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INTRODUCTION 

I n  cons ide r ing  sha le  o i l  as an a l t e r n a t i v e  and complement t o  
petroleum as a feeds tock  f o r  p roduc t i on  o f  l i q u i d  f u e l s ,  impor tan t  
compos i t iona l  d i f f e rences  i n  t h e  heteroatom components must be taken i n t o  
account. Some heteroa tomic  compounds, c o n t a i n i n g  N, S, o r  0, i n f l u e n c e  bo th  
t h e  thermal s t a b i l i t y  and s to rage  s t a b i l i t y  o f  t h e  l i q u i d  fue l s .  Thermal 
s t a b i l i t y  i s  t h e  r e s i s t a n c e  of a fue l  t o  fo rma t ion  o f  depos i t s  on sur faces  
w i t h i n  t h e  f u e l  system o f  an opera t i ng  v e h i c l e ,  and s to rage  s t a b i l i t y  i s  t h e  
res i s tance  o f  a f u e l  t o  fo rma t ion  o f  gums (bo th  s o l u b l e  gums and i n s o l u b l e  
sediments) under f u e l  s to rage  cond i t i ons .  Thermal depos i t s  can f o u l  
f u e l / l u b r i c a t i n g  heat  exchangers causing decreased e f f i c i e n c y  and s to rage  
depos i ts  can p l u g  f i l t e r s .  

depos i t  f o rma t ion  i n  j e t  and d i e s e l  f u e l s  and t o  c h a r a c t e r i z e  t h e  depos i ts .  
I n s o l u b l e  sediments a re  t h e  undes i rab le  m a t e r i a l s  f o r  these f u e l s  s i n c e  they  
a r e  i n j e c t e d  i n t o  engines as l i q u i d s .  The r a t e  o f  sediment fo rma t ion  can be 
determined by t r a d i t i o n a l  q u a n t i t a t i v e  g r a v i m e t r i c  procedure,  u s u a l l y  a t  
temperatures o f  4 3 O C  o r  h ighe r .  
weeks or  months, depending on s t r e s s  temperature,  t o  develop amounts o f  . 
sediments which can be measured r e l i a b l y .  However, f u e l  s to rage  degradat ion  
can be mon i to red  i n  t h e  e a r l y  stages by l a s e r  l i g h t  s c a t t e r i n g  o f  deve lop ing  
p a r t i c l e s  a t  ambient temperature.  
exper iments,  i n  t h e  presence o f  c e r t a i n  he teroa tomic  compounds, we hope t o  
f i n d  out q u i c k l y  which o f  these compounds a r e  d e l e t e r i o u s  t o  f u e l  s t a b i l i t y .  
S t a b i l i t y  i n f o r m a t i o n  of t h i s  k i n d  i s  u s e f u l  i n  t h a t  r e f i n i n g  process 
cond i t i ons  can then be s e l e c t e d  which w i l l  m in imize  f u e l  degradat ion  th rough 
removal of t h e  d e l e t e r i o u s  compounds. U l t i m a t e l y ,  i t  w i l l  be impor tan t  t o  
know the  t r a d e - o f f s  betwen processes o f  v a r y i n g  s e v e r i t y  f o r  removing these 
compounds and mod i fy ing  t h e  f u e l  s t a b i l i t y .  

EXPERIMENTAL 

The purpose o f  t h i s  research  i s  t o  f i n d  mechanisms o f  s to rage 

These procedures r e q u i r e  s to rage t imes  of  

By c a r r y i n g  ou t  e x t e n s i v e  l i g h t  s c a t t e r i n g  

Laser l i g h t  s c a t t e r i n g  measurements were c a r r i e d  ou t  w i t h  a 
photometer desc r ibed  by Ber ry  (1) m o d i f i e d  by i n t r o d u c t i o n  o f  a l a s e r  l i g h t  
source. 
were used. The Pyrex c e l l s  were i n  t h e  form o f  t r u n c a t e d  cones, i n  order  t o  
reduce t h e  s t r a y  l i g h t  p i ckup  by the  de tec to r .  
of s u b s t i t u t e d  qu ino l i nes ,  p y r i d i n e s  and i n d o l e s  on depos i t  fo rmat ion ,  we 

Small l i g h t - s c a t t e r i n g  c e l l s  o f  t h e  design by Dand l iker  and Kraut (2)  

I n  o r d e r  t o  study t h e  e f f e c t s  
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adapted the  method of Dah l i n  e t  a l .  (3)  o f  o b t a i n i n g  t h e  amount of "depos i ted  
gum" from t h e  weight ga in  of a g lass  cover s l i p  (22 x 40 mm) p laced i n  a 150- 
m l  Pyrex beaker (bo t tom su r face  area 21.61 cm ) c o n t a i n i n g  50 m l  of l i q u i d  
fue l .  

Degradat ion produc ts  ob ta ined by heat s t r e s s i n g  (80-120°C) f u e l s  
enr iched w i t h  s p e c i f i c  he teroa tomic  compounds (500 ppm n i t r o g e n  concen t ra t i on )  
were analyzed by nuc lea r  magnet ic resonance technique. For depos i t s  which a re  
so lub le  i n  CDC13, bo th  90 MHz and 600-MHz spec t rometers  were used. The l a t t e r  
ins t rument  operates a t  magnet ic f i e l d  o f  140.9 kgauss, t h e  h ighes t  magnet ic 
f i e l d  poss ib le  today, and has been used by Hara e t  a l .  (4)  t o  study t h e  very  
complex coa l -der ived  l i q u i d s .  
magic-angle sp inn ing ,  s o l  i d - s t a t e  carbon-13 NMR spec t ra  were ob ta ined on a 

t h e  carbon n u c l e i  was done under Hartman-Hahn match ing  c o n d i t i o n s .  
was packed i n t o  a b u l l e t  r o t o r  and spun a t  approx imate ly  2500 Hz, and 
sidebands were suppressed u s i n g  t h e  Dixon Sideband Suppression technique. 

For depos i ts  which are  i n s o l u b l e  i n  CDC13, 

XL-200 superconduct ing spectrometer a t  50.3 MHz. Cross p o l a r i z a t i o n  o f  
The sample 

RESULTS AND DISCUSSION 

(A) Laser L i g h t  S c a t t e r i n g  and Deposi t  Formation i n  L i q u i d  Fuels 

Storage techn iques  f o r  de te rm in ing  t h e  s t a b i l i t y  o f  l i q u i d  f u e l s  
r e q u i r e  weeks o r  months o f  s to rage,  even a t  e leva ted  temperatures.  
techn ique which has g r e a t e r  s e n s i t i v i t y  f o r  i n i t i a l  d e p o s i t  f o rma t ion  c o u l d  
shor ten  the  s to rage t i m e  and/or reduce t h e  s t r e s s  temperature.  
examined one such techn ique,  l i g h t - s c a t t e r i n g .  As a f u e l  ages, p a r t i c l e s  grow 
i n  s i z e  and s c a t t e r  l i g h t .  
s c a t t e r i n g  ang le  as a f u n c t i o n  o f  s to rage t i m e  a t  room tempera ture  f o r  sha le  
11-derived JP-5 ( j e t  f u e l ,  sample 522) c o n t a i n i n g  va r ious  concen t ra t i ons  o f  
2 ,5 -d imethy lpyr ro le  (DMP), w h i l e  Figure 2 i s  a cor respond ing  p l o t  f o r  
pe t ro leum-der ived  JP-5 ( j e t  f u e l ,  sample 80-8). 
absence o f  DMP, which i s  e s p e c i a l l y  d e l e t e r i o u s  t o  f u e l  s t a b i l i t y ,  t h e  l i q u i d  
f u e l  i s  s t a b l e  and l i t t l e  l i g h t - s c a t t e r i n g  occurs. As t h e  concen t ra t i on  o f  
DMP increases, t h e  ex ten t  o f  l i g h t - s c a t t e r i n g  inc reases ,  i n  accordance w i t h  
t h e  i nc rease  i n  tendency t o  form depos i t .  
techn ique as a mon i to r  o f  ag ing  has the  advantages t h a t  room tempera ture  i s  
adequate and t h a t  a much s h o r t e r  t ime  o f  exper imen ta t i on  i s  requ i red .  The 
smal l  p a r t i c l e s  which are  formed on ag ing  a r e  b e l i e v e d  t o  be precursors  o f  
sediments. Comparison o f  Figures 1 and 2 shows t h a t  t h e  s t a b i l i t y  o f  t h e  
pe t ro leum-der ived  JP-5 i s  l e s s  than  t h e  sha le -de r i ved  JP-5. 

F igure  3 i s  a p l o t  o f  s c a t t e r i n g  i n t e n s i t y  a t  d i f f e r e n t  ang les  vs. 
t ime  a t  room tempera ture  f o r  pe t ro leum JP-5. For t h e  bo t tom l i n e ,  where no 
DMP i s  added, t h e  i n t e n s i t y  remains smal l  and cons tan t ,  and independent o f  t h e  
measuring angle. The uper l i n e s  a r e  f o r  d i f f e r e n t  ang les  f o r  pe t ro leum JP-5 
w i t h  105 ppm N, DMP. The da ta  show t h a t  s c a t t e r i n g  a t  45" i s  much g r e a t e r  
than a t  90" o r  135". As t h e  p a r t i c l e s  get l a r g e r ,  t hey  tend  t o  s c a t t e r  l i g h t  
more i n t e n s e l y  i n  a fo rward  d i r e c t i o n ,  r e s u l t i n g  i n  a l a r g e r  va lue  o f  
'45"135. 

O f  a l l  t h e  he teroa tomic  compounds t e s t e d ,  DMP i s  e a s i l y  t h e  most 
powerful  promotor o f  depos i t  f o rma t ion  i n  bo th  pe t ro leum-  and sha le -der ived  
j e t  f ue l s .  Among some o the r  n i t r o g e n - c o n t a i n i n g  compounds tes ted ,  t h e  

A 

We have 

F igure  1 i s  a p l o t  o f  s c a t t e r i n g  i n t e n s i t y  a t  90" 

The da ta  i n d i c a t e  t h a t  i n  t h e  

The use o f  l i g h t - s c a t t e r i n g  



d e l e t e r i o u s  e f f e c t  on sha le  j e t  f u e l  s t a b i l i t y ,  as measured by t h e  amount of 
"depos i ted  gum" (3) formed, decreases i n  t h e  order :  2,6-dimethyl-  
qu ino l i ne ,  s u b s t i t u t e d  p y r i d i n e s  ( 2 - e t h y l p y r i d i  ne, 2,4,6-tr imethyl-  
p y r i d i n e  , 2,6-di methyl  p y r i  d i  ne, 2-methyl py r i  d i  ne), 7-met h y l  i ndol e. 
f o l l o w i n g  compounds do n o t  f o rm depos i ted  gum i n  t h e  sha le -de r i ved  j e t  f u e l  
even when s t ressed  a t  80°C f o r  8 weeks: 2-methyl indo1ey 2,5-dimethyl indole,  
and 1,2,3,4-tetrahydroquinoline. The DMP sediment i s  i n s o l u b l e  i n  t h e  usual 
o rgan ic  so l ven ts ,  
CDC13? and t h e r e f o r e  have been s t u d i e d  by s o l u t i o n  NMR and i n f r a r e d  
techniques. 

The 

The gums ob ta ined  f rom use o f  o t h e r  dopants a r e  so lub le  i n  

( B )  L i q u i d  S ta te  NMR 

The JP-5 f u e l s  f rom sha le  I 1  and pe t ro leum have e s s e n t i a l l y  
i d e n t i c a l  p r o t o n  and carbon-13 NMR spectra.  
cons ide rab le  amount of l ong  unbranched a l k y l  groups i s  p resen t  i n  both. 
Figure 4 g ives  t h e  600-MHz PMR spec t ra  o f  sha le -de r i ved  JP-5 and 2,6- 
d i m e t h y l q u i n o l i n e  (DMQ), 500 ppm N, 25 days, 80°C: t o p  spectrum, t h e  stressed 
l i q u i d  phase i n  CDC13; bo t tom spectrum, t h e  sediment d i s s o l v e d  i n  CDC13. ,Many 
NMR s igna ls  appear i n  t h e  lower  f i e l d  reg ions  o f  t h e  a l i p h a t i c  and aromat ic 
ranges. These i n d i c a t e  t h e  p o l y c y c l i c  n a t u r e  o f  t h e  sediment, 3-4 a romat ic  
r i n g s .  Elemental  a n a l y s i s  o f  t h e  gum g ives  t h e  formula:  C H701.3. The 
n i t r o g e n  con ten t  i s  o n l y  1%. 
t h e  composi t ion o f  t he  depos i t .  

The a r o m a t i c i t y  i s  0.10 and a 

Thus, DMQ (wh ich  has 8.9% N) 8oes no t  dominate 

( C )  S o l i d  S t a t e  NMR 

Magic ang le  sp inn ing ,  carbon-13 spec t ra  o f  t h e  DMP sediments formed 
i n  shale JP-5 and i n  sha le -de r i ved  d i e s e l ,  show t h a t  oxygen i s  i nco rpo ra ted  i n  
t h e  depos i t  i n  t h e  form o f  ca rboxy la te ,  carbony l  and e t h e r  l inkages .  For both 
f u e l s ,  t h e  DMP depos i t s  have t h e  same fo rmula :  
C6HgNl we conclude t h a t ,  u n l i k e  DMq, DMP dominates {he tompos i t i on  o f  t h e  
depos i ts  ob ta ined  i n  t h e  sha le  d e r i v e d  j e t  and d i e s e l  f u e l s .  The n i t r o g e n  and 
oxygen con ten ts  o f  t h e  sediments a re  11.6 and 20.1 wt.%, r e s p e c t i v e l y .  These 
va lues  a r e  almost t w i c e  t h e  cor respond ing  va lues  o f  t h e  pe t ro leum j e t  fuel-DMP 
sediment which has t h e  fo rmula  C17H28N01,5: N,5.1; 0,8.4%. 

CgH NO1 5. Since DMP i s  

(D)  ESCA and Four ie r  Trans form I n f r a r e d  Spectroscopy 

ESCA and F T - I R  techn iques  have been used i n  t h e  study o f  depos i ts  
formed i n  sha le -der ived  j e t  f u e l ,  sha le -der ived  d i e s e l  f u e l ,  petroleum j e t  
f u e l ,  and coal  l i q u e f a c t i o n  p roduc ts  which have been sub jec ted  t o  severe 
hydro t rea tment  (upgraded H-coal and S R C - I 1  l i q u i d s ) .  The r e s u l t s  con f i rm  the  
f i n d i n g  t h a t  oxygen i s  r e q u i r e d  i n  fo rma t ion  o f  depos i t s  and t h a t  oxygen i s  
i nco rpo ra ted  i n  more than  one species.  We a r e  a l s o  us ing  these techn iques  t o  
s tudy  the  s t r u c t u r e  o f  t h e  s u l f u r  and oxygen species o f  t h e  depos i t  formed i n  
t h e  j e t  and d i e s e l  f u e l s ,  i n  t h e  presence o f  DMP and th iopheno l ,  f o r  t h e  
purpose o f  s tudy ing  synergism. 
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