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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. 
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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. 

Ethanol.wt% 

0 2 4 6 a 10 12 

3.4 

3.2 - 
3 -  

2.8 - 
2.6 - 
2.4 - 

- 

2 2 2  - t 2 -  
5 1.8 - 
L 1.6 - 

Ethanol, vol% 

Figure 5. Ethanol content by NMR, vol% and wt%. 
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