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SUMMARY 

Six f r a c t i o n s  o f  the Cerro Negro heavy petroleum crude have Deen 
evaluated us ing nuclear  magnetic resonance spectroscopy (NMR) and gas 
chromatography/mass spectrometry (GCIMS) . The .s ix  f r a c t i o n s  inc lude 
f o u r  sa tura ted  hydrocarbon d i s t i l l a t e  f r a c t i o n s  d i s t i l l i n g  above 200°C 
(200-425°C [392-797"F], 425-550°C [797-1022"F], 550-700°C [1022-129Z0F], 
and >700°C [>1292"F]) and two d i s t i l l a t e  sub f rac t i ons  o f  t h e  Cerro Negro 
petroleum designated as <200°C and >20O0C. 

The >700°C and 550-700°C sa tura ted  hydrocarDon f r a c t i o n s  a re  n o t  
s u i t e d  f o r  analyses by combined GCIMS because t h e i r  d i s t i l  l a t i o n  ran.ges 
a re  h igher  than the  upper l i m i t  of ma te r i a l  t h a t  w i l l  e l u t e  from tne  gas 
chromatographic column. None o f  the  ma te r ia l  i n  t h e  >700°C sa tura ted  
hydrocarbon f r a c t i o n  and on l y  7% by volume o f  t h e  550-700°C sa tura ted  
hydrocarbon f r a c t i o n  e l u t e d  from the column. For t h i s  reason, t he re  i s  
n o t  s u f f i c i e n t  data f o r  eva lua t i on  o f  these samples ~y  GCIMS. 

The l H  and 1 3 C  NMR spec t ra l  data f o r  t h e  550-700°C and >700°C 
sa tura te  f r a c t i o n s  i n d i c a t e  t h a t  normal and branched alkanes w i t h  an 
average carDon cha in length  o f  C l o  a re  present  i n  these sa tura te  
f r a c t i o n s  bu t  must be bonded t o  a  l a r g e r  molecular moiety Dased upon 
mass spec t ra l  evidence and b o i l i n g  p o i n t  considerat ions.  The average 
molecular s t r u c t u r e  representa t ion  f o r  the 550-700°C sa tura te  f r a c t i o n  
i s  a  h i g h l y  s u b s t i t u t e d  t e t r a c y c l i c  a1 kane, whereas the  >700°C sa tu ra te  
f r a c t i o n  i s  a  h i g h l y  s u b s t i t u t e d  pen tacyc l i c  alkane. A t  l e a s t  one 
carbon cha in length  o f  C>9 i s  at tached t o  the r i n g  s t r u c t u r e  f o r  each 
f r a c t i o n .  

The two  remaining sa tura ted  hydrocarbon f r a c t i o n s  (200-425°C and 
425-550°C) were s u i t e d  f o r  G C I M S  evaluat ion.  Normal and branched 
alkanes were no t  detected i n  e i t h e r  o f  these samples a t  concent ra t ions  
o f  0.01% by weight. The maximum concent ra t ion  o f  normal alkanes t h a t  
cou ld  be present i n  the  200-425°C and 425-550°C sa tura ted  hydrocarDon 
f r a c t i o n s  was est imated us ing  p rev ious l y  determined s imulated 
d i s t i l l a t i o n  r e s u l t s  and the  de tec t i on  l i m i t  o f  normal alkanes f o r  the  
G C I M S  method; the  concent ra t ions  were 0.22% and 0.11% Dy weight, 
respec t i ve l y .  

NMR data f o r  t he  200-425°C sa tura te  f r a c t i o n  g ive  no i n d i c a t i o n  o f  
normal alkanes w i t h  carbon cha in lengths  greater  than nine. Branched 
alkanes poss ib l y  o f  the  i sop reno id - l i ke  s t r u c t u r e  are  present. The 
average molecular s t r u c t u r a l  rep resen ta t i on  from NMR data i s  an a1 ky l -  
s u b s t i t u t e d  d i c y c l  i c  a1 kane. 

The average molecular s t r u c t u r a l  rep resen ta t i on  from NMR data f o r  
t he  425-550°C sa tura te  f r a c t i o n  i s  a1 so an a1 ky l - subs t i  t u t e d  d i c y c l  i c  
alkane. However, a t  l e a s t  one o f  t he  a l k y l  subs t i t uen ts  has a carbon 
cha in length  greater  than 10 s ince the re  i s  evidence i n  t he  1 3 C  NMR 
spectrum f o r  a  long carbon chain normal alkane. The branched alkanes 
ev ident  i n  t he  1 3 C  NMR spectrum must be subs t i t uen ts  on the  r i n g  
s t r u c t u r e  as suggested by the  mass spec t ra l  data i n  which no non-bonded 
branch a1 kanes o f  any s i g n i f i c a n t  concent ra t ion  a r e  present. 



Two d i s t i l  l a t e  : subf rac t ions  o f  the  Cerro Negro heavy petroleum 
crude i d e n t i f i e d  as <200°C and >200°C were a l s o  evaluated by 00 th  NMR 
and GC/MS. These two f r a c t i o n s  were generated ~y us ing a spinning band 
column d i s t i l l a t i o n  technique on the  200°C f r a c t i o n  o f  the  Cerro Negro 
petro leum prepared o r i g i n a l l y  by wal l-wiped d i s t i l l a t i o n .  Both normal 
and branched alkanes w i t h  carbon number range 7 t o  12 were detected Sn 
t h e  <200°C f r a c t i o n  o f  the  Cerro Negro petroleum us ing  GCIMS. The 
concen t ra t i on  o f  t h e  alkanes was est imated by two methods and was found 
t o  be between 1% and 3% by weight. Normal alkanes o f  carbon number 
range 12 t o  31  were i d e n t i f i e d  i n  t h e  >200°C f r a c t i o n  o f  t he  
petroleum. The concen t ra t i on  o f  the  normal alkanes was est imated t o  be 
approximate ly  1% by weight. Branched a1 kanes were n o t  detected i n  . ' the 
>200°C sample a t  t h e  d e t e c t i o n  l i m i t  o f  0.01% by weight. 

The convent iona l  * H  and 1 3 C  NMR spectra f o r  t he  two d i s t i l l a t e  
subfr'act ~ O ~ S S  i n J I c & t e  s i m i l a r  chemical composit ion. Ilowever, t h e  DEPT 
(D i  s t o r t i o n l e s s  Enhancement by P o l a r i z a t i o n  Trans fer )  and QUAT 
(Quaternary-only  Carbon Spectrums) NMR experiments suggest t h a t  the  
>200nC d l  s t 1  l late  sub f ra~ t f ra r l  has d largyer  propur t'iurs o f  quaternary 
aromat ic  carbons due t o  r i n g  condensation and/or a l k y l  s u b s t i t u t i o n  o f  
t h e  aromat ic  r i ngs .  The >200°C d i s t i l l a t e  sub f rac t i on  a l s o  has a l a r g e r  
p r o p o r t i o n  o f  methylene carbons r e l a t i v e  t o  the  <200°C subfract ion,  
which suggests a g rea te r  number o r  s i z e  o f  t he  cyc loalkanes s ince n- 
a1 kanes o f  Clo o r  g rea te r  are n o t  present  i n  any appreciable amounts. 

Average molecular  s t r u c t u r a l  parameters cannot De c a l c u l a t e d  f o r  
t h e  two d i s t i l  l a t e  sub f rac t i ons  because bo th  f r a c t i o n s  are  mix tures  o f  
aromat ics and a l i p h a t i c  compounds. 



INTRODUCTION 

The Cerro Negro petroleum i s  heavy crude from the  Orinoco o i l  b e l t  
o f  Venezuela. This  petroleum i s  c l a s s i f i e d  as an unconventional heavy 
crude because the re  i s  evidence t h a t  i t  has been biodegraded ( G r i z z l e  e t  
a l .  1981). It i s  quest ionable whether convent ional methods o f  petroleum 
ana lys i s  and r e f i n e r y  processing a re  adequate f o r  an unconventional, 
biodegraded petroleum such as Cerro Negro petroleum. For these reasons, 
a cooperat ive program between t h e  U.S. Department o f  Energy and t h e  
M i n i s t r y  o f  Energy and Mines o f  Venezuela was i n i t i a t e d  i n  1980 t o  study 
t h e  chemical composit ion o f  t h e  Cerro Negro heavy petroleum crude. 

The ob jec t i ves  o f  t he  t o t a l  program were t o  perform a d e t a i l e d  
c h a r a c t e r i z a t i o n  o f  the  petroleum, t o  modify e x i s t i n g  methods o r  t o  
develop new methods f o r  the  a n a l y s i s  o f  heavy o i l s ,  and t o  r e l a t e  t h e  
composit ion o f  the  petroleum t o  heavy o i l  processing technology. The 
o b j e c t i v e  o f  t h i s  study r e l a t e s  t o  the  f i r s t  o b j e c t i v e  o f  t he  program 
t h a t  i s  t o  perform a d e t a i l e d  c h a r a c t e r i z a t i o n  o f  the  petroleum. I n  
p a r t i c u l a r ,  these r e s u l t s  r e p o r t  on the  spectroscopic i n v e s t i g a t i o n  o f  
the  sa tura te  f r a c t i o n s  t o  determine the  presence o r  absence o f  normal 
and branched alkanes. 

The quest ion o f  whether o r  n o t  normal and branched alkanes a re  
present  i n  t h i s  petro1.eum i s  impor tan t  because there  a re  i n d i c a t i o n s  
t h a t  the petroleum has Deen biodegraded. Biodegraded petroleums 
normal ly  have s i g n i f i c a n t l y  lower concent ra t ions  o f  a c y c l i c  alkanes than 
do non-biodegraded petroleums. Analyses o f  t he  200-425'C and 425-550°C 
sa tura te  hydrocarbon f r a c t i o n s  us ing  the  ASTM mass spectrometr ic  metnod 
0-2786 determined t h a t  these f r a c t i o n s  conta ined 11.28% and 6.00% by 
volume o f  a c y c l i c  alkanes, r e s p e c t i v e l y  (Bro.wn e t  a l .  1986). These 
r e s u l t s  may be cor rec t ,  b u t  the  p o t e n t i a l  problems o f  us ing  t h i s  method 
r e q u i r e  t h a t  the r e s u l t s  be conf irmed by o ther  independent methods o f  
analys is .  

The p o t e n t i a l  e r r o r s  t h a t  may a r i s e  when ana lyz ing  unconventional 
petroleums would stem from the  assumptions used i n  the  i n i t i a l  
development o f  t h i s  method (0-2786). It was developed f o r  data obta ined 
from more convent ional,  mid-cont inent  petroleums and t o  account.  f o r  
var ious  in te r fe rences.  The o f f -d iagona l  m a t r i x  elements associated w i t h  
the  mathematical reduc t i on  o f  t he  mass spectrometr ic  data may n o t  be 
adequate f o r  unconventional petroleums l i k e  the  biodegraded Cerro Negro 
heavy petroleum crude. For t h i s  reason, t h e  a n a l y s i s  o f  . an 
unconventional crude us ing the  standard ASTM method o f  analyses may no t  
accu ra te l y  r e f l e c t  the  concent ra t ion  o f  hydrocarbon types present. !t 
i s  important,  therefore,  t h a t  accurate a n a l y t i c a l  data be obta ined which 
can be used i n  con junc t ion  w i t h  o ther  data i n  making good processing 
dec is ions  f o r  t h e  Cerro Negro crude. 

Th is  r e p o r t  describes the  r e s u l t s  o f  app ly ing  nuclear  magnetic 
resonance (NMR) and gas chromatographic/mass spectrometr ic  (GCIMS) 
techniques t o  the  sa tura te  hydrocarbon f r a c t i o n s  t o  determine t h e  
presence o f  a c y c l i c  alkanes and compare these r e s u l t s  w i t h  those from 
t h e  convent ional ASTM mass spectrometr ic  analys is .  



EXPERIMENTAL 

Sample Prepara t ion  

The procedures and r e s u l t s  f o r  the  prepara t ion  o f  the sa tura te  
f r a c t i o n s  f rom t h e  Cerro Negro heavy petroleum crude have been described 
i n  d e t a i l  ( G r i z z l e  e t  a l .  1981; Brown e t  a l .  19861, bu t  a summary w i l l  
be prov ided here f o r  completeness. The Cerro Negro petroleum crude was 
d i s t i l l e d  i n t o  f i v e  f r a c t i o n s  using a 4-inch, wiped-ivall s t i l l .  The 
f i v e  f r a c t i o n s  r e s u l t i n g  from t h i s  d i s t i l l a t i o n  a re  (1) <200°C, (2)  200- 
425"C, (3)  425-55O0C, ( 4 )  550-70O0C, and (5)  >700°C. I n  add i t ion ,  t he  
<200°C f r a c t i o n  was r e d i s t i l l e d  us ing a spinning band column t o  y i e l d  
two more we l l -de f ined f r a c t i o n s  i d e n t i f i e d  as <200°C and >200°C 
d i s t i l l a t e  subfract ions.  These subf rac t ions  should n o t  be confused w i t h  
the i200°C d i s t i l l a t e  f r a c t i o n  obta ined from the 4-inch, wal l-wiped 
d i  s t i  1  l a t i o n  which was n o t  analyzed. 

I o n  exchange chromatography was used t o  remove the  a c i d i c  and basic 
m a t e r i a l  from each o f  the d i s t i l l a t e  f r a c t i o n s  d i s t i l l i n g  anove, 200°C 
(200-425"C, 425-55OUC, 550-70OUC, and >70U6C) .  This separat ion y i e l a e d  
a n e u t r a l  f r a c t i o n  f o r  each o f  t he  f o u r  d i s t i l l a t e  cuts. The neu t ra l  
f r a c t i o n s  were f u r t h e r  separated by prepara t ive  HPLC on 2,4- 
d i n i t r o a n i l  inopropy l  s i l  i c a  and s i l  i c a  t o  y i e l d  a sa tura ted hydrocarDon 
and th ree aromatic hydrocarbon f r a c t i o n s  f o r  each of the d i s t i l l a t e  
f r a c t i o n s  d i  s t i  11 i ng above 200°C. The sa tura ted hydrocarDon f r a c t i o n s  
prepared by HPLC were then analyzed by both NMR and GCIMS. 

Nuclear Magnetic Resonance 

A l l  samples were prepared w i t h  a sample-to-solvent volumc r a t i o  o f  
1:l using 0'.5 mL o f  CDC13 conta in ing  '0.3% TMS. No r e l a x a t i o n  reagent 
was added. The samples were f i l t e r e d  d i r e c t l y  i n t o  a 5-mm NMR tube 
using a 5-u Te f lon  m i l l i p o r e  f i l t e r  assembly. 

A JEOL FX-270 AMR spectrometer w i t h  a C/H dual 5-mm probe was used 
f o r  a l l  experiments. The observed frequencies f o r  'H and 13c were 
269.65 and 67.88 MHz, respect ive ly .  Conventional 'H spectra were 
obta ined us ing a pulse w id th  o f  5 us (46"),  a pulse .delay o f  20 sec, and 
a t o t a l  o f  7 t rans ien ts .  Normal 13c spectra were obtained using a 
pu lse  w id th  o f  6 us (90°), 500 o r  700 r e a l  t rans ients ,  8 dummy 
t rans ien ts ,  a pulse delay o f  20 sec, and gated 'H decoupl ing t o  ensure 
q u a n t i t a t i v e  r e s u l t s .  

OEPT (Di s t o r t i o n l e s s  Enhancement by P o l a r i z a t i o n  Transfer) and QUAT 
( Quaternary-on1 y Carbon Spectrum) experiments were performed on t h e  
samples using t h e  pulse sequences described by Bendall and Pegg (1983) 
and Bendall e t  a l .  (1982). For bo th  the  DEPT and QUAT spectra, t he  
carbon-hydrogen sp in  coup l ing  constant, J, was set  equal t o  125 Hz fo r  
t he  sa tura te  hydrocarbon samples and 140 Hz fo r  t h e  <200°C and >200°C 
d i s t i l l a t e  subf rac t ions .  The l H  pulse width was se t  equal t o  45', 90°, 
and 135" t o  o b t a i n  the  th ree  i n i t i a l  DEPT spectra. The 90" 'H pulse 
w id th  was obta ined a t  t h e  p o i n t  where the  i n t e n s i t y  o f  t he  CH2 resonance 
o f  o -e thy l to luene conta in ing  the  r e l a x a t i o n  reagent, T r i s  
(acety lacetonato)  chromium ( I 1  I )  [Cr(AcAc) 3], was zero. I n  both the  OEPT 



and QUAT experiments, the 1 3 C  90" and 180" pu lse  w id ths  used were 6 and 
12 usec, respec t i ve l y .  A pu lse  delay o f  10 sec was used i n  t he  OEPT 
experiments. A pu lse delay of 20 sec was used i n  t he  QUAT experiments 
t o  reduce any e r r o r s  caused by carbon types w i t h  l ong  s p i n - l a t t i c e  
r e l a x a t i o n  t imes. For t h e  sa tu ra te  and d i s t i l l a t e  samples, 500 o r  700 
t r a n s i e n t s  and 8 dummy pulses ( t o  achieve thermal e q u i l i b r i u m )  were 
c o l l e c t e d  f o r  t he  DEPT 45' and 135" spec t ra  and the  quaternary-only 
carbon spectra. Twice as many t r a n s i e n t s  were taken t o  o b t a i n  t he  DEPT 
90' spectrum t o  e l i m i n a t e  a f ac to r  o f  two i n  t h e  a d d i t i o n  and 
s u b t r a c t i o n  o f  t h e  i n i t i a l  DEPT spectra (Bendal l  and Pegg 1983). A l l  
experiments were c a r r i e d  ou t  us ing  16 K data p o i n t s  over a spec t ra l  
w i d t h  o f  15 KHz and a t  a temperature o f  24°C. 

NWR Methodology for  Carbon Type Analysis 

Spectra l  e d i t i n g  o f  t he  DEPT and QUAT spectra was performed us ing  
t h e  methodology descr ibed by Netzel  (1987). For completeness o f  t h i s  
repo r t ,  a b r i e f  d e s c r i p t i o n  o f  t h e  methodology fo l lows.  The carbon type 
subspectra (CHn) can be ob ta ined from the  a d d i t i o n  and s u b t r a c t i o n  o f  
t h e  i n i t i a l  DEPT spectra accord ing t o  equat ions 1, 2, and 3 (Bendal l  and 
Pegg 1983). 

where 0 4 5 ,  O g O ,  and 8 1 3 5  represent  t he  spectrum obta ined when the  l H  
pu lse  w id th  i s  se t  t o  r o t a t e  t h e  l H  sp ins  45", 90°, and 135". 

Because o f  m i s s e t t i n g  o r  f i e l d  inhomogeneity o f  t he  'H pulse, i t  
was necessary f o r  some samples t o  c o r r e c t  the  i n i t i a l  90' DEPT spectrum 
f o r  r e s i d u a l  methylene carbons by s u b t r a c t i n g  t h e  metnylene 
subspectrum (8 ) from 8 9 0  be fore  c a l c u l a t i n g  t h e  subspectra o f  t h e  
methine and meE#$l carbons. 

The co r rec ted  l i n e a r  combinat ion o f  subspectra f o r  t h e  methine and 
methyl  carbons i s  g iven i n  equat ions 4 and 5, r espec t i ve l y .  

It was a l s o  necessary f o r  some samples t o  c o r r e c t  t h e  quaternary-only 
carbon spectrum f o r  r e s i d u a l  methylene carbons (Bendal l  and Pegg 1983) 
by s i l b t rac t l ng  the DEPT 0 spectrurn from the  quaternary-only  caroon 
spectrum, ~ Q U A T  (Equat ion 8: 



The c o e f f i c i e n t s  a, b, y, x' , and z' are  determined exper imenta l ly .  

A1 though t h e  DEPT method prov ides q u a n t i t a t i v e  data f o r  . methyl, 
methylene, and methine carbons, i t  does n o t  p rov ide  any q u a n t i t a t i v e  
data on the  quaternary carbons. The in tegra ted ,  e d i t e d  DEPT spectra f o r  
t h e  th ree  carbon types cannot be compared t o  the  i n t e g r a t e d  quaternary- 
o n l y  carbon spectrum because t h e  methods t o  o b t a i n  the  spectra d i f f e r e d  
i n  s igna l  enhancement e f f i c i e n c i e s .  However, i t  i s  poss ib le  t o  r e l a t e  
q u a n t i t a t i v e l y  through equat ion 7 the  i n t e g r a t e d  spectra obta ined by the  
two techniques t o  o b t a i n  a  compiete q u a n t i t a t i v e  carbon type analys is .  

where 7 1 0 ~ ~ ~  i s  t he  sum o f  the  i n t e g r a t e d  values o f  the  Carbon types 
obta ined from t h e  DEPT subspectra and I[B,,J- O ' Q U A T ]  i s  the  i n t e g r a t e d  
va lue  from the  spectrum obta ined from the computer suo t rac t i on  o f  the  
ad jus ted  quaternary-only  carDon spectrum from t h e  1 3 C  normal spectrum. 
A l l  i n t e  r a t i o n  values a re  referenced t o  the  i n t e g r a t i o n  value o f  the  9 normal l C spectrum t a k i n g  i n t o  account t he  d i f f e r e n c e s  i n  ga in  s e t t i n g s  
between spectra. 

Equation 7 i s  so lved f o r  the p r o p o r t i o n a l i t  constant  k.  Once k i s  Y determined, t he  f r a c t i o n  o t  carbon types, f n s  i n  a  sample can be 
determined us ing  equat ions 8 through 10. 

where 18, i s  t he  i n t e g r a t e d  value f o r  t h e  s p e c i f i c  carbon type spectrum. 

Gas ,Chromtography/Mass Spectrometry - .  

GC/MS analyses were performed on the  sa tura ted  hydrocarbon 
f r a c t i o n s  d i s t i l l i n g  above 200°C and the  <200°C and >200eC petroleum 
d i s t i l l a t e  sub f rac t i ons  produced by spinning-band d i s t i l l a t i o n .  Tne 
<200eC d i s t i l l a t e  sub f rac t i on  was a1 so analyzed t o  determine t h e  
hydrocarbon compound types us ing  the  W R I  p r o p r i e t a r y  G C I M S  hydrocarbon 
compound t ype  a n a l y s i s  method. The method was developed f o r  the  
a n a l y s i s  o f  d i s t i l l a t e  f u e l s  and i s  based on s e n s i t i v i t y  f ac to rs  fo r  



se lec ted  i ons  f o r  each compound c lass  of hydrocarbons. The ins t rumenta l  
cond i t i ons  used f o r  t h e  GCIMS ana lys i s  a re  g iven i n  Table 1. 

Table 1. Gas Chro~natographic/Mass Spectrometr ic  Condi t ions Used f o r  t h e  
Eva lua t ion  o f  t h e  Saturate and D i s t i l l a t e  F r a c t i o n s  f rom t h e  
Cerro Negro Heavy Petroleum Crude 

Mass Spectrometer (Hewlett-Packard 59858) 

I o n i z a t i o n  mode e l e c t r o n  impact 

E lec t ron  vo l tage 70 v o l t s  

I on  source temperature 200°C 

E lec t ron  mu1 t i p l  i e r  vo l  tage 1600 v o l t s  

Mass range scanned 50-500 amu 

Scan r a t e  1.3 secondsldecade 

Resolut ion . 111000 

Gas Chromatograph (Hewlett-Packard 5840) 

Column (25m x 0.20mm [ID] x 251111 methyl s i l i c o n e  (5%), 
0.33 um th ickness  

Oven program 50-275°C (3" Imi  n)  

Car r i e r  gas He 

Flow r a t e  0.75 mL11ni n 

I n j e c t i o n  temperature 275°C 

Sample s i z e  

S p l i t  r a t i o  

6C/MS Hethodo1 ogy f o r  Q u a n t i t a t i v e  Ana lys is  

Each of t he  s i x  samples was analyzed w i t h  the  a d d i t i o n  o f  an 
i n t e r n a l  spike. The spike used f o r  t h i s  ana lys i s  was a shale o i l  
neu t ra l  f r a c t i o n .  The shale o i l  was produced i n  the  Western Research 
I n s t i t u t e  (WRI) low v o i d  volume r e t o r t  (Guffey and McLendon 1984). The 
n e u t r a l  f r a c t i o n  was prepared from the  raw shale o i l  us ing  the  method o f  
Jackson e t  a1 . (1978). This  standard was se lec ted  as the  spike f o r  t h i s  
study because i t  has been w e l l  charac ter ized and conta ins  a l l  o f  t he  



normal alkanes and many of t h e  branched alkanes expected t o  be present  
i n  a petroleum. 

The G C I M S  data f rom the  samples were evaluated t o  determine the  
presence o f  alkanes by mapping se lec ted  i o n s  t h a t  a re  rep resen ta t i ve  o f  
normal and branched alkanes. The i ons  se lec ted  f o r  t h i s  e f f o r t  were 
m/z=57, 71, 85, and 99. These i o n s  represent  t h e  major fragment i ons  o f  
normal and branched alkanes. The f o u r  fragment i ons  (m/z=57, 71, 85, 
and 99) a re  considered t o  a r i s e  from f ragmentat ion o f  an alkane on ly  i f  
t h e  maximum o f  each peak i n  the  se lec ted  i o n  c u r r e n t  chromatograms 
(m/z=57, 71, 85, and 99) does n o t  vary by more than two mass spec t ra l  
scans. The sample-plus-spike experiments were evaluated i n  t he  same 
manner, and the  r e s u l t s  were compared w i t h  t h e  sample r e s u l t s .  .The 
i n t e n s i t y  o f  alkanes present  i n  t he  sample increases w i t h  the  a d d i t i o n  
o f  t h e  spike and conf i rms t h e  d e t e c t i o n  o f  t he  i n d i v i d u a l  alkanes. An 
a lkane detected by t h i s  method can be i d e n t i f i e d  ~y (a )  i n t e r p r e t a t i o n  
o f  t h e  mass spectra i f  t h e  alkane i s  present  i n  h igh enough 
concen t ra t i on  t o  produce a r e l i a b l e  mass spectvum and the  mass spectrum 
i s  f r e e  o f  i n t e r f e r e n c e s  from co -e lu t i ng  compounds o r  (0) by comparison 
o f  gas chromatographic r e t e n t i o n  t ime w i t h  r e t e n t i o n  t imes o f  known 
a1 kanes. 

The d e t e c t i o n  l i m i t  as de f ined by t h e  G C I M S  method i s  the concen- 
t r a t i o n  where the  presence o f  an alkane can be detected i n  a sample. 
The lower d e t e c t i o n  l i m i t  o f  the  method must be determined so t h a t  a 
l i m i t  o f  t he  concen t ra t i on  o f  alkanes i n  t h e  samples can oe 
establ ished.  The d e t e c t i o n  l i m i t  o f  t h i s  method was determined by 
per forming a s e r i e s  o f  experiments us ing  s e r i a l  d i l u t i o n s  o f  n- 
hexadecane i n  n-hexane and eva lua t i ng  t h e  i o n  responses. Normal 
hexadecane was chosen as the  alkane f o r  de terminat ion  o f  t he  de tec t i on  
1 i m i  t because i t  fa1  1 s i n  approximately t he  mid-molecular weight range 
o f  t h e  method. 

The d e t e c t i o n  l i m i t  o f  t he  GCIMS method f o r  f ou r  se lec ted  jons o f  
n-hexadecane (m/z=57, 71, 85, and 99) i s  g iven i n  Table 2. Column 1 o f  
Table 2 l i s t s  t h e  concent ra t ion  o f  n-hexadecane i n  n-hexane t h a t  was 
prepared and s e r i a l l y  d i l u t e d .  Column 2, the  quant l  t y  o f  n-heXadeCane 
i n j e c t e d  on t h e  column, i s  t he  weight o f  n-hexadecane p laced on the  
column by i n j e c t i n g  1 UL o f  s o l u t i o n  w i t h  a 1UU:l s p l i t  r a t i o .  The 
est imated concen t ra t i on  o f  n-hexadecane i n  a sample, column 3, i s  t he  
weight  percentage o f  n-hexadecane t h a t  would be found i n  a sample 
assuming a s p e c i f i c  g r a v i t y  o f  0.8. Co'lumn 4 l i s t s  t he  areas o f  t he  
recons t ruc ted  i o n  c u r r e n t  chromatogram peaks o f  each i o n  i n  a r b i t r a r y  
u n i t s .  The fou r  se lec ted  i ons  cou ld  n o t  be detected above the  base l ine  
no ise  l e v e l s  below a concent ra t ion  o f  0.1 mg/mL. Based o n .  t h i s  
observat ion,  t h e  d e t e c t i o n  1 i m i  t f o r  n-hexadecane us ing  t h i s  method i s  
0.1 mg/mL (0.01% by weight) .  

The d e t e c t i o n  l i m i t  f o r  n-hexadecane can be extended t o  o ther  
normal alkanes t h a t  a r e  i n  t h e  range o f  molecular weights accommodated 
by t h e  method. The r e l a t i v e  percentages o f  the  t o t a l  i o n i z a t i o n  
represented by the  f o u r  i ons  used f o r  alkane d e t e c t i o n  (m/z=57, 71, 85, 
and 99) f o r  normal alkanes of carbon numbers between 10 and 30 a re  
prov ided i n  Table 3 (Stenhagen e t  a l .  1969). The r e l a t i v e  percentages 



do vary b u t  have a mean value of  35.2% w i t h  a standard d e v i a t i o n  from 
t h e  mean o f  2.7. The value of  t he  percentage o f  t o t a l  i o n i z a t i o n  f o r  n- 
hexadecane (34.9%) f a l l s  w i t h i n  the  l i m i t s  o f  the  standard dev ia t ion .  
Because o f  the  consistency o f  the  r e l a t i v e  percentages o f  the  t o t a l  
i o n i z a t i o n ,  as demonstrated by the  low standard dev ia t i on  value and the  
value f o r  n-hexadecane f a l l i n g  w i t h i n  one standard d e v i a t i o n  o f  t he  

Table 2. S e r i a l  D i l u t i o n  o f  n-Hexadecane t o  Determine 
t h e  De tec t i on  L i m i t  o f  t h e  GCIMS l k t h o d  

Est imated 
Concentrat ion Quan t i t y  o f  concent ra t ion  
o f  n-hexadecane n-hexadecane o f  I o n  areasC 
i n  standard i n j e c t e d  on . :n-hexadecane ( a r b i t r a r y  u n i t s )  
s o l u t i o n  co l  umn 

(~ng/mL) (nanogramsIa (wt  % )  57 71 85 99 Sum 

"weight o f  n-hexadecane placed on the  column by i n j e c t i n g  1 IJL o f  the  
s o l u t i o n  w i t h  a 100:l s p l i t  r a t i o  

b ~ e i g h t  percent  o f  n-hexadecane t h a t  would be found i n  a sample 
assuming a spec i f i c  g r a v i t y  of 0.8 

 reas as o f  t he  reconst ruc ted  i o n  c u r r e n t  chromatogram peaks 

mean, i t  i s  f e l t  t h a t  the de tec t i on  l i m i t  determined f o r  n-hexadecane i s  
app l i cab le  t o  o ther  normal alkanes. Data a re  n o t  a v a i l a b l e  f o r  t he  
l a r g e  number o f  branched alkanes t h a t  would be inc luded i n  t h i s  
molecular weight range. The de tec t i on  l i m i t  f o r  these compounds. i s  
probably comparable t o  t h a t  o f  the  normal alkanes because the  se lec ted  
i o n s  used f o r  t he  de tec t i on  method s t i l l  represent  a s i g n i f i c a n t  p o r t i o n  
o f  t he  t o t a l  i o n i z a t i o n  o f  branched alkanes i n  t h i s  carbon numoer 
range. This  i s  p a r t i c u l a r l y  t r u e  f o r  t he  h igher  molecular weignt 
branched a1 kanes (carbon number greater  than 12) .' 

The de tec t i on  l i m i t  f o r  t h i s  method i s  below the  concen t ra t i on  
where a r e l i a b l e  mass spectrum can be recorded f o r  q u a l i t a t i v e  
i d e n t i f i c a t i o n  of the  alkane. I n  a wel l -separated sample, t he  lower 
concent ra t ion  where a r e l i a b l e  mass spectrum can be recorded fo r  n- 
hexadecane i s  1.0 mg/mL. A t  concent ra t ions  below t h i s  l e v e l ,  i d e n t i f i -  
c a t i o n  must be performed us ing  o ther  data such as GC r e t e n t i o n  time o f  
t h e  e l u t i n g  components. 



Table 3. R e l a t i v e  Percentage o f  T o t a l  I o n i z a t i o n  o f  
t h e  Selected Ions  f o r  Normal Alkanesa 

Normal A1 kane Mass Re la t i ve  Percentage of To ta l  I o n i z a t i o n  
Carbon Number ( AMU) (57 + 71 + 85 + 99) 

29.2 
29.9 
32.0 
34.9 
38.8 
39.5 
34'9 
36.5 
33.6 
N . A . ~  
38.3 
36.9 
35,. 2 
35.9 
34.6 
36.4 
N.A. 
35.8 
37.0 
34.3 

a ~ r o m :  A t l a s  o f  Mass Spectra l  Data, Stenhagen, E., S. Abrahamsson, and 
F. W. McLaf fer ty ,  eds.; I n te rsc ience  Publ ishers: New York, 1969 

b ~ . ~ .  = Not Ava i l ab le  

RESULTS AND DISCUSSION 

Satura te  F r a c t i o n s  o f  t h e  Cerro Negro Heavy Petroleum Crude 

Figures 1 and 2 a r e  t n e  'H and 13C spectra, respec t i ve l y ,  f o r  t h e  
f o u r  sa tura te  f r a c t i o n s .  A smal l  amount o f  monoaromatic i s  ev iden t  i n  
bo th  t h e  ' H  spectrum (7.32 ppm) and 13C spectrum (128.2 ppm) f o r  t h e  
550-700°C and >700°C sa tu ra te  f rac t i ons .  The chemical s h i f t  data 
suggest t h a t  t h e  monoaromatic i s  benzene, which poss ib l y  evolved from 
t h e  separat ion scheme used t o  i s o l a t e  t h e  sa tu ra te  f rac t i ons .  

The lH resonances (F igure  1) between 0.8 and 0.9 ppm and at 1.25 
ppm a re  due t o  methyl and methylene groups, respec t i ve l y ,  f o r  normal and 
branched alkanes. The broad resonances between 1.4 and 2.0 ppm are  
most ly  associated w i t h  methine and c y c l i c  methylene hydrogens. I t  i s  
i n t e r e s t i n g  t o  note t h a t  as t h e  d i s t i l l a t e  temperature o f  t he  sa tu ra te  
f r a c t i o n  increases ( increase i n  average molecular weight),  t he  r a t i o  of 
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Flgure 1. 'H NMR Spectra o f  the Four Saturate Fractions from the Cerro Negro 
Heavy Petroleum Crude 



Figure 2. I3C NMR Spectra of the Four Saturate Fractions from 
the Cerro Negro Heavy Petroleum Crude 
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methyl t o  methylene hydrogens decreases. Th is  decrease suggests an 
increase i n  the  number of Saturate r i n g s  and/or t h e  normal a1 kane carDon 
cha in length  w i t h  a corresponding decrease i n  branched alkanes. These 
normal and branched alkanes may e x i s t  e i t h e r  separate ly  o r  bonded t o  
another molecular moiety. 

Many o f  t he  resonances i n  t he  1 3 C  NMR spectra (F igure  2) can be 
i d e n t i f i e d  as carbons belonging t o  normal alkanes (14, 23, 32, .30, and 
29.5 ppm) and branched alkanes of t h e  i sop reno id  c l a s s  of  compounds. It 
i s  no t  s u r p r i s i n g  t h a t  the  1 3 C  spectra a l s o  show an increase i n  normal 
alkane moiety r e l a t i v e  t o  branched alkanes w i t h  an increase i n  the  
d i s t i l l a t i o n  temperature. 

The d i r e c t  i d e n t i f i c a t i o n  of cycloalkanes i n  t he  1 3 C  spectra of t h e  
sa tura te  f r a c t i o n s  i s  d i f f i c u l t  t o  ascer ta in.  Some in fo rma t ion  aoout 
t h e  average number o f  r i n g s  and branch s i t e s  o f  a cyc loalkane can De 
obta ined from 1 3 C  subspectral  ana lys i s  o f  t he  sa tu ra te  f r a c t i o n s .  The 
normal 1 3 C  and carbon-type (CH,, n=0-3) spectra f o r  the  200-425.C 
sa tu ra te  f r a c t i o n  appear i n  F igure  3. This  se t  o f  spectra i s  t y p i c a l  o f  
t he  DEPTIQUAT spectra obta ined f o r  each of t he  f o u r  sa tu ra te  f r a c t i o n s .  

I n t e g r a t i o n  o f  each carbon-type spectrum y i e l d s  the  f r a c t i o n a l  
amount o f  carbon type i n  t he  sample. The C and H atom percent  f o r  t h e  
carbon types f o r  each :of the  sa tura te  f r a c t i o n s  i s  l i s t e d  i n  T a ~ l e  4. 
The atom percent o f  hydrogen l i s t e d  f o r  each f r a c t i o n  was c a l c u l a t e d  
from the  1 3 C  data and normal ized t o  100. The average molecular 
parameters f o r  the  fou r  sa tura te  f r a c t i o n s  are  l i s t e d  i n  Table 5. The 
H / C  r a t i o s  were obta ined from the  1 3 C  data and from convent ional  
elemental analys is .  The agreement o f  t he  r a t i o s  obta ined from the  two 
techniques i s  good and, thus, v a l i d a t e s  the  carbon-type ana lys i s  by NMR. 

The average molecular weight was obta ined on each o f  the fou r  
d i s t i l l a t e s  be fore  f r a c t i o n a t i o n  (Brown e t  a l .  1986). However, as a 
f i r s t  approximation t h i s  value was used t o  c a l c u l a t e  average molecular 
s t r u c t u r a l  parameters f o r  t he  fou r  sa tura te  f r a c t i o n s  from the  NMR 
carbon type data. The average number o f  carbon atoms per molecule 

was ca l cu la ted  from the  f r a c t i o n  o f  carDon type, the  average 
weight, and the  molecular weight o f  t he  carbon type. 

The average number o f  branching s i t e s  (BS), branches (NB), and 
sa tu ra te  r i n g s  (NR) per molecule were obta ined us ing  equat ions 1 t o  3 
(Cookson and Smith 1985). 

NB = NC (2C + CHI 

C, CH, and CH3 are the  f r a c t i o n s  o f  carbon atoms present  as C, CH, and 
CH3 groups, respec t i ve l y .  
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Figure 3. The Normal 1 3 C  NMR Spectrum and Carbon Type Spectra 
for the 200-425'C Saturate Fraction from the Cerro 
Negro Heavy Petroleum Crude 
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Table 4. Carbon and Hydrogen Type ~ i s t r i b u t i o n s  for the Saturate 
Fractions from the Cetro Negro Heavy Petroleum Crude 

Carbon Type Saturate Frac t ions  

C (atom 8 )  H (atom 8 )  C (atom % )  H (atom % )  C (atom % )  H (atom 8 )  C (atom % )  H (atom Z) 
. . 

C 
Arlma t i c - - - - - - - - 
A1 i p h a t i c  5.2 - 3.5 - 1.0 - 0.0 - 

. . . . 
CH . . - Ar,omati c - - - 

W 

. . 
A1 i p h a t i c  28.5 15.4 25.4 13.3 29.1 15.8 27.1 14.4 



Table 5. Average Ho!ecular Structural Parameters for the Saturate 
Fractions from the Cerro Negro Heavy Petroleum Crude 

Structura l  Parameter 

H I C  Rat io 

Average Molecular Weight (MWAl 

Average number of Carbon a t o m  
per molecule (NC) 

Average number o f  branching 
s i t e s  per molecule (BSI 

Average number of branches 
* per molecule (NB)  

Average number of r i n g s  
per molecule (NR) 

Average number o f  Quaternary 
Carbons per molecule 

Average number o f  Methlne 
Carbons per molecule 

Average number o f  Methylene 
Carbons per molecule 

Average number o f  Methyl 
Carbons per molecule 

Saturate Finactions 

l H / C  r a t i o s  i n  parentheses and Average M o l e c ~ l a r  Weight Data from Brown e t  d l .  1986 

2Values. i n  parentheses used t o  construct Average Molecule 



A rep resen ta t i on  of t he  molecular s t r u c t u r a l  data given i n  Table 5 
f o r  each o f  the four  sa tura te  f r a c t i o n s  i s  i l l u s t r a t e d  i n  F igure  4. 
These average molecules do no t  ( o r  may no t )  e x i s t  i n  the sa tu ra te  
f r a c t i o n s  bu t  a re  presented so the  reader can v i s u a l i z e  the  r e s u l t s  o f  
t h e  NMR, average molecular weight, and b o i l i n g  range data. 

200-425°C Saturate Hydrocarbon F r a c t i o n  

The r e s u l t s  o f  the  s imulated d i s t i l l a t i o n  a n a l y s i s  o f  the 200-425°C 
sa tura ted  hydrocarbon f r a c t i o n  i n d i c a t e  t h a t  the  t o t a l  sample d i s t i l  1  s  
below 482"C, which i s  t h e  upper l i m i t  o f  t he  d i s t i l l a t i o n  temperature 
f o r  the  GCIMS method. Thus, t he  sample i s  completely e l u t e d  from .the 
gas chromatographic column du r ing  the  GCIMS experiment. 

The GCIMS r e s u l t s  o f  t he  sample and the sample-plus-spike i n d i c a t e d  
t h a t  n e i t h e r  normal nor branched alkanes were present  i n  t h i s  sa tura ted  
hydrocarbon f r a c t i o n  above 1.0% by weight. Based upon the  d i s t i l l a t i o n  
temperature, the normal a1 kane carbon number range f o r  t h e  alkanes i n  
t h i s  sample would be 12 t o  33. Using t h i s  i n fo rma t ion  and the  de tec t i on  
l i m i t  o f  the  method, the  est imated concent ra t ion  o f  normal alkanes i n  
t h i s  f r a c t i o n  i s  0.22% by weight. Brown e t  a l .  (1986) used the  ASTM 
mass spectrometr ic  method D-2786 t o  determine t h a t  t h i s  sample conta ins  
11.28% by volume o r  about 9% by weight o f  a c y c l i c  alkanes (assuming a 
s p e c i f i c  g r a v i t y  o f  0.8). This va lue i s  s i g n i f i c a n t l y  l a r g e r  than t h a t  
determined by the  G C I M S  method. 

The most l i k e l y  cause o f  t he  d i f f e r e n c e  i n  the  values i s  be l i eved  
t o  be the  inadequacies o f  the  ASTM method 0-2786 f o r  ana lyz ing  samples 
from unconventional petroleums. 

The normal 1 3 C  NMR spectrum o f  the  200-425°C sa tu ra te  f r a c t i o n  
shown i n  F igure 2 does no t  show the c h a r a c t e r i s t i c  f i v e - l i n e  p a t t e r n  o f  
n-alkanes w i t h  a carbon cha in length  greater  than 10 carbons. Normal 
alkanes w i t h  a carbon number l e s s  than 10 may be present e i t h e r  a lone o r  
bonded t o  another molecular moiety. 

Reduction o f  the  1 3 C  DEPTIQUAT spec t ra l  data suggests t h a t  t he  
average molecular s t r u c t u r e  i s  a molecule con ta in ing  19 carbons, w i t h  2 
sa tu ra te  r ings ,  6 branch s i t es ,  and 7 branches (Table 5) .  A c o r r e l a t i o n  
o f  the  methyl 1 3 C  chemical s h i f t  data o f  t h i s  sample w i t h  model 
compounds suggests t h a t  two branch s i t e s  and th ree  branches a re  due t o  a 
molecular c o n f i g u r a t i o n  such as found i n  1,1,2 and/or 1,1,3-trimetnyl- 
cyclohexane. The remaining methyl and methylene carbons a re  combined t o  
g i ve  a hypo the t i ca l  molecular s t r u c t u r e  as shown i n  F igure 4. Brown e t  
a l .  (1986) had repo r ted  t h a t  cyc loalkanes w i t h  1 t o  4 r i n g s  a r e  present  
i n  the  200-425°C sa tura te  f r a c t i o n  i n  which 32% by volume o f  t h e  
f r a c t i o n  i s  composed o f  d i c y c l  oa l  kanes. Monocycloal kanes and tri cyclo-  
alkanes a re  almost equa l l y  d i s t r i b u t e d  and make up 43% by volume o f  t he  
f r a c t i o n ;  14% by volume of the  sample i s  made up o f  te t racycloalkanes.  
The weighted average r i n g  number per molecule was c a l c u l a t e d  (Netzel  e t  
a l .  1981) f o r  the sa tura te  f r a c t i o n  from the data g iven oy Brown e t  a l .  
(1986) t o  be 2.7. This value compares favorab ly  w i t h  the  NMR value o f  
2.4 given i n  Table 4. Thus, t he  d i s t r i b u t i o n  o f  cyc lnalkanes as 
determined by Brown e t  a l .  (1986) i s  e x a c t l y  what i s  represented by the  
average s t r u c t u r e  as computed from NMR data. 



Figure 4. Molecular Structural Representation of the NMR and ib1ecu)ar Weight Data 
. . for the Four Saturate iFractions from the Cerro Negro Heavy Petroleum 

Crude: (A)  200-425'C, (B) 425-550'C. (C) 550-700 C, and 40) >70OmC 



425-550°C Saturate Hydrocarbon F r a c t i o n  

As ca l cu la ted  from the  r e s u l t s  o f  t he  s imulated d i s t i l  l a t i o n  
ana lys i s  by Brown e t  a l .  (1986), on l y  68% by volume o f  t h i s  sample 
d i s t i l l s  below 482°C. The carbon number range o f  normal alkanes t h a t  
would be expected i n  t h i s  p o r t i o n  o f  the  sample i s ' 2 3  t o  33. Using t h i s  
i n fo rma t ion  and t h e  de tec t i on  l i m i t  of the  method, the  maximum 
concent ra t ion  o f  normal alkanes t h a t  can be present  i n  t he  sample i s  
0.11% by weight. The concent ra t ion  o f  t he  branched alkanes can no t  be 
est imated as was discussed i n  t h e  experimental  sect ion.  

The GCIMS data from bo th  the  sample and sample-plus-spike 
experiments i n d i c a t e d  t h a t  no normal o r  branched alkanes a r e  present  a t  
o r  above the  de tec t i on  l i m i t  of the  method. However, t he  concent ra t ion  
o f  a c y c l i c  alkanes i n  t h e  425-550°C sa tu ra te  hydrocarbon f r a c t i o n  was 
determined by Brown e t  a l .  (1986) us ing the  ASTM spectrometr ic  method D- 
2786. The r e s u l t s  o f  t h e i r  ana lys i s  gave a  t o t a l  a c y c l i c  alkane 
concent ra t ion  o f  6.0% by volume. I f  a  s p e c i f i c  g r a v i t y  o f  0.8 i s  
assumed f o r  the  sample, the  concent ra t ion  of a c y c l i c  alkanes by weight 
i s  4.8%. Th is  value i s  considerably greater  than the  value determined 
by GCIMS eva lua t i on  o f  t h i s  sample (<O.l l% Dy weight) .  

The d i f f e r e n c e  i n  the  two mass spec t ra l  r e s u l t s  can p o s s i ~ l y  a r i s e  
from th ree  d i f f e r e n t  sources. The f i r s t  cause i s  t h a t  t h e  alkanes are  
concentrated i n  t he  p o r t i o n  o f  t he  sample t h a t  d i s t i l l s  above 482°C. 
This  i s  probably u n l i k e l y  s ince hydrocarDons i n  f o s s i l  f u e l s  occur as 
homologous series, and the  lower members o f  t he  alkane homologous se r ies  
should be detec tab le  i n  the  f i r s t  68% by volume o f  ma te r i a l  t h a t  i s  
s u i t a b l e  f o r  ana lys i s  by the  GCIMS method. 

A second poss ib le  cause i s  t h a t  branched alkanes cou ld  De present  
i n  the sample a t  concent ra t ions  below the  de tec tab le  l i m i t  o f  the  GCIMS 
method, b u t  a  s i g n i f i c a n t  number o f  isomers i s  present  t o  make up t h i s  
concentrat ion.  I f  a  normal d i s t r i b u t i o n  o f  the  sample i s  assumed, then 
the  number o f  branched alkanes r e q u i r e d  t o  De i n  the  sample below the  
de tec t i on  l i m i t  r equ i red  t o  compose 4.8% by weight o f  the  sample as 
alkanes can be estimated. An es t ima t ion  o f  the  number o f  branched 
alkanes present  a t  the  de tec t i on  l i m i t  i s  450. For a  normal 
d i s t r i b u t i o n  o f  t he  d i s t i l l a t e  range o f  the  samples, t he  alkane carbon 
number range would be expected t o  be 23 t o  40 o r  a  t o t a l  o f  16 Carbon 
numbers. This  would imp ly  tha t ,  on the  average, t he re  would be 28 
branched alkanes per carbon number. Th is  number o f  branched alkanes per 
carbon number appears u n l i k e l y  s ince t h e  branched alkanes normal ly  found 
i n  f o s s i l  f u e l s  can be r e l a t e d  t o  b i o l o g i c a l l y  formed compounds t h a t  
p r i m a r i l y  conta in  methyl branches i n  a  r e g u l a r  frequency such as t h e  
terpenoids. For a  40 carbon terpenoid, t he re  w i l l  on ly  be 5  methyl 
branches i n  t he  regu la r  p a t t e r n  ( isoprene u n i t s ) .  For t h i s  reason i t  
appears u n l i k e l y  t h a t  an i n o r d i n a t e l y  l a r g e  number o f  branched a1 kanes 
e x i s t s  i n  t he  sample t o  cause the  d i f f e r e n c e  i n  t he  two values f o r  
a c y c l i c  alkanes determined i n  t h i s  sample. 

The t h i r d  poss ib le  cons idera t ion  i s  t h a t  the  ASTM method 0-2786 i s  
n o t  adequate f o r  t he  eva lua t i on  o f  a  petroleum such as the  Cerro Negro 
heavy petroleldm cr~l r le .  Eva1 u a t i o n  of the r e s u l  t s  t h a t  are c u r r e n t l y  



a v a i l a b l e  i nd i ca tes . .  t h a t  t h i s  i s  the most l i k e l y  cause o f  the  
d i f fe rences i n  t h e  values o f  a c y c l i c  alkanes determined by the  G C I M S  
e v a l u a t i o n  and t h e  ASTM method 0-2786. Th is  inadequacy was the  reason 
f o r  i n v e s t i g a t i n g  these samples us ing  NMR and the  GCIMS methods, and i t  
appears t o  be a  l e g i t i m a t e  concern. 

The 1 3 C  NMR spectrum of t he  425-550°C f r a c t i o n  (F igure  2) shows the  
presence o f  f i v e  resonance c h a r a c t e r i s t i c s  o f  n-a1 kanes w i t h  a  carbon 
cha in leng th  g rea te r  t han  Clo. Assuming t h a t  t h e  n-alkanes a re  n o t  
bonded t o  any o ther  l a r g e r  molecular moiety, the  average n-alkane carbon 
cha in leng th  i s  c a l c u l a t e d  from the  i n t e g r a t i o n  o f  these resonances t o  
be C1 (Netzel  and Hunter 1981). A normal C1 a1 kane has a  b o i l i n g  p o i n t  
o f  196°C. This  value i s  much lower than the  d i s t i l l a t e  temperature 
range o f  425-550°C f o r  t h i s  f r a c t i o n .  Thus, i t  i s  concluded t h a t  t he  n- 
a lkane i s  a  s u b s t i t u e n t  o f  a  l a r g e r  molecular moiety. The NMR da ta  
agree w i t h  the  C C I M S  data t h a t  l i t t l e ,  I f  any, f r c c  n-alkanes a re  
present  i n  t h i s  f r a c t i o n .  

Reduction o f  the  1 3 C  DEPTIQUAT spec t ra l  data suggests t h a t  t he  
average molecular  s t r u c t u r e  i s  a  molecule con ta in ing  29 carbons, w i t h  
two sa tu ra te  r i n g s ,  e i g h t  branch s i t e s ,  and n ine  branches (Table 5) .  As 
was noted f o r  t h e  200-425°C sa tura te  hydrocarbon f r a c t i o n ,  there  i s  a l s o  
evidence from t h e  methyl 1 3 C  chemical s h i f t  data f o r  1,1,2 and 1,1,3- 
t r imethy lcyc lohexane molecular c o n f i g u r a t i o n  i n  t he  425-550°C sa tu ra te  
f r a c t i o n .  The remain ing methyl and methylene carbons a re  combined t o  
p rov ide  a  hypo the t i ca l  molecular s t r u c t u r e  as shown i n  F igure  4. Since 
t h e  1 3 C  spectrum shows the  cha rac te r i  s t i c  f i v e  resonances f o r  n-a1 kanes 
b u t  was shown no t  t o  e x i s t  i n  t he  f r e e  form, a  s t ra igh t - cha in  alkane of 
C9 was a t tached t o  one o f  t h e  sa tu ra te  r i ngs .  The carbon cha in length  
was c a l c u l a t e d  f rom the  i n t e g r a t i o n  of t h e  spectrum assuming t h a t  the 
resonance a t  14 ppm was equal t o  one methyl carbon i ns tead  o f  two as 
would be the  case i f  t h e  alkane was n o t  bound t o  the  r i n g  s t ruc ture .  

Brown e t  al .  (1986) had repo r ted  t h a t  c y c l o a l k a n ~ s  w i t h  one t o  s i x  
r i n g s  are  present  i n  the  425-550°C f r a c t i o n .  From t h e i r  data the  
weighted average number o f  r i n g s  per molecule was c a l c u l a t e d  t o  be 3.2 
(Netze l  e t  a l .  1981). The number o f  sa tura te  r i n g s  per molecule 
c a l c u l a t e d  from t h e  blMR data was found t o  be 2.3 (Table 5). 

The NMR and t h e  ASTM mass spectrometr ic  0-2786 methods prov ide  
e s s e n t i a l l y  t he  same r e s u l t s  f o r  average number o f  sa tu ra te  r i n g s  per  
molecule f o r  bo th  the  200-425°C and 425-550°C sa tura te  f r a c t i o n s .  The 
r e s u l t s  do n o t  agree on the  presence o f  a c y c l i c  alkanes. However, t h e  
NMR method ~ e s u l t s  agree w i t h  the  GC/MS results i n  t h a t  non-bonded, 
s t r a i g h t - c h a i n  alkanes are  n o t  present  i n  e i t h e r  t h e  200-425°C o r  t h e  
425-550°C f r a c t i o n s .  

550-700°C Saturate Hydrocarbon F r a c t i o n  

The r e s u l t s  o f  t h e  s imulated d i s t i l l a t i o n  ana lys i s  by Brown e t  a l .  
(1986) i n d i c a t e  t h a t  l e s s  than 7% by volume o f  t h i s  sample d i s t i l l s  
below 482°C; the re fo re ,  l i t t l e  i n fo rma t ion  can be obta ined us ing  the  
G C I M S  method. 



However, t he  G C I M S  experiments were performed on the sample, and 
the  data from both the sample and sample-plus-spike experiments were 
evaluated t o  determine whether alkanes were present  i n  the 7% by volume 
f r a c t i o n .  Nei ther  norinal nor branched alkanes were detected i n  t h e  
sample analyzed by t h i s  method. The d i s t i l l a t i o n  range of the  ma te r ia l  
e l u t i n g  from the  gas chromatographic column covered a normal alkane 
carbon number range o f  19 t o  33. The maximum concent ra t ion  o f  normal 
a1 kanes t h a t  cou ld  be present  i n  7% by volume of  t he  sample analyzed by 
t h e  GCIMS method was est imated us ing  the  number o f  poss ib le  normal 
alkanes i n  t he  sample and the  de tec t i on  l i m i t  f o r  normal alkanes. The 
maximum concent ra t ion  o f  normal alkanes was ca l cu la ted  t o  be 0.15% by 
weight. The same est imate can n o t  be made f o r  t he  branched alkanes 
because of t h e  l a r g e  unknown number of branched isomers poss ib le  i n  t h i s  
carbon number range. 

The f i v e  c h a r a c t e r i s t i c  resonances f o r  s t r a i g h t  carbon cha in length  
w i t h  0 1 0  are present i n  t he  1 3 C  NMR spectrum o f  550-700°C sa tu ra te  
f r a c t i o n  (F igure  2). From the  i n t e g r a t i o n  o f  these resonances and 
assuming t h a t  the resonances.'are due t o  n-alkanes n o t  Donded t o  any 
l a r g e r  molecular moiety, t he  average carbon cha in length  was found t o  be 
equal t o  14 carbons. An n-alkane o f  t h i s  carbon number has a b o i l i n g  
p o i n t  o f  253'C, which i s  f a r  t oo  low t o  be present  i n  t h i s  sample. 
Thus, i t i s  concluded t h a t  the  observed resonances associated w i t h  long, 
s t r a i g h t  carbon chains a r e  due t o  long, s t r a i g h t  carbon chains bonded t o  
a l a r g e r  molecular moiety. Assuming t h a t  t he  resonance a t  14 ppm i s  
equal t o  one methyl carbon i ns tead  o f  two, t he  s t r a i g h t  carbon 
cha in length  was c a l c u l a t e d  t o  be 10 carbons. 

Using the  1 3 C  DEPTIQUAT spec t ra l  data, an average molecule 
con ta in ing  36 carbons w i t h  four  sa tu ra te  r i ngs ,  11 branch s i t e s ,  and 11 
branches was cons t ruc ted  (Table 5 and F igure  4).  There i s  evidence from 
t h e  1 3 C  chemical s h i f t  data o f  a smal l  amount o f  1,1,2- and l S l s 3 -  
t r imethylcyc lohexane c o n f i g u r a t i o n  as w i t h  the  o ther  two f rac t i ons ,  bu t  
these con f i gu ra t i ons  were no t  i 1 l u s t r a t e d  i n  t he  average molecular  
s t ruc tu re .  The methyl and methylene carbons were d i s t r i b u t e d  throughout 
t h e  average molecule rep resen ta t i on  t o  g i ve  a s t r a i g h t  carbon 
cha in length  o f  10 carbons t o  co inc ide  w i t h  the  observed chemical s h i f t  
data f o r  a long alkane carbon chain. 

>700°C Saturate Hydrocarbon 'F rac t i on  

The s imulated d i s t i l l a t i o n  r e s u l t s  f o r  t h i s  sample (Brown e t  .a l .  
1986) i n d i c a t e  t h a t  5% by volume d i s t i l l s  a t  a temperature o f  506°C. 
The h ighest  r e t e n t i o n  t ime t h a t  can be achieved us ing  the  GCIMS method 
corresponds t o  a normal a1 kane w i t h  a b o i l  i n y  p o i n t  o f  482°C. Thus, t h e  
d i s t i l  l a t e  temperature a t t a i n a b l e  by the  GCIMS method (482°C) i s  
s i g n i f i c a n t l y  below the  temperature o f  t h e  i n i t i . a l  b o i l i n g  m a t e r i a l  i n  
t h i s  sample (506'C). These r e s u l t s  i n d i c a t e  t h a t  t he  >700°C sa tu ra te  
hydrocarbon sample i s  n o t  app l i cab le  t o  a n a l y s i s  us ing  t h e  GCIMS 
method. However, an at tempt us ing  the  GCIMS method was made so t h a t  the 
s imulated d i s t i l l a t i o n  r e s u l t s  cou ld  be confirmed. The r e s u l t s  of t h i s  
experiment demonstrate t h a t  no ma te r ia l  i n  the  sample e l u t e d  from the  
gas chromatographic column under the cond i t i ons  used. Therefore, t h e  
G C I M S  r e s u l t s  a re  cons i s ten t  w i t h  the  s imulated d i s t i l l a t i o n  r e s u l t s .  



The normal 1 3 C  NMR spectrum o f  the  >700°C satura te  f r a c t i o n  i n  
F igu re  2 shows the  c h a r a c t e r i s t i c  f i v e  resonances associated w i t h  carDon 
cha in length  greater  than 10 carbons. Frorn t h e  i n t e g r a t i o n  o f  these 
resonances., t h e  carbon cha in length  was found t o  be 15 carbons. The 
assumption was made t h a t  the  n-alkanes are  no t  bonded t o  any o ther  
molecular  moiety. An n-alkane o f  15 carbons has a   oiling p o i n t  o f  
271°C, which i s  we1 1 below t h e  d i s t i l l a t i o n  temperature f o r  t h i s  
f r a c t i o n  and would no t  be present. The presence of a long, s t r a i g h t  
cha in  alkane as noted from t h e  1 3 C  spectrum must a r i s e  from an alkane 
s u b s t i t u e n t  on a l a r g e r  molecular moiety. I f  the methyl resonance a t  14 
ppm i s  a r e s u l t  o f  one methyl carbon, the  subs t i t uen t  alkane w i l l  have a 
carbon number o f  10 o r  11. 

The average molecular s t r u c t u r e  der ived from the 1 3 C  DEPTIQUAT 
spec t ra l  data i s  a molecule conta in ing  71 carbons, f i v e  sa tura te  r ings ,  
19 branch s i t e s ,  and 19 branches (Table 5 and Figure 4 ) .  The methyl and 
methylene carbons a r e  d i s t r i b u t e d  so t h a t  a t  l e a s t  one s t r a i g h t  CarDon 
cha in length  o f  10 carbons i s  a subs t i t uen t  on a r i n g .  

Distillation Fractions o f  the Cerro Meqro Heavy Petroleum Crude 

The o r i g i n a l  <200°C d i s t i l l a t e  f r a c t i o n  o f  t h e  petroleum crude was 
f u r t h e r  d i v ided  i n t o  two subfract ions,  a <200°C and a >200°C d i  s t i  1  l a t e  
us ing  a spinning band column d i s t i l l a t i o n  procedure. These two 
f r a c t i o n s  were then i n v e s t i g a t e d  by. NMR and. G C I M S  spectrometr ic  
techniques. 

<200°C D i s t i l l a t e  Subf rac t ion  

Simulated d i s t i l l a t i o n  r e s u l t s  are no t  a v a i l a o l e  f o r  t h i s  sample, 
b u t  t h e  d i s t i l l a t i o n  range i s  est imated t o  De 98-216°C based on t h e  
G C I M S  data. 

Eva luat ion  o f  t he  GC/blS data detected the  presence o f  four  normal 
a1 kanes and 15 branched a1 kanes. The Concentrat ion o f  these colnpaunds 
i n  t h e  sample i s  low. The normal alkanes were i d e n t i f i e d  by comparing 
the  r e t e n t i o n  t imes o f  e l u t i n g  selected i o n  peaks i n  the  sample w i t h  
those o f  known normal alkanes. The branched alkanes were no t  as e a s i l y  
i d e n t i f i e d  because o f  the  l a rge  number o f  poss ib le  isomers and t h e  
closeness and over lapp ing nature o f  t h e i r  r e t e n t i o n  t imes i n  t h i s  reg ion  
o f  t h e  chromatogram. The branched alkanes were i d e n t i f i e d  on ly  by t h e i r  
carbon number. The alkanes i n  t h e  <200°C sub f rac t i on  are  l i s t e d  i n  
Table 6. The est imated concent ra t ion  o f  t he  i n d i v i d u a l  alkanes was 
determined using t h e  de tec t i on  l i m i t  data f o r  n-hexadecane (Table 2) and 
assuming constant  s e n s i t i v i t y  thrOllghoUt the  carljun numbel' l'ange. The 
est imated t o t a l  alkane content  f o r  t h i s  sample i s  2.92% Dy weight. The 
t o t a l  est imated concent ra t ion  o f  alkanes i s  h igher than t h a t  observed i n  
t h e  sa tura te  hydrocarbon f r a c t i o n s  o f  t he  Cerro Negro petroleum crude, 
bu t  i t  i s  s t i l l  n o t  as h igh  as would be expected f o r  a conventional 
petroleum. 

To check the  est imated q u a n t i t i e s  o f  alkanes present i n  t h i s  
sample, i t  was analyzed using the  Western Research I n s t i t u t e ' s  GCIMS 
hydrocarbon group type analys is .  Th is  a n a l y t i c a l  method was developed 



Table 6. Alkanes Detected i n  t h e  <200°C D i s t S l l a t e  
Subf rac t ion  from the  Cerro Negro Heavy 
Petroleum Crude 

Alkane Type 

Estimated Concentrat ion 
i n  the  Sample 

( W t  $1  

Branched C-7 
Branched C-8 
Branched C-8 
n-C8 
Branched C-9 
Branched C-9 
Branched C-9 
Branched C- 10 
Branched C-10 
Branched C-10 
Branched C-10 
Branched C-10 
Branched C-10 
n-C10 
n-C11 
Branched C-12 
Branched C-12 
Branched C-12 
n-C12 

Tota l  A1 kane Content 

t o  f o l l o w  changes i n  hydrocarbon group type d i s t r i b u t i o n  as a func t i on  
o f  changes i n  processing condi t ions.  It has been used successfu l ly  i n  
t h i s  a p p l i c a t i o n  (Smith e t  a l .  1986), bu t  t h e  method i s  no t  a 
standardized ASTM method. This method was app l i ed  t o  the  ana lys i s  o f  
t h i s  sample t o  serve only as a conf i rmat ion  o f  t h e  r e l a t i v e  magnitude o f  
t h e  alkane concentrat ion. 

The r e s u l t s  o f  the  GCIMS hydrocarbon group 'type ana lys i s  are  
provided i n  Table 7. The concent ra t ion  o f  a c y c l i c  alkanes determined by 
t h i s  method i s  1.2% by weight. The value obta ined by t h i s  method 
i n d i c a t e s  t h a t  the  concentrat ion o f  alkanes i n  t h i s  sample i s  low and 
conf i rms the  l e v e l  o f  alkanes est imated using the  n-hexadecane detec t ion  
1 i m i  t data. Other hydrocarbon species detected i n  t h i s  sample inc lude 
mono- and d i c y c l  oa l  kanes, a1 k y l  benzenes, i n d a n e s l t e t r a l  i ns, and 
naphthalenes. 



Table 7. GC/MS Hydrocarbon Group Type Analys is  o f  t he  
<200°C D i s t i l l a t e  Subf rac t ion  from the  Cerro 
Negro Heavy Petroleum Crude 

z 
Ser ies  

Concentrat ion 
Hydrocaroon Class (wt $1 

+ 2  normal and branched a1 kanes 1 . 2 
0  monocycl oa l  kanes 52.2 - 2 d i  c y c l  oa l  kanes 40.2 

T n t a l  S a t ~ ~ r a  t e d  Hydrncarhans ..-. . . 93.6 

a1 k y l  benzenes 
i n d a n e s l t e t r a l  i n s  
naphthalenes 

Tota l  Aromatic Hydrocarbons 6.4 

The l H  and NNMR spectra f o r  the <200°C d i s t i l l a t e  sub f rac t i on  
appear i n  F igures 5  and 6, respect ive ly .  Th is  sample d i f f e r s  from the  
p rev ious l y  discussed sa tura te  f r a c t i o n s  i n  t h a t  the  d i s t i l l a t e  f r a c t i o n  
conta ins  both aromatic and a l i p h a t i c  compounds. The aromatic reg ion  i n  
bo th  the  lH (6.8-7.3 ppm) and t h e  1 3 C  (120-145 ppm) NMR spectra 
i n d i c a t e s  t h a t  t h e  aromatic composit ion i s  inostly alkyloenzenes w i t h  
methyl subst i tuents .  A small amount o f  d iaromat ics and e t h y l -  
s u b s t i t u t e d  benzenes may a lso  be present. The NMR data compliment the  
G C I M S  hydrocarbon group type ana lys i s  data (Taole 7). 

Because of t h e  complexi ty  o f  t he  a l i p h a t i c  reg ion  o f  t he  13C NNK 
spectrum (5-60 ppm), conformational evidence f o r  n-alkanes cannot be 
made. The carbon and hydrogen type d i s t r i b u t i o n s  were obta ined using 
t h e  DEPTIQUAT NMR technique. However, reducing these data t o  average 
molecular  s t r u c t u r a l  parameters i s  no t  poss ib le  because the  d i s t i l l a t e  
f r a c t i o n  i s  composed o f  both aromatic and a l i p h a t i c  hydrocarbons. The 
carbon and hydrogen type d i s t r i b u t i o n s ,  t he  atomic H I C  r a t i o ,  and t h e  
hydrogen and carbon a r o m a t i c i t y  values ca l cu la ted  from the 1 3 C  DEPT/QUAT 
NMR experiments are  l i s t e d  i n  Table 8. 

>200°C D i s t i l  l a t e  Subf rac t ion  

Simulated d i  s t i  1 l a t i o n  r e s u l t s  a re  not  nva i  l a b l e  fo r  t h i s  sample, 
b u t  an eva lua t ion  o f  t he  G C I M S  data i n d i c a t e s  t h a t  t he  sample has an 
approximate d i s t i l  l a t i o n  range o f  235-460°C. A1 1  normal a1 kanes w i t h i n  
t h e  carbon number range o f  13 t o  31 were i d e n t i f i e d  i n  t h i s  sample. The 
concent ra t ion  o f  t h e  normal alkanes i s  on ly  s l i g h t l y  above the  de tec t i on  



Figure 5. The lH NMR Spectra for the <200eC and >200eC D i s t i l l a t e  
Fractions from the Cerro Negro Heavy Petroleum Crude 



F.igure 6. The l3C NMR Spectra for the c200'C and >200'C D i s t i l l a t e  
Subfractions from the Cerro Negro Heavy Petnleum Crude 



l i m i t  of the method. Branched alkanes were not  detected. The 
concentrat ion o f  the  normal alkanes was est imated using the  de tec t i on  
l i m i t  data fo r  n-hexadecane (Table 2). Th is  was done Dy assuming a  
constant s e n s i t i v i t y  throughout t h e  carbon number range f o r  t h e  
i n t e n s i t y  sums f o r  the ions  m/z=57, 71, 85, and 99. The est imated 
concentrat ion of t he  i n d i v i d u a l  norinal alkanes i n  t h i s  sample ranged 
from 0.02% t o  0.07% by weight. The t o t a l  normal alkane concent ra t ion  
was est imated t o  be 1.05% by weight. 

The GCIMS hydrocarbon group type ana lys i s  f o r  t h i s  sample was n o t  
performed because t h e  main o b j e c t i v e  was t o  e s t a b l i s h  the  presence o f  
normal and branched alkanes. 

Table 8. Carbon and Hydrogen Type D i s t r i b u t i o n s  and S t r u c t u r a l  
Parameters f o r  t h e  D i  s t i  1 l a t e  Subf rac t ions  f rom t h e  
Cerro Negro Heavy Petroleum Crude 

Carbon Type 

Aromati c  
A1 i p h a t i c  

CH 
Aromati c 
A1 i p h a t i c  

D i s t i l l a t e  Subfract ions 

<2oo0c >zoo ".C 

C (atom % )  H .  (atom % )  C (atom % )  H (atom $1 

Hydrogen Aromatici  t y  (%)  3.6 (2.8Ia . 3.2 (3.5) 

Carbon Aromat ic i ty  ( X )  7.9 (7.5) 11.6 (13.7). 

Atomic H /C  1.71 1.90 

'values i n  parentheses are  d i r e c t  NMR measurements 

The l H  and 1 3 C  NMR spectra f o r  the  >200°C d i s t i l l a t e  sub f rac t i on  
are a lso  shown i n  Figures 5 and 6, respec t i ve l y .  A comparison o f  the 
spectra i n d i c a t e s  s i m i l a r  chemical compositions. However, both 



t h e  'H  and 1 3 C  NMR spectra show l e s s  r e s o l u t i o n  than shown i n  the 
spectra o f  t h e  <200°C d i s t i l l a t e  o i l  sample. 

The carbon and hydrogen t ype  d i s t r i b u t i o n s  from 1 3 C  DEPT/QUAT NMR 
spec t ra l  data a re  g iven i n  Table 8. The data show t h a t  the >200°C 
d i s t i l l a t e  s u b f r a c t i o n  has a l a r g e r  p ropor t i on  o f  quaternary aromatic 
carbon due t o  r i n g  condensation and/or a l k y l  s u b s t i t u t i o n  o f  t he  
aromat ic  r ings .  The increase i n  the  percent o f  methylene carbon type i n  
t h e  >200°C d i  s t i  1  l a t e  subf rac t ion  r e l a t i v e  t o  t h e  <200°C s u ~ f r a c t i o n  
suggests an increase i n  number o r  s ize  o f  cycloalkanes because t h e  
normal l 3 C  spectrum (F igure  6 )  does n o t  i n d i c a t e  any n-alkanes o f  Clo o r  
greater.  

The atomic H/C r a t i o  and t h e  hydrogen and carbon a romat i c i t y  values 
f o r  the  >200°C d i s t i l l a t e  alrbfract ion are  a l s o  l i s t e d  i n  T a ~ l e  8. The 
H / C  r a t i o  r e f l e c t s  the  increase i n  methylene Carbons and, i n  general, an 
increase i n  the  sa tura te  hydr'6CarDOns r e l a t i v e  t o  the (200°C f r a c t i o n .  
There i s  a l so  an increase i n  the  carbon aromatic content  o f  the  >200°C 
s u b f r a c t i o n  r e l a t i v e  t o  t h e  <20O0C subf rac t ion .  

CONCLUSIONS 

It i s  concluded from the NMR and .GC/MS s tud ies  t h a t  tne Cerro Neyro 
heavy petroleum crude sa tura te  f r a c t i o n s  are  indeed composed mainly o f  
c y c l o a l  kanes w i t h  s t r a i g h t  carbon cha in length  and branched a1 kane sub- 
s t i  tuents. The ASTM mass spectrometr ic  method 0-2786 does not  provide 
an accurate ana lys i s  o f  the normal and branched alkanes ~ u t  appears t o  
g i ve  a reasonably good weight percent d i  s t r i  bu t i on  o f  cyc loa l  kanes when 
compared t o  NMR average molecular s t r u c t u r a l  parameter ca l cu la t i ons .  

It i s  suggested t h a t  d e t a i l e d  mathematical and experimental 
analyses be conducted i n  an e . f . fo r t  to modify t h e  e x i s t i n g  ASTM mass 
spectrometr ic  method D-2784 or t h a t  a new method be designed which can 
be used for non-converit isnal p t t r o l e ~ i ~ n  crudes such as the Cerro IJegrrj. 
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