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PYROLYSIS OF ORGANIC COMPOUNDS CONTAINING

LONG UNBRANCHED ALKYL GROUPS

INWT1RODUCTION

Domestic oil-shale deposits are a tremendous resource as a potential source of liquid fuels. The
proven recoverable oil-shale reserves far exceed those for petroleum. The oil-shale resource concen-
trated in three western states alone is estimated to be the equivalent of two trillion barrels of
crude oil.

The U.S. Navy has been involved for some time in the development of Navy fuels from alterna-
tive sources such as oil shale [1-51. As a part of this effort, the Naval Research Laboratory has been
studying the effecots nf ohemicaI composition on fiuel properties, since such information. will lead to
a greater availability and better use of fuels [6-9].

JP-5 is a high-flash-point middle-distillate fuel for carrier-based jet aircraft. It must meet many
exacting requirements for satisfactory performance [6]. One of the most stringent requirements
is a low freezing point. it has been impractical to make JP-5 from some petroleum crudes, because it
is difficult to meet the specification of a low freezing point (-47OC) and a high flash point (600C)
simultaneously.

The Naval Research Laboratory has related the freezing point of JP-5-type fuels to the n-alkane
content, specifically n-hexadecane [7] . This relationship applies to jet fuels derived from any crude-
oil source. In general, jet fuels made from shale crude have the highest n-alkane content, and those
made from coal have the lowest n-alkane content.

The quantify of large n-likanes (14%) present in shale crude is inoufficient to expl.fr the
alkane content (up to 37%) of fuels derived from shale. Precursors to small straight-chain molecules
in the jet fuel range might be branched or cyclic compounds containing long normal alkyl groups.
When these compounds rupture during thermal refining, attack on a side chain could afford a path
to an alkane.

Since the model compounds of this study are of the type that can be found in shale crude oil,
the results of this study should be useful in explaining the observed products in shale-derived fuels
and the thermal conditions under which they are formed.

The thermal cracking of hydrocarbons is well documented [10-14] . Rice [15] in 1933 pro-
posed his now classical free-radical chain mechanisms of hydrocarbon pyrolysis. The thermal
decomposition of small alkanes (Cl through 06) at low pressures and high temperatures is now well
understood [16,17]. Although a few examples of thermal cracking of higher hydrocarbons arefound in the literature [1r R191 thvy arc not adeouaniie for rleoailr conmpnnison. nnlo4 oS these

L - J ~~~~~~~~ ~~~- - - * IVA OL %A4LIICaD

studies have a particular emphasis on kinetics within parameters of the Rice-Kossiakoff [13] theory.
Fabuss, Smith, and Satterfield [ 18 ] have reported data and proposed a mechanism for n-hexadecane
pyrolysis at pressures much higher than those studied by Rice.

Manuscript submitted June 22, 1982.
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MUSHRUSH AND HAZLETT

The purpose of the present research is to test the validity of the Fabuss-Smith-Satterfield
mechanism for lower temperatures and higher pressures and to report the product distribution
for the thermal cracking of large model compounds of varied structure. These compounds were
pyrolyzed at temperature and pressure conditions typical of the petroleum-refining process known
as delayed coking.

EXPERIMENTAL DETAILS

Reagents

1-Phenyl pentadecane, 1-phenyl tetradecane, 2-methyl octadecane, and n-tridecyl cyclohexane
'were nbrd LfllU 1j.. riaitiz WdaU DUZtL rutu Wherec PmusU bau JUWI atCIsVt4cu Iut bat1 C.IJU LdaLUlUVa&Cu.
n-Hexadecane was a National Bureau of Standards reference sample and was used as received.
2-n-Pentadecyl pyridine was prepared by a standard method [20] and fractionated. The fraction
boiling at 1700C at 33&2 Pa was retained and characterized by gas chromatography/mass spec-
trometry. The purity of the hydrocarbons was judged primarily from vapor-phase chromatog-
raphy. The area of the main chromatogram peak was always >99.9% when compared to a similar
compound used as an internal standard. Reagent-grade benzene was obtained from Fisher
Chemical Co. The samples were stored in glass containers at 00C.

Methnd

The compounds were all pyrolyzed at 723 K and about 600 kPa. A typical pyrolysis was
carried out in a 15-cm-long, 6.4-mm-o.d. (1/4-inch-o.d.) 316 stainless-steel tube closed at one end
and fitted at the other end with a stainless-steel valve via a Swagelok fitting. The tube, containing
a weighed amount of sample (approximately 0.1 g), was attached to a vacuum system, cooled to
195 K, and subjected to three freeze-pump-thaw cycles. The deaerated samples were warmed to
room temperature and pyrolyzed by inserting them into 1-mm holes in a 15-cm-diameter aluminum
block fitted with heaters and a temperature controller. After the pyrolysis period, the tube was
cooled to 195 K. and the valve was removed (unless the samDle was analyzed for low-molecular-
weight gases). Benzene (or other appropriate solvent) was added to the tube, which was then
capped and warmed to room temperature. The solution and three subsequent rinses were trans-
ferred to a screw-cap vial (Teflon cap liner) and stored at 00C until analysis. The sample concen-
tration in the solvent was typically 5%. Prior to analysis, weighed amounts of internal standards
were added. Since a typical chromatogram required 60 min, two internal standards were used.
One afforded quantitation for the peaks with short retention times (typically p-xylene), and a
second afforded quantitation for the peaks with longer retention times (typically 1-phenyl tridecane).

The stainless-steel tubes were used for several runs. All tubes were cleaned the same way. They
were filled with toluene, cleaned with a stainless-steel brush, rinsed with toluene twice and then
with methylene chloride, and dried in air at 723 K for 1 hour.

All samples were pyrolyzed for 15, 30, 60, 120, and 180 min. There was no evidence of catal-
ysis by the tube walls except for n-tridecyl cyclohexane. Only conditioned tubes (as described)
were used. A search of the literature gives several examples indicating that stainless steel below
823 K does not develop catalytic behavior [21,221. Marsehner [23) obtained the same results in
stainless steel and Pyrex for the thermal cracking of n-octane when the walls of the tube were
cleaned between runs with air or oxygen. Kunzru, Shah, and Stuart t241 found the catalytic be-
havior of stainless steel to be negligible in the cracking of nonane for the temperature range
923 to 1023 K.
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The pyrolyzed samples were analyzed by three techniques, all based on gas chromatography.
Peak identification for all three techniques was based on retention time matching with n-alkane and
1-alkene standards. In the first, a Hewlett-Packard model-5880A gas chromatograph with a flame
ionization detector (FID) equipped with a 50-m wall-coated open tubular (OV-101) fused-silica
capillary column gave the necessary resolution to distinctly separate the n-alkanes and 1-alkenes. A
carrier gas flow of 1 ml/min was combined with an inlet split ratio of 60:1 and a temperature pro-
gram with an initial hold at 500C for 8 min, a ramp of 40/min, and a final temperature of 2750C.

The second GO technique, used for longer-retention-time (ClL through C0 8) n-alkanes and
1-alkenes, used a Perkin-Elmer model-3920B gas chromatograph equipped with an SE-30 33.5-rn
support-coated open tubular glass capillary column and an FID detector. The chromatogram was
recorded and integrated on a Hewlett-Packard model-3390A reporting integrator. The temperature
program was the same as for the 5880A analysis.

In the first technique the long retention times coupled with an inlet split did not give reliable
analytical response above C1 2. The p-xylene internal standard was consequently used for analysis
of the 05 through C1 0 hydrocarbons. The second GC technique was splitless and gave good response
for longer retention times but not good separation at short retention times. The 1-phenyl tridecane
internal standard was used for the 0l 0 through C1 8 hydrocarbons. Both techniques gave the same
analytical results for the midrange carbon numbers (07 through C12). This served as a sensitive
check between the two techniques.

In the third technique the gases formed during pyrolysis were analyzed using a Beckman
model-GC-72-5 gas chromatograph equipped with an FID and a column packed with Apiezon L
alumina. In this mode the column was operated at 200°0. The chomatogram was recorded and inte-
grated on a Hewlett-Packard model-3390A reporting integrator. For this procedure, the tubes were
cooled to 195 K after pyrolysis, and the tube valve was connected directly to a GC gas-sampling
valve via a Swagelok connection. The sample tube was allowed to warm to room temperature before
analysis. An external standard was used for calibration. A pressure gage measured the pressure in the
sample loop at the time of analysis.

RESULTS

Figure 1 shows the chromatogram of the product from a 60-min pyrolysis of 2-methyl octa-
decane. It represents a typical chromatogram from the 5880A Hewlett-Packard gas chrornatograph.
The internal standards for this particular run were 1-phenyl propane and 1-phenyl pentadecane. Only
34.9% of the 2-methyl octadecane remains unreacted at this pyrolysis time. Table 1 lists the
product identities along with corresponding retention times for aliphatic and branched C5 through
C18 hydrocarbons.

Table 2 lists, for each pyrolysis time, the sums of the n-alkanes and 1-alkenes for C5 and higher
aliphatics and the sums for all the substitued or branched hydrocarbons. Appendix A gives the
detailed product distribution by carbon number and compound class for all compounds at each
pyrolysis time. That is, entries in Table 2 are the totals of table columns in Appendix A.

For 1-phenyl pentadecane, 1-phenyl tetradecane, and 2-n-pentadecyl pyridine, the sums of
n-alkane and 1-alkene yields are nearly equal for a 60-min pyrolysis. Short pyrolysis times favor
1-alkenes- and lnnoer timps faunr n-alkAnp vipIlds. The benzene-substituted llronne frnrn hboth 1, thenwil
pentadecane and 1-phenyl tetradecane are quite stable, increasing from 3.6% and 2.7% for a 15-min
stress to 8.1% and 9.0% for a 180-min stress. Styrene (C2 in Tables Alb and A2b) is the alkene
present in highest yield. For 1-phenyl pentadecane, styrene varies from 0.7% at 15 min to 7.8% at
180 min, and for 1-phenyl tetradecane, styrene increases from 0.5% at 15 min to 8.8% at 180 min.

3
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Fig. 1 -The chromatogramn (cut into three pieces), from a Hewlett-Packard model-5880A gas chromatogaph, of
a 60-min pyrolysis of 2-methyl octadecane. The peaks occur in pairs, with the shorter-retention-time product being
the alkene and the longer-retention-time product being the alkane.
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Table 1 - Retention Times for a 60-Min Pyrolysis of 2-Methyl Octadecane
from a Hewlett-Packard Model-5880A Gas Chromatograph

T
Retention Time (min.)

Carbon _ _ ___
Chain Aliphatic Products Branched (2-Methyl) Products

Length n-Alkane 1-Alkene Alkane J Alkene

C2 - _ _
Cs

C6 4.50 4.46 4.84 4.76
C6 5.08 4.99 6.02 5.89
C7 6.45 6.24 8.27 7.89
C8 9.55 9.09 12.62 12.02
C9 14.39 13.80 17.82 17.24
CIO 19.60 19.02 22.74 22.20
C11 24.35 23.84 27.17 26.70
C1 2 28.64 28.19 31.20 30.78
f!- A 29 RA A294 1 A QA on OAA MO

C14 36.15 35.79 38.35 38.01
C16 ra39.54 39.20 41.60 41.28
C16 42.72 42.41 44.67 44.38
C17 - 45.74 47.59 47.32
C18 I - j 50.44 -
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Table 2 - Alkane and Alkene Yields From Pyrolysis

Yield of the Hydrocarbon Products (%) Not

Timei Aliphatic* Substituted Branched Reacted

n-Alkane 1-Alkene Alkane IAlkene .Alkane Alke

Pyrolysis of 1-Phenyl Pentadecane

15 4.4 10.1 1 8.1 1 3.6 62.5
30 5.1 13.1 11.7 4.9 J35.0

60 ~ 9.5 9.9 20.9 4.6 ...... 8.7
120 0( 7. 75 .0180 9.710

I-Phenyl tetradecane

16 2.8 8.2 7.1 2.7 64.0
30 5.8 12,9 14.1 4.6 35.4

120 1 9.3 8.7 20.7 6.9 1...... 4.5
60 9.0 10.4 19.6 5~~~~.90 .

180 9.5 3.4 18.0 90 ________j 1.4

2-n-Fentadecyl Pyndmie

sj 5.21 7.81 6.41 2.71. 
30 10.5 9.1 12.8 3.6 . I.....25A4
60 10.9 10.9 158 0.2 1.

120 10.1 6.9 18.1 j0.0 ....... 1.3.3
180 7.4 3.3 j18.6__ 0.0 0.1

2-Methyl Octadecane

15 0.7 1 1.9 ........ 0.9 01 17.1

30 2.8 6.9 12 3.5 56.6

120 ] 12.3 6.6 4.1 3.9 8.0
180 j 6.9 6.6 j1.7 37.1. 4.7

n-Tridecyl Cyclohexane

1 5 0.1 . 0.1 0.6 01 J87.3
30 4.9 8.7 j 3.5 J 5.6 J. 79.6

120 9.6 9.6 6.4 4.2 12.6
60f% Q 6.1 0. ] 37 6. 4.

Hexadecane

15 0.2 18 95.1
30 2.3 10.8 .175.9

60 103 17.6 .... .... 3.6
120 12.9 149.. 17.5
180 22.1 10.6 X 5.7

* Does not include C. through C4 values.

6



NRL REPORT 8630

Toluene and ethyl benzene were the most stable phenyl alkanes formed. For a 15-min
pyrolysis of 1-phenyl pentadecane, 3.3% toluene and 2.9% ethyl benzene were formed. At 180 min,
14.9% and 0.2% respectively were formed. The same trend was noted for 1-phenyl tetradecane: at
15 min the toluene yield was 3.2% and the ethyl benzene yield was 2.4%. At 180 min 14.4% and
0.2% respectively were found. Ethyl benzene was a major initial product, but it does break down
at long stress times. No benzene was found.

The pyridine substituted alkenes from 2-n-pentadecyl pyridine show a remarkable dissimilarity
with all of the other compounds pyrolyzed. The pyridine substituted alkenes exhibit little thermal
stability after a pyrolysis of only 30 min, and the low yield drops to zero. The pyridine substituted
alkanes, however, show a high degree of stability, gradually increasing in yield until at 180 min the
products total 18.6%. The most stable of the substituted pyridines was 2-methyl pyridine, which
increased from 3.0% at 15 min to 11.7% at 180 min (Table A3b). No pyridine was found.

Table 3 lists, for the 60-min pyrolysis for the compounds reacted, the total aliphatic product
yields (C1 and higher). Table 4 shows, for the 60-min pyrolysis for the compounds stressed, the
yields of the individual C1 through C4 n-alkane and 1-alkene hydrocarbons.

That substituted pyridines and benzenes are much more susceptible to pyrolysis can be seen
by a comparison with n-hexadecane. For a 15-min pyrolysis, 62.5% of the 1-phenyl pentadecane,
64.0% of 1-phenyl tetradecane, and only 53.1% of 2-n-pentadecyl pyridine remain, but 95.1% of
the n-hexadecane remains (Table 2). For a 60-min pyrolysis the C1 through C4 yield for n-hexa-
decane was only 4.8% (Table 4). The same product trend is observed for the n-hexadecane as for the
other compounds: the n-alkane does not equal the 1-alkene yield until approximately the 120-min
pyrolysis (Table 2). At 180 min the n-alkanes predominate. Under the noncatalytic conditions of
the experiment, isomerization was not expected, and only slight traces of isomerization were found.
At 180 min for the n-hexadecane, the lower n-alkanes and 1-alkenes predominate, with the
n-pentane value being 9.6% and the 1-pentene value being 5.0% (Table A6). Figure 2 shows the
decrease in the long-chain compounds and the concomitant dramatic increase in the shorter chain
hydrocarbons as the pyrolysis time increases beyond 60 min for n-hexadecane.

The pyrolysis of 2-methyl octadecane is faster than that of n-hexadecane. During pyrolysis of
the 2-methyl octadecane 77.1% remains at 15 min versus 56.6% at 30 min, which compares to
95.1% and 75.9% respectively for the n-hexadecane (Table 2). The yield of the straight-chain hydro-
carbons fruom 2-Methyl octadeewte exceeded that OI the branched hydrocarbons by 2- to 3-fold
(Table 3).

Substituted cyclohexanes would be expected to be considerably more reactive than straight-
chain hydrocarbons. This was not the case, however. For a 15-min pyrolysis, 87.3% of the n-tridecyl
cyclohexane remains. The product distribution is as expected, but the n-alkane yield does not
approximate the 1-alkene yield until 120 min of pyrolysis. The long-chain cyclohexane also pro-
duced the lowest C1 through C4 yield (4.1%) for the 60-min stress.

Tha suhobt+tt+nd 0-enznesnanA p -flA ._,-Y.J- AtA _ _T__ …
tIVO uLALj ILUb, yr'ut cIwitil UexiZt:JC ur pynurle. flVWt!Ver,

n-tridecyl cyclohexane yielded cyclohexane as well as benzene, toluene, and methyl cyclohexenes
in appreciable concentrations. For example, a 180-min pyrolysis yields 5.3% cyclohexane and 2.5%
toluene.

7

0 M



MUSHRUSH AND HAZLETT

Table 3 - Total Alkane and Alkene Yields from a 60-Minute Pyrolysis

8 Carbon 1 Yield of the Hydrocarbon Products (%)
Numbers Aliphatic J Substituted Branched

n-Alkane J 1-Alkene j Alkane I Alkene Alkane Alkene

Pyrolysis of 1-Phenyl Pentadecane

C1 and higher (in Table 2)* | ... 2.... .
C5 and higher (in Table 2) j 9.5
C1 through C4 (not in Table 2)J 7.3 6.4

Total 33.1

1-Phenyl Tetradecane

C, and higher* 1 10 t 5. '
C5 andhigher 90 11)
C1 through C4 i.2

2-n-Pentadecyl Pyridine1 e H W 'W'~~~~~~~~~~..--.t'.'.*'.A.'..,-<- ' |;; I1 and highe*I•½i% . . .
C nm nIigher I U.U 1 !

C1 through C4 9.1 7| 0

Total 37.9 If.l

_-ivjetnyL Vuiauecane

Cs and higher 9.0 12.3 2 23 6;
C1 through C4 5.6 4.9

MT4-l 0311 0

n-Thdecyl Cyclohexane j

C1 and higher* .. 1n 2
£tnnrih~~dhor MI ~I In'?

C1 through C4 2.B

Total 20.9 9 ')

. ~~~. :11-Nov~ndapn no 

C5 and higher 10.3 176
C1 throUgh C4 2.9 1.9

Total 32.7 :..:
I _ ____,., .,.- __,. ......................... .. ,.,.,.I

*Caryon number of the side chain.
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Table 4-C 1 Through C4 n-Alkane and 1-Alkene Yields from a 60-Minute Pyrolysis

Yield of the Hydrocarbon Product (%)

1-Alkenen-AlkaneCompound Pyrolyzed

C3C3C2C1

J-Phenyl pentadecane 1.2 3.0 2.1 1.0 h _ 2.8 2.2 1.4
1-Phenyl tetradecane 1.1 2.9 2.0 0.9 i ! - 2.7 2.2 1.3

fl~~fl±~~.SA..... '1~0 f '30 11 ilk 10 OQ I1Q£-U-rVlibUULysi pyriunue L.0 t.. U .t .. J .1 i .L .B 1.3
2-Methyl octadecane 0.6 1.5 3.0 0.5 5 _ 1.0 2.1 1.8
n-Tridecyl cyclohexane 0.5 1.3 0.6 0.2 2 _ 0.7 0.6 0.2
n-Hexadecane 0.3 1.2 1.0 0.4 2 _ 0.5 1.0 0.4

*Value that was given in Table 3.

Fig. 2- Yield of n-alkanes plus 1I-alkenes
from the pyrolysis of n-hexadecane

-2

WI
3S

C5 C6 C7 CB C9 CIO CH1 C12 C13 C14 C15

CARBON NUMBER
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MUSHRUSH AND HAZLETT

A material balance was run for each compound. The main peaks of the chromatograms account
for approximately 85% of the original compounds. The small peaks account for another 5 to 6%.
It is inferred that the remainder is either polymerized or present as char. The formation of insolubles
was not noticeable for short pyrolysis times. A small amount of insolubles was noted for the 120-
and 180-min pyrolysis times, especially for 2-n-pentadecyl pyridine. The product distribution was
repeatable to 2% for each component regardless of whether a new stainless-steel tube or a previouslyt--htA bud4-r co44_A 1-1- was
LWVa JA b ttflhSL s1A1L1%1 j 11 LLJC VV4U WAU

DISCUSSION

When pyrolyzed at high temperature and low pressure, hydrocarbons are broken down to small
olefins by the Rice free-radical mechanism. Fabuss-Smith-Satterfield (FSS) behavior 118] occurs at
conditions (lower temperature and higher pressure) more typical of shale retorting and delayed
coking. In FSS behavior a single fragmentation step occurs which results in approximately equal
amounts Uo f n-akan es and 1-olefins of intermediale cnain length. The F SS sequence can be picturea
as follows:

Initiation: R-H + X -+ R' (secondary) + XH (a)

Propagation: R- (secondary) ( scission 1-olefin + I (primary) (1b)

Net: B (primary) + R-H H transfer. R'-H (smaller) + R- (secondary) (c)

2R-H + X -+ 1-olein + R'-H + XII + Ui' (secondary) (d)

Termination: H- + R- -R- R (e)

The secondary radicafl formed cnan undergo A gnkainn or terminatinn The rstio of the rates of
b and e determine the length of the free-radical chain. At the high pressure of this system, inter-
molecular hydrogen transfer (c) predominates over intramolecular hydrogen transfer, which is a
key step in the Rice pyrolysis regime.

Predictions of FSS behavior are followed for all the compounds pyrolyzed. The first members
of the n-alkane and 1-olefin series are formed in smaller amounts than the second members. Low
n-tetradecane (0%), n-pentadecane (0%), and 1-pentadecene (0.2%) yields follow traditional FSS
theory, for a 30-min stress of n-hexadecane (Table A6). The model also predicts equal amounts of
1yurucaruRns i1 u1e ui-meumue n-chainlength raunge, a ucUdviur uuservieu tur severat £UUpOwUIU

in these experiments at the shorter pyrolysis times.

The effect of pyrolysis time on yield for n-hexadecane is illustrated in Fig. 2. The sum of
the n-alkane and the 1-alkene yields for each carbon number is plotted. For a 3O-min stress of
n-hexadecane, C8 through C1 4 products are approximately equal in concentration. Consequently
one-step FSS pyrolysis is rate controlling. The total yield increases at 60 min, but the shift to lower
carbon numbers (C6 through C7) indicates that products are forming and then undergoing secondary
decomposition. This trend is extended significantly at longer times, such as is shown by the 180-min
stress data, with Cr5 reaching a 14.6% yi-eld.

The situation for pyrolysis of aromatic substituted alkanes is different. Pyridine and benzene
rings greatly enhance free-radical formation. For example, the percentage of 2-n-pentadecyl pyridine
decomposed in 80 min findicated in Tahbl 9 hb the neren-ntagp not r-actArf is not matched by the

10
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n-hexadecane until almost 120 min. The total yield of products at 30 min, 10.5 + 9.1 + 12.8 +
3.6 = 36.0% for 2-n-pentadecyl pyridine, is not attained by n-hexadecane even at 180 min. The
effect of stress time on straight-chain hydrocarbon yield is illustrated in Figs. 3 (1-phenyl penta-
decane) and 4 (2-n-pentadecyl pyridine). The sum of the n-alkane and 1-alkene yields for each
carbon number is plotted. For a 15-min stress, the C8 through C12 yields in both figures are almost
equal but a distinct C14 maxima was observed for both compounds. The C13 compounds are also
favored at short reaction times. The total yield increased at 30 and 60 min, with a steady decrease
in C13 and C14 having been more than compensated by a dramatic increase in 05 through 07. After
60 min the combined n-alkane and 1-alkene yield then reversed.

For the 180-min stress times the C4 n-alkane and 1-alkene sum approximates that of the
15-min stress for both compounds (Table 2). These trends indicate significant secondary decomposi-
tion at longer pyrolysis times.

A pyrolysis mechanism consistent with the observed product distribution in Appendix A can
be pictured as follows for 1-phenyl pentadecane, with the yield for a 15-min pyrolysis being shown
below each compound:

..- -6-C /C-C- R, -0=C
+ n-C1 3 (f)

2.0%

-C

3.3%

+ C=C13

4.0C

(g)

-04-0411
-H l

E

- C- C- C=C

0.0%0

+ n-C11

0.1%

(h)
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Cs5 Cs C7 Cs CS CIO CII C1 2 C13 Ct4

Fig. 3- Yield of n-akanes plus I-alkenes from the pyrolyss
of I -phenyl pentadecane
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so min~

2 4

\ $

,4<~~~I 0~ 15 minK 

O , I I I I I I I

C4 C5 C6 C7 C8 CS CIO C11 C12 C13 C14

Fig 4 - Yield of n-alkanes plus 1 -alkenes from the pyrolysis
of 2-pentadecyl pyridine
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H e ~-O-c-
F j + n-C1 2 (i)

x~~w. ~& r JK,., 0.3% 0.3%
-wH - F

GN

4 3 ~~~~+ C=C14 

0.M0 Oeo

The same mechanism as pictured would apply for a long-chain substituted pyridine.

Bond-scission reactions initiate (or are the first steps in) the mechanisms of the thermal
pyrolysis of hydrocarbons.

The substituted benzenes produced in steps f to j all form thermally via free radicals: the
radical in step f, the y radical in steps g and h, the P radical in steps i and j, and the radicals on all
other carbons of the alkane side chain. This is followed by P scission, resulting in the product mix
shown for steps f through j.

Step f requires that the bond break at position A, position B, or both. As pictured, when the
bond breaks at position A styrene and n-tridecane result. Styrene is stable toward pyrolysis at the
temperatures of this study, and its yield undergoes a steady buildup, approaching 7.8% at the
180-minute pyrolysis. The n-tridecane is not thermally stable and subsequently decreases in yield
with increasing pyrolysis. It is unstable because of secondary aacking reactions, yielding lower
n-alkanes and 1-alkenes. No ring opening was observed, as would be required by the bond breaking
at position B.

In steps g and h the y free radical is depicted. Beta scission results in toluene and 1-tetradecene.
Reaction path D (step g) predominates, because the scission via this path results in the very stable
benzyl free radical forming.

According to the theory of chain inhibition, stabilized free radicals do not initiate chain
reactions and therefore can recombine only with one another 125] .This recombination of
benzyl radicals was not observed in any of the chromatograms. However, at temperatures of 673 K
and above, stabilized radicals like benzyl can abstract hydrogen from hydrocarbons and therefore
can initiate chain processes [26). Pyrolysis studies at temperatures of 673 K and above have shown
chain decomposition of short-chain alkyl benzenes even in the presence of large amounts of added
inhibitors 127,28]. The low product yield of step h (scission at position E) for a 15-min stress or
at any other pyrolysis time shows the marked stability of the benzyl radical. Other small alkyl
benzenes formed will all subsequently undergo secondary pyrolysis, as can be seen from the product
tabulation in Appendix A.

14
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Bond scission at position G (step j) was not a viable reaction step. The yield of both benzene
and 1-pentadecene at any pyrolysis time was zero. In pyrolysis studies of short-chain alkyl benzenes
(C2 and Cs), no benzene was observed in the product mix [29,30].

The free radical can be formed randomly on any carbon of the side chain, as can be seen in the
product breakdown in Appendix A. Although most substituted benzenes are observed at a short
pyrolysis time, toluene predominates at all pyrolysis times, indicating that the gamma position is
the most vulnerable to pyrolysis and that with increasing pyrolysis time secondary pyrolysis steps
are of major importance.

As shown in Appendix A, the pyridine substituted alkenes are formed in considerable yield at
short pyrolysis times, but after 30 mmi the olefin concentration drops to zero. The pyridine sub-
stituent enhances the free-radical breakdown of the olefin. This is not a dramatic for the benzene
derivatives. The substituted olefins decrease but do not approach zero until 180 min of pyrolysis.
As pyrolysis times increase, the substituted alkanes decrease in chain length, with 2-methyl pyridine
and 2-ethyl pyridine ultimately being the major products. With the benzenes, toluene and styrene
are the major products at longer pyrolysis times.

For 1-phenyl pentadecane, toluene increases from 3.3% at a 15-min stress to 14.9% for a
180-min stress (Table Alb). For 1-phenly tetradecane, the toluene yield increases from 3.2% at
15 min to 14.8% for a 120-minute sttess (Table A42b). Tile steady buildup tn the toluelte yildtU is
reasonable, since toluene has been found to be extremely resistant to pyrolysis at temperatures
below 1173 K [31]. It is, however, quite reactive in the temperature range from 1473 to 1773 K.
These temperatures far exceed any in the present study. This thermal stability is not displayed by
any of the other longer chain substituted benzenes.

For 2-n-pentadecyl pyridine, only two substituted pyridines (2-methyl and 2-ethyl) were
found to be pyrolysis resistant under these experimental conditions (Table A3b).

TheW Ul tugh C4 .laVui product IJ. LL vVoLW LIII LLJ IJLIC LF1he -mlmI p3YAUL3ID.
This was the stress time at which the sum of the n-alkane and 1-alkene yields was maximized.
Table 3 gives the C1 and higher yields of the n-alkanes and 1-alkenes. The C1 through C4 yield was
9.1 + 7.0 z 16% for the pyridine and 13 to 14% for the benzenes. The C2 and C3 yields are approx-
imately equal (2 to 3%). The total n-alkane plus 1-alkene yield was 33.1% for 1-phenyl pentadecane,
32.5% for 1-phenyl tetradecane, and 37.9% for 2-n-pentadecyl pyridine.

2-Methyl octadecane was found to be significantly less reactive than the pyridine or benzene
substituted alkanes. It is more reactive than the n-hexadecane. This is reasonable, since the product
distribution of 2-methyl octdecane could he explalned by the prafarxfi"al attacr on +he tertiary
hydrogen, the weakest C-H bond. The total product distribution (Cl and up) was quite similar to
that of the n-hexadecane.

Substituted cyclohexanes would be expected to be less reactive than either the pyridines or the
benzenes. Surprisingly, it was also less reactive than n-hexadecane or 2-methyl octadecane at
pyrolysis times of 60 min and less. The products besides the n-alkanes and 1-alkenes include
toluene, benzene, and methyl cyclohexenes. The lower than expected conversion is due to self-
inhibition by the methyl cyclohexenes. Cyclohexene has been used by several authors as a free-
radical scavenger [32.331. At short pvrolvsis times the methyl cyelnhPexne starts asteadry hbilrdin

As its concentration increases, aromatic compounds begin to appear. It would seem that these
aromatic compounds are the secondary products which are formed from the decomposition of the
substituted cyclohexenes. That toluene was the only substituted benzene formed is not surprising
when one considers its stability and the observed toluene yield from the pyrolysis of the 1-phenyl
pentadecane.

15
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For the long-chain cyclohexanes a pyrolysis mechanism similar to that of the benzenes can be
pictured:

Ho- C/- C -CA

-H.~ - CIC-9 cA 9H I\

I
-.-C-COC

+ n-Ce

+ n-C1 2

(Q)

(m)

J

-H- at 1 position.
-C C- 1 R9

(k)

K
k-C-C--CC-Rg

L

-C-C-C-C-R9

\-1-M
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Steps k and 2 can be rationalized in a similar way as those for the benzenes, with random
B scission on the side chain leading to smaller n-alkanes and 1-alkenes and shorter chain cyclohexanes
(both alkanes and alkenes). The ring could also undergo attack (1, 2, or 3 position). The products
that would result by A scission within the ring are illustrated by attack at positions K, L, and M.
The products formed by the attack are illustrated by steps n, o, and p. None of the products de-
picted by these steps (or those by attack on the 2 position) are observed on any of the chromato-
grams. It is possible that attack on the ring does occur with the~smaller substituted cyclohexanes
that are formed in the pvrnlvRys vRhepme But it is unlikely to contribute. tn the nrnducnt mixr tn mnrp
than a slight degree, since isomers of the type formed in steps o and p are not detected on the
chromatograms. However, step p for a short-chain cyclohexane would yield a small 1-alkene that
would be indistinguishable from the same small 1-alkene resulting from i scission on the side chain.

Reactions that could account for the aromatic formation from a substituted cyciohexene
would be

CH3 CH3

-~~~~~~~R- N , + RH q

OITT

+ ' CH3 (r)

CH3 CH3

Row + X J r > X J + RH (s)

R- + t 3 > C + RH (t)

1. I I LD TJ IC

OH3 CH3

Al T ,C- + RH (v)
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OH3 CH3

R- U + + RH w

The benzene derivatives could be formed by the radical attack on a diene (step t) or by the
questionable direct molecular elimination of hydrogen. The benzene concentration remains rela-
tively low compared to that of toluene. This would indicate that mechanism steps such as steps t
and u are not as favorable as steps v and w. These reactions of the cyclohexenes are known to be
surface catalyzed [30], and undoubtedly this catalysis accounts for the change in the product
distribution noted at long pyrolysis times.

SUMMARY

The formation of n-alkanes in the jet-fuel distillation range can be explained if large n-alkanes
are present in the crude-oil source. Quantities of large n-alkanes present are insufficient, however,
to explain the amounts found (up to 37%) in the jet fuel made from shale crudes. Other possible
precursors to small straight-chain molecules are branched compounds or substituted cyclic
compounds.

The compounds pyrolyzed in this study were 1-phenyl pentadecane, 1-phenyl tetradecane,
2-n-pentadecyl pyridine, 2-methyl octadecane, 1-cyclohexyl tridecane, and n-hexadecane.

Product trends were similar for all compounds stressed. Short pyrolysis times (15 min) favor
the yield of 1-alkenes, and longer pyrolysis times (180 min) favor an increased n-alkane production.

Pyridine and benzene rings greatly enhance free-radical formation. For example, the percent of
2-n-pentadecyl pyridine decomposed in 30 min of pyrolysis is not matched by the n-hexadecane
until almost 120 min. The total yield of product, 36%, for 2-n-pentadecyl pyridine is not attained
by n-hexadecane at even 180 min of pyrolysis. A similar trend was noted for the phenyl alkanes.

The most stable substituted benzenes formed were toluene and styrene. For 1-phenyl penta-
decane, toluene increased in yield from 3.3% at 15 min of pyrolysis to 14.9% at 180 min, and
styrene increased in yield from 0.7% at 15 mi to 7.8% at 180 min. No benzene was found.

For the substituted pyridines, only 2-methyl pyridine was formed in appreciable concentra-
tion, 3.0% at 15 min of pyrolysis and increasing to 11.7% at 180 mim. No pyridine was found. The
results for substituted benzenes and pyridines are consistent with primary attack at the alpha and
gamma positions.

Substituted cyclohexanes would be expected to be less reactive than either the pyridines or
the benzenes. Surprisingly, 1-cyclohexyl tridecane was also less reactive than either n-hexadecane
or 2-methyl octadecane at pyrolysis times of 60 min and less. The products for the pyrolysis of
1-cyclohexyl tridecane besides the alkanes and alkenes include benzene, toluene, and methyl
cyclohexenes. The lower than expected conversion is due to self-inhibition by the methyl
cyclohexenes.

When pyrolyzed at high temperature and low pressure, hydrocarbons are broken down to
smaller olefins by the Rice free-radical mechanism. Fabuss-Smith-Satterfield (FSS) behavior

18



NRL REPORT 8630

occurs at conditions (lower temperature and higher pressure) more typical of shale retorting and
delayed coking. In FSS behavior a single fragmentation step occurs which results in approximately
equal amounts of n-alkanes and 1-alkenes of intermediate chain length. The major initial product
distribution can be explained on the basis of FSS theory for all of the compounds pyrolyzed.

The report shows that attack in the side chain of model compounds typically found in shale
crudes affords a path to significant yields of n-aikanes.
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Appendix A

PRODUCT DISTRIBUTION FROM THE PYROLYSIS OF 1-PHENYL PENTADECANE,

1-PHENYL TETRADECANE, n-TRIDECYL CYCLOHEXANE, 2-METHYL OCTADECANE,

2-PENTADECYL PYRIDINE, AND n-HEXADECANE

Table Ala - Yield of n-Alkanes and 1-Alkenes from Pyrolysis of 1-Phenyl Pentadecane.
For accentuation the yield values of 1.0% or more are enclosed by rectangles.

Yield (%)

Carbon 15 min 30 min 60 min 120 min 180 min
Number

n-al- 1I-al- n-al- 1-al- n-al- 1-al- n-al- 1-al- n-al- 1-al-
kane kene kane kene kane kene kane kene kane kene

C5 0.3 0.5 0.7 E71 1. 1.3 2.3 1.3 2.9 UIE
C6 0.3 1.0 0.4 U 1.2 1.9 15 1.6 1.8 E

C7 0.4 0.8 0.5 UEj 1.3 1 1.5 1.8 1.6 0.7

C8 0.3 0.6 0.5 EIII 0.8 1.0 0.8 0.7 0.9 0.3

C9 0.3 0.6 0.4 1.0 0.7 0.8 1.0 0.5 0.7 0.2

C1 0 0.3 0.8 0.3 j 0.7 0.8 0.4 0.6 0.5 0.1

C11 0.1 0.8 0.1 0.9 0.5 0.8 0.4 0.3 0.3 0.1

C12 0.3 0.5 0.2 0.5 0.4 0.3 0.2 0.3 0.2 0.2

C1 3 2.E 0.5 [If 0.5 2.2 0.2 14 0.1 0.8 0.2

C14 0.1 4.0 0.1 A 0.1 1 0.1 0.3 - -
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Table Alb - Yield of Substituted Alkanes and Alkenes from Pyrolysis of l-Phenyl Pentadecane.
Double rectangles accentuate values from 5.0 to 9.9%, and triple rectangles accentuate

values of 10.0% or more.

Carbon Yield (%)
Number 15 min 30 min 60 min 120 min 180 min
ofShie- a al- al- al- al. al- al a!- al- al-

kane kene kane kene kane kene kane kene kane kene

C1 F3-.3 I . I ~ ~ 
C2 . 0.7 E3 1.8 5 33 0.6 .M 0.2 
C3 0.1 0.3 0.2 0.3 0.8 0.2 .2~ 0.1 . -

C4 0.3 - 0.5 - 0.9 01 BE - 0.8
C5 0.2 0.3 0.2 0.4 0.7 0.1 0.6 - 0.4 0.1

C6 0.2 0.4 0.2 0.4 0.4 01 0.3 - 0.2 0.1

Q 0.1 0.3 0.2 0.4 0.3 0.2 0.2 0.2 0.2 0.1

C8 0.2 0.3 0.2 0.3 0.3 0.1 0.1 - 0.2 -

C9 0.2 0.3 0.2 0.3 0.3 0.1 0 1 - 0.1 -

C10 0.2 0.3 0.2 0.3 0.2 0.1 0.1 - - _

C11 0.2 0.3 0.2 0.3 0.2 0.1 - -_

C12 0.2 0.2 0.2 0.2 0.2 01 - - -_
c1i - 0.2 - 0.2 01 0.1 - _ - _

Table A2a - Yield of n-Alkanes and 1-Alkenes from Pyrolysis of 1-Phenyl Tetradecane

Yield (%) _

Carbon 15 min 30 min 60 min 120 min 180 min
Number T

n-al- 1-al- n-al- 1-al- n-al- | 1-al- n-al- 1-al- n-al- I-1l-
kane j kene kane kene I kane kene kane kene kane kene-T 1.6 7i21 - 1l7

Cs 0.2 1 0.5 0.7 1.o T .1 11 0.81

J C6 °0.2 0.9 0.6 1 1 2 LEI E 2. 1. 0.9

C7 0.3 0.7 0.6 1.3 1.2 1. 6I EII 41. 1.6 s 0.7

C3 0.2 0.5 0.5 10 0.9 12 0.9 0 1 0.3
C9 0.2 0.7 OA.4 L E 1 0.8 1.0- 0.9 0.7 0.7 0.2

C 10 0.2 0.9 0.3 1 0.15 0.9 0.5 0.9 0.4 0.1

C11 0.2 0.5 0.4 0.7 0.5 0.5 0.5 0.3 0.3 0.1

C12 1.2 1 04 2.2 0.6 2.01 02 141 0.2 10 0.1
C13 0113101 41 01 1-1 0{1lO.6 - 0.2
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Table A2b -Yield of Substituted Alkanes and Alkenes for Pyrolysis of 1-Phenyl Tetradecane

Yield (%)
Carbon _ _____. 
Number 15 min 30 min 60 min 120 min 180 min

ChaSine al- al at- at- a- at- al- al- al- al-
ofaide- kane kene kane kene kane kene kane kene kane kene

C1 . - . - 1- 1- 14 -
C2 24 0.5 4.1 lA 2.2 NC LE 6 0.2 8.

C3 0.2 0.2 0.3 0.4 1.0 0.3 f 0.2 1.]

C4 0.2 0.1 0.6 0.2 1.2 0.1 L 0.0 0.7 -

C5 0.1 0.3 0.2 0.4 0.9 0.2 0.8 0.1 0.5 _

C6 0.1 0.3 0.3 0.4 0.5 0.1 0.4 0.1 0.2 _

C7 0.1 0.3 0.2 0.4 0.3 0.1 0.2 0.1 0.2 0.1

C8 0.1 0.2 0.2 0.3 0.3 0.1 0.2 0.1 0.2 0.1

C9 0.1 0.2 0.2 0.3 0.2 0.1 0.2 0.1 0.1 -

C1 O 0.1 0.2 0.2 0.3 0.2 0.1 0.1 0.1 0.1 -

C11 0.1 0.2 0.2 0.2 0.1 0.1 0.1 0.1 0.1 -

C1 2 0.1 0.2 0.1 0.2 0.1 0.1 0.1 - - -

C13 0.2 - 0.2 0.1 0.1 - 01 _ - _-

Table Aa - Yield of n-alkanes and 1-alkanes from Pyrolysis of 2-n-Pentadecyl Pyridine

Yield (%)

Carbon 15 min 30 min 60 min 120 min 180 min
Number

n-al- 1-al- n-al- 1-al- n-al- 1-al- n-al- 1-al- n-al- 1-al-
kane kene kane kene kane kene kane kene kane kene

C5 0.2 0.5 0.7 0.9 1.1 El EN 1.2 16 0.7

C6 0.3 0.8 0.6 M1 Fii.I a1.7 [2. E1
C7 0.3 0.6 1211 11 M 1.2 1. 7 0.3

C8 0.5 0.5 0.9 0.9 0.9 E 0.7 0.8 0.4 0.4

C9 1.2 0.3 0.5 0.5 0.9 0.9 0.2 0.6 0.1 0.4

C1 o 0.1 0.2 1 0.8 0.9 F [j 0.5 0.7 0.2

C1 1 0.2 0.7 0.6 0.7 0.6 0.9 0.5 0.3 0.4 0.1

C1 2 0.2 0.4 0.8 0.4 0.7 0.4 0.5 0.1 0.3 0.1

C13 [E3 0.4 O 3.14 0.3 2 0.4 I 0.1 0.7 -

C1 4 0.7 gfj 11 2.0 0.8 l 4 0.4 0.2 0.1
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Table Ab - Yield of Substitued Alkanes and Alkenes from Pyrolysis of 2-n-Pentadecyl Pyridine

Carbon 15 mm 30 mm Yield (10)
Number 1 -min i 30 min 6;0 m1min ISi min
of Side- i I 
Chain at- al- al t al - at a- al al- al-f al-

kane kene kane kene kane kene kane kene kane kene
O n - 1 I _ In - _ 11 -1 17 -U.%j I 11IA==g~

C2 -0.5 0.5 0.9 1.88- I7F2l-6 - 3.9 EDA -

C3 0.5 0.6 - 0.6 _ 0.9 ._
fn A n I - I,% n A _ Cs n n 7L,4 0.2- _I5 _ I - 0.9 - .v 0. #7I
C 6 0.2 0.2 0.7 0.1 0.8 0.71 -0.2
C6 0.2 0.3 0.5 0.1 0.5' 0.8 0 V.2 4 - .
U7 U,1 U+z U.4 UZ nV4 _ U.-5 , 

C8 0.2 0.2 0.2 0.41 - 0-.2 - 0.2 -I

C9 0.3 0.5 .4 0.4A - - 0.1 -- 01
{ C10 '0tU.2 U. 0.4 U.2 U.2 -- U. -

C11 -0.2 0.2 0.5 01A 0.2 - 01 - - -

C12 1 02 2 OA 0.1 2.2 0.1 0.1
C13 0.2 0.2 0A2 0A 0.2 0.1 0 -_ _

C 14 0 .4 - 0.4 0A 0. I°2 l- - - - -
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Table A4a - Yield of n-alkanes and 1-alkenes from Pyrolysis of 2-Methyl Octadecane

Yield (%)

Carbon 15 min 30 min 60 min 120 min 180 min
Number n-al- 1-al- n-at 1-al- n-al- 1-al- n-al- 1-a!- n-al- I-a!-

kane kene kane kene kane kene kane kene kane kene

Cs _ 0.6 0.5 0.5 8 2 _2.9 . 2 1

t-6 - - 0 .2 V.Z7 I f , jVJ -L 99 I .'..' I 1-'- I

C7 - - 0.2 0.7 0.7 l4 2.E 11 1. 1.2
C8 0.2 0.1 0.1 0.5 1;1 1 1.3 0.8 0.8 0.5

C9 - - 0.1 0.5 0.5 1 0.9 0.5 0.4 0.5

C1 0 - - 0.1 0.5 0.9 1 0.7 0.4 0.2 0.5

C1 1 - 0.1 0.1 0.4 0.3 0.9 0.6 0.3 0.2 0.3
n Al Al l A 0 A n7 n M N0 01 I0

C13 0.2 0.1 0.4 0.2 0.6 0.3 0.1 0.1 0.2

C14 - 0.2 0.1 0.4 0.2 0.5 0.2 0.1 - 0.1

C15 0.1 0.1 0.4 0.3 0.8 0.4 0.7 0.1 0.3 -

C1 6 0.4 0.5 0.7 K] I 0.6 1 4 0.3 0.2 0.2 0.2

C17 - - 0.1 0.3 0.1 0.1 - 0.1 - -
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Table A4b - Yield of Branched Alkanes and Alkenes from Pyrolysis of 2-Methyl Octadecane

Yield (%)
Crbon 15 min 30 min 60 min 120 min 180 min
Chain

Length al- al- al- al- al- al- al- al- al- al-

kane kene kane kene kane kene kane kene kane kene

C 5 - - 01 0.2 0.3 0.6 0 0.6 0.8 0.7

C6 - - 0.1 0.2 0.1 0.4 0.1 1 0.3 0.7

C . - 0.3 0.2 0.6 0.5 0.9 0.4 01.

08 - - - 0.3 0.1 0.6 OA OA 0.2 0.3

C9o -- O.3 0.2 0.6 0.4 0.2 - o.2

CIO - - - 0.3 0.2 0.5 0.3 0.2 - 0.2

C11 - - 0.1 0.3 0.1 0.5 0.3 0.1 - 0.2

C12 - - 0.1 0.3 0.1 0.5 0.2 0.1 - 0.1

C13 - - 0.1 0.3 0.2 0.4 0.2 0.1

C1 4 0.4 - 0.1 0.3 0.2 O.4 0.2 0.1 - -

C15 0.1 - 0.1 0.3 0.2 OA 0.2 - - -

C16 0.1 0.1 0.2 0.3 0.2 GA 01 - - -

C1 7 0.3 - 0.3 01 0.2 0.1 - - 1 

Table A5a - Yield of n-Alkanes and lalkenes from Pyrolysis of n-Tridecyl Cyclohexane

Yield (%)

Carbon 15 min 30 min 60 min 120 mini 180 mini
Number I

n-a!- I-al- n-al- 1I-al- n-at 1-al- n-al- 1-al- n-al- 1-al-
kane kene kane kene kane kene kane kene kane kene

Cs 0-4 10.5 1dIT al23 1 .6 2111
eN t6 1- - nr I W an I IF . 1 F71 f-1 i Il F7l
C7 - I - E1 1 1i U1 f a1. 2.l 0.9 21f
flC8 1 - - GA 041. 0.9 Ij 0.9 1 .31

Cg |- - 0.3 1.0 0.3 J f 0.8 0.8 0.9 0.3

010 - - 0.3 1 0.3 E h 0.6 0.6 0.6 0.2

011 - - 0.3 0.8 0.6 0.6 0.5 A4 A 04

il A i fa I -I -_ A 17 A D A C r n .-I n 113 A PTx i 
"- l 2 1 V.^ J .. V1 3 i -L. V . 3

C13 ___ 0 1 0J 5 l j oi 5 1.2 10.4 0.4 0_3 __1
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Table A5b -Yield of Substituted Alkanes and Alkenes from Pyrolysis of n-Tridecyl Cyclohexane

Carbon _____________ _____________ Yield (%)

Number 15 min 30 min 60 min 120 min 180 min

INoie- I I I 1 1

I I Kan I sen I [1 I ^t... I rl I 1.a.. I 1Al.n I A1r1..ta I ialt I lrrf

C - - - - -1 r' AK' no flQ1 F 1in Ib HA1 1=1LI.t'
I I I I I 1 I n- I

IC I - I- I031 0.8 1031 0.8 I 0.7 107 1 0.7Z10.4 
C4 c- - 0.310.71O.2 0.61O.5j0.310.41 -

- CB-| | _ | 0.3 | 0.5 0.2 0.5 0.4 0.2 73 -
| CB I - I - I ~~~~0.3 0.7 0.2| 0.6 0.4 |5~ 0.3 0.4 

06t7 - I- I Zts I u~ I u. I Z~v I u I v I .

C I - I - I 0.3 0.4 0.2 1 .4 0.4 0.2 10- o.i- I
C01 0.2 - j 0.4 0.4 0.3 0.4 0.3 j 0.1 0- I - I
Cl 0. I - 0.1j 0.3 0-. 0.4 0 0.1 j -'I - I
012 j 0.3 0.1 j 0.2 0.1 J - I - I - I - I - Lzi

Table A6 - Yield of n-Alkane and 1-alkene from Pyrolysis of n-Hexadecane

Iflsbrhnn I 1 f; min Ii min 1nO- ma n2 in 180 min
Number I-~ ~ lk14 kF -I i-11kj1411-al

I I ~~~n-al- i1-al n al- I 1-al. n-al- |181 I n al- TIal.- n-al- I1-aljI ll| kane Ikene kane |kene kane kene jkane |kene kane kenej

0c5 0.1 0.2 0.5 1 j 2 I LI 2 9 5.0

C6 1- 0.1 0.3 j l.51 11.71 L%&I11 1134] 114.01 12.31
A 4 A A A I a 1 0.2 j I I l rrAi r i rrrI I rw I I nIIA I r I 1 I1 U7 U.1 U. U.6 II.4 1 j L I I.I II I. I ! 1.11 1

I n - Inl I nz I FT-5- 112n FT 1111 I Fi -7- 1 FT-6-1 0.8 

I Cqa I - 0.2 0.2 1 0.9 IL[flI 1A 1.4 0.4

Ico I 0.2 0.2 110 0.8 E[2I1j0.8 11. 1. 0.3

C11 I - 0.2 0.2 1 0.7 1|0.7 0.9 0.7 0.3

C12 - 0.2 0.2 0.9 0.7 11.71 0.6 0.7 0.5 0.2
4 n A n l an no no n n n AF n A 1

I 1 3 1 - I U.= I U. I w~~~o I u. v 3 uzr w v.2 0 .v 0 .s .1
I C . I - Iv02 - I 0.8 I 0.3 0.9 0:2 0.5 0.201

I C-1 1- -< - 0.2 10.21 0.3 0.1 0.1 0.1i-
L I_ _ _ _ _ I_ _ _ _ _ i I _ _ I _ __.- I _ ±

0 I

Ii
I

lIF
I

I

I

I

I

I

I
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