarbon, and lead  
emissions. The d e s i r e  t o  rep lace  pe t ro leum f u e l s  w i t h  a l t e r n a t i v e  f u e l s  because 
o f  wor ld  shortages and c o s t  has abated b u t  w i l l  reappear again as w o r l d  demand f o r  
petroleum approaches supply.  The v a r i e t y  o f  gaso l i ne  f u e l  b lends i s  becoming and 
w i l l  be more v a r i e d  i n  the  f u t u r e .  The goal  o f  t h i s  research  i s  t o  t r a c k  changes 
o f  the  chemical compos i t ion  o f  c u r r e n t  and emerging t r a n s p o r t a t i o n  f u e l s  by 
p rov id ing :  1) a survey o f  gaso l i ne  chemical compos i t ion  a t  t he  pump f rom ten  s i t e s  
throughout the  U.S., 2) da ta  on seasonal chemical changes i n  g a s o l i n e  i n  a "ho t "  
and a "co ld "  community, (3 )  a n a l y t i c a l  da ta  f o r  t r a c i n g  ac tua l  f u e l - r e l a t e d  engine 
problems t o  c o n s t i t u e n t s  i n  gaso l ine ,  and 4 )  foundat iona l  da ta  f o r  t r a c k i n g  
changes i n  chemical compos i t ion .  Th is  paper dea ls  w i t h  the  a n a l y t i c a l  methods 
be ing  used t o  " f i n g e r p r i n t "  t he  over  180 f u e l  samples t h a t  w i l l  be analyzed i n  
t h i s  study. 

Gas chromatography (GC) ana lys i s  separates v o l a t i l e  o rgan ic  m ix tu res  i n t o  
i n d i v i d u a l  compounds depending on GC cond i t i ons .  Th is  can p rov ide  i n f o r m a t i o n  on 
the  i d e n t i t y  o f  t h e  compounds present  as we l l  as q u a n t i t a t i v e  da ta .  Q u a n t i t a t i o n  
i s  compl ica ted  by peak ove r lap  and d e t e c t o r  response t o  i n d i v i d u a l  compounds. 
Whereas most hydrocarbons i n  pe t ro leum der i ved  f u e l  have s i m i l a r  response f a c t o r s ,  
e thano l  has a s i g n i f i c a n t l y  lower response f a c t o r  and does no t  e l u t e  i n  the  proper  
b o i l i n g  p o i n t  p o s i t i o n  r e l a t i v e  t o  normal alkanes. These d i f f i c u l t i e s  r e q u i r e  a 
more invo lved GC method and c a l c u l a t i o n s  t o  analyze f u e l  b lends  and t o  r e l a t e  them 
t o  d i s t i l l a t i o n  da ta .  

Proton nuc lea r  magnet ic resonance spectroscopy (NMR) prov ides  da ta  on t h e  hydrogen 
d i s t r i b u t i o n  i n  o rgan ic  l i q u i d s  and i s  r e l a t i v e l y  easy and f a s t  t o  ob ta in  on 
l i q u i d  samples. Minimal i n fo rma t ion  i s  ob ta ined f o r  m ix tu res  o f  compounds 
con ta in ing  s i m i l a r  f u n c t i o n a l  groups. For  ins tance,  a m i x t u r e  o f  normal alkanes 
w i t h  on l y  -CH -and -CH groups would g i v e  a s imp le  spectrum and no s i n g l e  alkane'  
cou ld  be q u a n t i f i e d .  kowever, when compounds a re  present  i n  a b u l k  m i x t u r e  t h a t  
con ta in  p ro tons  which resonate  i n  a unique NMR r e g i o n  (such as e thano l  o r  benzene 
i n  gaso l i ne ) ,  r a p i d  i d e n t i f i c a t i o n  o f  these compounds and t h e i r  q u a n t i t a t i o n  i s  
poss ib le .  Pro ton  NMR, the re fo re ,  becomes much more use fu l  f o r  ana lyz ing  m ix tu res  
t h a t  con ta in  a w ide r  v a r i e t y  o f  f u n c t i o n a l  groups. 

EXPERIMENTAL 

Gas ChromatoqraDhy 

The gas chromatography (GC) work was done w i t h  a Hewle t t -Packard  Model 5890 GC 
connected t o  an HP 3396A i n t e g r a t o r  w i t h  da ta  t r a n s f e r  t o  an IBM compat ib le  PC. 
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Ethylcyclohexane ( 0 . 1  9 )  was mixed w i t h  2 grams o f  t he  gaso l i ne  sample f o r  u s e  as 
an i n t e r n a l  standard.  The GC ana lys i s  c o n d i t i o n s  were as f o l l o w s :  

Column: Supelco Petrocol-DH, l O O m  x 0.25 mm I . D . ,  0.5 

C a r r i e r :  
I n j e c t o r :  IZn jec t ion  s p l i t  r a t i o :  100:l 
Detec t i on :  FID w i t h  30 ml/min o f  N make-up 
Oven Temp. Prgm: 30 t o  35OC a t  0.5'/min then  2'/min t o  320°C 
C r i t i c a l :  The i n j e c t o r  i n s e r t  (unpacked m ix ing  chamber) was 

mic ron  f i l m  
H , l i n e a r  v e l o c i t y  o f  34 cm/s se t  a t  320°C 

d e a c t i v a t e d  w i t h  HMDS and DMOCS (1). 
Proton NMR Spectroscopy 

A l l  o f  t h e  p ro ton  n u c l e a r  magnet ic resonance spec t ra  were determined on a Var ian 
XL200 NMR Spectrometer.  I t s  47-KGauss magnet has a wide bore and superconduct ing 
so leno id  t h a t  opera ted  a t  l i q u i d  he l ium temperatures.  The p ro ton  probe used 5- 
mm sample tubes and observed t h e  protons a t  a f requency o f  200 MHz w h i l e  sp inn ing  
the  samples between 25 and 30 Hz. The gaso l i ne  samples were prepared f o r  ana lys i s  
by d i l u t i n g  40 m i c r o l i t e r s  o f  t he  sample w i t h  one m i l l i l i t e r  o f  deutera ted  
methylene c h l o r i d e  t h a t  con ta ined  0.25% t e t r a m e t h y l s i l a n e  as an i n t e r n a l  re fe rence  
standard.  The spec t ra  were ob ta ined us ing  a 90 degree f l i p  ang le  and 5-second 
de lay  between pu lses  f o r  a t o t a l  o f  100 pu lses .  A l l  spec t ra  a re  s to red  on 5.25 
i nch  f l oppy  d i s k s .  

RESULTS AND DISCUSSION 

Ease Gasol ine Ana lys i s  b y  GC 

The GC system was c a l i b r a t e d  w i t h  a se r ies  o f  known compounds: methanol, e thano l ,  
n-pentane, 2,Z-dimethylbutane, 2,3-dimethylbutane, 2-methylpentane, 3 -  
methylpentane, hexane, benzene, cyclohexane, i so-oc tane,  heptane, t o1  uene, n- 
octane, ethylbenzene, o-xylene, decane, and naphthalene. Re ten t i on  i ndex  and 
response f a c t o r  i n f o r m a t i o n  was determined f o r  these compounds. I t  was found 
t h a t  when e thano l  con ten t  was over 3 wt%, i t s  response f a c t o r  was non- l i nea r .  
However, i f  t h e  sample was d i l u t e d ,  compounds present  i n  smal l  amounts were n o t  
de tec ted .  A p o s s i b l e  s o l u t i o n  t o  t h i s  paradox i s  t o  use GC t o  pe r fo rm a base 
gaso l ine  ana lys i s  ( a l l  compounds except e thano l )  on a neat  sample and t o  determine 
ethanol  con ten t  on a d i l u t e d  sample, o r  by us ing  a d i f f e r e n t  method ( i . e . ,  NMR 
spectroscopy).  

F igure  1 d e p i c t s  t h e  computer generated GC p r o f i l e  and s imu la ted  d i s t i l l a t i o n  
curve .  Each peak i s  rep resen ted  by a l i n e  equal t o  i t s  area% p l o t t e d  a t  i t s  
r e l a t i v e  e l u t i o n  p o s i t i o n  t o  t h e  b o i l i n g  p o i n t s  o f  normal alkanes ( t h e  h o r i z o n t a l  
sca le  i s  0 t o  250'C). One sample (w i thou t  e thano l )  was analyzed f i v e  t imes and 
the  area% standard d e v i a t i o n s  were ca l cu la ted  f o r  each o f  211 peaks. The r e s u l t s  
a re  dep ic ted  i n  F igu re  2. F o r  peaks under 0.2 area%, t h e  s tandard  d e v i a t i o n  was 
UP t o  lo%, w i t h  o n l y  a few p o i n t s  o f f  sca le  above 10%. For peaks o f  over  0.2 
area%, s tandard  d e v i a t i o n s  o f  under 3% were ob ta ined.  F igu re  3 d e p i c t s  the  f i v e  
over layed s imu la ted  d i s t i l l a t i o n  da ta  f o r  these analyses. E s s e n t i a l l y  one 
broadened l i n e  was ob ta ined.  The do t ted  l i n e  i s  ASTM 086 d i s t i l l a t i o n  data.  
The GC s imu la ted  d i s t i l l a t i o n  emphasizes the  l o w  b o i l i n g  reg ions .  Th is  i s  due t o  
a d i f f e rence  i n  response f a c t o r s  o f  e a r l y  and l a t e r  e l u t i n g  alkanes f o r  t he  GC 
cond i t i ons  used i n  t h e  a n a l y s i s  and t o  e a r l y  hang-up o f  m a t e r i a l  du r ing  
d i s t i l l a t i o n .  A f a c t o r ,  t o  c o r r e c t  f o r  response f a c t o r  d i f f e r e n c e s  and column 
in f luences  on t h e  e l u t i o n  p o s i t i o n  versus b o i l i n g  p o i n t ,  i s  p lanned t o  enable GC 
da ta  t o  b e t t e r  approximate d i s t i l l a t i o n  data.  
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Determinat ion  o f  Ethanol  i n  Gasol ine bv NMR 

Proton NMR observes t h e  hydrogen atoms i n  a compound. I t d i f f e r e n t i a t e s  them by 
the  f u n c t i o n a l i t y  t hey  a re  i n  and ad jacent  f u n c t i o n a l i t i e s .  A t y p i c a l  NMR 
spectrum o f  gaso l i ne  i s  shown i n  F igu re  4. D i f f e r e n t i a t i o n  o f  s p e c i f i c  compounds 
due t o  the  presence o f  unique pro tons  i s  ev ident ;  p r i m a r i l y  e thano l ,  benzene, and 
MTBE. 

The p ro ton  NMR spec t ra  o f  a se r ies  o f  gaso l i ne  samples sp i ked  w i t h  known amounts 
of e thano l  were ob ta ined us ing  the  normal p ro ton  p u l s i n g  sequences. Each spectrum 
was i n t e g r a t e d  over each o f  t he  i n t e g r a l  reg ions  no rma l l y  used f o r  gaso l i ne  
samples. The da ta  was reduced a f t e r  e l i m i n a t i n g  t h e  base l i ne  reg ions  f rom 10.00 
t o  8.15 ppm, 6.60 t o  6.00 ppm, 4.60 t o  3.75 ppm, and 0.40 t o  0.06 ppm from the  
t o t a l  area, along w i t h  t h e  so l ven t  peak area, 5.36 t o  5.25 ppm. The d a t a  was then 
normal ized t o  100%. The i n t e g r a l  r e g i o n  from 3.75 t o  3.50 ppm i s  t o t a l l y  unique 
t o  the  methylene pro tons  o f  t h e  e thano l  i n  t h e  g a s o l i n e  samples, t hus  t h e  
normal ized area o f  t h i s  i n t e g r a l  shou ld  be d i r e c t l y  p r o p o r t i o n a l  t o  t h e  
concen t ra t i on  o f  t he  e thano l .  A summary o f  t h e  e thano l  sp i ked  g a s o l i n e  samples 
i s  presented i n  Table 1 .  The c a l c u l a t e d  vo l% and c a l c u l a t e d  w t %  da ta  were 
determined by l i n e a r  regress ion  ana lys i s  o f  t h e  NMR area% and cor respond ing  
ethanol  concen t ra t i on  o f  t he  standards f rom 0 t o  12 vo l% e thano l .  The volume % 
ethanol  versus NMR area% gave a reg ress ion  l i n e  desc r ibed  by t h e  formula,  
y=O.2822x.t 0.02443, where y i s  t h e  NMR area% and x i s  t he  e thano l  ~ 0 1 % .  The w t %  
da ta  gave the  l i n e  y=0.26087x t 0.00475, where x i s  t h e  w t %  e thano l .  The e r r o r  
i s  h ighe r  a t  e thano l  concent ra t ions  over  13 w t % .  F igu re  5 shows t h e  da ta  
g r a p h i c a l l y  f o r  t he  samples con ta in ing  0 t o  13 w t %  e thano l .  

Determinat ion  o f  Benzene i n  Gaso l ine  by NMR 

The p ro ton  NMR spectrum o f  gaso l i ne  g i ves  a s i n g l e  resonance f o r  benzene i n  t h e  
reg ion  between 7.31 and 7.42 pprn s ince  benzene con ta ins  s i x  equal p ro tons .  Th is  
reg ion  i n  the  gaso l i ne  samples was n e a r l y  devo id  o f  i n t e r f e r i n g  resonances, which 
a l lows c a l c u l a t i o n  o f  benzene concen t ra t i ons  i n  the  g a s o l i n e  samples. The 
standards used were sp iked gaso l i ne  samples f rom 0 t o  5% added benzene. The 
spectrum o f  each standard was i n t e g r a t e d  and normal ized  i n  t h e  same manner as t h e  
ethanol  standards.  Since t h e  base gaso l i ne  conta ined some benzene ( t h e  .same 
gaso l i ne  was used f o r  each standard),  t he  area o f  i t s  benzene peak had t o  be 
subt rac ted  from t h e  benzene peak areas o f  standards w i t h  added benzene. Th is  
added benzene area was then  used i n  the  l i n e a r  reg ress ion  a n a l y s i s  o f  t h e  benzene 
standards presented i n  Table 2. Here the  c a l c u l a t e d  vo l% and w t %  da ta  a re  f rom 
the  reg ress ion  l i n e s  descr ibed by y=0.50497x + 0.0437 f o r  t h e  vo l% and y=0.4274x 
t 0.0284 f o r  t he  wt%, where y i s  t h e  NMR area% and x i s  t h e  vo l% o r  w t % .  From 
t h i s  data,  the concen t ra t i on  o f  benzene i n  the  base gaso l i ne  s tandard  can a l so  be 
ca l cu la ted .  The base gaso l i ne  has a benzene area% o f  1.6583, which c a l c u l a t e s  t o  
3.20 vo l% and 3.81 w t %  benzene. 

Data Base Genera t ion  

I f  methanol were present  it would a l s o  be de tec ted  by t h i s  method. 

A computer da ta  base i s  p resen t l y  be ing  generated f o r  a s u i t e  o f  samples us ing  the 
p r e v i o u s l y  descr ibed methods con ta in ing  GC and NMR data .  The i n i t i a l  use o f  t h e  
data base i s  t o  determine the  range o f  va r ious  gaso l i ne  b lends  be ing  used by  
consumers i n  the  U . S . ,  how gaso l i ne  blends va ry  w i t h  a d d i t i v e s  (BTX and e thano l ) ,  
and how b lends  vary  seasona l ly  and over  s h o r t e r  t ime  pe r iods .  Fu tu re  work w i l l  
i nvo l ve  c l o s e l y  i n t e g r a t i n g  the  da ta  base t o  p r e s e n t l y  used g a s o l i n e  s p e c i f i c a t i o n  
data and t o  engine performance. 

287 



CONCLUSIONS 

The p r e f e r r e d  method o f  gaso l i ne  ana lys i s  f o r  t h i s  s tudy  i s  a combined GC and 
p ro ton  NMR ana lys i s .  Th i s  method w i l l  p r o v i d e  an a n a l y t i c a l  " f i n g e r p r i n t "  o f  
gaso l i ne  samples f o r  use i n  de termin ing  unique c h a r a c t e r i s t i c s  a f f e c t i n g  engine 
performance. The method encompasses a "neat "  ana lys i s  o f  t h e  gaso l i ne  sample by 
GC f o r  i d e n t i f i c a t i o n  and q u a n t i t a t i o n  o f  components, completed by NMR ana lys i s  
f o r  the  de te rm ina t ion  o f  f u n c t i o n a l i t i e s  p resen t  as w e l l  as ethano l  and benzene 
q u a n t i t a t i o n .  A l l  samples i n  t h e  study a r e  be ing  analyzed by t h i s  method and 
a d d i t i o n a l  research  d a t a  w i l l  be completed on s e l e c t  samples t o  f u r t h e r  d e f i n e  
CHN, S, water,  l e a d  and s o l i d s  conten t ,  as w e l l  as  s p e c i f i c  g r a v i t y  and d e n s i t y  
de terminat ions .  D e t a i l e d  component ana lys i s  by GC/FTIR/MS w i l l  a l s o  be performed. 
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TABLE 1 

ETHANOL CONCENTRATION BY NMR 

Concent ra t ion  NMR Ca lcu la ted  
v o l %  w t %  area% vo l% w t %  

0 0.0 
2 2.35 
4 4.39 
4 4.39 
8 8 .73  

10 10.92 
12 13.02 
50 52.67 
75 11.17 

0.0736 
0.5280 
1.1752 
1.1118 
2.3361 
2.8259 
3.4089 

16.3733 
24.8332 

0 . 1 1  
1.78 
4.08 
3.85 
8.19 
9.93 

11.99 
57.93 
87.91 

0.26 
2.01 
4.49 
4 . 2 4  
8.94 

10.81 
13.05 
62,75 
95.11 
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TABLE 2 

BENZENE CONCENTRATION BY NMR 

Concentration NMR Calculated 
VOl% WtX area% vol% Wt% 

I 0.0 0.0 
0.5 0.61 
1.0 1.23 
1.5 1.84 
2.0 2.39 
2.5 3.02 
3.0 3.62 
4.0 4.73 
5.0 5.92 

0.0 
0.3734 
0.5559 
0.8151 
1.0895 
1.2479 
1.5253 
1.9622 
2.6711 

0.04 0.03 
0.65 0.81 
1.01 1.23 
1.53 1.84 
2.07 2.48 
2.38 2.85 
2.93 3.50 
3.80 4.52 
5.20 6.18 

100 

m 

Figure 1. Computer generated GC profile and simulated 
di sti 1 1  ation curve. 
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Figure 2 .  Area percent standard deviat ions f o r  one gasoline 
sample analyzed f i v e  times by G C .  
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Figure 3 .  Overlay o f  f i v e  simulated d i s t i l l a t i o n  curves for  
one sample (-), wi th  corresponding ASTM 086 
d i s t i l l a t i o n  ( - - - - ) .  
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Figure 4. Typical NMR spectrum o f  gasoline depicting 
identified components and functional groups. 
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Figure 5. Ethanol content by NMR, vol% and wt%. 
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