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PYROLYSIS COUPLED WITH 
CAPILLARY SUPERCRITICAL FLUID 

CHROMATOGRAPHY 

J. H. RAYMER, C. S. SMITH,  
E. D. PELLIZZARI,  A N D  G. VELEZ 

Analytical arid Chemical Sciences 
Research Triangle InslitUte 

3040 Cornwallis Road 
Research Triangle Park, North Carolina 27709 

ABSTRACT 

Pyrolysis coupled with gas chromatography and carbon 
dioxide supercri tical f 1 uid extract ion/supercri tical f 1 uid 
chromatography was used to study the affect of pyrolysis 
temperature (500 or 9 9 9 O C )  and pyrolysis atmosphere (he1 ium or 
carbon dioxide) on the resulting chromatographic profiles o f  
asphaltenes. The use of the lower pyrolysis temperature 
yielded fewer and less volatile components than did the high 
pyrolysis temperature. 
chromatographic profiles and the profiles obtained after 
supercritical fluid extraction and chromatography. Fast atom 
bombardment/Mass spectrometry (FAB/MS) and Fourier Transform 
Infrared Spectrophotometric (FTIR) studies revealed, for these 
experiments, that a1 though the pyrolysis process greatly 
altered the structure of the asphaltenes, the effect of the 
atmosphere present during pyrolysis appeared to have little 
affect on the fragments formed when these reactions were 
carried out at ambient pressure. 

This was supported by both gas 
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INTRODUCTION 

RAYMER ET AL. 

Pyrolysis is a process in which an organic material is 
heated, usually in an inert atmosphere, to a relatively high 
temperature to cause the thermal disruption of the chemical 
bonds of the component(s) of the material. 
into an analytical scheme, the resulting pyrolysis products are 
subsequently analyzed by a variety of techniques including mass 
spectrometry ( M S ) ,  gas chromatography (GC) , or gas 
chromatography/mass spectrometry (GC/MS) to obtain both 
qualitative and quantitative information (1-4). Pyrolysis in 
combination with GC/MS (Py-GC/MS) has been used to study a wide 
range of materials including modern and fossil plant cuticles 
(5), melanoidins (6) , pheomelanins ( 7 ) ,  plant polymers in peats 
( a ) ,  beech milled wood lignin (9) and other complex 
biomaterials (10) , petroleum asphaltenes (1l1 12) , and the coal 

When incorporated 

on 
the 

asphaltenes derived from a supercritical toluene extract 
(13). These studies demonstrated that "fingerprints" of 
materials could be obtained under control led pyrolysis 
conditions and that some of this information was useful 
structural characterization of these substances. 

n the 

Although Py/GC can provide a great deal of information, a 
major limitation, especially with regard to structural 
analysis, is the requirement that the pyrolysis products be 
volatile. If the pyrolysis temperature is sufficiently high, 
extensive fragmentation occurs and the volatility requirements 
are easily achieved. However, this extensive fragmentation is 
usually accompanied by substantial rearrangements of the 
original structures such that the formed products often bear 
little resemblance to their structure in the unpyrolyzed 
material. This fact greatly complicates structural elucidation 
based on pyrolysis products. 
fragments decrease, a great deal of specificity is lost as the 

In addition, as the size of the 
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PYROLYSIS COUPLED WITH GAS CHROMATOGRAPHY 1263 

s t r u c t u r e s  o f  t h e  produc ts  become more and more fundamental.  
La rge r  f ragments would be much more s p e c i f i c  t o  t h e  o r i g i n a l  
m a t e r i a l  and t h e  a b i l i t y  t o  ana lyze  these would p r o v i d e  an 
a d d i t i o n a l  degree o f  s e l e c t i v i t y  ove r  t h e  a n a l y s i s  o f  t h e  

s m a l l e r  p roduc ts .  
from asphal tenes a r e  q u i t e  dependent on t h e  tempera ture  a t  
which t h e  p y r o l y s i s  occurs (11,12). The s tudy  o f  t h e  l a r g e  
fragments remain ing  i n  an aspha l tene a f t e r  p y r o l y s i s  a t  
d i f f e r e n t  temperatures would p r o v i d e  i n s i g h t  i n t o  t h e  p o s s i b l e  
a n a l y t i c a l  u t i l i t y  o f  these h i g h e r  mo lecu la r  we igh t  p roduc ts .  
These l a r g e  fragments migh t  w e l l  posses i n s u f f i c i e n t  v o l a t i l i t y  
t o  be e f f e c t i v e l y  separated by GC, however. S u p e r c r i t i c a l  
f l u i d  chromatography (SFC), w i t h  i t s  a b i l i t y  t o  ana lyze  
compounds w i t h  l i m i t e d  v o l a t i l i t i e s ,  shou ld  be a b l e  t o  hand le  
such fragments.  Th is  aspect i s  t h e  main focus  o f  t h e  c u r r e n t  
work. SFC has been a p p l i e d  t o  t h e  separa t i on  and a n a l y s i s  o f  
r e l a t i v e l y  h i g h  mo lecu la r  we igh t  coa l  and pe t ro leum p roduc ts  
i n c l u d i n g  m idd le  d i s t i l l a t e  f u e l  (14) I a c a t a l y t i c a l l y  c racked 
pe t ro leum vacuum res idue  (15) I and asphal tenes (16) .  

T h i s  paper descr ibes  exper iments we have performed on 

asphal tenes t o  i n v e s t i g a t e  t h e  f e a s i b i l i t y  and u t i l i t y  o f  SFC 
i n  t h e  a n a l y s i s  o f  p y r o l y s i s  p roduc ts .  F i r s t ,  PyIGC o f  
asphal tenes was s t u d i e d  a t  500 and 999'C p y r o l y s i s  tempera tures  
under a he l i um atmosphere. Next,  t h e  r e s i d u e  rema in ing  a f t e r  

p y r o l y s i s  was e x t r a c t e d  w i t h  s u p e r c r i t i c a l  carbon d i o x i d e  and 
t h e  e x t r a c t e d  components were focused o n t o  a coo led  r e t e n t i o n  

gap p r i o r  t o  c a p i l l a r y  SFC separa t i on .  
t h e  e f f e c t  o f  a C02 p y r o l y s i s  atmosphere i n  t h e  same manner and 
compared t h e  r e s u l t i n g  chromatograms. 
i n f r a r e d  spec t roscop ic  (FTIR) a n a l y s i s  and f a s t  atom 
bombardment (FAB) MS a n a l y s i s  were used t o  see i f  t h e  C02 
atmosphere r e s u l t e d  i n  t h e  fo rma t ion  o f  p roduc ts  c h e m i c a l l y  
d i s t i n c t  f rom those formed i n  a He atmosphere. 

S tud ies  have shown t h a t  t h e  p roduc ts  formed 

We a l s o  i n v e s t i g a t e d  

F o u r i e r  t r a n s f o r m  

Th is  s tudy  o f  
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1264 RAYMER ET AL. 

the effect of a C02 atmosphere was important as we ultimately 
desired to study this process under high pressure, 
supercri tical f 1 uid conditions. 

MATERIALS AND INSTRUMENTATION 

(North Carol 
fractionated 
American SOC 
asphal tenes. 

AC-20 grade asphalt, compliments o f  Dr. Paul Khosla 

in the 
d the 

na State University, Raleigh, NC) was 
fol 1 owing the procedure (D4124) descri bed 
ety for Testing and Materials (17) ,  to yie 

Pyrolysis/Gas Chromatography. 

A Pyroprobe 122 pyrolysis unit (Chemical Data Systems, 
Inc., Oxford, PA) with a 1/4 in. standard coil probe was 
interfaced with a Varian 3700 GC (Varian Associates, Walnut 
Creek, CA). The probe held a quartz pyrolysis tube packed with 
quartz wool which accepted the liquid sample. 
was achieved using a 30 m x 250 pm i.d. DB-5 column with a film 
thickness of 0.25 pm (Jaw Scientific, Inc., Rancho Cordova, 
CA). The detector was flame ionization (FID) and the resulting 
pyrogram was recorded on an HP3390A integrator 
(Hewlett-Packard, Avondale, PA). Electrometer settings were 
the same for each chromatogram shown in this work. 

concentrated sulfuric acid at 50°C for two hours, rinsed with 
deionized water and dried in an oven at 110°C. The cubes were 
then packed with quartz wool that had been rinsed in methanol 
and dichloromethane, heated in a tube furnace at 600°C and 

The separation 

The pyrolysis tubes were cleaned by submerging them in 
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PYROLYSIS COUPLED WITH GAS CHROMATOGRAPHY I265 

continously purged with air for a minimum of two hours. 
Finally, they were placed in an extraction cell (described 
below) and extracted on a modified Lee Scientific Model 501 SFC 
(Lee Scientific, Salt Lake City, UT) with supercritical carbon 
dioxide (SFC grade, Scott Speciality Gases, Plumsteadville, PA) 
at 100°C and 400 atmospheres until the FID signal resulting 
from supercri tical fluid extraction/supercri tical fluid 
chromatography (SFE/SFC) of the tubes returned to base1 ine. 

Supercri ti cal F1 ui d Extracti on/Supercri tical F1 uid 
Chromatography 

The extraction and chromatography were performed 
on a modified Lee Scientific Model 501 SFC. A diagram of the 
system as modified for this work is shown in Figure 1. In the 
extraction mode (3-way valve opened, 2-way valve closed and the 
retention gap disconnected from the column) , the effluent from 
the extraction cell was expanded through a 20 cm x 15 pm i.d. 
deactivated fused silica restrictor (SGE, Inc., Austin, TX). 
The restrictor was inserted through a 1/16 in. Swagelok tee and 
2 cm into a 3 cm x 0.01 in. i.d. stainless steel tube. A 
0.5 m x 220 pm i.d. deactivated fused silica, aluminum clad 
retention gap (SGE) was connected to the 3 cm stainless steel 
tube with a 1/16 in. to 1/32 in. reducing union (Valco 
Instruments Co. Inc., Houston, TX). It was found that 
placement o f  the retention gap into a solid/liquid acetonitrile 
bath (dry ice/acetonitrile, -45°C) and insertion of a 2 pm 
screen in the 1/16 in. side of the reducing union improved 
focusing of the extracted components. In the chromatographic 
mode (3-way valve closed, 2-way valve opened and retention gap 
connected to column), the CO2 mobile phase was delivered to the 
1/16 in. tee where it flows around the restrictor, through the 
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1266 RAYMER E T  AL. 

FID 

F igu re  1. SFE/SFC ins t rumen ta t i on  used i n  t h i s  s tudy .  

s t a i n l e s s  s t e e l  tube i n t o  t h e  r e t e n t i o n  gap and on th rough t h e  
column t o  an F I D .  The column was 7 m x 50 pm i .d .  coated w i t h  
Phenyl-5 w i t h  a f i l m  t h i ckness  o f  0.25 pm (Lee S c i e n t i f i c ) .  

o f  1/4 i n .  0.d. x 5.3 mm i . d .  s t a i n l e s s  s t e e l  t u b i n g  and Parker  

1/4 i n .  f r i t t e d  column end f i t t i n g s .  These dimensions r e s u l t e d  
i n  a c e l l  volume o f  0.7 mL. The c e l l  was cleaned by  s o n i c a t i o n  
i n  methanol and dichloromethane fo l l owed  by e x t r a c t i o n  w i t h  
s u p e r c r i t i c a l  carbon d i o x i d e  a t  1OO'C and 400 atmospheres u n t i l  
t h e  F I D  s i g n a l  re tu rned  t o  base l i ne .  

The e x t r a c t i o n  c e l l  was cons t ruc ted  from a 3.3 cm l e n g t h  

Large-sca le  E x t r a c t i o n  f o r  S t r u c t u r a l  S tud ies  

I n  o rde r  t o  o b t a i n  s t r u c t u r a l  i n f o r m a t i o n  rega rd ing  t h e  
compounds e x t r a c t e d  from t h e  p y r o l y s i s  res idue ,  i t  was 
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PYROLYSIS COUPLED WITH GAS CHROMATOGRAPHY 1267 

necessary to increase the mass extracted to ensure adequate 
amounts of material for FAB/MS and FTIR analysis. An extraction 
cell was constructed from a 17.9 cm length of 1/4 in. 0.d. x 
4.0 mm i.d. stainless steel tubing with Parker fritted column 
end fittings yielding a cell volume of 2.2 mL. This cell held 
seven pyrolysis tubes containing residue generated under the 
same conditions as for the SFE/SFC analysis. The extraction 
system was the same as above except that the 15 pn 
restrictor carried the extract out of the oven into a 
scintillation vial containing 10 mL of methanol which served to 
trap components as the effluent expanded to a gas. The solvent 
was removed and the residue dissolved in a minimal amount of 
solvent. Half of the sample was analyzed by FAB/MS (ZAB-E, VG 
Instruments, Danvers, MA) and the other half analyzed by FTIR 
(Sirius 100, Mattson Instruments, Madison, WI). 

PROCEDURES 

Pyrolysis/Gas Chromatography 

A clean quartz tube packed with quartz wool was placed in 
the 1/4 in. standard coil probe. 
mg/mL solution of asphaltenes in dichloromethane were applied 
to the quartz wool. The solvent was allowed to evaporate for 
ten minutes. The probe was inserted into the interface box of 
the Pyroprobe 122 which was maintained at its maximum 
temperature of 210'C. A 0.5 m section at the head of the column 
was immersed in a solid/liquid acetonitrile bath to 
cryogenically focus the volatile pyrolyzed compounds. The 
interface box was purged with helium for five minutes to remove 
any air and to allow time for thermal equilibration of the 

Five 1.0 pL aliquots of a 4.0 
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1268 RAYMER ET AL. 

probe. The final pyrolysis temperature was set at either 500°C 
or 999°C and the pyrolysis unit activated for an interval of 
two seconds. The ramp rate was approx. 75'C/ms. The interface 
box was purged with helium for ten minutes to sweep the 
volatile components onto the cooled section of column. 
oven was then brought to 45"C, the acetonitrile bath removed 
and the oven temperature programmed to 300'C at 5'C/min. 
GC analysis, the probe was withdrawn the quartz tube 
containing the pyrolysis residue was removed and placed into a 
1 dram vial. The vial was kept refr gerated until extraction. 
The situation in which pyrolysis was carried out under carbon 
dioxide atmosphere employed the same procedure except that 
after insertion of the probe, the interface box was purged with 
CO2 for five minutes prior to pyrolysis to thoroughly exchange 
the atmospheres. Two minutes after the pyrolysis, the inlet 
gas was switched to helium for the ten minute focusing period. 

The GC 

After 

Supercri tical F1 ui d Extraction/Supercri tical F1 uid 
Chromatography 

With both valves closed, i.e. no C02 flow, a 
quartz tube was placed in the small extraction cell. The system 
was switched to the extraction mode and the pressure was raised 
to 400 atmospheres with the oven at 40'C to provide a fluid 
density of 0.96 g/mL. 
atmospheres, the pump volume was read and a timer started. 
After 29 minutes the flow was stopped and the final volume 
recorded. The measured extraction volume was at least 3 mL of 
liquid Cop. After the extraction was completed, the pressure 
was lowered and the system switched to the chromatographic 
mode. 
and the oven temperature was raised to 1OO'C. 
density program was used to separate the compounds. 

When the pressure reached 400 

The retention gap was removed from the acetonitrile bath 
A multilinear 

All 
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PYROLYSIS COUPLED WITH GAS CHROMATOGRAPHY 1269 

e lec t romete r  s e t t i n g s  were t h e  same f o r  a l l  o f  t h e  
chromatograms shown i n  t h i s  work. 

S u p e r c r i t i c a l  F l u i d  E x t r a c t i o n  f o r  S t r u c t u r a l  S tud ies  

Seven quar t z  p y r o l y s i s  tubes  c o n t a i n i n g  m a t e r i a l  generated 

The e x t r a c t i o n  c o n d i t i o n s  here  
us ing  t h e  same p y r o l y s i s  c o n d i t i o n s  as f o r  PyIGC were loaded 
i n t o  t h e  l a r g e  e x t r a c t i o n  c e l l .  
were t h e  same as f o r  t h e  s i n g l e  tubes except t h a t  t h e  
e x t r a c t i o n  t i m e  was extended t o  150 minutes t o  compensate f o r  
t h e  inc reased c e l l  volume. A f t e r  e x t r a c t i o n  t h e  r e c e i v i n g  
s o l v e n t  volume was reduced w i t h  t h e  a i d  o f  a water  b a t h  a t  50°C 
and a g e n t l e  stream o f  c ryo t rapped n i t r o g e n .  
reached about 0.75 mL t h e  s o l u t i o n  was t r a n s f e r e d  t o  a l-mL 
c o n i c a l  v i a l .  The s c i n t i l l a t i o n  v i a l  was r i n s e d  w i t h  3 l-mL 
a l i q u o t s  o f  methanol which were added t o  t h e  c o n i c a l  v i a l .  
sample was taken t o  dryness, capped and s t o r e d  i n  t h e  

r e f r i g e r a t o r  f o r  f u r t h e r  ana lys i s .  

100 p L  o f  d ichloromethane. 
d i s s o l v e d  i n  a d ie thano lamine ma t r i x .  FAB/MS spec t ra  were 
ob ta ined  over  a mass range o f  150 t o  1200 atomic mass u n i t s .  
The remain ing  s o l u t i o n  was depos i ted  on to  a KBr  d i s k  and a 
t ransmiss ion  I R  spectrum ob ta ined  (400 t o  4000 cm-1) a t  a 
r e s o l u t i o n  o f  4 wavenumbers. 

When t h e  volume 

The 

Immediately p r i o r  t o  a n a l y s i s ,  t h e  sample was d i s s o l v e d  i n  
One h a l f  o f  t h e  s o l u t i o n  was 

RESULTS AND D I S C U S S I O N  

Pyrolysis/GC 

The r e s u l t s  o f  changes i n  t h e  gas chromatograms o f  t h e  
p y r o l y s i s  p roduc ts  as a r e s u l t  o f  changes i n  bo th  p y r o l y s i s  
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1270 RAYMER ET AL. 

He atmosphere 

(mid 0 5 10 15 20 25 30 35 40 45 50 55 
I I I I I I I I I I I 

Temp 1 I I I 1 I 1 I 

(c) 45 70 95 120 145 170 195 220 245 270 295 300 

Figure 2. GC profile resulting from the pyrolysis of asphaltenes 
in a he1 ium atmosphere at 999°C. 

temperature and atmosphere are shown in Figures 2-4. It is 
apparent from the chromatograms o f  Figures 2 and 3 that the 
pyrolysis of asphaltenes at 999'C results in the formation of 
predominantly volatile fragments; the majority of components 
eluted before 140°C. 
revealed consistent chromatographic profiles of the fragments. 
Figure 4 shows the profiles obtained after pyrolysis of 
asphaltenes at 500'C which differ markedly from those of 
Figures 2 and 3 (999'). The lower temperature pyrolyses 

Replicate Py/GC analysis of these samples 
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PYROLYSIS COUPLED WITH GAS CHROMATOGRAPHY 1271 

C02 atmosphere C02 atmosphere 

(mid 0 5 10 15 20 25 30 35 40 45 50 15 

("c) 45 70 95 120 145 170 195 220 245 270 295 300 
Temp 1 I I I I 1 I I I I I I , 1 I I I I 

F i g u r e  3. GC p r o f i l e  r e s u l t i n g  f rom t h e  p y r o l y s i s  o f  asphal tenes 
i n  a carbon d i o x i d e  atmosphere a t  999'C. 

r e s u l t e d  i n  a s h i f t  t o  l e s s  v o l a t i l e  f ragments,  as much o f  t h e  
m a t e r i a l  does n o t  beg in  t o  e l u t e  u n t i l  approx imate ly  170'. I n  
a d d i t i o n ,  t h e  t o t a l  de tec ted  peak areas were much lower  than  
f o r  t h e  h i g h  temperature s i t u a t i o n  i n d i c a t i n g  t h a t  t h e  
aspha l tene s t r u c t u r e  was l e s s  d i s r u p t e d  a t  500'. Given t h a t  
t h e  t o t a l  mass o f  asphal tenes sub jec ted  t o  p y r o l y s i s  i n  each 
case was cons tan t ,  i t  would be expected t h a t  a g r e a t e r  
p r o p o r t i o n  o f  t h a t  mass remained i n  t h e  p y r o l y s i s  tube. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
4
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1272 

A. He atmosphere 

RAYMER ET AL. 

5 10 15 20 25 30 35 40 45 50 55 
I I I I I I I I I I I 

Time 
(min) 0 

Temp I ! I 4 , I 

P a  45 

B. CO, atmosphere 

5 10 15 20 25 30 35 40 45 50 55 

Temp I 1 I I I I I I I I I I 
I I 

(=a 45 m 95 120 145 in 195 220 245 270 295 300 

F igu re  4 .  Comparison o f  Py/GC p r o f i l e s  ob ta ined  a t  a p y r o l y s i s  
temperature o f  500°C i n  he l i um ( A )  and C02 (B) 
atmosphere. 

The atmosphere surrounding t h e  samples d u r i n g  p y r o l y s i s  
appeared t o  have an i n f l u e n c e  on t h e  chromatograms; t h e  

r e s u l t i n g  d i f f e r e n c e s  a l s o  seem t o  be more q u a n t i t a t i v e  than  
q u a l i t a t i v e  i n  na tu re ,  i . e . ,  peak i n t e n s i t i e s  appear t o  change 
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PYROLYSIS COUPLED WITH G A S  CHROMATOGRAPHY I273 

r a t h e r  than a p a r t i c u l a r  peak appear ing upon p y r o l y s i s  i n  a 
g iven atmosphere. I n  bo th  cases t h e  general  p a t t e r n s  o f  
f ragmenta t ion  were preserved. 
(999") revea ls  t h a t  t h e  r e l a t i v e  peak h e i g h t s  w i t h i n  t h e  
o v e r a l l  p r o f i l e  were a l t e r e d  i n  some cases. Th is  i s  e s p e c i a l l y  
e v i d e n t  i n  t h e  t h r e e  reg ions  i n d i c a t e d  i n  F igures  2 and 3 where 
t h e  f i r s t  and t h i r d  reg ions  were e leva ted ,  r e l a t i v e  t o  o t h e r  
reg ions  and components, when p y r o l y s i s  took  p l a c e  i n  a he l i um 
atmosphere. The second r e g i o n  was e leva ted ,  r e l a t i v e  t o  t h e  

o the rs ,  when carbon d i o x i d e  surrounded t h e  sample. Some o t h e r ,  

more s u b t l e  d i f f e r e n c e s  were a l s o  apparent f o r  components which 
e l u t e d  a f t e r  120°C. S i m i l a r l y ,  t h e r e  were a l s o  d i f f e r e n c e s  
observed from t h e  Py/GC separa t ions  o f  t h e  produc ts  formed a t  a 
p y r o l y s i s  temperature o f  500°C. 

195 and 270°C were much more abundant f o l l o w i n g  p y r o l y s i s  i n  
C02 than  was t h e  case where t h e  sample was py ro l yzed  i n  a 
he l i um atmosphere. 
exper iments were repeated. 

atmosphere-dependent d i f f e r e n c e s  migh t  be found i n  t h e  
d i f f e r e n t  heat t r a n s p o r t  p r o p e r t i e s  o f  t h e  two gases, b u t  much 
more work would be needed t o  see i f  t h i s  i s  an i ssue .  The 
r e s u l t s  o f  t h e  FAB/MS and F T I R  work on t h e  r e s i d u e  e x t r a c t s ,  
p resented  l a t e r ,  m igh t  i n d i c a t e  s t r u c t u r a l  d i f f e r e n c e s  i n  t h e  
e x t r a c t s  f rom d i f f e r e n t  c o n d i t i o n s  and suppor t  s t r u c t u r a l  
d i f f e r e n c e s  i n  t h e  v o l a t i l e  f r a c t i o n s  as w e l l .  

A comparison o f  F igu res  2 and 3 

The components e l u t e d  between 

These r e s u l t s  were c o n s i s t e n t  when t h e  
A p o s s i b l e  e x p l a i n a t i o n  f o r  these 

Supercr i  t i c a l  F1 u i d  Ex t rac t i on /Superc r i  t i c a l  F l u i d  
Chromatography 

As i n d i c a t e d  i n  t h e  exper imenta l  s e c t i o n ,  t h e  q u a r t z  
p y r o l y s i s  tubes were e x t r a c t e d  w i t h  s u p e r c r i t i c a l  C02 a f t e r  t h e  
PyIGC exper iment and t h i s  e x t r a c t  was analyzed u s i n g  SFC. The 
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1274 RAYMER ET AL. 

presence o f  l e s s  v o l a t i l e ,  C02 s o l u b l e  f ragments remain ing  i n  
t h e  res idue  should be revea led  here. 
t h e  dichloromethane s o l v e n t  was depos i ted  and evaporated, was 
c a r r i e d  th rough t h e  pryolysis/SFE/SFC exper iment and r e s u l t e d  
i n  t h e  "b lank "  chromatogram o f  F igu re  5 - A .  The components 
which e l u t e d  b e f o r e  0.6 g/mL were ve ry  c o n s i s t e n t ,  y e t  t h e  
unreso lved p o r t i o n  a t  0.76 g/mL was somewhat v a r i a b l e ;  t h e  
s i g n i f i c a n c e  o f  v a r i a t i o n s  i n  t h i s  r e g i o n  must t h e r e f o r e  be 
i n t e r p r e t e d  w i t h  cau t ion .  
were a p p l i e d  t o  t h e  quar t z  tube and sub jec ted  t o  SFE/SFC i n  t h e  
absence o f  a p y r o l y s i s  s tep  so t h a t  any components detec ed 
which m igh t  a r i s e  f rom any r e s i d u a l ,  unpyro lyzed m a t e r i a  would 
be de tec ted .  Th is  p r o f i l e  i s  shown i n  F i g u r e  5-B and i n d i c a t e s  
t h a t  very  l i t t l e  o f  t h e  unpyrolyzed aspha l tene sample was 
s o l u b l e  i n  s u p e r c r i t i c a l  C02. The b a s e l i n e  r i s e  between 0.3 
and 0.4 g/mL suggests t h e  presence o f  some s o l u b l e  m a t e r i a l  
b u t ,  g iven  t h e  mass loaded and t h e  known s e n s i t i v i t y  o f  t h e  
SFC/FID system, represents  o n l y  a smal l  p r o p o r t i o n  o f  t h e  
sample. Th is  i s  c o n s i s t e n t  w i t h  o t h e r  work (unpubl ished) i n  
ou r  l a b o r a t o r y  where C02 was shown t o  be a poor  mob i l e  phase 
f o r  t h e  SFC a n a l y s i s  o f  asphal tenes. 

F igu re  6 shows t h e  p r o f i l e s  f o r  t h e  aspha l tene res idues  
f rom t h e  999°C p y r o l y s i s .  
more m a t e r i a l  was e l u t e d  i n  t h e  low d e n s i t y  ( 0.1 t o  0.3 g/mL) 
r e g i o n  as compared t o  t h e  b lank ,  and t h e  observed d i f f e r e n c e s  
as a r e s u l t  o f  t h e  atmosphere change appear t o  be more 
q u a n t i t a t i v e  than q u a l i t a t i v e  i n  na tu re .  
observed i n  t h e  0.7 g/mL reg ion  must be viewed w i t h  c a u t i o n ,  as 
i n d i c a t e d  above. 

mass was e x t r a c t e d  from t h e  500'C p y r o l y s i s  r e s i d u e  than f rom 
t h e  res idue  ob ta ined f rom t h e  h i g h e r  tempera ture  p y r o l y s i s .  
Most o f  t h e  components, many o f  which remain unreso lved i n  t h i s  

A quar t z  tube  on to  which 

For re fe rence,  20 p g  o f  aspha tenes 

Both chromatograms i n d i c a t e  much 

The d i f f e r e n c e s  

The chromatograms o f  F igu re  7 show t h a t  a g r e a t  deal  more 
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chromatographic c o n f i g u r a t i o n ,  e l u t e  above 0.3 g/mL suppor t i ng  
ou r  hypothes is  t h a t  t h e  lower temperature would r e s u l t  i n  t h e  
fo rma t ion  o f  l a r g e r ,  e x t r a c t a b l e  fragments. The dependence o f  
t h e  SFC p r o f i l e  on t h e  p y r o l y s i s  atmosphere i s  aga in  s u b t l e ,  i f  
i t  e x i s t s  a t  a l l .  With t h e  excep t ion  o f  t h e  components e l u t e d  
a t  h igh  d e n s i t y  when he l i um was t h e  p y r o l y s i s  atmosphere, t h e  
d i f f e r e n c e s  were more q u a n t i t a t i v e  i n  na tu re .  

S t r u t u r a l  S tud ies  

t h e  p roduc t i on  o f  chemica l l y  d i s t i n c t  species t h a t  cou ld  be 

e x t r a c t e d  by s u p e r c r i t i c a l  C02, severa l  tubes  o f  aspha l tene 
were py ro l yzed  and e x t r a c t e d  i n  b u l k ,  as descr ibed above, i n  
o r d e r  t o  o b t a i n  g r e a t e r  masses o f  t h e  e x t r a c t s .  We chose t o  

use FAB/MS a n a l y s i s  because t h i s  techn ique i s  known t o  p r o v i d e  
i n f o r m a t i o n  on h i g h  molecu la r  weight components, such as m igh t  

be expected i n  t h i s  s i t u a t i o n .  
t h e  500" p y r o l y s i s  because o f  t h e  observed e x t r a c t a b l e  mass. 
The measurement o f  i ons  c l e a r l y  assoc ia ted  w i t h  e i t h e r  
p y r o l y s i s  atmosphere would, presumably, r e f l e c t  p y r o l y s i s  
processes a f f e c t e d  by t h e  chemical n a t u r e  o f  t h e  atmosphere. 
The ions  n o t  observed i n  t h e  e x t r a c t i o n  b lank  a n a l y s i s  y e t  
found i n  t h e  samples a re  l i s t e d  i n  Table 1 a long w i t h  t h e  i ons  
f rom unpyrolyzed aspha l t .  

The r e s u l t s  o f  Table 1 i n d i c a t e  t h a t  t h e  chemical n a t u r e  o f  t h e  
asphal tene sample has been g r e a t l y  a l t e r e d  as a r e s u l t  o f  
p y r o l y s i s .  However, t h e  conc lus ions  which can be reached 
rega rd ing  d i f f e r e n c e s  r e s u l t i n g  f rom t h e  p y r o l y s i s  atmosphere 
a re  n o t  as c l e a r .  
d i f f e r e n t ,  t h e  l a c k  o f  many ions  f rom t h e  C02-pyrolyzed sample 
makes a d e f i n i t i v e  statment imposs ib le .  
poor  response from t h e  C02-derived sample i s  unc lea r .  

I n  o rde r  t o  determine i f  t h e  p y r o l y s i s  atmosphere caused 

We a l s o  chose t o  examine o n l y  

Al though t h e  i ons  observed i n  each case were 

The reason f o r  t h e  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
4
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



PYROLYSIS COUPLED WITH GAS CHROMATOGRAPHY 1279 

0.20 -I 
0.18 - 

0.16 - 
Q) 0.14 - 

0.12 - e 
0 
C 

5: 0.10 - 2 
0.08 - 
0.06 - 
0.04 - 
0.02 - 

TABLE 1. 
FAB/MS Ion Comparison for Asphal tenes 

Unpyrolyzed Helium Atmosphere Carbon dioxide atmosphere 
- m/z - m/z - m/z 

247, 249 238 316 
352, 354 28 1 

457 343 
50 1 384 

590 5 50 
670 553 

594 
a47 

562 448 

Asphaltenes 

Microns 
2.5 3.0 3.5 4.0 5.0 6.0 8 10 15 

I 1 I 1 I 1 I 

0.22 1 

3500 3000 2500 2000 1500 1000 500 

Wavenumber 

Figure 8. FTIR absorbance spectrum of unpyrolyzed asphaltenes. 
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CO, Atmosphere \ i 
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Wavenumber 

F igu re  9. F T I R  spec t ra  of t h e  s u p e r c r i t i c a l  C02 e x t r a c t s  f rom 
asphal tenes py ro l yzed  a t  500'C i n  C02 and He 
atmosphere. 

S i m i l a r  r e s u l t s  were ob ta ined f rom t h e  FTIR s t u d i e s  o f  t h e  
unpyrolyzed asphaltenes, SFE b lank ,  and t h e  e x t r a c t s  f rom t h e  

asphal tenes py ro l yzed  a t  500'C i n  t h e  two d i f f e r e n t  

atmospheres. 
i n d i c a t e d  very  l i t t l e  m a t e r i a l  except f o r  r e s i d u a l  methanol. 
Maximum absorbance was 0.01 absorbance u n i t s .  
t h e  unpyrolyzed asphal tenes i s  shown i n  F i g u r e  8 f o r  comparison 
t o  t h e  spec t ra  o f  F igu re  9 i n  which t h e  e x t r a c t a b l e  f ragments 
a f t e r  p y r o l y s i s  i n  he l i um and carbon d i o x i d e  a re  compared. The 
maximum absorbance f o r  these spec t ra  was approx imate ly  0.22 

The FTIR spectrum o f  t h e  e x t r a c t i o n  b lank  

The spectrum o f  
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absorbance u n i t s .  
a l t e r e d  t h e  s t r u c t u r e  o f  t h e  asphal tenes and t h a t  t h e  

d i f f e r e n c e s  between t h e  two atmospheres a r e  smal l .  
s u b t l e  d i f f e r e n c e  i n  t h e  1800-1900 cm-1 r e g i o n  where t h e  C02- 
py ro l yzed  sample shows a l a r g e r  absorbance. 

Again i t  i s  c l e a r  t h a t  p y r o l y s i s  g r e a t l y  

There i s  a 

CONCLUSIONS 

T h i s  work has shown t h a t  t h e  a n a l y s i s  o f  p y r o l y s i s  

p roduc ts  by SFE/SFC i s  f e a s i b l e .  
res idues  revea led  t h a t  more m a t e r i a l  was recovered f rom t h e  

500'C p y r o l y s i s  than from t h e  999'C p y r o l y s i s .  
t h e  f a c t  t h a t  t h e  p roduc ts  produced as a r e s u l t  o f  p y r o l y s i s  
a r e  dependent upon t h e  p y r o l y s i s  tempera ture  b o t h  as p r e v i o u s l y  

r e p o r t e d  (11 , lZ )  and shown i n  o u r  PyIGC s t u d i e s  o f  asphal tenes. 
These 1 a rge r  fragments, produced by a reduced p y r o l y s i s  
tempera ture ,  and t h e i r  a n a l y s i s  by SFE/SFC can add ano the r  
dimension t o  PyIGC 

da ta  ob ta ined.  The a b i l i t y  t o  produce and ana lyze  l a r g e  
fragments f rom h i g h  mo lecu la r  we igh t  spec ies  m igh t  have many 
i m p l i c a t i o n s  f o r  s t r u c t u r a l  c h a r a c t e r i z a t i o n  when d e t e c t o r s  
which p r o v i d e  q u a l i t a t i v e  i n f o r m a t i o n  (MS, FTIR) a r e  used i n  

c o n j u n c t i o n  w i t h  SFC. There appeared t o  be some a l t e r a t i o n s  o f  
t h e  Py/GC and Py/SFE/SFE p r o f i l e s  r e s u l t i n g  f rom changes i n  t h e  

p y r o l y s i s  atmosphere when t h e  py ro l yses  were c a r r i e d  o u t  a t  
ambient p ressure .  
smal l  d i f f e r e n c e s  a r e  d e r i v e d  f rom r e a c t i o n s  dependent on t h e  
chemical  n a t u r e  o f  t h e  p y r o l y s i s  atmosphere o r  f rom p h y s i c a l  
p r o p e r t i e s  o f  t h e  atmosphere which c o u l d  r e s u l t  i n  a l t e r a t i o n s  
of t h e  k i n e t i c s  o f  t h e  p y r o l y s i s  process. Fiore work is a l s o  
needed t o  c l a r i f y  t h e  importance o f  C02 p ressu re ,  i . e . ,  

d e n s i t y ,  as work progresses towards an i n t e g r a t e d ,  o n - l i n e  
py ro l ys i s lSFC method. 

SFE/SFC o f  t h e  p y r o l y s i s  

T h i s  suppor t s  

because o f  t h e  complementary n a t u r e s  o f  t h e  

More work i s  needed t o  de termine i f  these  
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