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ABSTRACT
THE PYROLYSIS-GAS CHROMATOGRAPHY 

OF SELECTED LOW MOLECULAR 
WEIGHT ALCOHOLS AND HYDROCARBONS

by
JOSEPH J. TOPPING

The thermal decomposition of various organic com­
pounds has been studied using the technique of pyrolysis- 
gas chromatography. The observed pyrolysis data were found 
to be consistent with first order kinetics. The distribution 
of the products of the thermal reaction was in agreement 
with the Kossiakoff-Rice Theory as well as with the results 
of other pyrolysis investigations. This indicates the 
potential utility of the method for qualitative analysis, 
in a manner analogous to mass spectrometry.

A pyrolysis-gas chromatograph, employing a continuous 
flow system, which is capable of causing decomposition of 
volatile organic compounds and of providing a means for 
qualitative and quantitative analysis of the products pro­
duced, has been designed and constructed. The furnace 
consisted of a quartz tube housed in a stainless steel block 
which could be heated to 700°C. The chromatographic columns 
were prepared from various types of Porapak and the pyrolysis 
was carried out in a helium carrier gas stream. Products 
were qualitatively characterized by comparison of retention 
times with known standards. Quantitative estimation was

xiii



based upon peak areas. Area measurement tnas accomplished 
using a Disc integrator. These areas were corrected for 
inequality of the thermal conductivity detector response 
using tables of weight factors.

Estimation of the timB and temperature of the thermal 
decomposition was made using a suitable flow meter and ther­
mocouples, This information, coupled with the amount of 
sample and product which was obtained from the recorder 
trace, was used to calculate values of the first order rate 
constants. These values were used in the Arrhenius equation 
to obtain energies of activation and estimates of the fre­
quency factors. Suitable computer programs werB employed 
to facilitate calculation and to perform regression analyses, 
which provided a measure of the error and lack of fit of 
the data to the proposed relationship. Variability in the 
data was explained in statistical terms.

mechanisms accounting for the products observed 
were postulated, and various thermodynamic properties of 
activation were calculated.

The analytical utility of the technique was evaluated 
for the compounds studied and compared with mass spectral 
data for the same compounds. Structural isomers were found 
to produce pyrolysis patterns sufficiently different for 
qualitative analysis. Geometrical isomers yielded similar 
patternsi however, the percent conversion was somewhat higher 
for the els form. This may be attributed to the greater 
strain present in the cis form. This effect was noted to

xiv



be much smaller for the Cg isomers, when compared against 
the C5 isomers.

Suggestions for future investigation were made.

xv



INTRODUCTION

The term "reaction gas chromatography" utas first used 
by Drawert in I960,* The term may be broadly defined as the 
chemical alteration of an injected sample in a reaction zone 
with subsequent passage of the altered sample through a chro­
matographic column and detector to produce a chromatogram* 
Reaction gas chromatography is generally considered to be a 
single continuous unit. Systems where the reaction occurs 
previous to sample injection would not properly be termed 
reaction gas chromatography*

The earliest example of a process which may be called 
reaction gas chromatography was performed in 1955, A micro­
reactor containing a catilyst at elevated temperature was 
linked with a gas chromatograph and the catalytic decomposi­
tion of selected organic compounds was studied with respect 
to temperature and type of catalyst by observation of the 
products formed in the microreactor. This apparatus* in a

l Amodified form, * is presently a useful device for studies 
of this type*

Beroza, in his review of reaction gas chromatography,^ 
has arbitrarily divided the area into seven general categories. 
These ares

1* subtractive processes 
2, elemental analysis 
3* class reactions 
A. kinetic and catalytic studies 
5. hydrogen reactions 
6* miscellaneous studies 
7* pyrolysis reactions
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A subtractive process involves the inclusion of one 
or more substances in the chromatographic flow system between 
the injector port and the column which will selectively retard 
the migration of one or more compounds or classes of compounds.
'A system of this type may be used to simplify a complex system 
or prove the presence or absence of certain compounds. Many 
examples of the use of this type of system are available in 
the literature,8“° Subtractive processes have been used to 
retard alkanes,*0 permanent gases,** olefins,*2 alcohols,*** 
and water,*^

Elemental analysis by reaction gas chromatography may 
be viewed as extreme pyrolysis fallowed by catalytic conver­
sion of the fragments to species which are easily separable 
and measurable. The most saliBnt example of this type of 
process is automated CHN analysis. There are a multitude of 
publications dealing with this area, and several review arti­
cles have appeared.**5”18

Class reactions are generally thought of in terms of 
functional group analysis. Reactions of this type, within 
a chromatographic system previous to the column, may cause 
the molecules to degrade to a different but related structure 
or effect the formation of a derivative. Either of these 
processes is able to supply valuable information pertaining 
to the qualitative identification of the organic compounds 
in question. Review papers*8”20 call attention to the majority 
of work that has been performed in this area.

Various classes of compounds which have been studied 
using class reactions in reaction gas chromatography are



alcohols,^ amino acids,^ aldehydes and ketones,^3 acids 
and esters,24,25 ancj containing primary amino groups^®

07and active hydrogen. The techniques used In these cases
generally may be classified as on-column derivative forma-

28 2Qtion or reaction in a vessel or syringe.
Several variations of the reaction gas chromatograph

2developed by Kokes, at al« have been used in studies to de­
termine the effects of various catalysts on chemical reac- 

30-32tions. A variety of specific applications has been
Creviewed by Beroza. This technique lends itself readily 

to the determination of relative rates of reactions, equili­
brium constants, etc., due to the fact that product detection
and identification are quite simple. Early efforts in this

33area were made by Juvet and Wachi and the subject has been 
treated by Habgood.34

The term hydrogen reactions in reaction gas chromato­
graphy actually includes three different processes. These 
are hydrogenation (the addition of hydrogen), dehydrogenation 
(removal of hydrogen), and hydrogenolysis (hydrogen addition 
following cleavage). The general technique involves the use
of a precolumn and carrier gas specifically adapted to the

35type of process which one wishes to occur. Hydrogenation 
has been used to determine olefins in the presence of saturated
hydrocarbons. Dehydrogenation of various classes of compounds

36has been used for purposes of analysis. Thermal catalytic 
cleavage, followed by hydrogenation has had wide utility in 
the determination of the chemical structure of a large number



of organic compounds.
Reactions with varying degrees of utility and appli­

cability have often been accidentally discovered. Unexpected 
reactions which occur due to exposure to high temperatures 
or to reactive or catalytic column packings during the course 
of gas chromatographic investigation are not uncommon, fflethyl 
esters of fatty acids have been found to dehydrate, deacylate, 
and undergo cis-trans isomerization,4® Various othar examples

Cof unique reactions may be found in Beroza's review.
The last subdivision of reaction gas chromatography, 

pyrolysis reactions, is the type of investigation which is 
carried out in this thesis. This subject has been reviewed 
several times,41"4® An excellent bibliography to the litera­
ture on pyrolysis-gas chromatography containing 205 references 
covering the period 1960-1963rhas appeared.4® In addition, 
a bibliography and index to the literature on gas chromato­
graphy covering the period January 1, 1963 - November 1, 1966 
(available in four parts) containing many references to 
pyrolysis-gas chromatography has been published.4^"®® Due 
to this fact, no attempt will be made here to include a com­
plete treatment of previous publications. Rather, an effort 
will be made to point to representative examples of different 
types of instrumentation and areas of application, Most 
recent work in the specific area of this thesis will be citBd 
in the statement of the problem. Since the time of the first 

publication dealing with pyrolysis-gas chromatography,®1 
several hundred papers have appeared concerning the various 
facets of this technique.
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Three techniques of sample heating have been employed 
almost exclusively. They are (l) flash pyrolysisf utilizing 
a heated resistance wire, (2) thermal pyrolysis utilizing a 
hot tubular reaction chamber, and (3) pyrolysis induced by 
a high voltage electric arc.

The first technique involves placing the sample to 
be determined on a cold resistance wire followed by the pas­
sage of an electric current through the wire for a specific 
length of time causing a temperature rise and consequent 
pyrolysis of the sample. The pyrolysis may be conducted in

C O C'tthe flowing carrier gas stream“  or in a sample loop,30 the 
contents of which may be flushed into the chromatographic 
column. A modification of this technique, used to avoid 
possible catalytic effects of the metal filament, is the 
use of a sample boat (frequently porcelain) inserted within 
the helix of the filament.5^ As an alternate approach to 
resistance heating, induction heating of a ferromagnetic

55wire holding the sample to be pyrolyzed has been employed. 3
Experimentally, this type of procedure has many draw­

backs. Accurate estimation of the pyrolysis temperature is 
practically impossible. Catalytic effects must be considered 
and the type of sample which one may study is somewhat limited. 
The assumption that pyrolysis takes place at the equilibrium 
temperature of the furnace has been attacked on theoretical 
grounds,

Pyrolysis within a tubular reaction chamber is a 
later and, in many respects, a more suitable method. The
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temperature may be measured accurately and the extent of py­
rolysis may be controlled by regulating the temperature, sample 
size, flow rate of carrier gas and volume and geometry of the 
reactor. By using different surfaces, the catalytic effect 
may be controlled. Both packed and unpacked reactors have 
been used. The sample may be injected as a gas or liquid 
using a micro-volume syringe, or a sample boat technique may 
be used. Depending on the design, the tube furnace may be 
used with a continuous carrier stream or as part of a sample 
loop. Due to its versatility many applications appear in 
the literature,57-59

Uncertainty in this technique arises primarily from 
the assumption that the sample temperature is approximately 
the same as the apparent temperature. The time of reaction 
is difficult to estimate in a continuous flow system. These 
problems will be treated in some detail in later sections 
of this work.

The electric discharge technique has been used rather 
infrequently. It is a difficult apparatus to fabricate and 
good precision of analysis has yet to be demonstrated. The 
pyrolysis is drastic and the fragmentation pattern resembles 
a mass spectrum, A large number of products of small mole­
cular weight are formed. This is a disadvantage when viewed 
against a milder form of pyrolysis where the products are 
larger, less numerous, and as a result retain more of the 
structural components of the parent molecule. Large frag­
ments reveal information concerning the position of substi-
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tuent groups, location of multiple bonds, etc, Basic research 
in this area has been performed by S t e r n b e r g a n d  a 
commercial instrument has recently been introduced.

Following the convention of Beroza,6 pyrolysis tech­
niques may be grouped according to the degree of degradation, 
based upon arbitrary temperature rangeet

1, thermal degradation 100- 300°C
2, mild pyrolysis 300- 500°C
3, normal pyrolysis 500- 800°C
4, vigorous pyrolysis B00-1100oC

These classifications are approximate and may be modified 
by the experimental conditions (time, floui rate, stability 
of compounds, etc.). They are useful designations in bringing 
some order to the multitude of research papers in the area 
of pyrolysis-gas chromatography.

Thermal degradation has been used primarily to study 
unstable compounds. It generally produces molecular isomeri­
zation or dissociation into relatively large fragments. 
Frequently little or no modification of the gas chromatograph 
is neededt the injection port may serve as the pyrolysis unit 
if operated at an elevated temperature. Aliphatic amine 
salts,6^ quaternary methyl amine chlorides,6*̂ quaternary 
ammonium salts,6* dialkylphosphates,66 and certain esters6** 
offer but a few examples of the types of compounds which have 
been studied in this temperature range.

fflild pyrolysis is capable of causing cleavage of 
carbon-carbon bonds under most conditions. Generally the 
fragments formed are characteristic of the parent compound 
due to the fact that weaker carbon-carbon bonds are broken
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whereas stronger bonds remain) however, the percent decompo­
sition is generally quite small. Useful studies of the

6 7 68pyrolysis of certain amines, carbohydrates and metal
carbonates and oxalates^® have been conducted. Many classes 
of compounds show little or no fragmentation in this tempera­
ture interval, aromatics being a prime example.

Normal pyrolysis is perhaps the most suitable compro­
mise between two extremes. High temperature pyrolysis produces 
large amounts of decomposition, but in doing so the resulting 
fragments are small enough to lose their ability to reveal 
their structural similarity to the parent molecule. At low 
temperatures, a greater structural similarity exists between 
the parent and fragment) however, the conversion is generally 
quite low and detection may become a problem, for this reason, 
most of the more recent work has concerned itself with the 
500-800°C interval.

Polymers,^® plastics,elastomers,ester plasti- 
ci2ers,^^ organosilicon palymeri^and a host of similar 
compounds have been investigated, primarily for purposes 
of qualitative determination, with some success. A signifi­
cant number of smaller organic compounds have been studied 
under conditions of normal pyrolysis. These will bB referred 
to in the statement of the problem of this work.

Vigorous pyrolysis has been used less frequently than 
the other techniques. The experimental apparatus is more 
complex and control of experimental parameters more difficult. 
However, useful analyses have been obtained for several types



of compounds among which are oils,75 paint pigments,76 and 
soil humic acids,77 Sternberg's electric discharge appara­
tus60*6  ̂causes reactions which may be classified as vigorous 
pyrolysis.

Despite the fact that a large number of papers have 
been published in the area, much remains to be done from the 
standpoint of basic development of techniques as well as 
broadening the range of application of these techniques.
In addition to qualitative analysis, which is the major area 
of application of pyrolysis-gas chromatography, the technique 
offers considerable promise as an approach to the study of 
bond energies, reaction rates, energies of activation end 
the determination of other fundamental knowledge as relates 
to kinetics and molecular structure. For these reasons, this 
work was undertaken.
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STATEMENT OF PROBLEM

Previous investigations in the area of pyrolysis- 
gas chromatography of simple organic molecules have been 
limited to a few papers using varying techniques and experi­
mental apparatus. Little effort has been made to relate the 
pyrolytic breakdown of molecules in a pyrolysis-gas chroma­
tography setup to theory or to .previous investigations using 
different techniques.

For the purpose of this work it was decided to design
a method and apparatus for the study of the thermal decompo­
sition of simple organic compounds which would meet the 
fallowing criteriai

1, Be simple and efficient in design and 
construction,

2, Minimize catalytic effects,
3, Produce pyrolysis of five to fifty percent 

in the thermal range of "normal pyrolysis,"
4, Allow for control and accurate estimation 

of both pyrolysis temperature and residence 
time in the reaction zone,

5, Produce the best resolution of productst
allowing both qualitative and quantitative 
determination,

An instrument of this type should produce fragments charac­
teristic of the parent molecule In sufficient amounts to be 
observed. Identification and quantitative estimation of all 
products would thus allow speculation as to the most probable 
pathways of decomposition and enable calculations to be made
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relating the extent of decomposition to the experimental 
parameters. These relationships may be expressed in the form 
of rate constants for the thermal decomposition and associated 
energies of activation. The stability of various molecules 
may then be compared and related to the molecular structure.
The molecules uihich were studied (alcohols and hydrocarbons) 
have been found by others to follow a first order rate ex­
pression!

C * C0 e"kt

where k = specific rate constant
t = time of reaction
CQ e initial concentration of reactant
C « final concentration of reactant

If t, C0, and C can be estimated from the pyrolysis conditions,
the rate constant, k, may be calculated. Similarly, if k may
be calculated for a series of reaction temperatures the two
may be related by the Arrhenius equation!

k . k0 „-E»/RT

where Ea = energy of activation
R s molar gas constant 
T b reaction temperature 
k0 b frequency factor

This relationship may be expressed graphically in such a
fashion that the slope of the graph of In k vs 1/RT is the
energy of activation and the intercept is the frequency factor.
Furthermore, the frequency factor and the energy of activation
may be used to estimate thermodynamic properties of activation
using the following expressions.
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4 3 * . A H * ' A F

AH* e Eg — nRT

kT - 
r h

where AS* « change in entropy of activation 
AH* s change in enthalpy of activation
AT* e change in free energy of activation
kr e rate constant
k s Boltzmann's constant
h s Planck's constant.

Results obtained in this fashion may be compared to
previous studies of thermal decomposition by other techniques.

Theories of unimolecular decomposition of hydrocarbons
have been presented and theoretical product distributions

7 A—flflhave been calculated for several compounds, u A compari­
son of experimental and theoretical product distribution would 
be valuable.

From a qualitative standpoint, the comparison of mass 
spectral data with pyrolysis fragmentation patterns would 
evaluate the potential of pyrolysis-gas chromatography as an 
analytical tool.

In order to make all data obtained as meaningful as 
possible, statistical methods of analysis will be used for 
purposes of handling and evaluating the data.

During the period of time that this research wav in 
progress, several interesting papers appeared in the literature 
dealing with the pyrolysis of simple organic compounds and
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the determination of kinetic parameters by pyrolysis-gas 
chromatography,®*"05 The results of these papers may be 
compared, in part, to some facets of this problem.
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EXPERIWENTAL

Reaoents

Compounds for Thermal Decomposition Study

Compound Source Purity

methanol Fisher Scientific Co. 99 mole %

Ethanol Commercial Solvents Co. Absolute 
(200 Proof)

1-Propanol Fisher Scientific Co, 99 mole %
2-Propanol Fisher Scientific Co. 99 mole %
ji-Pentane matheson, Coleman & Bell 99 mole %
Isopentane fflatheson, Coleman & Bell 99 mole %
1-Pentene matheson. Coleman & Bell 99 mole %
cis-2-Pentene K & K Laboratories 99 mole %
trans-2-Pentene K 4 K Laboratories 99 mole %
ri-Hexane Chemical Samples Co, 99.9 mole %
2-methylpentane Chemical Samples Co. 99 mole %
1-Hexane Chemical Samples Co. 99.9 mole %
cis-2-Hexene Chemical Samples Co. 96 mole %
trans-2-Hexene Chemical Samples Co. 99 mole %
Cyclopentane matheson. Coleman & Bell 99 mole %
Cyclohexane Fisher Scientific Co. 99 mole %

Compounds for Qualitative Identification

Compound 
Hydrogen 
Carbon fflonoxide

Source 
Air Reduction Co. 
The Natheaon Co.
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fflethane
Ethane
Ethylene
Acetylene

Propane
Propylene

Formaldehyde 
Acetaldehyde 
Isobutene

Butane
1- A 2-Butene

1.3-Butadiene 
Propionaldehyde 
Acetone
3-Methyl-l-Butene
1.3-Pentadiene
4-Methyl-l-Pentene

J. T, Baker Co.
J. T. Baker Co.
The Matheson Co.
Prepared by the reaction of 
CaC2 with H2O
Instrumentation Lab., Inc.
Prepared by the dehydration of 
n-propyl alcohol
J. T. Baker Co.
Eastman Organic Co.
Prepared by the dehydration of
2-methylpropanol
J. T, Baker Co.
Prepared by the dehydration of 
sec—butyl alcohol with sulfuric 
acid
The matheson Co,
Eastman Organic Co.
Fisher Scientific Co.
K & K Laboratories 
Aldrich Chemical Co.
Aldrich Chemical Co.

Compounds for Thermocouple Calibration

Compound 
Water 
Tin metal 
Lead metal 
Zinc metal

Source 
Barn8tead Still 
matheson, Coleman & Bell 
fflallinckrodt 
Fiaher Scientific Co.

Purity
99.9 flole % 

Reagent Grade 
Reagent Grade 
Reagent Grade
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Materials and Apparatus

Design and Construction of Instrumentation

A l/arlan Aerograph Model A90-P-3 gas chromatograph 
equipped with a thermal conductivity detector was modified 
for use as a single-unit, continuous flow pyrolysis-gas chro­
matograph. The overall design of the apparatus is illustrated 
as a block diagram in Figure 1, The entire assembly, with 
the exception of the recorder and voltage regulator, was 
securely affixed to the benchtop using appropriate clamps 
and tripod stands. This served to prevent any movement of 
the apparatus which could damage the gas-tight seals or frac­
ture the delicate quartz tubB,

The carrier gas used throughout this work was helium, 
obtained from the Air Reduction Company, The inlet pressure 
of the carrier gas was controlled through the use of a reduc­
tion valve from Kim Products Company, The outlet pressure 
of the system was uncorrected atmosphere pressure. The 
carrier gas was routed from the reduction valve in a normal 
fashion through thB reference side of the detector and through 
the injector port. The injector port was lined with a Pyrex 
glass sleeve (Aerograph part #69-000011-00), The port itself 
was removed from its normal position and mounted in front 
of the instrument using suitable clamps. This facilitated 
the insertion of the pyrolysis tube furnace directly between 
the injector port and the chromatographic column.

The furnace consisted of two concentric tubes, the
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Figure 1 
Pyrolysis-Gas Chromatograph

A Carrier Gas 
Q Reduction Valve
C Thermal Conductivity Detector (Ref, Side) 
D Injector Port 
E Pyrolysis Tube 
F Chromatographic Column
G Thermal Conductivity Detector (Spl. Side) 
H Recorder (Detector Output)
I Injector Block 
J Cartridge Heater 
K Pyrolyzer Block 
L Cartridge Heater 
M 110-120 Volt Source 
N Regulated Power Supply 
0 Variac
P 4-Position Thermocouple Switch 
Q Recorder (Thermocouple Potential)
R Precision Potentiometer 
S Electric Timer 
T Soap Bubble Flow ffleter



FIGURE 1 
PYROLYSIS-GAS CHROMATOGRAPH
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outer one being 13 Inches In length. The outer tube, 
0,25-inch outer diameter stainless steel, served as a mount 
for the inner quartz tube. The quartz tube had a 13,25 inch 
length, 0,12 inch outer diameter, and a 0,08 inch inner dia­
meter. This tube was held securely in place by two silicone 
tubber 0-rings which were placed at extreme ends between the 
quartz and steel tubes. The 0-rings were located in zones 
where the temperature remained low enough so that degradation 
of thB rubber would not be a problem,

A section of the tube, four inches in length, was 
surrounded by a stainless stBel block (see Figure 2) in which 
a 150 watt, 115 volt Vulcan UI7 cartridge heater was imbedded. 
The temperature of the cartridge heater was controlled by a 
Type 116 Powerstat (Superior Electric Company), Line voltage 
was stabilized using a Stabiline voltage regulator (Superior 
Electric Company), the output of which was fed directly to 
the Powerstat,

The pyrolysis reaction occurred within thB four inch 
section of the quartz tube which was heated by the furnace 
block.

The temperature of the heated region of the pyrolysis 
tube was sensed by an Iron-Constantan thermocouple placed in 
the center of the block adjacent to the tube furnace. Two 
other thermocouples were placed at either end of the tube 
furnace. The thermocouple assembly was obtained from Varian 
Aerograph, A multi-position switch allowed each couple to 
be used individually with a single readout device.
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Figure 2 
Pyrolysis Tube Furnace

A Suiagelok Fitting to Injector Port 
B Stainless Steel Tube 
C Quartz Reaction Tube 
D Stainless Steel Heater Block 
E Thermocouple Seat 
F Cartridge Heater 
G Asbestos Insulation 
H Suiagelok Union to Separation Column 
I Bore for Thermocouple 
J Bore for Tube Reactor 
K Bore for Cartridge Heater
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FIGURE 2 
PYROLYSIS TUBE FURNACE
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A Sargent Model SR recorder was used for all tempera­
ture measurements. The recorder was calibrated using pure 
metals of various melting points (see p 25) and a variable 
resistance (Helipot Precision Potentiometer, Model T-10-A) 
incorporated into the recorder circuit allowed continuous 
adjustment of the recorder range.

The tubs furnace was joined to the injector port 
and the chromatographic column with Swagelok fittings (Craw­
ford Fitting Co.), The design of the connections is shown 
in Figure 3, The use of the 0-rings insured that the gas 
flow was through, not around, the quartz tube furnace.

The gas stream leaving the tube furnace entered 
directly into the separation column (for types of columns 
used, see p 26). From this point the apparatus resembled 
a conventional gas chromatograph. The output of the column 
led into the sample side of the thermal conductivity detector 
(tungsten filament) and was vented to the atmosphere, A 
soap-bubble flow meter was used in conjunction with an elec­
tric stopwatch (Macalaster Scientific Company, MSC2462) to 
determine the flow rate of gas at the exit port. The detector 
output was recorded by a Texas Instruments, Inc, Servo/riter II 
recording potentiometer equipped with a Model 231 Disc chart 
integrator (60 rpm motor) obtained from Disc Instruments, Inc,

Calibration of Temperature Recorder

Initial adjustment. A standard voltage of 50 milli­
volts (Heath Voltage Reference Source) was fed into the re­
corder, The Helipot precision potentiometer was introduced



Figure 3

Detail of Tube Furnace Connectors

A Pyrex Tube Insert
B Injector Tube
C Silicone 0-Ring
D F errule
E Hexagonal Nut
F Quartz Tube Furnace
G Stainless Steel Tube
H Suiagelok Union
I Separation Column
J Column Packing



PYROLYSIS TUBE TO INJECTOR

A
B

PYROLYSIS TUBE TO SEPARATION COLUMN

G
F

FIGURE 3
DETAIL OF TUBE FURNACE CONNECTORS
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into the recorder circuit as an input voltage divider. The 
resistance uias adjusted until the recorder pen uias displaced 
full-scale. The potentiometer was then locked in this posi­
tion, giving the recorder a range of 0-50 millivolts. Since 
the potential of the Iron-Constantan thermocouple was within 
this range for the temperature interval of interest in this 
work, a millivolt reading from the recorder chart would cor­
respond to the temperature of the thermocouple. Correlatijn 
between temperature and thermocouple El.M.F, may be found in 
the literature,®®

Final calibration. In order to verify this correla­
tion, the following procedure was usedt

Pure samples of tin, lead, and zinc, whose melting 
points are accurately known, were obtained. A small amount 
of each metal was heated in a graphite crucible using a 
Maker burner. Each metal was heated well above its melting 
points (£&100°), The crucible was then placed on an asbestos 
board under a five-sided asbestos box fitted with a ^ inch 
diameter hole at the top. The box was fabricated from five 
6H x 6" asbestos mats. The thermocouple, encased in 3 mm 
i.d. Pyrex tubing, sealed at the bottom, was placed through 
the hole in the top of the box into the molten metal. The 
cooling curve was then observed using the previously cali­
brated recorder. The resulting cooling curves gave a pla­
teau indicative of the melting point of the metal. Low 
temperature calibration was made using boiling water and 
an ice-water mixture. This information correlated well with



26

>
the literature E,M,F, - temperature relationship. Therefore 
the temperature sensed by the thermocouple was determined 
from this point by reading the potential from the chart and 
determining the temperature from the above-mentioned rela­
tionship for an Iron-Constantan thermocouple.

Preparation of Chromatographic Columns

Two columns were used in this work, a relatively
non-polar Porapak Q and a polar Porapak T, Both packing
materials were obtained from Waters Associates, Each column
was packed in the same manner, using a partial vacuum at one
end and mechanical vibration. Each was fabricated to the
following specifications!

Column Type Stainless Steel
Packing Mesh 5i2e 80-100 
Length 5*
Outer Diameter

Procedure for Pyrolysis Studies

All samples were introduced using a Hamilton 10 Ml 
syringe. The overall operation was similar to normal chroma­
tographic analysis. All conditions were set and allowed to 
reach equilibrium. Samples were randomized as much as pos­
sible to prevent systematic errors. Attenuation was controlled 
throughout the run in order to maintain each peak in the 
"pyrogram" on the recorder chart. Retention time, expressed 
in Kovat*s Index form, was used as a means of qualitative 
identification. Quantitative analysis was accomplished using 
the Disc integration technique and corrections for baseline 
drift were made using #1291 Disc Drift Corrector,
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RESULTS

Qualitative Product Identification 

Procedure

The retention distance of each peak in the pyrolysis- 
gas chromatogram was measured to the nearest 0,01 inch for 
values less than 5 inches. For longer retention distances, 
the value was estimated to the nearest 0,1 inch. A chart 
speed of 0.50 inch/minute was used for all determinations, 
enabling conversion from retention distance to retention 
time.

While maintaining the same experimental conditions, 
chromatograms of all suspected products of the thermal decom­
position were run. The retention times for the pure compounds 
were obtained and compared with those of the unknown products. 
Agreement of unknown and standard at two flow rates was con­
sidered positive proof of identity.

In order to put this Information into a convenient
fl7form, the index system developed by Kovats0' was used. This 

method takes advantage of the fact that a homologous series 
of reference compounds yields a straight line relationship 
between the logarithm of the adjusted retention time and 
the carbon number. By using aliphatic hydrocarbons (Cj-Cg) 

and assigning methane an index value of 100 (one carbon atom), 
ethane, index 200 (two cafbon atoms), etc., a series of index 
values may be obtained by graphical interpolation. By virtue
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of the fact that practically all of the pyrolysis-gas chro­
matograms contained two or more "index" compounds as products, 
a convenient internal standard was present in each analysis.

Experimental Conditions

The following conditions were maintained for all
analyses which were performed!

Carrier Gas Helium
Inlet pressure 31 psig.
Injector temperature 15Q°C
Detector temperature 190°C
Filament current 150 mA
Chart speed 0,5 inch/minute
Sample Size 1,0 jh.1 (unless

otherwise stated)
Conditions which were varied in a systematic fashion

for each analysis arei
Furnace temperatures 700°, 667°, 633°, 600°C
Flow rates 30 and 40 cc/min
Special conditions, in addition to those given above,

are shown in Table 1, These will be referred to as Condition
la, Condition lb, etc,, throughout this work.

Table 1
Special Conditions Used in Pyrolysis Studies 

Variable Cond. Ia Cond, lb Cond. H a  Cond. lib
Column type Porapak Q Porapak Q Porapak T Porapak T
Column Temp, 115°C 115°C 150°C 150°C
Flow rate 30cc/min 40cc/min 30cc/min 40cc/min
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Retention Times and Retention Indices

Retention distances were converted to retention times. 
These were adjusted for the dead volume of the furnace and 
column and converted to the Kovats Index system. The result­
ing values are listed for Conditions la. Ib, Ila, and lib 
in Tables 2-5,
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Compound

Hydrogen
methane
Ethylene
Acetylene
Ethane
Ulater
Propylene 4,95
Propane 5,20
Wethanol 7,45
Acetaldehyde 9,65
Butane 13,6
1,3-Butadiene 13,6
1- & 2-Butene 15,4
Ethanol 16,5
Proplonaldehyde 29,0
Acetone 30,3
2-Propanol 33,6
Isopentane 34,9
1-Pentene 35,0
trans-2-Pentene 37,7
cl9-2-Pentene 38,7
ri-Pentane 39,8
Cyclopentane 44.0
1-Propanol 48,0

for Condition la

Index No. 

□00 
100 
162 
175 
200 
210 
289 
300 
338 
363 
400 
400 
411 
415 
471 
476 
485 
489 
491 
495
499
500
519
520

Table 2 
Qualitative Results

Tr(min)

0.95 
1.20 
1.95
2.30
3.30 
3,55

T r a di(mtn) 
0.00
0.25
1.00
1.35
2.35 
2.60 
4.00 
4,25 
6.50 
8.70

12,6
12 , 6

14.4
15.5 
28,0 
29,3
32.6 
33,9
34.0
36.7
37.7 
38.B
43.0
47.0
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Table 3
Qualitative Results for Condition lb

Compound Tr(min) Tr arM(min) Index ^

Hydrogen 0.72 0,00 000
Methane 0,95 0.23 100
Ethylene 1.60 0.88 165
Acetylene 1.80 1.08 175
Ethane 2.60 1 ,88 200
Ulater 2.70 1.98 210
Propylene 4.00 3,28 287
Propane 4.30 3.58 300
Methanol 5.85 5.13 335
Acetaldehyde 7.35 6.63 359
Butane 11.0 10.3 400
1,3-Butadiene 11.0 10.3 400
1- ft 2-Butene 12.4 11.7 411
Ethanol 12,5 11.8 411
Propionaldehyde 22.7 22.0 471
Acetone 23.3 22,6 475
2-Propanol 25,5 24.8 483
Isopentane 28.1 27.4 491
1-Pentene 29,7 29.0 494
trans-2-Pentene 29.7 29.0 497
cis-2-Pentene 30,7 30.0 499
n-Pentane 30.9 30.2 500
Cyclopentane 38.1 37,4 520
1-Propanol 38.0 37,3 520
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Table 4
Qualitative Results for Condition IXa

Compound Tr(min)

Hydrogen 1,00
Plethane 1.12
Ethane 1.65
Ethylene 1.65
Propane 3.10
Propylene 3.10
Formaldehyde 3,20
Ulater 5,50
Isobutene 5,65
Butane 6,50
1- & 2-Butene 6,50
methanol 6,55
1.3-Butadiene 7,65
3-Nethyl-l-butene 12,6
ri-Pentane 14,0
1-Pentene 14,0
2-Pentene 16,0
1.3-Pentadiene 21,9
2-Methylpentane 27,4
4-Nethyl-l-pentene 29,0
n-Hexane 32.1
1-Hexene 32,6
trans-2-HBxene 33,0
cls-2-Hexene 35,3
Cyclohexane 40,0

Tr adt(mln> 
0,00 
0,12 
0.65 
0.65 
2,10 
2,10 
2.20
4.50
4.65
5.50
5.50 
5.55
6.65 

11.6
13.0
13.0
15.0
20,9 
26,4
26.0 
31.1 
31.6
32.0 
34.3
39.0

Index No,

000
100
200
200
300
300
302
361
385
400
400
400
426
479
500
500
517
552
581
586
600
602
604
611
623
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Table 5
Qualitative Results For Condition lib 

Compound Tr(min) Tr a<jj(rcin) IndBX No.

Hydrogen 0.75 0,00 000
methane 0.85 0,10 100
Ethane 1.30 0.55 200
Ethylene 1.30 0,55 200
Propane 2.50 1,75 300
Propylene 2.50 1,75 300
Formaldehyde 2,60 1.85 305
Water 4.40 3.65 379
Isobutene 4.60 3,85 386
Butane 5.30 4.55 400
1- & 2-Butene 5.30 4.55 400
Wethanol 5.25 4,50 400
1t3-Butadiene 6.30 5,55 427
3-lflethyl-l-butene 10.2 9.4 483
n-Pentane 12,2 11,4 500
1-Pentene 12,2 11,4 500
2-Pentene 12,9 12,1 513
1,3-Pentadiene 17.7 16.9 549
2-ltlethylpentane 22.1 21,3 577
4-fflethyl-l-pentene 24.2 23.4 586
n-Hexane 26,0 25,2 600
1-Hexene 27,2 26,4 602
trans-2-Hexene 27.5 26,7 605
cls-2-Hexene 30.0 29,2 611
Cyclohexane 33.0 32.2 621



RBproduclbilitv of Pyrolysis Technique

Procedure

The reproducibility of pyrolysis under a typical 
set of operating conditions was studied. Ten replicate de­
terminations were made at Condition lb using a furnace temp­
erature of 700°C and a sample size of 1 /j1 of n-pentane, The 
attenuation was adjusted when necessary in order to keep all 
peaks on-scale. The area of each peak was estimated in Disc 
integrator counts and multiplied by the value of the attenua­
tor to put all areas on the same basis. These values are 
given in Table 6.

The areas obtained in this manner were subsequently 
corrected for inequality of detector response using the ap­
propriate thermal conductivity weight factors (Appendix 1).
The resulting values are shown in Table 7. Using these values, 
the percent decomposition was calculated using the standard 
normalization techniquei the results are contained in Table B.

Treatment of Data

The various statistical parameters were obtained in 
the following wayi
a. fflean - Average of ten replicates.



Table 6

Reproducibility of Pyrolysis— Uncorrected Areas

Replicate No.

Product 1 2 3 4 5 6 7 8 9 10

l*lethane 772 772 760 700 668 640 700 680 640 624

Ethylene 1680 1700 1680 1680 1600 1480 1520 1500 1460 1520

Acetylene 668 704 640 600 560 500 520 580 560 600

Ethane 200 120 192 200 160 180 260 212 200 204

Propylene 1816 1900 1752 1808 1800 1620 1632 1600 1600 1680

Butane 724 804 720 768 864 840 808 640 640 884

n-Pentane* 38800 39160 37640 37632 38260 38240 38820 3B180 38020 39060

*Undecomposed sample

uCXI



Table 7

Reproducibility of Pyrolysis

Replicate No

Product 1 2 3 4 5

Methane 347 347 342 315 301
Ethylene 991 1003 991 991 944
Acetylene 394 415 378 354 330
Ethane 118 71 113 165 94

Propylene 1180 1235 1139 1175 1170
Butane 492 547 490 522 588
ri-Pentane* 26772 27020 25972 25966 26399
Total Product 3522 3618 3453 3422 3427

Total Sample 30294 30638 29425 29488 29826

*Undecomposed sample

-Corrected Areas

6 7 8 9 10

288 315 306 288 281
873 897 885 861 897
295 307 342 330 354
106 153 125 118 120

1053 1061 1040 1040 1092
571 549 435 435 601

26386 267B8 26344 26234 26951
3186 3282 3133 3072 3345

29572 30070 29477 29306 30272

ucn
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Table 8

Reproducibility of Pyroly3is--Percent Decomposition

Determination No, Percent Decomposition

1 11.63
2 11.81
3 11,73
4 11,94
5 11,49
6 10,77
7 10.91
8 10,63
9 10.48
10 11.05
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b« median - Average of the two middle valuesf when the 
results are listed in order.

c. Range - Difference between high and low values.
d. Average deviation

i*n _
ixi - x1*1
n

e. Relative average deviation (parts per thousand)

d* = 1000 d

f. Standard deviation

i*n 2
^  lxi ’ x Iisl

g. Coefficient of variation

v

n - 1

100 s

Results

Table 9 contains the values obtained for these measures 
of variability for a series of replicate studies of the decom­
position of n-pentane.

In addition, this data was used to compare the relative 
product distribution over a period of four months. The average 
relative distribution of products on two different dates are 
compared in Table 10« This was done in order to determine
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Table 9

Reproducibility of Pyrolysis— Statistical 
Analysis of Percent Decomposition

Term Value
Mean 11.24/S
Median 11,27$
Range 1,46$
Average Deviation 0.46$
Relative Average Deviation 42 ppt
Standard Deviation 0,536
Coefficient of Variation 4,77$

Table 10
Reproducibility of Pyrolysis--Comparison of

Product Distributi on uiith TimB

Compound 5/1/6B 8/26/6B

Hydrogen 0.0$ 0.0$
Methane 9.3$ 9.3$
Ethylene 28.2$ 27.8$
Acetylene 11.6$ 10.4$
Ethane 2.6$ 3.6$
Propylene 33.7$ 33.3$
Butane 14.7$ 15.6$
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whether any change was occurring due to contamination or al­
teration of the quartz surface with time and use.

Effect of SamplB Size on Pyrolysis 

Procedure

Replicate analyses of the thermal decomposition of 
n-pentane were made using approximate sample sizes of 0.5,
1,0, 1,5, 2.0, 2.5, and 3,0 jil. The conditions of analysis 
were similar to those used in the previous section for the 
reproducibility studies. The areas were measured in Disc 
integrator counts and the results are given in Table 11,

These areas were then corrected for the response of 
the detector using suitable weight factors (Appendix I) and 
are shown in Table 12, The percent thermal decomposition 
of each replicate was calculated and averaged.

Results

The relationship between the size of the sample taken 
for analysis and the resulting extent of thermal decomposition 
is shown in Figure 4. It may be seen that there is a small
increase in the percent decomposition with an accompanying
increase in the size of the sample,

A comparison of the relative amount of each product
with respect to sample size is given in Table 13. The rela­
tive amounts, expressed as weight percent of total products, 
were calculated using the standard normalization technique.
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Effect of Sample Size on Thermal Decomposition
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Table 11
Uncorrected Areas for Investigation of Effect of Sample Size

0.5-ul Spl. 1,0-ul Spl. 1,5-ul Spl.

Product Rep.#l Rep.#2 Rep.#l Rep.#2 Rep.#l Rep.#2

fflethane 488 474 668 624 900 920

Ethylene 1170 1188 1600 1520 2000 1960

Acetylene 418 372 560 600 920 920

Ethane 150 200 160 204 140 176

Propylene 1232 1236 1800 1680 2288 2280

Butane 582 540 864 884 1008 992

ri-Pentane* 28960 29300 38260 39060 48900 48160

*Undecomposed sample

N



Table 11

(Continued)

2.0-ul Sol. 2.5-ul Spl. 3.0-ul Spl.

Product Rep.#l Rep.#2 Rep.#l Rep.#2 Rep.#l Rep.#:

Methane 1000 100B 1344 1352 1600 1560

Ethylene 2400 2424 2640 2880 3200 3184

Acetylene 1120 1296 1560 1600 1856 1912

Ethane 120 120 80 80 104 176

Propylene 2832 2960 3344 3400 3984
r

3976

Butane 1376 1440 1288 1312 1824 1840

n-Pentane* 58620 60500 65993 68997 80624 79704

*Undecomposed sample



Table 12

Product

Corrected Areas for Investigation of Effect of Sample Size

0.5-ul Spl. 
Rep.#l Rep.#2

l.Q-ul Spl. 
Rep.#l Rep.#2

1.5-ul Spl.

Rep.#l Rep.#2

Methane 220 213 301 281 405 414
Ethylene 690 701 944 897 1180 1156
Acetylene 247 219 330 354 543 543
Ethane 89 118 94 120 03 104
Propylene 801 003 1170 1092 1487 1482
Butane 396 367 588 601 685 675
£-Pentane* 19982 20217 26399 26951 33741 33230
Total Product 2443 2421 3427 3345 4383 4374
Total Sample 22425 22638 29826 30272 38124 37604

•Undecomposed sample



2.0-ul Spl.
Product Rep.#l Rep.#2

Methane 450 454
Ethylene 1416 1430
Acetylene 661 765
Ethane 71 71
Propylene 1841 1924
Butane 936 979
n-Pentane* 40448 41745
Total Product 5375 5623

Total Sample 45023 47368

*Undecomposed sample

Table 12

(Continued)

2.5-ul Spl, 
Rep.#l Rep.#2

605 608
1558 1699
920 944
47 47

2174 2210

876 092
45535 47608
6100 6400

51715 54000

3.0-ul Spl.
Rep.#l Rep.#2

720 702
1888 1879
1095 1128
61 104

2590 2584
1240 1251

55631 54996
7594 7640
63225 62644



Table 13

Relative Product Distribution for

0.5-ul. Spl. t—• • 0 1 c ■ Spl. 1.5-u]' Spl

Product
Rep.
#1

Rep.
J[2_

Rep.
#1

Rep.
Jg2_

Rep. Rep.
#2

methane 9.0 8,8 8.8 8.4 9.2 9.5

Ethylene 28.2 29.0 27.5 26.8 26.9 26.4

Acetylene 10.1 9.0 9.6 10.5 12.4 12.4

Ethane 3.6 4.9 2.7 3.6 1.9 2.4
Propylene 32.8 33.2 34.1 32.6 33,9 33.9

Butane 16.2 15.2 17.2 10.0 15.6 15.4

Various Sample Sizes

2.0-ul Spl, 2.5-ul Spl. 3.0-ul Spl.
Rep.
JtX.

Rep.
#2

Rep.
#1

8.4 0.1 9.8
26.3 25.4 25.2
12.3 13.6 14.9
1.3 1.3 0,8

34.3 34.2 35,2
17.4 17.4 14.2

Rep.n Rep. Rep.n
9.5 9.5 9.2

26.5 24.5 24.6
14.8 14.4 14.7
0.7 0.8 1.4

34.5 34.1 33.8
13.9 16.3 15.4

cn
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Effect of Rate of Flow and Temperature on Pyrolysis

Procedure

Sixteen aliphatic hydrocarbons and alcohols werB 
chosen for a thorough study of their thermal decomposition 
as a function of pyrolysis temperature and rate of flow of 
the sample through the tube furnace.

The range of carrier flow rate which could be studied 
was somewhat limited by the requirements of the chromatographic 
column. If a flout rate lower than 30 cc/min was used, the 
quality of the resulting peak shapes was poor and the time 
of analysis became extremely long. If a flow rate greater 
than 40 cc/min was usedt the resolution of the early, high 
boiling compounds suffered. A potential solution to the 
problem was the use of temperature programming of the column.
Two disadvantages were noted in this methods the instrument 
used was operable only in a manual programming modet this 
was not sufficiently reproducible for quantitative or quali­
tative analysis* In addition, when operating at the high 
sensitivities required for this work, the baseline drift 
during programming makes quantitative estimation of the peaks 
difficult and subject to error.

For these reasons, the two flow rates of 30 and 40 
cc/min (measured at exit of detector) were chosen. The temp­

erature region of "normal" pyrolysis was of primary interest 
and data was taken at 600°C, 633°C, 667°C, and 700°C for both 
rates of flow. Each determination was made in duplicate and 
replicates were run randomly in order to avoid systematic errors.
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A blank was run on each compound ae a check on its 
purity by lowering the furnace temperature to 200°C, a value 
sufficiently low to prevent any thermal decomposition. The 
compounds were all of high purity as claimedt and any small 
impurities were compensated for by subtraction of the area 
of the impurity from the pyrolysis-gas chromatogram.

All pyrolysis products were identified (see pp 27-33 
of this work) and the areas were measured and corrected for 
detector response in the same manner as described on pp 34-40, 
In order to facilitate comparison of different sets of data, 
all areas were adjusted in such a way as to provide identical 
sample sizes upon normalization,

Experimental Data

Tables 14-29 contain the experimental data obtained 
from the analyses. The experimental Conditionst represented 
as la, lb, Ila, and IIbt are given bn page 28 .

Tables 30-45 contain the corrected and adjusted data 
from the same investigation.

Table 46 contains a compilation of the percent pyro­
lysis for each of the sixteen compounds with respect to fur­
nace temperature and flow rate. Replicate determinations 
for each Condition of analysis have been averaged to facilitate 
reporting of the data.



Table 14

Uncorrected Areas for the Pyrolysis of Methanol

70D°C 700°C
Condition
667°C

I la 
667°C 633°C 633°C 600°C 600°C

Compound Rep. #1 Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep.J.2 Rep. #1 Rep. #;
CO/Hydrogen 30 40 20 15 0 0 0 0
Klethane 35 45 30 25 10 10 5 5
Formaldehyde 525 500 280 275 168 174 76 65
Water* 353 335 288 275 275 274 265 260
Wethanol** 203520 197760 200320 197760 203520 209600 200960 198720

700°C 700°C
Condition
667°C

11 b 
667°C 633°C 633°C 600°C 600°C

Compound Rep. #1 Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #2 Reo. #1 Rep. #;
CO/Hydrogen 15 15 5 5 0 0 0 0
fflethane 25 25 15 15 8 10 3 3
F ormaldehyde 367 378 210 190 110 105 50 50
Water* 265 268 235 229 220 205 185 195
methanol** 145926 147200 154240 151680 155520 140800 145280 149120
*Before correction for Impurity* **Undecomposed sample



Table 15

Uncorrected Areas for the Pyrolysis of Ethanol

700°C 700°C
Condition la 
667°C 667°C 633°C 633°C 600°C 600°C

Compound Rep. #1 ReD. #2 Rep. #1 '1 Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #:
CO/Hydrogen 1D20 764 220 260 80 58 15 16
methane 1480 1128 400 380 147 135 28 32
Ethylene 2464 2000 840 896 365 300 70 70

Acetylene 196 120 52 56 24 30 0 0

Water* B160 6912 5912 6040 6700 6360 5344 5320

Acetaldehyde 10500 8684 4446 4420 2004 1540 800 900

Ethanol** 163856 144160 152768 160000 187040 176480 161120 159920

* Before correction for impurity

**Undecomposed sample



Table 15

(Continued)

Condition lb

7DD°C 700°C 667°C 667°C 633°C 633°C 600°C 60Q°C
Compound Rep. #1 Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #2

CO/Hydrogen 528 420 120 140 60 36 22 24

methane 880 700 240 232 140 88 26 52

Ethylene 1520 1400 500 640 296 220 90 127

Acetylene 72 40 40 32 24 16 0 0

Water* 5600 5600 4560 804 4300 4160 3952 4712
Acetaldehyde 6780 5900 2944 3280 . 1540 1200 584 720

Ethanol** 123600 122592 117760 124880 134576 117040 117696 138128

* Before correction for impurity

**Undecomposed sample



Table 16

Uncorrected Areas for the Pyrolysis of 1-Propanol

t

700°C 700°C

Condi ti 
667°C

on la 
667°C 633°C 633°C 600°C 600°C

Compound Rep, #1 Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #2

CO/Hydrogen 360 300 128 180 26 30 24 24

fflethanol 2600 2200 1012 1320 440 520 250 260

Ethylene 1760 1320 600 700 230 250 150 140

Acetylene 400 400 152 212 110 160 48 46

UIater# 4660 4320 4440 4860 3900 4160 3980 3700

Propylene 3920 3340 1660 1880 660 700 368 340

methanol 600 540 208 320 40 40 0 0

Acetaldehyde 3940 3340 1700 2000 720 800 420 320

Propionaldehyde 440 440 240 240 96 140 0 0

l-Propanol## 118560 120420 152700 169360 140968 163840 152640 147400

* Before correction for impurity

♦♦Undecomposed sample



Table 16

(Continued)

Condition lb
700°C 700°C 667°C 667°C 633°C 633°C 600°C 600°C

Compound Rep. #1 Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #2

CO/Hydrogen 200 200 50 60 30 18 28 24

methane 1560 1720 720 740 420 270 260 240

Ethylene 960 1000 340 360 190 110 130 110

Acetylene 180 240 100 160 74 36 40 36

Water* 3640 3640 3160 3468 3614 2740 3100 3240

Propylene 2320 2480 1000 1000 588 370 360 288

methanol 336 308 120 88 48 30 0 0

Acetaldehyde 2380 2492 1000 1328 634 384 380 400

Propionaldehyde 320 320 160 180 100 100 0 0

1-Propanol** 107720 108000 111440 125760 143760 107320 129440 132040

* Before correction for impurity

**Undecomposed sample



Table 17

Uncorrected Areas for the Pyrolysis of 2-Propanol

Condition la

Compound
700°C 
Rep. #1

700°C 
Rep. #2

667°C 
Rep. #1

667°C 
Rep. #2

633°C 
Rep. #1

633°C 
Rep. #2

600°C 
Rep. #1

600°C 
Rep. #2

CO/Hydrogen 500 4BQ 160 260 115 120 80 100
Methane 1964 1740 780 900 270 320 140 150
Ethylene 660 560 160 180 30 40 14 24
Acetylene 60 60 20 28 0 0 0 0
Water* 6140 5720 3920 4528 2560 3200 2240 2340
Propylene 8840 8260 4200 4840 1800 2220 1000 1080
Acetaldehyde 1392 1352 760 968 200 300 140 176
Acetone 22120 20480 12560 14400 6720 7000 3520 3160

2-Propanol** 141040 139696 153760 180280 150400 174520 150864 148320

* Before correction for impurity

**Undecomposed sample
tn



Table 17

(Continued)

Conditi 
700°C 700°C 667°C

Compound Rep. #1 Rep. #2 Rep. #1

CO/Hydrogen 232 240 150

Methane 1140 1020 530
Ethylene 300 260 95

Acetylene 20 20 20

Water* 4000 3840 2870

Propylene 5392 5200 3110

Acetaldehyde 824 820 540

Acetone 13496 13680 9080

2-Propanol** 109440 113760 114480

n lb 
667°C 633°C 633°C 600°C 600°C

Rep. #2 Rep. #1 Rep. #2 Ren. #1 Rep. #:

160 70 70 45 52
520 230 260 95 95
100 32 30 14 15

•—
V

CD 0 0 0 0
2880 2202 2510 1620 1600
3110 1400 1590 600 600
560 240 260 120 120
8960 4880 5880 2336 2400

114640 127200 146480 108840 115840

* Before correction for impurity

**Undecompoeed sample



Table 18

Uncorrected Areas for the Pyrolysis of n-Pentane

700°C 700°C

Condition la 

667°C 667°C 633°C 633°C 600°C 600°C
Compound Rep. #1 Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #;

Methane 17B8 1720 300 320 126 121 30 37

Ethylene 3760 3868 650 710 257 254 52 55

Acetylene 1864 1748 340 358 224 199 60 60

Ethanol 660 520 230 225 299 291 240 238

PropylenB 4388 4356 800 915 403 380 108 100

Butane 1812 1880 275 330 140 134 0 0

n-Pentane* 75248 75428 86925 86662 88071 88141 89030 89030

•Undecomposed sample

ina\



Table IB

(Continued)

Condition lb
700°C 7D0°C 667°C 667°C

Compound Rep. #1 Rep. #2 Rep. #1 Rep. #2

methane 1120 1332 252 235

Ethylene 2580 3300 543 530
Acetylene 1060 1160 290 255

Ethane 240 340 175 140

Propylene 2800 3120 685 622

Butane 1164 1160 300 325

n-Pentane* 54540 53092 61259 61397

♦Undecomposed sample

633°C 633°C 600°C 600°C
Rep. #1 Rep. #2 Rep. #1 Rep. #2

56 80 17 15
112 135 25 25
80 95 22 23

152 200 148 150
17B 187 40 40
35 78 0 0

62891 62729 63252 63251



Table 19

Uncorrected Areas for the Pyrolysis of Isopentane

Condition la

700°C 700°C 667°C 667°C 633°C 633°C 600°C 600°C
Compound Rep. #1 Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #2
Methane 1900 1680 560 520 314 295 80 75
Ethylene 1100 980 300 275 155 148 32 36
Acetylene 360 320 110 135 75 73 18 18
Ethane 172 188 205 225 320 318 250 260
Propylene 1800 1680 496 525 257 240 48 50
Butane 2472 2280 687 668 379 391 93 80
1- 4 2-Butene 1680 1680 533 534 311 315 112 93
Isopentane* 82000 75680 67640 69400 76872 77568 78000 77980

♦Undecomposed sample



Table 19

(Continued)

Condition lb 
700°C 700°C 667°C 667°C

Compound Rep. #1 Rep. #2 Rep. #1 Rep, #2

IDethane 740 1240 326 517
Ethylene 460 760 207 270
Acetylene 100 200 80 113
Ethane 20B 220 185 152
Propylene 660 1180 323 473

Butane 972 1500 452 675
1- 4 2-Butene 612 948 339 498
Isopentane* 35920 64900 50048 56168

*Undecomposed sample

633°C 633°C
Rep. #1 Rep, #2

144 160
68 72
31 30

291 240
13B 109
244 224
295 232

60600 59860

6D0°C 600°C
Rep. #1 Rep. #2

54 52
15 14
10 8

220 214
22 19
46 45
53 53

62320 61260



Table 20

Uneorrected Areas for the Pyrolysis of 1-Pentene

700°C 700°C
Condition la 
667°C 667°C 633°C 633°C 600°C 600°C

Compound Ro d . #1 Rep, #2 Rep. #1 Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #2

Methane 1064 440 520 252 194 145 58 40

Ethylene 5200 2592 1440 832 520 405 108 75

Acetylene 936 448 560 316 255 190 57 40

Ethane 280 384 168 160 38 80 35 480

Propylene 4260 216B 1248 696 512 382 95 65

Butane/l,3-Butadiene 5120 25B8 2096 1176 930 725 192 147

1-Pentene* 36096 18440 51144 28920 52860 41128 57268 39504

♦Undecomposed sample

o>O



Table 20

(Continued)

Condition lb 

700°C 700°C 667°C 667°C
Compound Rep. #1 i*JLl Rep. #1 Rep. #2

methane 400 200 220 195

Ethylene 1920 1120 696 634

Acetylene 400 180 270 234
Ethane 400 200 270 43
Propylene 1600 1020 660 522
Butane/l,3-Butadiene 1728 1016 1160 965
1-Pentene* 20160 13960 22400 19880

•Undecomposed sample

633°C 633°C 600°C 600°C
Rap. #1 Rep. #2 Rep. #1 Rep. #2

144 117 38 32
356 295 88 75
188 156 55 45
48 37 95 197

360 300 100 85
670 606 206 137

49040 42092 37892 31900



Table 21

Uncorrected Areas for the Pyrolysis of cis-2-Pentene

Condi ti

Compound
700°C 
Rb d. #1

700°C 
Rep. #2

667°C

ffethane 3440 3760 1632

Ethylene 860 920 20B

Acetylene 720 720 280

Ethane 224 232 264

Propylene 1000 1120 332

Butane/l,3-Butadiene 9080 9240 3280

cis-2-Pentene# 55156 60628 66880

♦Undecomposed sample

la
667°C 633°C 633°C 600°C 600°C
Sep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #:

1644 440 4B0 186 232

212 70 80 20 21
296 80 85 41 56

380 114 295 188 344

336 94 111 30 30

3400 1150 1157 444 568

90000 52060 59248 61632 76776

CT>N3



Table 21

(Continued)

Condition lb 

700°C 700°C 667°C 667°C
Compound Rep. #1 Rep. #2 Rep. #1 Rep. #2

methane 2300 2000 1000 944

Ethylene 530 500 164 168

Acetylene 370 325 160 160

Ethane 332 370 220 208
Propylene 700 620 224 168
Butane/l,3-Butadiene 5925 5353 2440 2140
cis-2-Pentene* 53340 47160 61640 56904

♦Undecomposed sample

533°C 633°C
Rep. #1 Rep. #2

416 400
60 56
80 86

310 336
84 90

1034 1050
59920 62040

600°C 600°C
Rep. #1 Rep. #2

165 180
20 21
30 31
90 101
35 41

333 358
45680 49928

cnu



Table 22

Uncorrected Areas for the Pyrolysis of trans-2-Pentene

Conditi 
700°C 700°C 667°C

Compound Rep. #1 Rep. #2 Rep. #1

Methane 3200 3200 1400
Ethylene 820 812 188

Acetylene 580 536 256
Ethane 460 460 144
Propylene 1040 1024 288
Butane/lf3-0utadiene 8326 8220 3680
trans-2-Pentene# 58720 58120 92480

i la
667°C 633°C 633°C 600°C 600°C
tep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #:

1128 322 305 45 52
152 46 44 5 10
188 67 63 10 13
100 235 265 57 60
200 62 56 10 10

2952 811 790 155 165
77208 69260 65184 55560 59800

♦Undecomposed sample



Table 22

(Continued)

Condition lb 
700°C 700°C 667°C 667°C

Compound Rep. #1 Rep. #2 Rep. #1 Rep. #2

methane 1800 1760 640 760

Ethylene 460 440 120 120
Acetylene 340 305 152 144
Ethane 252 225 180 128

Propylene 588 547 160 160
Butane/l,3-Butadiene 5280 493B 1600 1552
trans-2-Pentene* 50400 47480 59160 58500

*Undecotnposed sample

633°C 633°C
Rep. #1 Rep. #2

142 146
IB 20
29 30

200 195
32 35

288 350
54752 57008

6Q0°C 600°C
Rep. #1 Rep. #2

70 67
4 4
8 8

15 17
7 7

170 173
45168 44280

a\in



Table 23

Uncorrected Areas for the Pyrolysis of Cyclopentane

Condition 11 a

700°C 700°C 667°C 667°C 633°C 633°C 600°C
Compound Rep. #1 Rep. #2 Rep. #1 RbP-s. Rep. #1 Rep. #2 Rep. #1

fflethane 19 20 5 6 2 3 —

Ethane/Ethylene 577 600 135 105 30 31 —

Propane/Propylene 580 612 124 118 33 32 —

1- & 2-Butene 70 85 20 12 B 3 —

Cyclopentane* 175800 104400 163520 175360 161840 161280 —

Condition 11 b
700°C 700°C 667°C 667°C 633°C 633°C 600°C

ComDOund Reo. #1 Rep. #2 Reo. #1 Rep. #2 Rep. #1 Rep. #2 Rep. #1

Methane 15 18 6 5 2 2 —

Ethane/Ethylene 330 415 95 75 15 17 —

Propane/Propylene 330 412 85 70 13 12 —
1- & 2-Butene 32 40 10 7 0 0 —

Cyclopentane 110660 117600 119680 116800 122000 118B00 _

600°C 
Rep. #2

600°C 
Rep. #2

*Undecomposed sample



Table 24

Uncorrected Areas for the Pyrolysis of n-Hexane

Condition Ila
7QQ°C 700°C 667°C

Compound Rb d , #1 Rb d . #2 Rep. #1

fflethane 3520 3680 1560

Ethane/Ethylene 9760 9600 3680
Propane/Propylene 5600 5920 2520
1- & 2-Butene/Butane 3700 3800 1665
1,3-Butadiene 174 176 10
1-Pentene 1270 1320 580
n-Hexane* 123840 131520 141480

667°C 
Rb d. #2

633°C 
Rep.. #1

633°C 
Rep. #2

600°C 
Rep. #1

600°C 
Rep. #:

1560 700 540 350 350
3760 1600 1360 670 700
2520 1080 1080 485 500
1592 696 655 302 313

10 0 0 0 0
595 280 310 89 115

142240 143040 145600 157920 158080

*Undecomposed sample



Table 24

(Continued)

Condition lib 

700°C 700°C 667°C 667°C
Compound Rep. #1 Rep. #2 Rep. #1 Rep. #2

fflethane 2320 2400 1040 1200
Ethane/Ethylene 6240 6400 2680 2760
Propane/Propylene 3712 3840 1680 1720
1- 4 2-Butene/Butane 2240 2560 1072 1120
1,3-Butadiene 40 43 0 0
1-Pentene 060 920 392 400
n-Hexane* 97480 102280 102480 103480

♦Undecomposed sample

633°C 6Q0°C
Rep. #2 Rep. #1

633°C 
Rep. #1

400
1000
680
540

0
100

107200

420
1060
740
530
0

180
100800

200
440
240
160
0

70
112000

600°C 
Rep. #2

200
400
265
155
0

60
115040



Table 25
Uncorrected Areas for the Pyrolysis of 2-Methylpentane

Condition 11a
700°C 700°C 667°C 667°C 633°C 633°C 600°C 600°C

Compound Reo. #1 Rep. #2 Rep. #1 Rep, #2 Rep. #1 Rep. #2 Rep. #1 Rep. #2
fflethane 3200 3360 1160 1240 540 520 220 230
Ethane/Ethylene 5440 5760 2080 2240 1000 1000 345 365
Propane/Propylene 8960 9600 3680 4000 1840 1720 680 705
Isobutene 136 140 130 136 120 105 130 115
1- 4 2-Butene/Butane 5420 5700 2350 2660 1200 1136 480 480
1,3-Butadiene 232 240 125 100 35 20 20 15
3-fllethyl-l-butene 070 870 430 435 222 205 40 40
1- 4 2-Pentene 2430 2500 1085 1090 450 445 104 80
2-lflethylpentane# 112240 123360 131520 131440 149440 144800 151200 157440

♦Undecomposed sample
O'(0



Table 25

(Continued)

Condition lib 
700°C 700°C 667°C 667°C

Compound Rep. #1 Rep. #2 Rep. #1 Rep. #2

methane 2080 1920 720 896
Ethane/Ethylene 3840 3840 1520 1620

Propane/Propylene 6320 6240 2720 2960
Isobutene 144 136 105 90
1- & 2-Butene/Butane 3800 3800 1690 1800
1,3-Butadiene 176 180 60 50

3-Hlethyl-l-Butene 550 540 330 310

1- & 2-Pentene 1690 1600 764 785
2-fflethylpentane* 96640 96400 102720 100720

•Undecomposed sample

633°C 
Rep, #1

260
540

1080
100
708

5
110
240

105280

633°C 
Rep. #2

28B
540

1060
90

718
24

112
275

105120

600°C 
Rep. #1

130
230
409
83

279
0

3B
101

105520

600°C 
Rep. #2

145
235
445
70

270
0

40

70
104400



Table 26

Uncorrected Areas for the Pyrolysis of 1-Hexene

Condition Ila
700°C 700°C 667°C

Compound Reo. #1 Reo. #2 Reo. #1

fflethane 5920 6080 3200
Ethane/Ethylene 22400 23040 12400

Propane/Propylene 22880 23520 12800
Isobutene 200 220 200
1- & 2-Butene 8560 8800 4560

1,3-Butadiene 8240 8640 5560
3-fflethyl-l-Butene 180 192 40

1-Pentene 4960 5440 3320

1,3-Pentadiene 940 940 480

1-Hexene* 85480 85920 115880

667°C 
Rep. #2

633°C 
Rep. #1

633°C 
Rep. #2

600°C 
Rep. #1

600°C 
Rep. #:

3120 1200 1040 410 360
12160 4400 4400 1300 1420
11520 4480 4400 1680 1680

184 230 210 245 238
4400 1720 1610 650 645

5000 2165 2080 880 900
20 0 0 0 0

3240 1465 1460 590 600
534 240 300 130 135

115360 139840 142840 154000 155400

♦Undecomposed sample



Table 26

(Continued)

Condition IIb 
700°C 70D°C 667°C 667°C

Compound Rep. #1 Rep. #2 Rep. #1 Rep. #2
Methane 3520 3680 1600 1440

Ethane/Ethylene 15040 15040 6320 6080
Propane/Propylene 14400 15200 6400 6400
Isobutene 160 120 120 110
1- & 2-Butene 5920 5960 2400 2340
1,3-Butadiene 5600 5600 2890 2800
3-fflethyl-l-Butene 60 20 16 14

1-PentBne 3400 34B0 2020 2190

1,3-Pentadiene 500 540 400 406

1-Hexene* 65680 68640 94760 91120

♦Undecomposed sample

633°C 
Rep. #1

633°C 
Rep. #2

600°C 
Rep. #1

600°C 
Rep. #:

600 680 265 280
2480 2640 935 976
2480 2760 980 1000
135 162 170 185
970 1010 410 430
1230 1300 545 625

0 0 0 0
810 933 440 440
140 145 50 72

103040 105280 106880 112000



Table 27
Uncorrected Areas for the Pyrolysis of cis-2-Hexene

Condition Ila
700°C 700°C 667°C 667°C 633°C 633°C 600°C 600°C

Compound Rep. #1 Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #2
fflethane 9120 9280 4640 4640 1760 1840 600 600
Ethane/Ethylene 24B96 25344 12160 12576 4160 4320 1200 1160
Propane/Propylene 6080 6240 2800 2800 760 800 220 260
1- & 2-Butene 6960 7264 4000 3900 1150 1180 270 277
1,3-Butadiene 16960 17760 7980 8160 3170 3304 950 930
3-Methyl-l-Butene 2700 2800 1440 1492 480 560 180 140
1- & 2-Pentene 6720 6680 2660 2744 820 890 60 70
1,3-Pentadiene 11860 12320 7860 7884 3450 3594 1088 936
4-lflethyl-l-Pentene 2240 2240 1560 1420 750 800 180 182
cis-2-Hexene* 74040 74480 113840 112040 144400 144800 156240 157680

♦Undecomposed sample



Table 27

(Continued) 

Condition 11b
700°C 700°C 667°C

Compound Rep. #1 Rep. #2 Rep. #1
fflethane 4864 5600 2480
Ethane/Ethylene 16000 17280 6B60
Propane/Propylene 3840 4000 1360
1- A 2-Butene 4920 4920 2080
1,3-Butadiene 10400 10720 4720
3-fflethyl-l-Butene 1760 1780 790
1- A 2-Pentene 4300 4340 1500
1,3-Pentadiene 7600 8200 4840
4-fflethyl-l-Pen tens 1920 2080 940
cis-2-Hexene* 58440 58720 91760

667°C
*2£ s.J2

633°C 
Rep. #1

633°C 
Rep. #2

600°C 
Rep. #1

600°C 
Rep. #!

2480 1000 1040 480 360
6720 2400 2416 800 760
1360 400 360 140 100
2000 690 755 200 180
4840 1720 1765 620 580
750 305 298 130 100
1400 450 370 130 110
4816 2000 2130 780 755
960 300 350 83 90

88480 163000 107600 125150 117200

•Undecomposed sample



Table 28

Uncorrected Areas for the Pyrolysis of trans-2-Hexene

Condition Ila
700°C 700°C 667°C

Compound Rep. #1 Rep. #2 Rep. #1
fflethane 9056 8160 4446
Ethane/Ethylene 23680 22400 10000
Propane/Propylene 5760 5440 2240
1- & 2-Butene 7520 6480 2880
1(3-Butadiene 15420 14400 7360
3-fflethyl-l-Butene 2560 2360 1220
1- & 2-Pentene 5360 5080 2120
1,3-Pentadiene 11880 11120 7400
4-fflethyl-1-Pentene 1520 1400 1080
trans-2-Hexene# 77632 76560 121200

667°C 
Rep. #2

633°C 
Rep. #1

633°C 
Rep. #2

600°C 
Rep. #1

600°C 
Rep, #;

4320 1840 1760 540 540
9840 3600 3560 1060 1000
2080 760 760 142 140
2840 1050 1050 272 250
6960 2770 2670 855 790
1200 520 500 145 140
2000 668 660 120 105
7060 3268 2980 1085 972
1040 550 460 125 125

116240 139520 137760 161080 151640

♦Undecomposed sample



Table 28

700°C 7Q0°C

(Continued)

Condition lib 
667°C 667°C 633°C 633°C 600°C 600°C

Compound Rep. #1 Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #2

fflethane 6400 5760 2560 2880 800 1000 400 380
Ethane/Ethylene 16480 16000 6240 6680 16B0 2400 660 680
Propane/Propylene 4000 3840 1600 1600 320 440 100 104
1- 4 2-Butene 4800 4720 2000 2160 480 690 170 170
1,3-Butadiene 10560 10240 4400 4840 1280 1860 510 525
3-fflethyl-l-Butene 1880 1840 BOO 888 200 360 85 120
1- 4 2-Pentene 4400 3700 1330 1440 350 580 60 80
1,3-Pentadiene 9320 7900 4780 5180 1540 2180 670 665
4-fflethyl-1-Pentene 1520 1360 720 720 300 325 75 72
trans-2-Hexene* 66000 62720 B7280 89960 107040 110480 113600 114640

*Undecomposed sample



Table 29

Uncorrected Areas for the Pyrolysis of Cyclohexane

Condition Ila

700°C 7D0°C 667°C
Compound . Rep.,#l Rep. #2 Rep. #1

fflethane 42 40 15
Ethane/Ethylene 715 710 215
Propane/Propylene 355 320 128

1- & 2-Butene 57 52 26
1,3-Butadiene 788 770 253

Cyclohexane^ 138880 127680 145760

667°C 633°C 633°C 600DC 600*
Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep.

18 5 5 — —

194 40 45 — —

126 30 35 — —

20 0 0 — —

195 50 45 — —

140160 134730 135680 _

♦Undecomposed sample



Table 29

(Continued)

Condition lib 
700°C 700°C 667°C 667°C

Compound Rep, #1 Rep. #2 Rep. #1 Rep. #2

Methane 33 30 10 10
Ethane/Ethylene 455 420 136 87

Propane/Propylene 220 205 66 51
1- & 2-Butene 30 30 13 12
1,3-Butadiene 500 420 147 94
Cyclohexane* 109080 105560 96480 102080

♦Undecomposed sample

633°C 633°C 600°C 600°C
Rep. #1 Rep. #2 Rep. #1 Rep. #2

2
15
10
0

20
103720

3
22

15

0
20

103520



Table 30

Corrected Areas for the Pyrolysis of Methanol

Condition Ila
700°C 700°C 667°C 667°C 633°C 633°C 600°C 600°C

Compound Rep. #1 Rep. #2 Rep. #1 Rep. #2 Rep, #1 Rep, #2 Rep. #1 <N•Q0)oc

Hydrogen 32 45 22 17 0 0 0 0
Methane 6 11 7 6 3 3 1 1
Formaldehyde 183 180 100 99 57 59 27 24

Ufater 31 27 13 10 8 6 6 5

Methanol* 61514 61507 61627 61637 61701 61702 61734 61739

Total Pyrolysis 254 263 142 132 68 6B 34 30

Total Sample Size 61769 61769 61769 61769 61769 61769 61769 61769

Hlndecomposed sample



Table 30
(Continued)

Condition lib 
700°C 700°C 667°C 667°C

Compound F.®P? f1 Rep, #2 Rep, #1 Rep. #2

Hydrogen 16 16 5 5
Methane 6 6 3 3

Formaldehyde 127 129 69 63

Water 25 25 13 12
Wethanol* 43645 43643 43728 43734

Total Pyrolysis 174 176 90 83

Total Sample Size 43818 43818 43818 43B18

♦Lfndecomposed sample

633°C 633°C 600°C 600°C
Rep. #1 Rep, #2 Rep. #1 Rep. #2

0 0 0 0
2 3 1 1

36 38 18 17
8 10 3 4

43772 43768 43797 43796
46 51 22 22

43818 43818 43818 43818



Table 31

Corrected Areas for the Pyrolysis of Ethanol

Condition la
700°C 700°C 667°C

Compound Rep. #1 Rep. #2 Rep. #1
CO/Hydrogen 355 303 79
fflethane 355 310 109

Ethylene 774 720 301
Acetylene 62 43 19

Water 587 517 168
Acetaldehyde 3802 3602 1833

Ethanol* 55835 56275 59260
Total Pyrolysis 5935 5495 2509
Total Sample Size 61769 61769 61769

667°C 
lep. #2

633°C 
Rep. #1

633°C 
Rep. #2

600°C 
Rep. #1

600DC 
Rep. #2

92 19 12 0 0
99 34 33 6 8
307 109 96 24 25
19 7 10 0 0
124 70 86 0 0

1743 693 565 324 367
59385 60837 60968 61412 61369
2384 932 802 356 400

61769 61769 61769 61769 61769

♦Undecomposed sample



T a b l e  3 1

(Continued)

Condition lb 
700°C 700°C 667°C 667°C

Compound Rep. #1 Rep. #2 Rep. #1 Rep, #2

CO/Hydrogen 172 137 36 41
Methane 202 163 61 55

Ethylene 457 428 166 199
Acetylene 21 12 13 10
Ulater 292 318 129 120
Acetaldehyde 2350 2080 1123 1178

Ethanol# 40326 40678 42291 42215

Total Pyrolysis 3494 3138 152B 1603

Total Sample Size 43818 4381B 43818 43818

♦Undecomposed sample

633°C 633°C
Rep. #1 Rep. #2

12 5
32 23
88 75
7 5
0 40

525 501
43155 43169
564 649

43818 43818

600°C 600°C
Rep. #1 Rep. #2

0 0
7 11
31 37
0 0
0 0

230 241
43550 43528
268 209

43818 43818

CDN)



Table 32

Corrected Areas for the Pyrolysis of 1-Propanol

Condition la
700°C 700°C 667°C 667°C 633°C 633°C 600°C 600°C

Compound Rep. #1 Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #2

CO/Hydrogen 147 121 38 51 1 2 0 0
fflethane 763 670 247 290 112 121 63 68
Ethylene 667 509 192 202 77 76 50 48

Acetylene 154 154 49 61 37 49 16 16

Ulater 508 388 162 143 55 18 57 38

Propylene 1662 1418 586 597 244 235 133 128

fflethanol 227 204 66 91 13 12 0 0
Acetaldehyde 1748 1483 628 665 278 2B1 159 126

Propionaldehyde 192 193 87 79 36 49 0 0
1-Propanol* 55690 56629 59713 59590 60916 60927 61291 61347

Total Pyrolyzed 6078 5140 2055 2179 853 843 478 424

Total Sample Size 61769 61769 61769 61769 61769 61769 61769 61769

♦Undecomposed sample



Table 32

700°C 700°C

(Continued)

Condition lb 
667°C 667°C 633°C 633°C 600°C 600°C

Compound Reo. #1 Rep. #2 Rep. #1 Rep. #2 Rep, #1 Rep. #2 Rep. #1 Rep. #2

CO/Hydrogen 62 61 10 11 2 0 0 0
Nethane 370 403 172 157 79 68 55 49
Ethylene 299 307 107 100 47 36 36 30

Acetylene 59 74 31 44 18 12 11 10
Ulster 231 218 97 72 6 20 0 0
Propylene 796 840 345 306 160 135 109 87

methanol 103 93 37 24 12 10 0 0
Aeetaldehyde 854 883 361 425 180 146 120 125

Propionaldehyde 113 112 57 57 28 38 0 0
1-Propanol* 40932 40826 42601 42622 43287 43352 43487 43518

Total Pyrolyzed 2807 2991 1217 1196 532 465 331 301

Total Sample Size 43818 43818 43B1B 43818 43818 43818 43818 43818

*Undecomposed sample



Table 33

Corrected Areas for the Pyrolysis of 2-Propanol

Condition la
700°C 7QQ°C 667°C 667°C 633°C 633°C 600°C 600°C

Compound Rep. #1 Ree.*.J.2 Rep. #1 Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #2

CO/Hydrogen 157 153 46 68 33 30 21 29

fflethane 434 394 177 174 67 68 35 39

Ethylene 191 166 47 46 10 11 4 B

Acetylene 17 18 6 7 0 0 0 0
Water 1070 992 497 482 178 239 98 142
Propylene 2824 27,00 1377 1355 638 680 363 399

Acetaldehyde 465 46*. 261 283 74 96 53 68
Acetone 7393 7003* 4307 4218 2494 2243 1338 1222
2-Propanol* 49217 49880 55051 55134 58274 58401 59856 59863

Total Pyrolyzed 12551 11888 6718 6633 3494 3367 1912 1907

Total Sample Size 61769 61769 61769 61769 61769 61769 61769 61769

*Undecomposed sample



Table 33

(Continued) 

Condition lb

700°C 700°C 667°C
Compound Rep. #1 Rep. #2 Rep. #1

CO/Hydrogen 65 66 40

methane 241 210 114
Ethylene 83 70 27

Acetylene 6 5 6
Water 617 546 342

Propylene 1650 1543 974

Acetaldehyde 264 255 177

Acetone 4319 4247 2975

2-Propanol* 36573 36877 39162

Total Pyrolysis 7245 6942 4656

Total Sample Size 43818 43818 43818

667°C 633°C 633°C 600°C 60Q°C
Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #2

44 14 12 6 10
173 48 47 24 22
28 9 7 4 5
5 0 0 0 0

344 139 133 72 55
974 419 413 215 202
183 75 71 45 43

2934 1528 1597 875 846
39193 41586 41541 42575 42636
4625 2232 2280 1243 1183

43818 43818 43818 43818 43818

•Undecomposed sample



Table 34

Corrected Areas for the Pyrolysis of n-Pentane

Conditi 
700°C 700°C 667°C

ComDOund Rb d . #1 Rep *_#2 Reo. #1
Methane 805 774 135

Ethylene 2218 2282 384
Acetylene 1100 1031 201

Ethane 389 307 136
Propylene 2852 2831 520

Butane 1237 1278 187

ri-Pentane* 53173 53257 60206

Total Pyrolysis 8596 8512 1563

Total Sample Size 61769 61769 61769

♦Undecomposed sample

i la 
667°C 633°C 633°C 600°C 600°C
\SPjlA 2, Rep. #1 Rep. #2 Refi.. #1 Rep. #:

144 57 54 14 17
419 152 150 31 32
211 132 117 35 35

133 176 172 142 140
595 262 247 70 65
224 95 91 0 0

60043 60895 60938 61477 61480
1726 847 831 292 289

61769 61769 61769 61769 61769

CO-j



T a b l e  3 4

(Continued)

Conditi 

700°C 700°C 667°C
Compound Reo. #1 Reo. #2 Rep, #1

methane 504 599 113

Ethylene 1522 1947 320
Acetylene 625 684 171

Ethane 142 200 103

Propylene 1820 2028 445
Butane 792 789 204
fi-Pentane# 30413 37571 42462

Total Pyrolysis 5405 6247 1356

Total Sample Size 43018 43818 43818

♦Undecomposed sample

i lb 
667°C 633°C 633°C 600°C 600°C
lep. #2 Rep, #1 Rep, #2 Rep, #1 Rep. #:

106 25 36 8 7
313 66 80 15 15
150 47 56 13 14
03 90 118 87 89

404 116 122 26 26
221 24 53 0 0

42541 43450 43353 43669 43667
1277 360 465 149 151

43818 43810 43810 43818 43818

03CD



Table 35

Corrected Areas for the Pyrolysis of Isopentane

Condition la
700°C 700°C 667°C 667°C 633°C 633°C 600°C 6Q0°C

Compound Reo. #1 Rep, #2 Rep. #1 Rep. #2 Rep. #1 Rep. #2 Rep, #1 Rep. #2

fflethane 825 790 313 283 156 146 40 38

Ethylene 626 604 220 196 101 96 21 23

Acetylene 204 197 81 97 49 47 12 12
Ethane 97 116 150 161 210 207 164 170

Propylene 1129 1141 399 413 185 172 34 37

Butane 1622 1619 579 549 286 293 70 60

1- & 2-Butene 1086 1176 443 433 231 232 83 69

Isopentane* 56176 56125 59580 59636 60550 60575 61344 61357

Total Pyrolysis 5593 5644 2189 2133 1219 1194 425 412

Total Sample Size 61769 61769 61769 61769 61769 61769 61769 61769

♦Undecomposed sample

CDvo



T a b l e  3 5

(Continued) 

Condition lb
700°C 700°C 667°C

Compound Rep. #1 Rep. #2 Rep. #1

Methane 525 491 195
Ethylene 427 395 146

Acetylene 93 104 56

Ethane 194 114 130
Propylene 676 675 251

Butane 1042 898 366
1- & 2-Butene 646 559 271

Isopentane* 40213 40577 42403

Total Pyrolysis 3605 3241 1415
Total Sample Size 43818 43818 43818

667°C 633°C 633°C 600°C 600°C
Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #2

246 65 73 24 23
168 40 43 9 8
71 18 18 6 5

95 172 144 128 126
324 90 72 14 12
484 166 154 31 31

352 198 157 35 36
42076 43065 43155 43570 43573

1742 753 663 248 245
43818 43818 43818 43818 43818

♦Undecomposed sample



Table 36

Corrected Areas for the Pyrolysis of 1-Pentene

Condition la

700°C 700°C
L. UIIOl IIUI! 1 a
667°C 667°C 633°C 633°C 600°C 600°C

Compound Rep. #1 Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #2
Methane 019 662 361 308 138 132 39 39
Ethylene 5243 5111 1311 1338 485 486 96 95
Acetylene 943 082 509 507 237 228 51 52
Ethane 282 759 153 256 35 95 32 32

Propylene 4732 4710 1250 1232 527 504 93 91
Butane/l,3-Butadiene 5951 5883 2197 2180 999 1002 197 216
1-Pentene* 43789 43763 55989 55948 59348 59322 61258 61245

Total Pyrolysis 17980 18006 5780 5021 2421 2447 511 524
Total Sample Si2e 61769 61769 61769 61769 61769 61769 61769 61769

*Undecomposed sample



Table 36

(Continued)

Condition lb
700°C 700°C 667°C 667°C 633°C 633°C 600°C 600°C

Compound Rep, #1 Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep, #2

Methane 431 322 242 245 79 75 27 27

Ethylene 2711 2366 1004 1041 256 247 84 84

Acetylene 565 379 389 384 135 131 52 51

Ethane 565 422 389 70 34 31 90 221
Propylene 2488 2373 1048 944 285 277 105 105

Butane/l,3-Butadiene 2811 2474 1877 1827 556 585 225 177

1-Pentene# 34248 35481 38869 39306 42471 42470 43234 43153

Total Pyrolysis 9570 8337 4949 4512 1347 1348 584 665

Total Sample Size 43818 43818 43818 43818 43818 43B18 43818 43818

♦Undecomposed sample

UJfO



Table 37
Corrected Areas for the Pyrolysis of cis-2-Pentene

Condition la
70D°C 700°C 667°C 667°C 633°C 633°C 600°C 600°C

ComDOund Reo. #1 Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #2
Methane 1968 1977 694 675 321 307 117 116
Ethylene 644 635 116 114 66 67 17 13
Acetylene 540 497 156 160 76 71 33 37
Ethane 168 160 148 204 108 248 155 227
Propylene 826 851 204 199 99 102 28 22
Butane/l,3-Butadiene 7847 7343 2109 2110 1266 1120 421 431

cis-2-Pentene* 49774 50308 58342 58309 59832 59856 61000 60921
Total Pyrolysis 11995 11461 3427 3460 1937 1913 769 848

Total Sample Si2e 61769 61769 61769 61769 61769 61769 61769 61769

•Undecomposed sample



700°C 700°C
Compound Repj. #1 Reo. #2
fflethane 1028 1008
Ethylene 311 330
Acetylene 217 215
Ethane 195 244

Propylene 452 451
Butane/l,3-Butadiene 4002 4076
cis-2-Pentene* 37613 30492
Total Pyrolysis 6205 6326

Total Sample Size 43018 43818

♦Undecomposed sample 
*

Table 37

(Continued)

Condition lb
667 °C 
iep. #1

667°C 
Rep, #2

633°C 
Rep. #1

633°C 
Rep. #2

600°C 
Rep. #1

600°C 
Rep. #:

426 436 187 174 99 99
92 102 35 32 16 15
89 96 47 49 24 22

123 125 183 192 71 73
130 112 55 57 31 33

1569 1493 704 691 302 297
41303 41452 42607 42621 43275 43280
2435 2366 1211 1197 543 538

4381B 43818 43818 43818 43810 4381B

VO



Table 38

Corrected Areas for the Pyrolysis of 

Condition la

trans-2-Pentene

Compound
700°C 
Rep. #1

700°C 
Rep. #2

667°C 
Rep. #1

667°C 
Rep. #2

633°C 
Rep. #1

633°C 
Rep. #2

600°C 
Rep, #1

600°C 
Rep. #2

Nathane 1845 1865 593 574 189 190 33 35

Ethylene 620 620 104 102 35 36 5 9
Acetylene 438 409 142 125 52 51 10 12
Ethane 347 351 80 67 181 216 56 54

Propylene 866 B62 176 147 52 50 12 11
Butene/l,3-Butadiene 7254 723B 2355 2269 719 744 173 172
trans-2-Pentene* 50401 50423 58319 58485 60539 60483 61481 61477

Total Pyrolysis 11368 11346 3450 3284 1230 1286 288 292

Total Sample Size 61769 61769 61769 61769 61769 61769 61769 61769

♦Undecomposed sample
vOU1



Table 38

700°C 700°C

\Lontinueo)

Condition lb 
667°C 667°C 633°C 633°C 600°C 600°C

Compound Rep. #1 Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #2

methane 9D6 941 305 366 76 75 46 44

Ethylene 303 309 75 76 13 14 3 3

Acetylene 225 214 95 91 20 20 7 7

Ethane 167 158 112 01 139 130 13 15

Propylene 427 423 110 111 25 26 7 7

Butane/l,3-Butadiene 4016 3989 1152 1129 231 270 167 173

trans-2-Pentene* 37773 37786 41968 41962 43313 43283 43576 43576

Total Pyrolysis 6045 6032 1850 1856 505 535 242 242

Total Sample Size 43810 43018 43818 43818 43818 43818 43818 43818

"Undecomposed sample
vOCTl



Table 39

Corrected Areas for the Pyrolysis of Cyclopentane

Condition Ila
7 0.0°C 700°C 667°C 667°C 633°C 633°C 6D0°C 600°C

Compound Rep. #1 Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep.
fflethane 4 4 1 1 1 1 _  —

Ethane/Ethylene 165 164 42 30 10 10 —  —

Propane/Propylene 191 192 44 39 12 12 — —

1- & 2-Butene 25 26 7 4 3 1 —  —

Cyclopentane* 61383 61383 61674 61694 61744 61747 —  —

Total Pyrolysis 3B5 386 94 74 26 24 —  —

Total Sample Size 61769 61769 61769 61769 61769 61769 —  —

*Lfndecomposed sample

VO



700°C 700°C
Compound Rep. #1 Rep. #2
methane 4 4
Ethane/Ethylene 106 126
Propane/Propylene 122 144
1- A 2-Butene 11 13
Cyclopentane* 43574 43531
Total Pyrolysis 243 287
Total Sample Size 43818 43818

*Undecomposed sample

Table 39

(Continued)

Condition lib
667°C 667°C 633°C 633°C 600°C
Rep. #1 Rep. #2 Rep. #1 Rep. #2 Rep. #]

2 1 0 1 —

2B 23 4 5 —

29 25 4 4 -
4 3 0 0 —

43755 43766 43810 43808 —

63 52 0 10 —

43818 43818 43818 43818 —

600°C 
Rep. #2



Table AO

Corrected Areas for the Pyrolysis of ji-Hexane

Condition Ila

Compound
700°C 
Ro d . #1

700°C 
Reo. #2

667°C 
Rep. #1

667°C 
Reo. #2

633°C 
Rep. #1

633°C 
Rep. #2

600°C 
Rep, #1

600°C 
Rep. #2

Methane 967 958 412 410 189 144 87 87
Ethane/Ethylene 3517 3276 1276 1297 567 475 218 228
Propane/Propylene 2230 2232 965 960 423 417 175 180
1- & 2-Butene/Butane 1491 1450 646 614 276 256 110 114

1,3-Butadiene 71 69 39 39 0 0 0 0
1-Pentene 551 542 242 247 120 130 35 45
n-Hexane* 52942 53242 58189 58201 60192 60348 61142 61114

Total Pyrolysis 8827 8527 3580 3567 1575 1422 625 654

Total Sample Size 61769 61769 61769 61769 61769 61769 61769 61769

*Undecomposed sample



Table 40

(Continued)

Condition lib 
700°C 700°C 667°C 667°C

Compound Reo. #1 Rep. #2 Rep. #1 r8,P,..#2
lflethane 590 582 270 308
Ethane/Ethylene 2082 2034 913 929

Propane/Propylene 1368 1349 632 640
1- & 2-Butene/Butane 836 911 409 422
1,3-Butadiene 15 16 0 0
1-Pentene 345 352 161 162
n-Hexane* 38581 38574 41433 41356

Total Pyrolysis 5236 5244 23B5 2461
Total Sample Size 43818 43818 43818 43818

*Undecomposed sample

633°C 633°C 600°C 600°C
Rep. #1 Rep. #2 Rep. #1 Rep. #2

103 114 50 49
337 379 144 127
253 292 86 93
203 212 59 55

0 0 0 0
73 78 28 25

42850 42743 43451 43470
969 1075 367 347

43818 43818 43818 43818



Table 41

Corrected Areas for the Pyrolysis of 2-Methylpentane

Condition Ila
700°C 700°C 667°C 667DC 633°C 633°C 600°C 600°C

Compound Rod, #1 Rep. #2 Rep, #1 Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #2

methane 919 884 320 340 136 136 56 57

Ethane/Ethylene 2049 1987 752 806 331 342 115 117

Propane/Propylene 3729 3660 1469 1590 673 649 251 250

Isobutene 59 56 55 57 46 42 50 43

1- 4 2-Butene/Butane 2279 2200 950 1071 444 434 179 172
1,3-Butadiene 100 95 51 41 13 8 7 5

3-Wethyl-l-butene 393 360 186 187 88 84 16 15

1- 4 2-Pentene 1006 1023 466 465 177 181 41 30

2-Wethylpentane# 51155 51504 57521 57213 59B60 59894 61053 61079

Total Pyrolysis 10614 10265 4249 4557 1908 1876 715 689

Total Sample Size 61769 61769 61769 61769 61769 61769 61769 61769

♦Undecomposed sample

101



T a b l e  4 1

(Continued) 

Condition lib
700°C 700°C 667°C 667°C

Compound Rep. #1 Rep. #2 Rb d . #1 Reo. #2
methane 509 471 181 229
Ethane/Ethylene 1232 1236 502 542
Propane/Propylene 2240 2219 992 1095

Isobutene 53 51 40 35

1- & 2-Butene/Butane 1363 1368 624 674

1,3-Butadiene 65 66 22 19

3-methyl-l-butene 211 208 130 124

1- & 2-Pentene 643 655 299 312
2-methylpentane* 37503 37544 41028 40789

Total Pyrolysis 6316 6274 2790 3030

Total Sample Size 43818 43818 43818 43818

•Undecomposed sample

633°C 633°C
Rep. #1 Rep. #2

66 73
181 181
400 393
39 35

265 270
2 9

44 45
95 110

42724 42702
1092 1116

43818 43818

6DD°C 600°C 
Rep. #1 Rep. #2

34 38
78 81

154 169
33 28

106 104
0 0

16 16
41 28

43357 43354
462 464

43818 43818



Table 42

Corrected Areas for the Pyrolysis of 1-Hexene

Condition Ila
700°C 700°C 667°C 667°C 633°C 633°C 6DD°C 600°C

Compound Rep. #1 Rep, #2 Rep, #1 Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #2

Wethane 1430 1443 742 736 272 232 90 78

Ethane/Ethylene 7092 7169 3793 3759 1310 1287 371 402
Propane/Propylene 0005 0008 4300 3935 1474 1422 530 525

Isobutene 74 79 71 66 79 71 81 78

1- 4 2-Butene 3032 3063 1551 1522 573 527 208 204

1,3-Butadiene 2900 3071 1930 1766 736 695 287 291

3-Wethyl-l-butene 68 72 14 7 0 0 0 0
1-Pentene 1890 2037 1214 1205 525 514 203 204

1,3-Pentadiene 319 314 157 177 77 94 40 41

1-Hexene* 36079 36433 47997 48595 56724 56927 59959 59946

Total Pyrolysis 24890 25336 13772 13171 5046 4842 1810 1823

Total Sample Size 61769 61769 61769 61769 61769 61769 61769 61769

♦Undecomposed sample



Table 42

700°C 700°C

VContinued)

Condition lib 
667°C 667°C 633°C 633°C 600°C 600°C

Compound Rep. #1 Ro d . #2 Rep. #1 Rep. #2 Rep. #1 Rep_._#2 Rep. #1 Rep, #2

Methane 034 841 350 326 134 148 59 60

Ethane/Ethylene 4672 4509 1013 1807 725 753 274 273

Propane/Propylene 4943 5035 2029 2102 B01 869 317 309

Isobutene 57 42 40 38 46 54 58 60

1- 4 2-Butene 2057 1999 770 778 317 322 134 134

1p 3-Butadiene 1987 1917 947 950 411 423 182 199

3-fflethyl-l-butene 22 7 5 5 0 0 0 0
1-Pentene 1271 1255 697 783 285 320 155 148

1,3-Pentadiene 167 174 123 129 44 44 16 22
1-Hexene^ 27806 28039 37043 36900 41055 40885 42624 42614

Total Pyrolysis 16010 15779 6774 6918 2763 2933 1195 1205

Total Sample Size 43818 43818 43818 43818 43818 43818 43818 43818

♦Undecomposed sample



Table 43

Corrected Areas for the Pyrolysis of cis-2-Hexene

Condition Ila
700°C 700°C 667°C 667°C 633°C 633°C 600°C 600°C

Compound Reo. #1 Reo. #2 Rep.jfl Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #2

Methane 2301 2283 1120 1131 405 421 136 135

Ethane/Ethylene 0143 8174 3850 4019 1256 1297 358 342
Propane/Propylene 2203 2224 9B0 989 254 266 72 85

1- & 2-Butene 2553 2621 1417 1394 380 396 90 92

1,3-Butadiene 6353 6543 2887 2979 1094 1133 323 314

3-fflethyl-l-butene 1061 1082 546 571 174 201 64 50

1- & 2-Pentene 2614 2556 999 1041 294 317 21 25

1,3-Pentadiene 4172 4263 2670 2703 1174 1157 348 297

4-Methyl-1-pentene 934 918 628 577 208 305 68 69

cis-2-HexBne* 31436 31105 46673 46365 56468 56275 60209 60360

Total Pyrolysis 30334 30664 15097 15404 5300 5493 1480 1409

Total Sample Size 61769 61769 61769 61769 61769 61769 61769 61769

*Undecomposed sample



Table 43

(Continued)

Condition lib
7DQ°C 700°C 667°C 667°C 633°C 633°C 60D°C 60D°C

Compound Rep. #1 Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #2 Rep. #1 Rep. #2

Methane 1206 1351 568 568 233 233 97 78
Ethane/Ethylene 5200 5468 2066 2082 735 709 212 215

Propane/Propylene 1379 1399 451 466 135 117 41 31

1- & 2-Butene 1789 1741 699 693 236 248 59 57

1,3-Butadiene 3862 3875 1619 1713 601 592 188 187

3-Methyl-l-butene 685 675 2B4 278 112 105 41 34

1- & 2-Pentene 1658 1629 534 515 163 129 41 37
1,3-Pentadiene 2650 2784 1559 1601 657 670 222 229
4-Methyl-1-pentene 793 837 359 378 117 131 28 33

cis-2-Hexene* 24595 24059 35679 35504 40828 40885 42890 42917

Total Pyrolysis 19222 19759 8139 8312 2989 2934 929 901
Total 5ample Size 43818 43818 43818 4381B 43818 43818 43818 43818

♦Undecomposed sample
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Table 44

Corrected Areas for the Pyrolysis of trans-2-Hexana

Condition H a
700°C 700°C 667°C 667°C 633°C 633°C 600°C 600°C

Compound Rep. #1 Rep. #2 Rep. #1 Rep, #2 Rep. #1 Rep. #2 Reo. #1 Rep. #2

Methane 2376 2234 1131 1145 476 463 129 13B
Ethane/Ethylene 8145 8041 3335 3419 1221 1226 333 334

Propane/Propylene 2190 215B 825 799 285 290 50 52
1- & 2-Butene 2893 2602 1075 1104 399 405 95 93
lf3-Butadiene 6059 5905 2804 2763 1074 1051 307 301

3-Methyl-l-butene 1055 998 488 499 212 207 55 56

1- & 2-Pentene 2187 2164 839 824 269 270 45 42

1,3-Pentadiene 4384 4283 2648 2632 1190 1101 366 348

4-Methyl-l-pentene 665 639 458 459 23B 201 50 53

trans-2-Hexene* 31816 32745 48165 48125 56406 56556 60339 60352

Total Pyrolysis 29954 29024 13603 13644 5364 5214 1430 1417
Total Sample Size 61769 61769 61769 61769 61769 61769 61769 61769

♦Undecomposed sample



Table 44

(Continued)

Conditio 

700°C 700°C 667°C
Compound Reo. #1 Rep. #2 Rep. #1
Methane 1514 1446 659
Ethane/Ethylene 5112 5266 2107
Propane/Propylene 1371 1396 597
1- 4 2-Butene 1666 1738 755
1,3-Butadiene 3742 3850 1697

3-Methyl-l-butene 699 726 324
1- 4 2-Pentene 1619 1445 533

1,3-Pentadiene 3102 2790 1731

4-Methyl-l-pentene 599 568 309
trans-2-Hexene* 24394 24594 35107

Total Pyrolysis 19424 19225 8712
Total Sample Size 43818 43818 43818

11 b
667°C 633°C 633°C 600°C 600°C
tep, #2 Rep. #1 Rep. #2 Reo. #1 Rep. #!

712 198 235 97 91
2229 546 740 209 213
573 115 150 35 36
783 175 238 60 60

1792 475 656 184 188

345 78 133 32 45
554 135 212 23 30

1801 537 721 228 224

297 124 128 30 29
34733 41436 40604 42920 42902

9086 2383 3213 898 916
43818 43818 43818 4381B 43818

♦Undecomposed sample



Table 45

Corrected Areas for the Pyrolysis of Cyclohexane

Condition Ila

Compound
700°C 

Rep. #1
700°C 
Rep. #2

667°C 
Rep. #!

fflethane 11 12 4
Ethane/Ethylene 252 272 73

Propane/Propylene 144 142 50

1- & 2-Butene 23 22 10
1,3-Butadiene 317 337 98

Cyclohexane* 61022 609B4 61534

Total Pyrolysis 747 785 235

Total Sample Size 61769 61769 61769

♦Undecomposed sample

667°C 
iep. #2

633°C 
Rep. #1

633°C 
Rep. #2

600°C 
Rep. #1

600'
Rep.

5 1 1 — —

68 15 17 — —

51 12 15 — —

8 0 0 — —

78 21 19 — —

61558 61719 61717 — —

210 49 52 — —

61769 61769 61769

60 
T



700°C 700°C
Compound Rep. #1 Rep. #2
methane 8 8
Ethane/Ethylene 144 139
Propane/Propylene 81 78
1- & 2-Butene 13 11
1,3-Butadiene 181 161
Cyclohexane* 43391 43422
Total Pyrolysis 427 397
Total Sample Size 43818 43818

♦Undecomposed sample

Table 45

(Continued)

Condition lib
667°C 
tep. #1

667°C 
Rep. #2

633°C 
Rep. #1

633°C 
Rep. #2

600°C 
Rep. #1

3 3 1 1 —

49 30 5 7 —

28 20 4 6 —

6 5 0 0 —

61 37 7 7 —

43672 43724 43801 43796 —

147 95 17 21 —

43818 43818 43818 43818 _

600°C 
Rep. #2



Table 46

Percent Pyrolysis as Function of Temperature and Floui RatB
700°C 700°C 667°C 667°C 633°C 633°C 600°C 600°C

Compound 30cc/min 40cc/min 30cc/min 40cc/min 30cc/min 40cc/min 30cc/min 40cc/min
Methanol 0,42 0.40 0,22 0,20 0.11 0.11 0.06 0.05
Ethanol 8,76 7.57 3,96 3.58 1.41 1.50 0.62 0.64
1-Propanol 8,50 6.71 3,43 2.76 1,37 1.14 0.73 0.73
2-Propanol 19,79 16.19 10.01 10.60 5.56 5.15 3.10 2.77
£-Pentane 13.84 12.34 2.66 3.01 1,40 0,95 0.47 0,34
Isopentane 9.10 7,81 3.50 3.22 1,96 1.61 0.66 0,56
1-Pentene 29,12 20.43 9.39 10.79 3.94 3,07 1.31 1.42
cls-2-Pentene 18.99 14.30 5.57 5.48 3.12 2.75 1.31 1.23
trans-2-Pentene 18.39 13.80 5.45 4.23 2.04 1.19 0,47 0,56
Cyclopentane 0.62 0,60 0.14 0.13 0.04 0.02 — —

ri-Hexane 14.05 11.96 5.79 5,53 2,43 2.33 1.04 0.82
2-Methylpentane 16.90 14.37 7,63 6.65 3.07 2.52 1.14 1.06
1-Hexene 40.66 36.28 21.82 15,63 8.01 6,50 2.94 2.74
cis-2-Hexene 49.39 44.48 24.69 18.77 8.74 6.76 2.34 2.09
trans-2-Hexene 47,74 44.10 22.06 20.31 8.56 6,39 2.31 2.07
Cyclohexane 1.24 0,94 0.36 0,28 0,08 0.05 — —
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Determination of Kinetic Parameters 

Rate Constants

From the pyrolysis data obtained at various tempera­
tures and flout rates, the rate constants and activation energies 
may be obtained. The first order expression far the rate 
constant!

k * (In C0/C)/t (1)

is readily evaluated if the initial and final concentrations 
of reactant and the reaction time are known.

The initial concentration (CQ) and final concentra­
tion (C) of reactant were obtained from Tables 30-45, on the 
assumption that the areas are proportional to concentration.

The estimation of the residence time (t) was, however, 
more difficult. The volumetric flow rate at the exit of the
pyrolysis-gas chromatograph was easily measured using a soap
bubble flow meter. If the temperature were uniform through­
out the system, the residence time would be adequately repre­
sented by the expression!

tr * V/v (2)

where , tr « residence time (sec)
V * volume of tube furnace (cc)
v a volumetric flow rate (cc/sec)

In order to compensate for the fact that the tube 
furnace section of the flow system was being operated at a 
considerably higher temperature than any other part, this 
equation had to be modified to taka into account changes
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in volume due to this temperature difference. The residence 
time expression, with the Charles' Law dependence, is as
f O l 10 W 8  t

tr = (U/v)(T1/T2) (3)

where = temperature at which flow rate was measured
T2 s temperature of tube furnace reactor

This equation is based upon the assumption that a "plug 
flow" exists. This is an idealized state of flow which con­
forms to the following specifications!

1, Over any cross-section perpendicular to the 
motion of flow, the mass flow rate and the 
fluid properties are uniform.

2. Any diffusion is negligible relative to the 
bulk flow.

In reality, the validity of the plug flow assumption 
varies with the type of flow present within the tube furnace 
reactort

Idealized 
Plug flow

T urbulent 
flaw

Laminar
flow
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It may be seen that the greatest deviation from plug flow
In an unpacked tube is the case of laminar flow.

In order to determine whether the flow in this appli­
cation was laminar or turbulent, the Reynolds Number was 
calculated.

The Reynolds Number is represented by the following 
expressioni

Re s dypfJA (4)

where Re s Reynolds Number 
d s tube diameter
v s average linear velocity of the molecule
/> e density of the moving phase
jj b viscosity of the moving phase

These parameters were estimated in the following wayi
a) The tube diameter (d) was 0,3 cm
b) The linear velocity of a molecule is represented by the 

expressioni
vr' 8 v/ffr2 (5)

where v s volumetric flow rate
r e radius of the tube furnace 

Assuming a 1 >j1 sample size of density 0,78 g/ml (cor­
responding to a 7 x 10”4 gram sample) and a flow rate 
of 30 cc/min, the linear velocity was found to be 
7,0 cm/sec,

c) The density {/>) of the moving phase may be estimated 
from the modified ideal gae lawi
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= PM/RT (6)

where P s pressure (3 atm)
M e molecular weight (assume s 70)
R s gas constant (82,05 ml atm/degree mole)
T a temperature (assume 973°K)

substitutingi
b 2.6 x 10“3

d) The viscosity of the moving phase uias assumed to be the 
viscosity of the helium which is 4,5 x ID*"® g/cm-sec. 

Substituting these values in eq (4), the Reynolds 
Number was found to be 12, This very small value clearly 
indicates that the flow is laminar. This means that a sig­
nificant residence time distribution exists. The exact 
dimension of this distribution is difficult to obtain either 
theoretically or experimentally. Therefore, the residence 
time calculated from eq (3) was used. If a normal distri­
bution exists, this will be a good estimate of the most
probable residence time due to the fact that the mean of 
the distribution will correspond to the average residence 
time, which eq (3) yields. The values obtained in this 
manner are given in Table 47,
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Table 47 
Calculated Residence Times for 
Various Pyrolysis Temperatures

tr (sec) for tp (sec) for
Temperatures (°C) Condition la & Ila Condition lb & lib

700 0,453 0.340
667 0.469 0.352
633 0.486 0,365
600 0.504 0.379

The rate constants calculated on the basis of 4
considerations are given in Table 46. All calculations were 
made using a suitable computer program which is reproduced 
in Appendix II. The rate constants k^ - and kQV repre­
sent the following!

k^ s rate constant for flow rate 
of 30 cc/min (1st replicate)

k2 = rate constant for flow rate 
of 30 cc/min (2nd replicate)

k« * rate constant for flow rate 
of 40 cc/min (1st replicate)

k. * rate constant for flow rate 
of 40 cc/min (2nd replicate)

kavs average of klt k2, k3, and k^.



Table 48

First Order Rate Constants for Thermal Decomposition

a. Pflethanol
Temperature kl k2

700°C 9.1 X 10~3 9.4 X 10"3
667°C 4.9 X 10“3 4.6 X 10"3
633°C 2.3 X 10"3 2 . 2 X 10"3
600°C 1.1 X 10“3 1.0 X I Q - 3

k3   *<4
11.6 X 10“3 11.8 X IQ"3 10.5 X 10“3
5.0 X 10“3 5.5 X 10"3 5.2 X 10"3
2.9 X 10~3 3.1 X 10"3 2.6 X ID"3
1.2 X 10-3 1.3 X 10“3 1.2 X 10-3

b. Ethanol
Temperature ki k2  k3  k4 kav

700°C 2.2 X 10-1 2.1 X 10_1 2.4 X o 1 >-
> 2.2 X 10-1 2.2 X ID”1

667°C 0.8 X 10"2 8.8 X 10"2 1.0 X 10"1 1.1 X 10"1 9.3 X 10“2
633°C 3,1 X 10“2 2.7 X 10"2 4.2 X 10*2 4.1 X

CNI1o 3.5 X 10"2
600°C 1.1 X 10’2 1.3 X 10~2 1.6 X 10“2 1.8 X 10“2 1.5 X 10“2 117



Table 48

(Continued)

c. 1-Propanol
Temperature  2̂     ^4 ^av

700°C 2.3 X n r 1 1.9 X lo-1 a.CM X ID*1 •CM X 10"1 2.1 X 10”1

667°C 7.2 X 10“2 7.7 X 10“2 B.Q X 10"1 7.9 X 10_1 7.7 X 10_1

633°C 2.9 X 10-2 2.8 X 10’2 3.3 X 10"2 2.9 X 10“2 3,0 X 10“2

600°C 1.5 X 10“2 1.4 X 10"2 2.0 X 10"2 1.8 X 10“2 1.7 X 10“2

d. 2-Propanol

Temperature   ĵ2____  !i2_____    ^au
700°C 5.0 X

rH1oH 4.7 X 10”1 5.3 X 10-1 5.1 X 10'1 5.0 X 10"1

667°C 2.5 X ID"1 2.4 X 10”1 3.2 X 10"1 3.1 X 10*1 2.8 X 10"1

633°C 1.2 X 10"1 1.2 X 10"1 1.4 X ID"1 1.5 X 10"1 1.3 X 10*1

600°C 6.2 X 10"2 6.2 X 10”2 7.6 X 10“2 7.2 X 10'2 6.8 X 10“2 118



Table 4B

(Continued)

e. ri-Pentane
Temperature ki k2 k3 k4 kav

700°C 3.3 X 10"1 3.3 X icr1 3.7 X 10-1 3.3 X 10"1 3.4 X ID"1
667°C — — 8.9 X ID’2 8.4 X 10“2 8.7 X 10“2
633°C 2.9 X

CM1O•H 2.8 X 10"2 2.3 X 10"2 2.9 X 10"2 2.7 X 10”2
600°C 9.4 X 1Q“3 9.3 X 1 D“3 9.0 X 10“3 9.1 X 10"3 9.2 X 10"2

f, Isopentane
Temperature kl k2 k3 k4 kav

700°C 2.1 X 10**1 H•CM X W O 1 2.5 X 10"1 2.3 X 10"1 2.3 X ID-1
667°C 7.7 X 10”2 7.5 X 10"2 9.3 X 10”2 1.1 X V—' O 1 I—

•

8.9 X 10"2
633°C 4.1 X 10"2 4.0 X 10"2 4.7 X 10"2 4.2 X 10‘2 4.3 X 10"2
600°C 1.4 X 10-2 1.3 X 10"2 1.5 X ID"2 1.5 X 10"2 1.4 X 10“2 119



Table 4B

(Continued)

g. 1-Pentene

Temperature     2̂____  3̂____  ^4 **av
7D0°C 7.6 X itr1 7.6 X itr1 7.2 X ict1 6.2 X IO"1 7.2 X 10”1

667°C 2.1 X 10”1 2.1 X itr1 3.4 X itr1 3.1 X 10"1 2.7 X ID"1
633°C 8.2 X IO-2 8.3 X ID"2 8.6 X 10“2 8.6 X 10“2 8.4 X IO"2
600°C 1.6 X 10"2 3.6 X 10"2 3.5 X ID-2 4.0 X 10"2 3.2 X 10“2

h. cis-2-Pentene
T emperature  1̂  k2 ^3  ^4 ^a u

700°C 4.8 X 10”1 4.5 X 10"1 4.5 X 10"1 VO. X io-1 4.6 X IO**1

667°C 1.2 X 10-1 1.2 X IO”1 1.6 X 10"1 1.6 X 10*1 1.4 X IO"1
633°C 6.6 X itr2 6.5 X 10”2 7.7 X 10“2 7.6 X 10“2 7.1 X 10“2

600°C 2.5 X 10"2 2.7 X 10”2 3.3 X 10“2 3.2 X IO"2 2.9 X 10“2 120



Table 48

(Continued)

i. trans-2-Pentene
Temperature     k2     ^4 kav

700°C 4.5 X IO-1 4.5 X IO”1 4.4 X IO”1 4.4 X IO”1 4.5 X IO”1

667°C 1.2 X IO*1 1.2 X ID”1 1.2 X IO”1 1.2 X ID”1 1.2 X IO”1
633°C 4.1 X 10~2 4.3 X 10“2 3.2 X IO”2 3.4 X 10”2 3.8 X 10“2

600°C 9.2 X 10”3 9.4 X IO-3 1.5 X 10"2 1.5 X 10“2 1.2 X IO-2

j. Cyclopentane
Temperature kl k2 k3 k4 ka\/

700°C 1.4 x 10“2 1.4 x 10”2 1.6 x 10“2 1,9 x IO"2 1.6 x IO”2
667°C 3.3 x 10”3 2.6 x 10"3 4.1 x 10”3 3.4 x 10”3 3.4 x IO”3
633°C 6.3 x id"4 7.3 x IO”4 5.0 x 10”4 6.2 x 10”4 6.7 x IO”4
600°C _ _ _ _ _ 121



Table 48

(Continued)

k. n-Hexane
Temperature ki k? k3 k4 kau

700°C 3.4 X 10"1 3.3 X 10'1 3.7 X IO"1 3.7 X 10"1 3.5 X

H1oi-H

667°C 1.3 X ID*1 1.3 X ID"1 1.6 X 1—* o 1 1.6 X 10"1 1.5 X IO"1
633°C 5.3 X 10“2 4.8 X ID"2 6.1 X 10”2 6.8 X 10"2 5.8 X 10"2
600°C 2.0 X 10~2 2.1 X IO-2 2.2 X 10“2 2.1 X 10"2 2.1 X ID"2

1. 2-fllethylpentane
Temperature     k2  k3  k4 kav

700°C 4.1 X 10”1 4.0 X 10"1 4.6 X IO"1 4.5 X

Hio 4.3 X

Hior—i

667°C 1.5 X 10"1 1.6 X IO"1 1.9 X ID"1 2.0 X 10”1 l.-j V 10"1
633°C 6.5 X 10"2 6.3 X 10~2 6.9 X 10“2 7.1 X 10“2 6.7 X 10"2
600°C 2.3 X IO"2 2.2 X 10"2 2.8 X 10”2 2.8 X 10“2 2.5 X 10"2 122



Table 48

m. 1-Hexene

(Continued)

l  u  1/ L* 1/Temperature K\ K2   3   a a v
7Q0°C 1.14 1.17 1.34 1.31 1.24
667°C 5.4 x IO"1 5.1 x IO-1 4.8 x IO”1 4.9 x ID-1 5.1 x IO-1
633°C 1.8 x 10"1 1.7 x ID-1 1.8 x 1CT1 1.9 x 1CT1 1.8 x IO"1
600°C 5.9 x 1Q“2 5.9 x 10“2 7.3 x 10"2 7.4 x 10"2 6.6 x IO"2

n. cis-2-Hexene

Temperature  ^ ____  !l2____  il3____ ________________________
700°C 1.49 1.51 1.70 1.76 1.62

667°C 5.9 x ID"1 6.1 x IO"1 5.8 x IO"1 6.0 x IO"1 6.0 x IO"1
633°C 1.8 x IO-1 1.9 x IO"1 1.9 x IO"1 1.9 x IO"1 1.9 x IO-1
600°C 4.8 x 10“2 4.6 x 10"2 5.6 x 10“2 5.5 x 10"2 5.1 x ID"2 123



Table 48

(Continued)

o* trans-2-Hexene
Temperature kl  k2  ^3 ^4 â\/

700°C 1,46 1.40 1.72 1.70 1.56
667°C 5.3 x 10"1 5.3 x 10**1 6.3 x 10"1 6.6 x 10-1 5.9 x IO"1
633°C 1.8 x IO-1 1.8 x IQ-1 1.5 x IO"1 2.1 x IO"1 1.8 x IO"1
600°C 4.6 x ID"2 4.6 x IO"2 5.5 x 10"2 5.6 x 10“2 5,1 x ID-1

p. Cyclohexane
Temperature    ^2  ^3 ^4

700°C 2.7 x 10“2 2.8 x IO"2 2.9 x IO-2 2.7 x 10“2 2.8 x 10"2
667°C 8.1 x 10"3 7.3 x 10"3 9.5 x 10”3 6.1 x 10“3 7.8 x IO*3
633°C 1.7 x 10“3 1.7 x 10"3 1.1 x 10“3 1.4 x 10“3 1.5 x 10”3
600°C _ _ _ _ _ 124
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Energies of Activation

Through the use of the Arrhenius equation and know­
ledge of the rate constant at several temperatures, the 
energy of activation and frequency factor of the overall 
first order decomposition may be obtained. This equation, 
in its most useful linear form, is as followsi

In k = In k0 ■ Ea (l/RT)

uihBre k = rate constant (sec-*)
kQ = frequency factor (sec”1)
Ea s energy of activation (kcal/mole)
R s gas constant (cal/deg. mole)
T s temperature (°K)

A graphical representation of this equation is given belouii

-ESlope

l/RT

The best least squares fit of the data was made 
through substitution of the proper values of k, R and T in 
the Arrhenius equation for each condition of analysis using 
a suitable computer program (see Appendix III). The program 
was run on an IBfll 360 computer. In addition to providing 
an estimate of the slope (-Ea) and the intercept (In kQ),
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It provided terms which enabled a statistical evaluation 
of the slope in the form of a regression analysis. The 
essential output from the computer is given in Table 49.

The regression mean square represents the varia­
bility which was removed from the data through the fitting 
of the constant bQ in the linear equation!

y 3 b0x + b1
The residual mean square is a measure of the variability
remaining in the system after the linear relationship has
been fitted. The ratio of these terms, the F value, provides 
a number which may be compared with a table value at a se­
lected probability level. If the calculated £ value exceeds 
the table value, the slope is considered significant with 
respect to the amount of variability remaining in the system 
at the selected probability level. This, in effect, serves 
as~a measure of the adequacy of the linear relationship.

A 99% probability level was chosen and the £ values 
corresponding to this level are as followsi

For a system of 6 data points F gg s 21.20
For a system of 6 data points F = 13.74,

Since all the calculated values (Table 49) exceed 
the critical £ value, the slope is significantly different 
from zero, and the linear representation of the data is 
adequate for each data set.

In order to determine whether the slopes obtained 
at different flow rates are homogeneous, a _t test was per­
formed according to the method outlined by Volk,88



Table 49

Computer Output for Least Squares F:

Run No.* No. Obs.
In kQ 

Intercept
-Ea

Slope
Regressioi 
Wean Squa:

001 8 14.47399 3705B 5.33600

002 8 14.53498 36750 5.24744

003 8 23,82465 49126 9,37695
004 8 21,54692 44523 7.70213

005 8 22.77605 45379 8,00119

006 8 19.29077 40638 6,41660

007 8 17,30731 34951 4.74382
006 8 16.81004 33705 4,41399
009 6 30.29929 60823 13.23411

010 8 30.68063 61644 14.76498

Oil 8 21.63748 44982 7.86197

012 8 22.67731 46599 8.43740

013 8 29.13199 57065 12.65268
014 8 25.78105 50565 9.93462
015 8 23,22900 46798 8.50948

016 8 21.67087 43654 7.40462

and Regression Analysis
Residual F

Wean Square Ratio
0.00252 2113,5
0,00312 1680.3
0.00888 1056.2
0.00205 3765.5
0.02528 316,5
0,03200 200,5
0.00274 1729,9
0,00337 1308,6
0.00765 1729.0
0.02991 493.6
0.01434 548.4
0.00875 963,9
0.06273 201.7
0.02359 421.1
0.04520 188.2
0.01244 595.1

Residual 
Sum of Squares

0.01515
0.01874
0.05327
0.01227
0.15167
0.19197
0,01645
0.02024
0.03062
0.17947
0.08602
0.05252
0.37641
0.14156
0.27122
0,07466



in k0
Run No. No. Obs. Intercept

017 8 32.35185
016 8 28.96783
019 6 34.67920
020 6 43.14827

021 8 23.12425
022 8 23.92966
023 8 24.17931
024 8 23.B5539
025 8 26.51849
026 8 25,50169
027 8 30.89813
028 8 30.55069
029 8 30.24742
030 8 30.97188
031 6 34.34764

032 6 39.21455

Table 49

(Continued)
-Ea Regression 
Slope Wean Square
64210 16.01952
57914 13.03223
75490 8.23646
91201 12.02158

46963 8,56959
48144 9.00597
4B554 9,16015

47676 8.83174
50924 10.07605
48906 9,29315

58827 13,44600
58049 13,09297
47732 12.95018
56822 13.44390
73354 7.77699
82655 9.87432

Residual F
Wean Square Ratio

Residual 
Sum of Squares

0.01170
0.04087
0.02179
0.01592
0,00515
0.00262
0.00195
0.00207
0.00355
0,00505
0.00796
0.00052
0.00577
0.01037
0.00264
0.04553

1369.7
318.9
378.0
755.0
1665.3 
3439.6
4692.3 
4273.9 
2835.5
1841.3
1688.4 

25268.0
2245.2
1296.3
2945.8

216.9

0.07018
0.24520
0.08717
0.06369
0.03088
0.01571
0.01171
0.01240
0.02132
0.03028
0.04778
0.00311
0.03461
0.06223
0.01056
0.18213
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Table 49

(Continued)

*To simplify the reporting of the data, the various experi­
mental sets of data have been coded in the following uiayi

Run No. Compound Condition
001 Methanol Ila
002 Methanol 11 b
003 Ethanol I a
004 Ethanol lb
005 1-Propanol la
006 1-Propanol lb
007 2-Propanol la
008 2-Propanol lb

009 ri-Pentane la
010 £-Pentane lb

011 Isopentane la
012 Isopentane lb
013 1-Pentene la
014 1-Pentene lb

015 cis-2-Pentene la

016 cls-2-Pentene lb
017 trans-2-Pentene la
018 trans-2-Pentene lb

019 Cyclopentane Ila
020 Cyclopentane 11 b
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Table 49

(Continued)

Run No, Compound Condition
021 n-Hexane Ila
022 (i-Hexane lib
023 2-Methylpentane Ila
024 2-Methylpentane lib
025 1-Hexene Ila
026 1-Hexene 11b
027 cis-2-Hexene Ila
028 cie-2-Hexene IIb
029 trans-2-Hexene Ila
030 trane-2-HBXBne lib
031 Cyclohexane Ila
032 Cyclohexane lib
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In order to do this, the pooled estimate of the stan­
dard deviation was calculated for each pair of data sets using 
the following expression!

*
2_ AS y p

(n1-2) S2yx + (n2"2) S2y,

(nx-2) + (n2-2)

where S y p
n.
n,

s 29x
S 2y2

x pooled estimate of the standard deviation 
s number of observations at flow rate e 30ce/min 
s number of observations at flow rate s AQcc/min 
= variance of data set at flow rate s 30 cc/min 
s variance of data set at flow rate x 40 cc/min.

The expression for the test ist

t  X
bl - b2

S f p 2 <Exl>2Ex£ - n,
-  (Ex2)2

E x «  —Z n-

Calculated t values are compared with t _ __ values — ccxO. 05
in Table 50 for (n^ + n2 - 4) degrees of freedom.

From Table 50 it may be seen that since the table ,t 
value exceeds the calculated t value for each pair of data 
sets with the exception of those for cyclopentane and cyclo­
hexane, these slopes may be pooled for they are considered 
homogeneous, that is, representing the same function.
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Table 50
Values of t for the Comparison of Slopes

^calc, ^otaO.05
001-002 0,256 2.179
003-004 2,146 2.179
005-006 1.235 2.179
007-000 0.985 2.179
009-010 0.245 2.228
011-012 0,664 2.179
013-014 1,379 2,179
015-016 0.016 2.179
017-018 1.712 2.179
019-020 4,837 2.306
021-022 0.055 2.179
023-024 0.864 2.179
025-026 1,356 2.179
027-020 0,527 2,179
029-030 0,535 2.179
031-032 2.534 2.306
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In the case of cyclopentane and cyclohexane, the 
disparity is most probably due to the small % conversion, 
uihich makes accurate analysis very difficult. For the pur­
pose of this work, these values will also be pooled, bearing 
in mind the fact that this data has less justification than 
the other work. Pooling these values can be justified only 
by going to a smaller value («* *0.001), At this level of 
probability a table t (5,041) is larger than the calculated 1:, 

ThB data obtained under two different flow rate con­
ditions were then pooled and calculated in the same way as 
the individual sets. The results of interest from the com­
puter are given in Table 51. Using the same reasoning given 
for the individual sets of data, the calculated F values may 
be compared with critical £ values given belowt

For a system of 12 data points F gg * 10,04
For a system of 14 data points F __ a 9,33*
For a system of 16 data points F gg « 8,66,

All calculated values far exceed the critical values, 
consequently the linear expression is adequate.

In order to more meaningfully report the energies
of activation, confidence limits for the slope (which re­
presents the energy of activation) were assigned using the 
expressioni

bL ± £Sy/[Ex2 _ (Ex)2/n]*

where b^ ■ the experimental slope
£ ■ standard value atecaO.Ol
Sy b square root of the residual mean square

Ex2 a sum of squares of l/RT values



Table 51

Computer Output for Least Squares Fit and Regression Analysis (Pooled Data)

Run No.* No. Obs.
In kQ 

Intercept
-EaSlope

Regression 
IDean Square

Residual 
Dean Square

F
Ratio

Residual 
Sum of Squa

033 16 14.50446 36904 10.58346 0.01741 607.8 0.24377

034 16 22.68578 46824 17.03792 0,02330 731,3 0,32616

035 16 20.53339 43008 14,37413 0.03065 468,9 0.42912
036 16 17.05867 34323 9.15485 0.01184 773,0 0.16580

037 14 30.43372 61139 28.06003 0.01895 1461 a 0.22734

036 16 22.15736 45791 16.29427 0.01733 940.1 0.24265

039 16 27.45647 53815 22,50520 0,05385 417.9 0.75395

040 16 22,44991 45226 15.89490 0.03317 479.2 0.46435

041 16 30.65976 61062 28.97473 0.02879 1006.4 0.40306

042 12 38.91362 83345 20.07965 0.03377 594.6 0.33772
043 16 23,52695 47554 17.57285 0.01092 1609.1 0,15289

044 16 24.01730 48115 17.99036 0.00874 2059.4 0.12230

045 16 26.01006 49915 19.36128 0.00630 3071,8 0.08824

046 16 30.72435 58438 26.53777 0,00540 4910.9 0.07565
047 16 30.60963 58277 26.39180 0.01187 2223.9 0.16614

046 12 36,78102 70005 17.58878 0,02953 595.6 0.29529

134
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Table 51

(Continued)

*The experimental sets of data (pooled) are coded 
in the Following wayi

Run No. Compound
□33 methanol
□34 Ethanol
035 1-Propanol
036 2-Propanol
037 rv-Pentane
038 Isopentane
039 1-Pentene
040 cis-2-Pentene
041 trans-2-Pentene
042 Cyclopentane
043 n-Hexane
044 2-methylpentane
045 1-Hexene
046 ci s-2-Hexene
047 trans-2-Hexene
048 Cyclohexane



136

(Ex)^ s sum of l/RT values squared 
n a number of degrees of freedom.

The numerical values of t are 3.169 for data sets having 
10 degrees of freedomt 3.055 for data sets having 12 degrees 
of freedom, and 2,977 for data sets having 14 degrees of 
freedom. The number of degrees of freedom for each data set 
is defined as the number of data points - 2, The energies 
of activation and their confidence limits are reported in 
Table 52.

frequency Factors

According to the Arrhenius equation, the frequency 
factor is defined as the value of k uihen l/RT approaches 
zero and is represented as kQ , The computer output (Table 
51) lists values for the intercept In k0. From this value, 
the kQ may be found for each compound studied. In the same 
manner as used for energies of activation, confidence limits 
were calculated for the frequency factor using the expressioni

1*
Vi ± tSy (i/N) + e77H3I

where y^ * estimated value of the frequency factor
t * standard value at E 0,01 
Sy ■ square root of the residual mean square 
n b number of degrees of freedom 
x m average value of l/RT 
X£ m value of l/RT at the y intercept



Table 52
Energies of Activation Determined 

from the Arrhenius Expression

Compound Ea (kcal/mole)
methanol 36.9dfe4,6
Ethanol 46,8*5,1
1-Propanol 43.0*5,9
2-Propanol 34,3*3.7
n-Pentane 61.1*4,9
Iaopentane 45,8*4,4
1-Pentene 53,8*7,6
cia-2-Pentene 45,2*6.1
trana-2-Pentene 61,1*5,7
Cyclopentane 83,3*6.2
n-Hexene 47,6*3,6
2-fflethylpentana 48,1*3,2
1-Hexene 49.9*2.7
cla-2-Hexena 56,4*2,5
trana-2-Hexane 56,3*3,7
Cyclohexane 78,0*5.6
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Chosen 1: values correspond to those in the calculation of 
confidence limits for the energies of activation (page 136 )•
The final data are given in Table 53,

Error Analysis

The £ ratios reported in Table 51 indicate that the 
linear fit is a reasonable one. These values were computed 
as the ratio of the variability (expressed as the mean square 
associated with the slopB) removed by fitting a linear rela­
tionship to the data to the residual variability of the system. 
The residual may be considered to be composed of variability 
due to two sources, random experimental error and systematic 
inability of the data to fit the chosen (linear) functional 
relationship. It is possible to calculate an £ value compar­
ing these two sources of variability according to the following 
expressioni

Mean Square Due to Lack of Fit 
— s Mean Square Due to Error

Significance of £ at a chosen probability level would indi­
cate that some variability still exists which cannot be 
explained by random error alone.

The sum of squares associated with random error ia 
found using the following expressions

SS error . £(yl - y2)2/2

where SS error ■ sum of squares associated with error
y^ ■ In k for 1st replicate
yj * In k for 2nd replicate



Table 53 
Frequency Factors Determined 
from the Arrhenius Expression

Compound *
Methanol 2.0 X 106 1.1 X 101
Ethanol 0.7 X ioio ± 1.6 X 101
1-Propanol 0.8 X 109 ± 2.5 X 101
2-Propanol 0.3 X 10® ± 0.7 X 101
ri-Pentane 1.6 X 1013 ± 1.4 X 101
Isopentane 0.4 X 1010 ± 1.1 X 101
1-Pentene 0.8 X 1012 ± 7.2 X ID1
cla-2-Pentene 0.6 X loio ± 2.9 X 10*
trans-2-Pentene 2.1 X 1013 ± 2.3 X 101
Cyclopsntane 7.9 X 1016 ± 2.8 X 101
n-Hexane 0.2 X 1011 ± 0.7 X ioi
2-Msthylpentane 0.3 X 1011 ± 0.6 X 101
1-Hexene 0.2 X IQl2 ± 0.4 X 101
cls-2-Hexene 2.2 X 1013 ± 0.4 X 101
trans-2-Hexene 1.9 X 10» ± 0.7 X 101
Cyclohaxana 9.4 X 10lfl 2.2 X 101
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From this, the mean square due to error may bB represented by

m »s*error “ terror / n

uihere n is the number of degrees of freedom associated utith 
error.

The mean square due to lack of fit is found by dif­
ference t

"•S.l.o.f. “ ^*®*residual “ ^*®*error

The residual mean square values are listed in Table 51,
The calculated £ values are given in Table 54, along with 
the critical £ value at the 95 percent confidence level.
It may be seen that in all cases except cyclopBntane and 
trans-2-hexene the calculated £ value exceeds the critical 
value. At the 95 percent confidence level, it may be said 
that there does exist variability other than random experi­
mental error. The sources of this variability will be con­
sidered in a later discussion.

Determination of Thermodynamic 
Properties of Activation

Procedure

Having obtained values for the energy of activation 
and frequency factor, the thermodynamic properties of acti­
vation may be calculated for each decomposition reaction 
using the following expression*
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Table 54
F Value for Comparison of Lack of Fit and Random Error

i fcrit» # «0»05 
3.5B1
3.561
3.561
3.581 
3.972
3.581
3.581
3.581
3.581
4.120
3.581
3.581
3.581
3.581
3.581
4.120

in No. Compound Fcalc» "0
033 fflethanol 13.363
034 Ethanol 11.653
035 1-Propanol 13.369
036 2-Propanol 40.367
037 n-Pentane 6.832
038 Ieopentane 7.188
039 1-Pentene 11.892
040 cia-2-Pentene 86.590
041 trans-2-Pentene 111.540
042 Cyclopentane 3.939
043 n-Hsxane 12.410
044 2-ffethylpentane 18.943
045 1-Hexene 22.869
046 cls-2-Hexene 24.197
047 trana-2-Hexene 3.026
048 Cyclohexane 5.903



E0 - nRT
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AS* AH* - AG*

where

A G * . Iifl\ „-AF*/RTIt )
±,AH a change In enthalpy of

activation (kcal/mole)
AS* a change in entropv of

activation (e.u.)
AG* s change in free energy of 

activation (kcal/mole)
E s energy of activation

(kcal/mole)
n s # moles
R e molar gas constant
T s temperature (°K)
k s Boltzmann's constant
h s Planck's constant

S'

All calculations were carried out for a temperature 
of 973°K.

Results

Values for AH , A G  , and AS were calculated for 
the thermal decomposition of each of the sixteen compounds 
studied. These values are given in Table 55,
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Table 55
Thermodynamic Properties of Activation at 973°K

Compound AH* (kcal/mole) AG * (kcal/mole) AS* (e.i
Methanol 35.0 66.2 -34.1
Ethanol 44.9 62.3 -17.9
1-Propanol 41.1 62.6 -22.2
2-Propanol 32.4 60.7 -29.1
11-Pentane 59.2 61.6 - 2.5
leopentane 43.9 62.3 -18.9
l-Pentene 51.9 60.0 •CO1

cls-2-Pentane 43.3 61.1 -18.3
trana-2-Pentene 59.1 61.1 - 2.0
Cyclopentane •CO 67,4 *14.4
n-Hexene 45.6 61.4 -16.2
2-Methylpentane 46.2 61,0 -15,2
1-Hoxene 46.0 56.9 -11.3
cis-2-Hexene 56.5 58.3 - 1.9
trana-2-Haxene 56.3 56.4 - 2.1
Cyclohexane 76.1 66.2 +10.1
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Relative Distribution of Products 

Procedure

The areas obtained for products of the thermal de­
composition reaction, when corrected using the thermal 
conductivity weight factors, represent the relative weights 
of the various compounds present. It is then possible, using 
a normalization technique, to obtain the weight percent of 
the total amount decomposed for each product according to 
the following expression!

. Corrected Area of A x 1DQWeight % of A = Sum of Corrected Areas of Products

When the weight % is known, the relative number of 
moles of each product formed may be founds

„ WBight % of ARelative # Moles i Molecular Weight of A 

Results

Weight percent values were calculated for the decom­
position of the sixteen compounds studied. These numbers 
are listed in Table 56 as a function of temperature and flow 
rate for each compound. To facilitate consideration as an 
analytical tool, the values at 70Q°C and a flow rate of 
30 ec/min were converted to a series of bar graphs reflect­
ing the relative number of moles of each product. This was 
accomplished by adjusting the relative number of moles in
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such a way that the largest value in a particular decomposi­
tion had an arbitrary "intensity" of 100 units. These data 
are presented in Appendix IV.



Table 56
Relative Product Oiatribution (Weight Percent of Total Amount Decomposed)

as a function of Temperature and flow Rate

a. Methanol

Product
700°C
Cond.
Ila

700°C
Cond.
lib

667°C
Cond.
Ila

667°C
Cond.
lib

633°C
Cond.
Ila

633°C
Cond.
lib

600°C
Cond.
Ila

600°l
Cond
lib

CO/Hydrogen 15.4 9.1 14.6 5.7 0.0 0.0 0.0 0.0
Methane 3.9 3.4 5.1 3.4 4.4 6.1 3.1 4.5
Formaldehyde 69.9 73.1 73.0 75,9 85.3 75.5 81.2 81.8
Water 11.2 14.3 8.0 14,9 10.3 18,4 15.6 13.6

b. Ethanol
700°C 700°C 667°C 667®C 633°C 633°C 600°C 600°l
Cond. Cond. Cond. Cond. Cond. Cond. Cond. Cond

Product Ia Ib la lb Ia Ib Ia Ib
CO/Hydrogen 5.8 4.7 3.5 2.5 1.8 1.4 0.0 0.0
Methane 5.6 5.5 4.3 3.7 3.9 4.3 2.1 3.2
Ethylene 13.1 13.4 12.4 11.7 11.9 12.5 6.6 12.1
Acetylene 0.9 0.5 0.8 0.8 1.0 0.9 0.0 0.0
Water 9.6 9.2 6.0 8.0 8.9 3.0 0.0 0.0
Acetaldehyde 64.8 66.8 73.1 73.5 72.5 78.1 91.5 84.6



Table 56
(Continued)

c. 1-Propanol

Product
700°C
Cond.
Ia

700°C
Cond.
lb

667°C
Cond.
Ia

667°C
Cond.
Ib

CO/Hydrogen 2.4 2.1 2.1 0.9
Methane 12.8 13.2 12.7 13.7
Ethylene 10.6 10.3 9.3 8.6
Acetylene 2.7 2.3 2.6 3.1
Water 8.0 7.7 7.2 7.0
Propylene 27,5 27,8 28.0 27.0
Methanol 3.9 3.3 3.7 2.6
Acetaldehyde 28.8 29.6 30.6 32.6
Proplonaldehyde 3.4 3.8 3,9 4.7

633°C 633°C 600°C 600°C
Cond* Cond. Cond. Cond.
Ia Ib Ia Ib
0.2 0.2 0.0 0.0

13.8 14.8 14.6 16.4
9.1 8.4 10.8 10.4
5.1 3.0 3.5 3.5
4.4 2.6 10.6 0.0

28.3 29.7 29.0 31.0
1.5 2.2 0.0 0.0

33.0 32.7 31.7 38.9
5.1 6.6 0.0 0.0
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Table 56
(Continued)

d. 2-Propanol

Product
700°C
Cond.
la

700°C
Cond.
Ib

667°C
Cond.
Ia

667°C
Cond.
Ib

CO/Hydrogen 1.3 0.9 0.9 0.9
ffiethene 3.4 3.2 2.6 2.4
Ethylene in•H 1.1 0.7 0.6
Acetylene 0.2 0.1 0.1 0.1
Hater 6.4 8.2 7.3 7.4
Propylene 22.6 22.5 20.5 21.0
Acataldahyde 3.8 3.7 4.1 3.9
Acetone 58.9 60.4 63.9 63.7

633°C
Cond.
Ia

633°C
Cond.
Ib

600°C
Cond.
Ia

600°C
Cond.
Ib

0.9 0.6 1.3 0.7
2.0 2.1 1.9 1.9
0.3 0.4 0.3 0.4
0.0 0.0 0.0 0.0
6.1 6.0 6.3 5.3

19.2 18.4 19.9 17.2
2.5 3.2 3.2 3.6

69.0 69.3 67.0 70.9

8V
T



Table 56

e. n-Pentane 

Product
700°C
Cond,
Ia

700°C
Cond.
Ib

(Continued)

667°C 667°C 
Cond. Cond. 
Ia Ib

633°C
Cond.
la

633°C
Cond,
Ib

600°C
Cond.
Ia

600°(
Cond
Ib

Methane 9.2 9.3 8.5 8.3 7.0 7.4 5.2 4.7
Ethylene 26.3 26.2 24.4 24.0 17.6 17.5 11.0 10.0
Acetylene 12.5 11,6 12.5 12.2 14.6 12.5 12,0 9.3
Ethane 4.1 2.6 B.l 7.1 20.3 24.9 48.5 58.7
Propylene 33,2 33.7 33.9 32.2 29.2 28.3 23.4 17.3
Butane 14.7 14.7 12.5 16.1 10. 0 9.4 0.0 0.0



Table 56

f. Isopentane 

Product
700°C
Cond.
Ia

700°C
Cond.
Ib

(Continued)

667°C 667°C 
Cond. Cond. 
Ia Ib

633°C
Cond.
Ia

633°C
Cond.
Ib

600°C
Cond.
Ia

600°l
Cond
Ib

Methane 14.4 14.8 13. B 13.8 12.5 9.8 9.4 9.8
Cthylana 10.9 12.0 9.6 9.9 8.2 5.9 5.3 3.7
Acetylene 3.6 2.9 4.1 4.0 4.0 2.5 2.9 2.4
Ethane 1.9 4.5 7.2 9.2 17.3 22.4 40.0 51.6
Propylene 20.2 19.8 18.8 17.8 14.8 11.5 8.6 5.3
Butane 28.9 28.4 26.1 26.0 24.0 22.7 15.6 12.6
1- ft 2-Butene 20.1 17.6 20.3 19.2 19.2 25.2 18.2 14.6



Table 56
(Continued)

g. 1-Pentene

Product
700°C
Cond.
Ia

700°C
Cond.
Ib

667°C
Cond.
la

667°C
Cond.
Ib

methane 4.1 4.2 5.B 5,2
Ethylene 28.8 26.4 22.8 21.6
Acetylene 5.1 5.3 8.8 8.2
Ethane 2.9 5.5 3.5 4.9
Propylene 26.2 27.2 21.4 21.1
Butene/1,3- 

Butadiene 32.8 29.5 37.7 39.2

633°C 633°C 600°C 600°C
Cond. Cond. Cond. Cond.
Ia Ib Ia Ib
5.5 5.7 4.8 4.3

20.0 18.7 11.9 13.5
9.6 9.9 6.4 8.3
2.7 2.4 39.9 25.0

21.2 20.9 11.4 16.8

41.1 42.4 25.6 32.2
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Table 56
(Continued)

h. cia-2-Pentene

Product
700°C
Cond.
la

700°C
Cond.
Ib

667°C
Cond.
Ia

667°C
Cond.
Ib

633°C
Cond.
Ia

633°C
Cond.
Ib

600°C
Cond,
Ia

600°C
Cond.
Ib

methane 16.8 16.2 19.9 18.0 16.3 15.0 14.5 lb.3
Ethylene 5.5 5.1 3.3 4.0 3.5 2.8 1.9 3.0
Acetylene 4.4 3.4 4.6 3.9 3.8 4.0 4.3 4.3
Ethane 1.4 3.5 5.1 5.2 9.2 15.6 23.6 13.3
Propylene 7.2 7.2 5.9 5.2 5.2 4.7 3.1 5.9
Butane/1,3- 

Butadlen8 64.6 64.5 61.3 63.8 62.0 58.0 52.7 55.6



Table 56
(Continued)

i• trane-2-Pentene

Product
700°C
Cond,
Ia

ffathane 16,3
Cthylane 5.5
Acetylene 3.7
Ethane 3.1
Propylene 7.6
Butene/l,3-

Butadiene 63,8

7Q0°G
Cond.
Ib

667°C
Cond.
Ia

667°C
Cond.
Ib

15.3 17.3 18.1
5.1 3.1 4.1
3.6 4.0 5.0
2.7 2.2 5.2
7.0 4.8 6.0

66.3 68.7 61.6

633°C 633°C 600°C 600°C
Cond, Cond. Cond, Cond,
Ia Ib Ia Ib
15.1 14.6 11.7 18.3
2.9 2.7 2.4 1.2
4.1 3.6 3.8 2.8
15.8 26.0 19.0 5.7
4.1 5.0 4.1 2.8

58.2 48.3 53.7 69.1
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Table 56
(Continued)

j. Cyclopentane

Product
700°C
Cond.
Ila

700°C
Cond.
lib

667°C
Cond.
Ila

667°C
Cond.
lib

Aethane 1.0 1.5 1.2 3.4
Ethane/Ethylene 42.7 43.8 42.9 44.8
Propane/Propy­

lene 49.7 50,2 50.0 46.6
1- & 2-Butene 6.7 4.5 7.1 6.9

K. n-Hexane

Product
700°C
Cond,
Ila

700°C
Cond.
lib

667°C
Cond.
Ila

667°l
Cond
lib

Methane 11.1 11.2 11.5 11.9
Ethane/Ethylene 39.1 39.3 36,0 38.0
Propane/Propy­

lene 25.7 25.9 26.9 26.2
1- & 2-Butene/- 

Butane 17.0 16.7 17.6 17.2
1,3-Butadiene 0.8 0.3 1.1 Q.O
1-Pentene 6.3 6.7 6.9 6.9

633°C
Cond.
Ila

633°C 
Cond. 
I Ib

600°C
Cond.
Ila

600°C
Cond.
lib

4.0 11.1 - —
40.0 55.5 — —

48.0 44.4 -
8.0 0.0 — —

633°C
Cond.
Ila

633°C
Cond.lib

600°C
Cond.
Ila

600°C
Cond.
lib

11.1 10.7 13.6 14.0
34.8 35.0 34.8 38.1

2B.0 26,7 27.8 25.2

17.7 20.4 17.5 16.0
0.0 0.0 0.0 0.0
8.3 7.4 6.3 7.3
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Table 56
(Continued)

1. 2-Methylpentane
700°C
Cond.

Product Ila
Methane 8.6
Ethane/Ethylene 19.3
Propane/Propy­

lene 35.4
Ieobutene 0.6
1- & 2-Butene/-

Butane 21.5
1,3-Butadiene 0.9
3-Methyl-l-

butene 3.6
1- & 2-Pentene 10.1

700°C 667°C 667°C
Cond. Cond. Cond.
lib Ila lib
7.8 7.5 7.0

19.6 17,7 17.9

35.4 34.7 35.9
0.B 1.3 1,3

21.7 23,0 22.3
1.0 1.0 0.7

3.3 4.2 4.4
10.3 10.6 10.5

633°C
Cond.
Ila
7.2
17.8

34.9
2.3

23.2
0.6

4.5
9.5

633°C
Cond.
lib
6.3 
16.4

36.0
3.4

24.3
0.5

4.1
9.3

600°C
Cond.
Ila
8.1

16.5

35.8
6.7

25.1
0.9

2,3
5.1

600°C
Cond.
lib
7.8

17.3

35.0
6.7

22.7
0.0

3.5
7.6 155



Table 56
(Continued)

a. 1-Hexene

Product
700°C
Cond.
Ila

700°C
Cond.
lib

667°C
Cond.
Ila

667°C 
Cond. 
I Ib

Methane 5.7 5.3 5.5 4.9
Ethane/Cthylene 2B.4 2B.9 28.0 26.4
Propane/Propy­

lene 32.0 31.4 30.6 30.2
Iaobutene 0.3 0.3 0.5 0.6
1. 4 2-Butene 12.1 12.8 11.4 11.3
1,3-Butadiene 12.0 12.3 13.7 13.9
3-fflethyl-l-

butene 0.3 0.1 0.1 0.1
1-Pentene 7.8 7.9 9.0 10.8
lf3-Pentadlena 1.3 1.1 1.2 l.a

633°C
Cond.
Ila

633°C
Cond.
lib

600°C
Cond.
Ila

600°(
Cond
lib

5.1 5.0 4.6 5.0
26.3 25.9 21.3 22.8

29.3 29,3 29.1 26.1
1.5 1.8 4.4 4.9

11.1 11.2 11.3 11.2
14.5 14.6 15.9 15.9

0.0 0.0 0.0 0.0
10.5 10.6 11.2 12.7
1.7 1.5 2.3 1.6 156



Table 56

n. cie-2-Hexene

(Continued)

Product
700°C
Cond.
Ila

700°C
Cond.
lib

667°C
Cond.
Ila

667°(
Cond
lib

fflethane 7.5 6.6 7.4 7.0
Ethane/Ethylene 26,8 27.4 25.8 25.2
Propane/Propy­

lene 7.3 7.1 6.5 5.6
1. & 2-Butene 8.5 9.1 9.2 8.5
lf3-Butadiene 21.1 19.9 19,2 20.3
3-Nethyl-l-

butene 3.5 3.5 3.7 3.4
1- & 2-Pentene 8.5 8.4 6.7 6.4
lt3-Pentadiene 13.8 13.9 17.6 19.2
4-Bethyl-l-

pentene 3.0 4.2 4.0 4.5

633°C
Cond.
Ila

633°C
Cond.
lib

600°C
Cond.
Ila

600°(
Cond
lib

7.7 7.9 9.4 9.6
23.7 24.4 24.2 23.4

4.8 4.3 5.5 3,9
7.3 8.2 6*3 6.3
20.6 20.2 22.1 20.5

3.5 3.7 3.9 4.2
5.7 4.9 1.6 4.3
21.3 22.4 22.4 24.7

5.5 4.2 4.8 3.4
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Table 56
(Continued)

o« trane-2-Hexene

Product
700°C
Cond*
Ila

700°C
Cond.
lib

667°C 
Cond. 
Ila

667°l
Cond
lib

Methane 7.8 7.7 8.4 7.7
Ethane/Ethylene 27.4 26.9 24.8 24.4
Propane/Propy­

lene 7.4 7 ;2 6.0 6.6
1- & 2-Butene 9.3 B.8 8.0 8.6
1,3-Butadlene 20.3 19.6 20.4 19.6
3-Methyl-l-

butene 3.5 3.7 3.6 3.8
1- & 2-Pentene 7.4 7.9 6.1 6.1
1,3-Pentadiene 14.7 15.2 19.4 19.8
4-Methyl-l-

pentene 2.2 3.0 3.4 3.4

633°C
Cond.
Ila

633°C
Cond.
lib

600°C
Cond.
Ila

600°l
Cond
lib

8.9 7.8 9.4 10.4
23.1 23.0 23.5 23.3

5.4 4.8 3.6 4.0
7.6 7.4 6.6 6.6
20.1 20.2 21.3 20.5

4.0 3.8 3.9 4.3
5.1 6.2 3.1 3.0
21.7 22.5 25.1 24.9

4.2 4.5 3.7 3.3
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Table 56
(Continued)

p. Cyclohexana

Product
700°C
Cond,
Ila

700°C
Cond.lib

667°C
Cond,
Ila

667°C 
Cond. 
I Ib

Rethane 1.6 1.9 2.2 2.5
Ethane/Ethylene 34.2 34.5 31.8 33.1
Propane/Propy­

lene 18.7 19.4 22.9 19.6
1- & 2-Butene 3.0 2.9 4.0 5.0
1,3-Butadiene 42.7 41.5 39.5 40.5

633°C
Cond.
Ila
2.0

31.4

27.5 
0.0

39.2

633°C
Cond.
Ilb
5.3

31.5

26.3
0.0

36.8

600°C
Cond.
Ila

600°C
Cond.
Ilb

159
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DISCUSSION

The work uihlch has been accomplished here has eva­
luated the utility of pyrolysis-gas chromatography as a method 
for the study of thermal decomposition reactions. These reac­
tions, in turn, produced chromatograms which were useful for 
purposes of qualitative analysis. It has been demonstrated 
that the decomposition patterns which have been observed here 
were in agreement with theoretical predictions. In addition, 
these pyrolysis studies yiBlded product distributions which 
were similar to those obtained using various types of flow 
systems. This indicates that experimental disagreement among 
different laboratories may be less serious than previously 
expected.

In this section the theoretical predictions and ex­
perimental results are compared. The kinetics and mechanism 
of the decomposition reactions is examined and various kinetic 
parameters are calculated. The reproducibility of the method 
and it8 utility as an analytical tool are considered. Sug­
gestions for further improvement of the technique are made.

Theories of Thermal Decomposition

The mechanisms by which simple organic compounds 
thermally decompose are not well understood. A large quantity 
of conflicting data, dating back into the 1860*s with the 
work of Berthelot,®® has been published in the chemical li­
terature. Part of the difficulty is due to the fact that a



161

large number of different experimental setups have been used 
for the investigation of similar systems. Little effort has 
been made to correlate or compare these data on a common 
basis. In addition, the basic theory is still uncertain.
The existence of a free-radical mechanism is felt to be more 
probable than a molecular one* however, this has not been 
conclusively proven. No single theory has been developed 
which is successful in explaining the thermal decomposition 
of a series of homologous compounds, let alone a significant 
fraction of unimolecular, first order decompositions which 
have been experimentally studied.

Due to the fact that a free-radical mechanism appears 
to be more probable, the basic concepts of this process will 
be considered first.

Free radicals are formed from stable molecular species 
most commonly through the homolytic cleavage of a carbon- 
carbon bond, a carbon-oxygen bond or a carbon-hydrogen bond. 
The electronic configuration of the resulting species is 
unstable, and the resulting radical is strongly electrophilic 
and, therefore, quite reactive. The existence of organic

q nfree radicals was first demonstrated by Gomberg7U in 1900. 
Subsequent discovery of alkyl free radicals^1 in 1929 stimu­
lated interest in the theory and practice of free-radical 
reactions. Rice^® attempted to formulate a decomposition 
mechanism for organic compounds in terms of free-radical 
reactions. Later, Rice and Herzfeld^ made certain modifi­
cations of the original theory. In 1943, Kossiakoff and
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anRice expanded and modified the early theory,
A brief summary of each of these areas of develop­

ment is given belouit 
1, Rice's Theory^®

This theory is based upon the observed results of 
the thermal decomposition of various saturated hydrocarbons.
It is, as all other decomposition theories are, an attempt 
to explain and correlate experimental observations in a con­
sistent manner. The basic points of Rice's development are 
as follouisi

a. The initial step in the decomposition is the 
dissociation of the compound into tuio radicals. 
Due to the greater strength of the C-H bond 
(93,3 kcal vs C-C bond energy of 71 kcal), the 
C-C bond rupture predominates almost exclusively,

b. If the overall decomposition is small (<50%), 
the probability of the radicals colliding is 
small. Therefore the radicals formed may either 
decompose or react with a surrounding parent 
compound.

c. free radicals may dissociate because a single 
bond becomes a double bond.in the process. This 
releases energy which may be used to break a 
C-H bond or another C-C bond.

d. The process of decomposition is a chain, A free 
radical or atomic hydrogen may combine with a 
hydrogen atom of another molecule. The radical 
thus created then may decompose to a stable com­
pound and another radical or hydrogen atom which 
continues the chain,

e. By estimating the strengths of various bonds,
It is possible to estimate the final composi­
tion of products.

Using the above reasoning, Rice was able to obtain 
satisfactory explanation for the observed products of the 
thermal decomposition of ethane, propane, isobutene, n-butane,
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ri-pentane, Isopantane and neopentane.
2, Rice - Herzfeld Theory79

Approximately three years later. Rice and Herzfeld 
published an extension of the original theory. Essentially, 
it Bnabled the original Rice mechanisms to be consistent with 
the observed kinetics and the calculated activation energy 
for a seriBs of thermal decompositions. It involved the 
writing of the mechanism as a series of free-radical stepsi 
radical formation, chain initiation, chain propagation, and 
chain termination, A purely arbitrary, though hopefully 
reasonable, energy of activation utas then assigned to each 
step. Through application of the proper kinetic equations, 
suitable values mere found for several systems. The over­
all treatment is quite involved and lengthy and may be found 
in the original papers,
3. Kossiakoff - Rice Theory8®

Kossiakoff and Rice, in 1943, introduced additional 
postulates to the original theory in order to make the theory 
more compatible with the large number of experimental obser­
vations on various systems. These modifying postulates may 
be summarized as follows!

a. Hydrocarbon free radicals are stabilized by re­
sonance. This stabilization decreases in the 
orderi tertiary radical> secondary radical> 
primary radical. This may account for differ­
ences in energy required to remove a primary, 
secondary, and tertiary hydrogen atom,

b. This approach, resonance stabilization, enables 
the predication of the relative rates of forma­
tion and dscomposition of these radicals,

c. Long chain radicals may isomerize unimolecularly, 
This would account for the formation of isomers.
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The use of these refinements has resulted in an ade­
quate explanation of the experimental results for some com­
pounds, while it has given little or no Improvement for 
others.

An alternate approach to pyrolysis mechanisms for 
simple organic molecules is a purely molecular scheme, fflany 
variations have been proposed! however, the basic reasoning 
is as followst The molecule obtains sufficient energy for 
heterolytic bond cleavage forming two (or more) stable pro­
ducts, This energy is generally believed to result from 
collision, either with a hot wall or another excited molecule. 
Ulhen the molecule obtains sufficient energy through these 
collisions, it spontaneously ruptures and forms two stable 
products,

Mechanism of Thermal Decomposition

As was mentioned previously, no absolute proof exists 
as to the exact mechanism of decomposition. The pyrolysis 
technique affords information as to product quantity and iden­
tity, Rate and energy of activation information can be obtained 
from this. No information as to the presence or absence of 
free radicals is possible with the present apparatus, A few 
generalizations may be made, however. The energies of acti­
vation are too low to suspect a purely molecular mechanism.
The values of the rate constants also support a free-radical 
mechanism. The products formed may be accounted for by 
either mechanism.
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The case of n-hexane uilll be treated below from the 
standpoint of both a free-radical and molecular mechanism 
to Illustrate the difference and similarities,

Free-Radical mechanism for ^-Hexane

The initiation reaction is the decomposition of the 
ri-hexane into two radicals, and R2.

-”C6H14 — * R1 + R2

Either of the radicals formed may then abstract a 
proton from the parent molecule to form a stable product 
and a new free radical R^.

—”^6R14 + R1  * R1R + R3

—~C6H14 + R2 * R2H + R3

R3 may be any of these three formsi
1, CH3CH2CH2CH2CH2CH2.
2, C ^ C H jC^CH jCHCHj
3, CH3CH2CH2CHCH2CH3

R3 may then decompose rapidly and unimolecularly in 
certain definite ways,

ch3ch2ch2ch2ch2ch2» ---- > 2c2h4 + c2h5(c2h6 )
ch3ch2ch2ch2chch3 ---- * c3h6 + c2h4 + ch3 (ch4)
ch3ch2ch2chch2ch3 ---- > c4hb + c2h5 (c2h6)
CH3CH2CH2CHCH2CH3  > C5H10 + CH3 ^CH4̂

The species given in parentheses is the protonated form of
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the radical, which is the most probable stable compound pro­
duced. These steps successfully account for all products *
formed by pyrolysis-gas chromatography except for small 
amounts of butane and 1,3-butadiene.

molecular mechanism for ji-Hexane

This may be written as a series of steps leading to 
stable products. The series of steps is given belowi

H"c6h14 1 CH4 + C5H10
H“C6H14 2 -» C3H8 + C3H6
-“C6H14 3 -> C2h 4 + C4H10
n-c6Hi4 __ 4̂ 2CH4 + C2H6
H**C6H14 5 -» C2H6 + C4HB

It may be seen that the experimental results can 
be explained by either theory with respect to the products 
formed. The decomposition of the sixteen compounds which 
were studied is represented below as a series of balanced 
equations. These equations represent logical processes by 
which the presence of the various products in the pyrolysis- 
gas chromatogram may be explained. It must be understood 
that, in many cases, various other pathways may also account 
for the observed products! however, only the most straight­
forward steps have been included. Without direct evidence 
of intermediates, the justification of one process over 
another is impossible. Since pyrolysis-gas chromatography 
affords only information on stable products, s detailed
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consideration of the reaction mechanism Is unwarranted. 

Wethanol
The primary decomposition process in methanol is 

that of dehydrogenatiom

CHgOH — » CH20 + H 2

Dehydration is also observed, to a lesser extentt

CHgOH — h20 + CH 2  (radical)

The postulated carbene radical may react with hydrogen formed 
from the first reaction, producing methane,

CH2 (radical) + H2 — > CH4

In addition, the carbene may react in various ways to yield 
stable products. Due to the fact that formaldehyde is known 
to be quite thermally unstable, it may dissociate in the 
following wayt

CH20 ft > h2 + CO

Ethanol
The degree of thermal degradation of ehtanol is much 

greater than that observed for methanol. However, the same 
processes of dehydrogenation and dehydration predominate.

CHgCHjOH — CHgCHO + H 2

ch3ch2oh 2 > c2h4 + h2o
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The acetaldehyde formed from reaction (l) may in turn react 
In the following waysi

ch3cho — ch 4  + CO 

CH 3 CH 0  — * c 2 h 2  + h2o

1-Propanol
The extent of pyrolysis of 1-propanol is comparable 

to that of ethanol, with two important processes once again 
being the loss of water and hydrogen,

ch 3 ch 2 ch2oh — ch 3 ch2cho + h 2

ch 3 ch 2 ch2oh — — » CH 3 CHCH2  + H20

Processes which occur to a great extent involve carbon-carbon 
bond cleavage to form methanol and acetaldehyde,

ch3 ch2 ch2oh — 3— > CH 3 OH + ch 2 ch 2

CH3 CH2 CH2 0H — , CH3 CHO + ch4

Large amounts of acetaldehyde formed may then react in the 
following manneri

CH3 CHO — CH4  + CQ 

CH 3 CHO — » c 2 h 2  + h2o

2-Prooanol

This compound, a secondary alcohol, thermally degrades 
to a much greater extent than the primary alcohol, and has a 
correspondingly lower energy of activation. Common to all the
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alcohols studied, dehydrogenatlon and dehydration are impor­
tant paths of decomposition.

ch3chohch3 — ^  ch3coch3 + h2

ch3chohch3 — 2— , ch3chch2 + h2o

Carbon-carbon bond cleavage produces acetaldehyde,

ch3chohch3 — ch3cho + ch4

which may itself decompose in the following wayi

ch3cho — 4— , ch4 + CO

ch3cho — —̂ > c2h2 + h2o

These processes account for all products formed except ethy­
lene, which is present in very small quantities, and most 
probably results from some type of secondary reaction of low 
yield.

n-Pentane

Thermal decomposition results primarily in the forma­
tion of both a saturated and an unsaturated hydrocarbon with 
the cleavage of any carbon-carbon bond having approximately 
the same probability.

ch3ch2ch2ch2ch3 — 1— > ch3chch2 + ch3ch3

CH3CH2CH2CH2CH3 — 2— » ch2chch2ch3 + ch4

Products formed from the first two steps can react in the
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following waysi

CH3CHCH2 — 5— # CHCH + CH4

ch2chch2ch3 — 4— , 2CH2CH2

Isopantane
The energy of activation for the decomposition of

isopentane is less than that for r^-pentane. Generally a
branched hydrocarbon is less stable than a straight chain 
hydrocarbon. As in the case of ri-pentane, the formation of 
both a saturated and an unsaturated product through carbon- 
carbon bond cleavage predominates.

ch3chch3ch2ch3 — ch3chchch3 + ch4

ch3chch3ch2ch3 — ?— ch2chch3 + ch3ch3

ch3chch3ch2ch3 — ch2cch3ch3 + ch4

Products formed from these reactions tend to form smaller
unsaturated hydrocarbons.

CH3CHCHCH3 — — > 2CH2CH2

CH2CHCH3 — — » CHCH + CH4

1-Pentene, cis-2-Pentenet and trans-2-Pentene

All of these compounds yield the same products under 
similar pyrolysis conditions. The relative product distri­
bution is quite similar for the cls-trans species, but dif­
ferent from that of 1-pentene. Although both processes occur
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in both 1- and 2-pentene, process (l) Is favored for 1-pentene, 
and process (2) Is favored for 2-pentene (els and trans).

C5H10 — CH2CH2 + CH2CHCH3

CgHi Q — 2— > ch4  + CH2 CHCHCH2

This Is reasonable due to the fact that bond rupture at the 
allylic position would be most favored and the products formed 
result from this bond breakage. All three substances also 
appear to undergo the reactioni

C5H1Q — CH3CH3 + CH2CCH2

Large amounts of propylene formed from process (l) can de­

compose in this uiayi

CH 2 CHCH3  —  > CHCH + CH4

The most thermally unstable compound of these three is the
1-pentsne which decomposes approximately thirty percent at 
the most drastic conditions. Ci9-and trans-2-pentene decom­
pose to about the same extent, yielding approximately eighteen 
percent conversion under the same conditions. The percent 
decomposition of the cis species is greater at lower tem­
peratures, and the activation energy is also lower. This 
is most probably due to the greater strain present in the 
cis isomer.

Cyclopentana
This compound, due to its ring structure, possesses
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a much greater stability than any of its straight chain 
isomers. The energy of activation is correspondingly higher 
(by 20-40 kcal/mol). Processes which would form the observed 
products are as follows!

cyclo-C5H10 — — > CH2CH2 + CH2CHCH3

cyclo-C5H1Q — 2— > CH4 + CHCH + CH2CH2

cyclo-C5H1Q a— ) CH2CHCH2CH3 + CH2 (radical)

cyclo-C5H1£J - 3b > CH3CHCHCH3 + CH2 (radical)

A radical recombination may account for the presence of 
ethylenei

2CH2 (radical) 4 > CH2CH2

n-Hexane

As the number of carbon atoms increases from five 
to six, the number of products increases. In the same way, 
the number of processes which could explain their formation 
greatly increases. There are more bonds available for scis­
sion and the resulting larger fragments are prone to undergo 
thermal decomposition themselves. Consequently, the following 
steps represent logical although not exclusive paths leading 
to the observed products!

-“C6H14 — CH4 + CH2CHCH2CH2CH3

H“C6H14 2 * CH3CH2CH3 + CH2CHCH3



173

n-CgHi* — » CH 2 CH2  + CH 3 CH 2 CH 2 CH 3

H"C6H14 — ~ > 2CH4 + CH2CHCHCH2

H“C6H14 ~ ° > CH3CH3 + CH 2 CHCH2 CH 3

—“^6H14 — 5b > CH 3 CH3  + CH 3 CHCHCH3

The mast predominant products contain one, tmo, or three 
carbon atoms. The formation of both a saturated and un­
saturated fragment from the parent compound is, as in the 
case of the five-carbon compound, a common characteristic 
of most of the postulated decomposition routes.

2-Methylpentane
Products formed from the pyrolysis of this compound 

are similar, but the product distribution varies appreciably 
from that observed for n-hexane. The energies of activation 
are statistically indistinguishable whereas, in the smaller 
n-pentane and isopentane, the energy difference is larger.
Most probable processes accounting for the products found arei

CH3 CHCH3 CH2 CH2 CH3  > ch4  + CH2 CHCH2 CH2 CH3

CH 3 CHCH3 CH 2 CH 2 CH 3  lb > ch 4  + CH 3 CHCHCH2 CH 3

ch 3 chch 3 ch 2 ch 2 ch 3  *c > ch 4  + CH 3 CHCH 3 CHCH2

ch 3 chch 3 ch 2 ch 2 ch 3  ■— -> ch 3 ch 3  + ch 2 chch 2 ch 3

CH 3 CHCH 3 CH 2 CH2 CH 3  2b-> CH 3 CH 3  + ch 3 chchch3

ch 3 chch3 ch 2 ch 2 ch 3  2c > ch 3 ch 3  + ch 2 cch 3 ch 3
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CH3CHCH3CH2CH2CH3 — — » ch3ch2ch3 + ch2chch3

CH3CHCH3CH2CH2CH3 — 4 — 4  CH2 CH2 + CH3 CH2 CH2 CH3

CH 3 CHCH3 CH 2 CH2 CH 3  - 5  • > 2 Ch 4  + ch2 chchch2

1-Hexene
Unlike the analogous five-carbon isomer, this com­

pound breaks down in a slightly different way than the 2- 
hexenes. The energy of activation is lower than that for 
the 2-hexenes but the total decomposition is also lower.
This may be accounted for only by postulating that the steric 
factor or probability of forming an activated complex is 
lower. Three different alkene isomers are formed in the 
following wayst

CH2CHCH2CH2CH2CH3 — la > ch2ch2 + ch2chch2ch3

CH2CHCH2CH2CH2CH3 — lb > CH2CH2 + CH3CHCHCH3

ch2chch2ch2ch2ch3 — 1-C--) ch2ch2 + ch3cch3ch2

In addition, the following carbon-carbon bond cleavages occur*

ch2chch2ch2ch2ch3 — 2— * ch4 + ch2chchchch3

CH2CHCH2CH2CH2CH3 — — > CH3CH3 + ch2chchch2

ch2chch2ch2ch2ch3 - 4 -» 2CH2CHCH3

Five-carbon isomers appear to be formed by radical cleavagei

CH2CHCH2CH2CH2CH3 — 5-> CH3CHCH3CHCH2 + CH2 (radical)
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Ck
CH2CHCH2CH2CH2CH3 - ) CH2CHCH2CH2CH3 + CH2 (radlchl)

These radicals may recombine or enter into other reactions.
Due to the complexity of the overall reaction, no attempt 
has been made to account for all possibilities.

cis-2-Hexene and trans-2-Hexene

Both of these compounds yield the same products under 

similar pyrolysis conditions. The relative amounts of the 

various products are, for all practical purposes, identical! 

furthermore, thB energies of activation arB statistically 

indistinguishable.

Although three butene isomers are formed from 1-hexene, 
only two of thBse are observed for cis- and trans-2-hexene, 
Isobutene was not detected in the latter cases. The forma­
tion of isobutene is most readily explained by postulation 
of a cyclic intermediate. This indicates that 1-hexene may 
be more prone to form a cyclic intermediate than either of 
its straight chain isomers.

ch3chchch2ch2ch3 la > ch2ch2 + ch2chch2ch3

CH3CHCHCH2CH2CH3 lb"'* ch2ch2 + ch3chchch3

Simple carbon-carbon bond cleavage is similar to that ob­
served in 1-hexenei

ch3chchch2ch2ch3 — 2— > ch4 + ch2chchchch3 

CH3CHCHCH2CH2CH3 - 3 > ch3ch3 + ch2chchch2
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ch3chchch2ch2ch3 — ~ > 2CH2CHCH3

Radical cleavage forms three pentene isomerst only two are 
produced from 1-hexene,

CH3CHCHCH2CH2CH3 - 5a > CH3CHCH3CHCH2 + CH2 (radical)

CH3CHCHCH2CH2CH3 — > CH2CHCH2CH2CH3 + CH2 (radical)

CH3CHCHCH2CH2CH3 5c > CH3CHCHCH2CH3 + CH2 (radical)

In addition trace amounts of the product of a molecular iso­
merization are observedi

ch3chchch2ch2ch3 — — * ch3chch3ch2chch2

Small yields of this compound are expected) a larger yield 
would be more characteristic of a decomposition at lower 
temperatures,

Cyclohexane
The stability of this compound was similar to cyclo- 

pentane, due to the stabilizing ring structure. The products 
formed are somewhat analogous and may be accounted for in thB 
following ways!

cyclo-CgHj^ CH2CH2 + CH2CHCH2CH3

cyclo-CgH12 lb > CH2CH2 + CH3CHCHCH3

cyclo-C6H12 — ► CH4 + CH2CHCH3 + CHCH

cyclo-CfiH12 — — » CH3CH3 + CH2CHCHCH2
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The foregoing has included a general treatment of
the mechanistic aspect of the pyrolysis studies. For an 
accurate estimation of the relative number of products formed 
in each reaction, the reader is referred to Appendix IV where 
the relative number of moles of product formed (as a func­
tion of the index number of the product) is given in bar 
graph form.

relative product distribution obtained in this work with values 
calculated using the Kossiakoff-Rice Theory for a number of 
the compounds studied. In addition, the results of pyrolysis 
studies from other laboratories obtained using different ap­
paratus are compared where possible. The relative number of 
moles of product is given below for the various compounds 
being considered. Relative amounts were recalculated on 
the basis of largest amount being assigned a value of 100 
where necessary.

n-PBntane

Comparison of Theoretical and 
Experimental Product Distribution

It would be of value at this point to compare the

Kossiakoff-Rice Theory®®
Carbon # Relative Amount

100
34
15
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Isopentane

Kossiakoff-Rice experimental results®® 
Carbon # Relative Amount
C ̂ + C 2 100

C3 45
C4 22

Experimental results of this work 
Carbon # Relative Amount
cx + c2 100

C3 37
C4 12

Kossiakoff-Rice Theory®®
Carbon # Relative Amount
cx + C2 100

C3 29
C4 71

Kossiakoff-Rice experimental results®® 
Carbon # Relative Amount
C^ + c2 . 100

C3 32
C4 61

Experimental results of this work 
Carbon # Relative Amount

+ C2 100
C* 32
C4 58
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in-Hexane

Kossiakoff-Rice Theory®^
Carbon # Relative Amount
C1 + c2 100

C3 22
C4 17
C5 6

Experimental results (other laboratories) 
Carbon # Ref. B Ref. 65 Ref. 92
c1 + c2 100 100 100

c3 30 33 40
C4 15 19 21
C5 4 6 5

Experimental results of this uiork

Carbon # Relative Amount
cx + c2 100

C3 29
C4 15

C5 4

2-IWethylpentane
Kossiakoff-Rice Theory®^

Carbon # Relative Amount
C ̂ + C2 100

C3 61
C4 31

C5 25
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Experimental results of this work 
Carbon # Relative Amount
cx + c2 100

C 3 * 68

C4 33
C5 15

ci_s-2-Hexene

No theoretical values are available

Experimental results (other laboratories)
Carbon # Ref. 81 Ref. 85
C1 + C2 100 100

C3 12 12
C4 32 47
C5 27 46
C6 0 0

Experimental results of this work 
Carbon # Relative Amount
cx + C2 100

C3 12
C4 38
C5 26

C6 3

The above information indicates that the pyrolysis 
patterns for these compounds are reproducible from labora­
tory to laboratory, even though the design of the apparatus
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is different, as long as all of the data are calculated on 
a common basis. In addition, the experimental results are 
in good agreement uiith theory. This means, first of all, 
that it should be possible to use pyrolysis-gas chromato­
graphy for qualitative analysis, if the patterns are suf­
ficiently different. In addition, useful kinetic informa­
tion may be obtained since the decomposition appears to 
follow a theoretical mechanism. These two points will be 
considered in detail in the following sections.

The Utility of Pyrolysis-Gas Chromatography 
for the Study of the Kinetics of Chemical Reactions

The Calculation of Rate Constants

In order to calculate the rate constant of a par­
ticular reaction, one must be able to measure the concen­
tration of the reactant(s) and products of the reaction.
In addition, an accurate estimation of both the temperature 
and time of the reaction must be made. The estimation of 
each of these quantities from the standpoint of the pyrolysis- 
gas chromatograph used in this work is given below.

Concentration. All of the reactions which are 
studied here have been reported to be first order unimole- 
cular decompositions. The rate constant for reactions of 
this type is independent of concentration for a particular 
reaction temperature. The term In (CQ/C) of the first 
order rate equation

kt . In (C„/C)
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remains constant regardless of the initial concentration 
due to the fact that the fractional conversion remains the 
same* For this reason pyrolysis-gas chromatography may be 
used for the calculation of first order kinetic properties.
The relative amounts of sample and products can be estimated 
quite accurately from the resulting gas chromatogram.

The situation is quite different for reactions which 
are other than first order, however. The performance of the 
tube furnacei reactor and its ability to represent the true 
kinetic processes which are occurring are dependent upon 
the extent of mixing between the carrier and the sample and 
the point in time at which this mixing takes place. In short, 
the complexity of the system, both kinetically and hydro-
dynamically, is such that the problem becomes insoluble.

93Dankwerts alludes to this complexity in his discussion
of the efficiency of tube furnace reactors.

At the moment there is no method whereby the history 
of the molecules flowing through an arbitrarily chosen 
reactor can be determined and the results formulated 
in such a way that the output could be predicted for 
a reaction of known kinetics.

Due to the complexity of such systems no attempt 
was made to study any reaction which was suspected to 
follow anything other than first order kinetics.

Reaction time. In order to calculate meaningful 
rate constants, the reaction time must be known. On p 112-113 
of the results, it is noted that the residence time of a 
single molecule in the hot zone of the reactor (corres- 
pdnding to the reaction time) is estimated from the conven­
tional resideace time expression corrected for the Charles*
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Law dependence of volume on temperature. These calculations 
are donB assuming a plug flow reactor. Calculation of the 
approximate Reynolds Number indicates that the flow through 
the tubs is laminar. This implies that there exists a resi­
dence time distribution of the formt

Relative
Number

of
Molecules

Residence Time

The assumption is made that the calculated residence time 
is the average value of the distribution. This assumption 
is most valid when the distribution is gaussian, and becomes 
progressively worse as the curve becomes more skewed. Very 
little information can be obtained pertaining to the form 
of this distribution. Consequently there is uncertainty 
as to the exact value of the reaction time, but the approxi­
mations made appear valid enough to accept the calculated 
value.

Reaction temperature. The temperature of the reac­
tion is given as the temperature of the pyrolysis oven at 
the point of the hot junction of the thermocouple. This 
is consistent with most of the pyrolysis-gas chromatography
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studies using a floui system. However, this is actually 
only an approximation of the temperature of the decomposing 
molecule. In reality a temperature gradient exists through­
out the length of the reaction chamber. In order to properly 
evaluate this gradient, temperature sensing devices would 
be needed within the flow system at regular intervals 
throughout its length. Such an arrangement was not attempted 
due to the fact that* l) the construction would be diffi­
cult, 2) the presence of thermocouples would alter the flow 
pattern and hopelessly confound the calculation of a reasonable 
reaction time, and 3) the presence of a series of thermocouples 
may cause undesirable metal catalysis of the thermal decompo­
sition being studied. For these reasons the apparent tempera­
ture, which is easily controlled and which proved to be quite 
reproducible, is used in the calculation of the kinetic 
parameters,

Under these conditions, the rate constants for each 
decomposition are calculated. The values obtained are quite 
reproducible and appear reasonable when viewed against rate 
constants calculated for the decomposition of similar com­
pounds using other experimental techniques. The agreement 
of the rate constants at two different reaction times is 
relatively good, substantiating the observations of other 
researchers who state that thesB are first order decomposi­
tions, The error in the calculation of k increases appre­
ciably for low fractional conversions (<1?6). This is due 
to the fact that the ratio (Cj/C) is most sensitive to change 
at very high and very low values.
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The Calculation of Energies of Activation

The values for the energy of activation are obtained 
from thB slope of the graph of In k vs l/RT in accordance 
with the Arrhenius equations

In k s In kQ - Ea (l/RT)

Data for each compound at each flow rate were analyzed using 
the least squares technique. The slopes of the lines at 
each flow rate were compared and found to be statistically 
similar at the 95 percent confidence level. The data were 
then pooled and the slopes were calculated. Ninety-five 
percent confidence intervals were placed around each value. 
The computation, using the computer program in Appendix III, 
allowed the statistical estimation of the ratio of the 
variability removed by fitting a straight line to the data 
(correlation) to the residual variability.^ These ratios 
(£ ratios) indicated that the linear functional relation­
ship was an adequate one. By virtue of the fact that dupli­
cate runs were made of each experimental point, another £ 
test could be used to assess the residual variability. In 
other words, it can answer the questioni is the remaining 
variability due solely to experimental error, or is there 
some functional non-linearity present? This test compared 
the lack of fit with random experimental error. In every 
case, with the exception of cyclopentane and tranB-2-hexene. 
the lack of fit term was found to be significant at the 95 
percent level of confidence. This indicated the presence
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of some significant inability of the linear equation to 
represent the experimental data. This non-linearity may 
arise from the following sourcesi

a. The inadequacy of the Arrhenius equation to repre­
sent the kinetics of the decomposition.

b. Erroneous estimation of the reaction time,
c. Inaccurate assignment of the temperature at which 

the reaction was taking place.
Of the three possible explanations! the last two 

appear most logical. The variation is quite small when com­
pared to the overall fit of the data to the Arrhenius function. 
Earlier, it was stated that both the time and temperature of 
the reaction were educated approximations, close to the true 
value but not likely to be exact. This small amount of non- 
linearity appears, in all probability, to be associated with 
experimental Brror in these estimations.

It must be emphasized here that the confidence inver- 
vals for the energies of activation are based upon the residual 
error, that is, the combination of random experimental error 
and lack of fit. This suggests that the precision could be 
improved through a better estimation of the time and tempera­
ture factors.

The literature for non-catalyzed thermal decomposi­
tions of these compounds and calculation of energies of 
activation is scanty. Therefore comparison of data is 
difficult. However, trends of stability qualitatively agree 
with the trends found in this work. One would expect high 
values for the cyclic hydrocarbons. The values for ri-hexane
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appear somewhat low, values about 10 kcal/mole higher being 
reported in the literature. The methanol value is impossibly 
low. One would expect a value about twice as great as that 
which was found. It may be possible that methanol decomposes 
according to an order other than one. The other three alcohols 
are in agreement with other work,^ the stability decreasing 
in the order ethanol, 1-propanol, 2-propanol, The cis-2- 
pentene was found to have a lower activation energy than 
the trans form. This is due to the fact that the cis confi­
guration is more strained than the trans. This effect 
apparently decreases as the carbon chain becomes longer! 
the analogous Cg alkenes have activation energies which are 
statistically indistinguishable.

The Calculation of Frequency Factors

These values are obtained by extrapolation of the 
linear relationship of In k and l/RT to a value of l/RT b 0. 
This is a conventional method of obtaining experimental 
values for the frequency factor from rate studies, A normal 
value for a first order reaction is in the vicinity of 10^  
(10^-10*®), This has been found to be generally true for 
all hydrocarbons which were studied. Cyclic compounds would 
be expected to have frequency factors greater than 10*** and 
this fact is borne out here, Cyclopentane has a k0 equal 
to 7,9 x lOl* and for cyclohexane, the kQ is 9,4 x 10*®.
The values for the alcohols, on the other hand, are somewhat 
lower, suggesting either a different mechanism or a low
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probability factor, indicating a greater difficulty in form­
ing the activated species, A greater insight may be obtained 
here through the investigation of the thermodynamic proper­
ties of activation, particularly the entropy term.

Thermodynamic Properties of Activation

Knowing the energy of activation (Ea) and the fre­
quency factor for each of the reactions, it is possible to
obtain values for the change in enthalpy of activation, the
change in free energy of activation, and the change in entropy 
of activation. The change in enthalpy of activation can be 
found fromi

A H *  * E a - nRT (l)

The free energy of activation is related to the rate con­
stant by the following expression!

kr = (kT/h) e” A G*/RT

or
In kr = AG*/RT + In (kT/h) (3)

Solving for AG* we find

AG* » [in (kT/h) - In kr ] RT (4)

By substituting a In kr value at a particular temperature 
from the Arrhenius graph, along with the proper constant,
AG* may be obtained. The entropy of activation is ex­
pressed aat
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AS* = ( AH* - AG*)/T (5)

and this may bB solved through the substitution of proper 
values obtained from equations (1) and (4), Symbols in 
equations (l) through (5) refer to the following*

AH* s change in enthalpy of activation
Ea = energy of activation (kcal/mole)
n s number of moles
R a molar gas constant (cal/°K mole)
T b temperature (°K) 
kr b specific rate constant 
k b Boltzmann's constant 
h b Planck's constant 

AG* & change in free energy of activation 
AS* a change in entropy of activation.

The values that were obtained are based upon, and 
therefore includq, the error associated with the frequency 
factors and activation energies. For this reason, these 
figures must be viewed with some caution. Indeed, all 
calculations of these parameters which are based upon em­
pirical observation are subject to error, both theoretical 
and experimental.

Cyclopentane and cyclohexane give bigh positive 
values for the entropy of activation while all other com­
pounds yield negative values. Rice predicts that the 
decomposition of a ring compound should be accompanied by 
a larger entropy value. A positive AS* value corresponds 
to a more probable activated complex and means that the
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reaction is faster than normal. A negative AS* indicates 
a less probable activated complex, and consequently a slower 
rate.^ A "normal" rate constant is defined here as

kr = lO*3 e"Ea/RT

The alcohols all have large negative AS* values} 
els-and trans-2-hexene, and trans-2-pentens have values of 
approximately -2, and similar energies of activation. Cis-2- 
pentene, however, has a large negative AS* and a lower Ea 
value. 1-Pentene and 1-hexene have similar values. The 
saturated hydrocarbons have similar values except ri-pentane 
whose AS* is much less negative. The reasons for these 
observations are not clear and would involve the determina­
tion of the mechanism and a detailed study of its complexities. 
If the values for AS* are correct, one can only interpret 
them as a measure of the probability of the formation of 
the activated complex (or complexes).

Analytical Potential of 
Pyrolysis - Gas Chromatography

The use of pyrolysis-gas chromatography as an analy­
tical tool has, for the most part, been restricted to studies 
of compounds which are not sufficiently volatile or do not 
possess the necessary thermal stability for conventional 
gas chromatographic analysis. Only a few important papers 
have appeared dealing with the analytical implications of 
this technique for the analysis of volatile, stable organic
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compounds. The purpose of this work has been to substantiate 
and extend work which has already been done.

As a necessary antecedent to analysis, the experi­
mental system which has been developed here has been charac­
terized with respect to the effect of various parameters 
and the reproducibility of the technique.

As expected, the extent of pyrolysis is a function 
of the temperature of pyrolysis and the length of time the 
sample spends in the "hot zone" of the unit. This length 
of time is proportional to the carrier gas flow rate. As 
discussed previously, provisions were made for estimation 
of both of these factors. The fractional conversion of the 
sample is dependent to a small extent on the size of the 
sample used. For a true first order reaction no dependence 
upon sample size would be expectBd. In fact, this effect 
is most likely due to a change in residence time with varia­
tion of sample quantity. This is not unusual, due to the 
extreme sensitivity of the residence time distribution to 
small changes in the input flow concentration.

The separation column chosen is dependent upon the 
nature (polarity, boiling point, molecular weight) of the 
sample and its products. Ulith the tremendous variety of 
column materials available, the types of compounds which 
may be studied are numerous. For this work Porapak Q and 
T, porous polymer bead structures, were chosen because of 
their adequate compromise between suitable separation of 
low molecular weight products and reasonable retention
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tlmas for the higher molecular uieight samples being studied.
The overall percent decomposition due to pyrolysis 

has a coefficient of variation of less than five percent.
The relative amounts of various products are quite constant 
among repetitive samples. In addition, this product distri­
bution does not vary greatly with temperature although the 
total amount of product decreases as the temperature becomes 
lower,

Due to the facts that the process is reproducible, 
the product distribution is only moderately temperature 
dependent, and the pyrolysis appears to follow a theoretical 
decomposition path, it offers promise as an analytical tool.

Referring to the bar graphs depicting the distribu­
tion of products of pyrolysis (Appendix IV/), it may be seen 
that pyrolysis is comparable to mass spectrometry for quali-

gotative identification. Levy and Paul7* have recently con­
structed a pyrolysis analog of gas chromatography-mass 
spectrometry. It consists of a conventional gas chromatograph 
which is connected directly to a pyrolysis-gas chromatograph. 
The greatest advantage of pyrolysis-gas chromatography over 
mass spectrometry in this respect is cost and ease of opera­
tion .

It has been found experimentally that a difference 
in the structure of isomers produces a sufficiently distinct 
pattern to be used for qualitative identification. For 
geometrical isomers, the patterns are similar due to the 
fact that the structures are the same. The percent decom­
position varies, but not sufficiently for qualitative
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analysis. In the case of the Cg isomers. The Cg Isomers 
do not statistically differ in their percent decomposition, 
rendering identification impossible. This is undoubtedly 
due to the lessening of strain in the cls-2-hexene caused 
by the longer carbon chain.

This approach appears to have considerable promise 
for qualitative identification of organic structural isomers, 
but more detailed experimentation with a large number of 
compounds will be required.

Suggestions for Further Ulork

Pyrolysis-gas chromatography as a means for deter­
mining kinetic and mechanistic properties of certain thermal 
reactions appears feasible. In order to obtain more precise 
and meaningful data, other systems, which may allow a more 
accurate estimation of time and temperature of the reaction, 
should be studied. Specifically, this would include a closed 
loop, where a particular temperature could be maintained 
for a specified time interval. This would also alleviate 
the dependence of the reaction time on the carrier flow 
rate in the separation column.

The use of labeling and a suitable counting 
device monitoring the column effluent could provide valuable 
information as to the mechanism of thermal decomposition.
Such a system would be easy to design and at the same time 

be relatively Inexpensive.
The technique of pyrolysle-gas chromatography for 

qualitative identification could be extended to other classes



194

of compounds and higher molecular weight compounds. Non­
volatile solids may perhaps be studied in a volatile

57solution. Some work in this area has been done by Burke,
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SUMMARY

The thermal decomposition of various organic com­
pounds has been studied using the technique of pyrolysis- 
gas chromatography. The observed pyrolysis data were found 
to be consistent with first order kinetics. The distribution 
of the products of the thermal reaction was in agreement 
with the Kossiakoff-Rice Theory as well as with the results 
of other pyrolysis investigations. This indicates the 
potential utility of the method for qualitative analysist 
in a manner analogous to mass spectrometry.

A pyrolysis-gas chromatograph, employing a continuous 
flow system, which is capable of causing decomposition of 
volatile organic compounds and of providing a means for 
qualitative and quantitative analysis of the products pro­
duced, has been designed and constructed. The furnace 
consisted of a quartz tube housed in a stainless steel block 
which could be heated to 700°C. The chromatographic columns 
were prepared from various types of Porapak and the pyrolysis 
was carried out in a helium carrier gas stream. Products 
were qualitatively characterized by comparison of retention 
times with known standards. Quantitative estimation was 
based upon peak areas. Area measurement was accomplished 
using a Disc integrator. These areas were corrected for 
inequality of the thermal conductivity detector response 
using tables of weight factors.
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Estimation of the time and temperature of the thermal 
decomposition was made using a suitable flow meter and ther­
mocouples, This information, coupled with the amount of 
sample and product which was obtained from the recorder 
trace, was used to calculate values of the first order rate 
constants. These values were used in the Arrhenius equation 
to obtain energies of activation and estimates of the fre­
quency factors. Suitable computer programs were employed 
to facilitate calculation and to perform regression analyses, 
which provided a measure of the error and lack of fit of 
the data to the proposed relationship. Variability in the 
data was explained in statistical terms,

mechanisms accounting for the products observed 
were postulated, and various thermodynamic properties of 
activation were calculated.

The analytical utility of the technique was evaluated 
for the compounds studied and compared with mass spectral 
data for the same compounds. Structural isomers were found 
to produce pyrolysis patterns sufficiently different for 
qualitative analysis. Geometrical isomers yielded similar 
patternsi however, the percent conversion was somewhat higher 
for the cis form. This may be attributed to the greater 
strain present in the cis form. This effect was noted to 
bB much smaller for the Cg isomers, when compared against 
the C5 isomers.

Suggestions for future investigation were made.



197

BIBLIOGRAPHY

1. Drawert, F., Felgenhaur, R., and Kupfer, G,, Angeiu.
Chem,, 72, 555 (i960).

2. Kokes, R, J,, Tobin, H., Jr., Emmett, P. H,f J. Amer.
Chem. Soc,, 77, 5860 (1955).

3. Hall, Ul. K., Placlves, D. S., and Uleber, H. P., Ind.
Eng. Chem,, 52, 421 (I960).

4. Harrison, 0. P., Hall, J. Ul,, and Rase, H. F,, ibid..
57, IB (1965),

5. 8eroza, PI. and Coad, R. A., J. Gas Chromatog,, 4, 199
(1966).

6. Brenner, N. and Coates, V, J«, Nature, 181. 1401 (1958).
7. Bassetts, R, and Ulhitnah, C. H., Anal. Chem., 32, 1098 

(1960).
8. Bassette, R., Ozeris, S., and Ulhitnah, C, H«, ibid..

34, 1540 (1962).
9. Crippen, R. C. and Smith, C. E., J. Gas Chromatog., 3,

37 (1965).
10. Adlard, E, R, and Ulhitham, B, T», Nature, 192. 966 (1961),
11. Isbell, R. E., Anal. Chem., 35, 255 (1963),
12. Innes, UJ. B. and Bambrick, Ul. E., J, Gas Chromatog.,

2, 309 (1964).
13. Ikeda, R. PI,, Simmons. D. E., and Grossman, J. 0., Anal. 

Chem,, 36, 2188 (1964).
14. Jacobs, E. S., ibid.. 35, 2035 (1963).
15. Pla, T, S. and Gutterson, PI., Ibid.. 34, 111R (1962).
16. Pla, T. S. and Gutterson, PI., ibid., 36, 150R (1964).
17. Pla, T, S. and Gutterson, PI,, ibid., 38, 186R (1966).
18. Pla, T. S. and Gutterson, PI., ibid., 40. 147R (1968).
19. Pla, T, S. and Gutterson, PI., Plicrowave J., Symp. Ser.,

2, 583 (1962).



198

20, Ma, T. S. and Gutterson, M., Microwave J., 409 (1962).
21, Drawert, F. and Kapfer, G., Z, Physical Chem., 329, 90 

(1962).
22, Zlatkis, A., Oro, J. F,, and Kimball, A. P., Anal, Chem., 

32, 162 (1960).
23, Ralls, J. Ul., ibid., 32, 332 (1960).
24, Hoffman, C. R,, Barboriak, J. J., and Hardmann, H, F,, 

Anal. Biochem,, £, 175 (1964),
25, Hunter, I, R., J. Chromatog,, 7., 288 (1962),
26, Hoffman, E, R., and Lysyj, I., Mictochem, J,, 6, 45 

(1962).
27, Putnam, R. F, and Myers, H. Ul,, Anal. Chem., 34, 486 

(1962).
28, Langer, S. H, and Pantages, P., Nature, 191. 141 (1961),
29, Miller, 0. L,, Samsel, E. P., and Cobler, J. G,, Anal. 

ChBm., 33, 677 (1961),
30, Emmett, P. H,, Kokes, R. J., and Tobin, H. H., Jr.,

U. S, Patent No. 2,905,536) Chem, Abstr., £54, 4080 
(1960).

31, Ettre. L, 5. and Brenner, N», J. Chromatog., 3, 524,
(I960).

32, Hall, Ul. K. and Emmett, P, H., J. Amer. Chem, Soc,,
79, 2091 (1957),

33, Juvet. R. S., Jr. and Ulachi, F. M., ibid.. 81, 6110 
(1959).

34, Habgoad, H* Ul., Ann. Rev. Phys. Chem,, JL_3, 259 (1962).
35, Nelson, K, H., Hines, Ul. J., Grimes, M, 0., and Smith,

0. E., Anal. Chem., 32, 1110 (i960).
36, Rowan, R., Jr., ibid., 33, 658 (1961).
37, Baroza, M. and Sarmiento, R,, ibid.. 35. 1353 (1963),
3B, Beroza, M. and Sarmiento, R., ibid.■ 36, 1744 (1964),
39, Beroza, M. and Sarmiento, R«, ibid.. 37, 1040 (1965),
40, Morris, L. J., Holman, R, T., and Fontell, K«, J. Lipid

Res., 1, 412 (1960)•



199

41, Brauer, G. If)., J. Polymer Sci,, Pt. C (8), 3 (1965),
42, Hewitt, G, C. and Ulhitham, B. T., Analyst, 86, 643 (1961),
43, Janak, J., Identification of Organic Substances by the 

Gas Chromatographic Analysis of Their Pyrolysis Products, 
in "Gas Chromatography I960, Edinburgh Symposium, June, 
1960," R. P. Scott, Ed,, Buttsrworths, London, 1960,
p 387.

44, Perry, S, G,, J, Gas Chromatog,, 2, 54 (1964),
45, Voigt. J. and fischer, Ul. G,, Chemiker Ztg., _B8, 919

(1964).
46, McKinney, R, Ul,, J, Gas Chromatog,, 2, 432 (1964),
47, Preston, S, T., Jr., Hyder, G., and Gill, M., ibid..

1, 12, 24 (1963).
48, Gill, M, and Preston, S. T,, Jr., ibid.. 2, 391 (1964).
49, Preston, S. T., Jr, and Gill, M., ibid., j5, 399 (1965).
50, Preston, S, T,f Jr, and Gill, ffl., ibid., 4, 435 (1966),
51, Davison, U). H. T., Slaney, S., and UJraggm, A, L«, Chem. 

Ind, (London), 1954, 1356 (1954),
52, Groton, B,, Anal, Chem,, 3£, 1206 (1964).
53, Barbour, Ul. M ., J. Gas Chromatog., ,3, 228 (1965),
54, Lehmann, F. A, and Brauer, G, M,, Anal, Chem,, 33, 673

(1961).
55, Giacobbo, H, and Simon, Ul,, Pharm. Acta.Helv,, 39, 162 

(1964).
56, Farri-Rius, F. and Guiochon, G., Anal. Chem,, 40, 998 

(1968),
57, Burke, in. F., Dias, Abstr., 26, 11, Pt. 1, 6337 (1966).
58, Cieplinski, E, Ul., Ettre, L, S., Kolb, B,, and Kemmner,

G., Z. Anal. Chem., 205,357 (1964),
59, Cox, B, C, and Ellis, B.t Anal, Chem,, J36, 90 (1964),
60, Sternberg, J, C. and Litle, R, L., Ibid., 3B, 321 (1966),
61, Sternberg, J, C., Krull, 1, H., and Friedel, G, D,, 

ibid,. 38, 1639 (1966),



2 0 0

62, Ainsuiorth, C. and Easton, N, R., J, Org. Chem., 27,
4118 (1962).

63, Grossi, G, and Veci, R,, J, Chromatog., 3, 170 (1965),
64, Robb, E. W, and Westbrook, J. J., Ill, Anal, Chem,, 35,

1644 (1963).
65, Hannemar, Ul. Ul, and Porter, R, S., J. Org, Chem., 29,

2996 (1964).
66, Etlmadi, A, H., Bull. Soc, Chim. Fr., 7, 1537 (1964),
67, Winter, L. N, and Albro, P. Ul., J. Gas Chromatog., 2,

1 (1964).
68, Glassner, 5, and Pierce, A. R., Ill, Anal, Chem., 37,

525 (1967).
69, Langenbeck, Ul, and Oreyer, H., Z, Anorg. Allg. Chem.,

329, 179 (1964).
70, ffladorsky, S, L., "Thermal Degradation of Organic Poly­

mers," 135 pp, Interscience Publ,, New York, 1964,
71, Kupfer, Ul., Z. Anal, Chem., 192, 219 (1963).
72, Feurberg, H, and Weigel, H,, ibid.. 199, 121 (1964).
73, Zulaica, J. and Guiochon, G., Anal. Chem., 35, 1724 (1963).
74, Garzo, G. and Szekely, T., Acta Chim, Acad. Sci, Hung,,

41, 269 (1964).
75, Janak, J., Nature, 185, 684 (I960),
76, Harkiss, K, J., ibid., 205, 78 (1965).
77, Nagar, B. R., ibid., 199, 1213 (1963).
78, Rice, F. 0., J. Amer. Chem. Soc,, 53, 1959 (1931),
79, Rice, F, 0. and Herzfeld, K. F,, ibid., 56, 284 (1934).
80, Kossiakoff, A. and Rice, F. 0., Ibid., 65, 590 (1943),
81, Cramers, C. A. M, G., Keulemans, A. I, PI., J. Gas

Chromatog., £, 58 (1967).
82, Wolf, T. and Rosie, D. m., Anal. Chem., 39, 725 (1967).
83, Walker, J. Q. and Wolf, C. J., Ibid.. 40, 711 (1968).
84, Schmiegel, W. W., Litt, F. A., and Cowan, D, 0,, J. Org. 

Chem., 33, 3334 (1968).



2 0 1

85* ranter, D. L,, Walker. J, Q., and Wolf, C, J,, Anal,
Chem,, 40, 2168 (1968).

86, "Handbook of Chemistry and Physics," Chemical Rubber 
Co., 46th ed, p E-87 (1965),

87, Kovats, E, sz. in "Advances in Chromatography," Vol. I,
J, C, Giddings and R. Keller, Eds., Marcel Dekker, New 
York, 1965, p 229.

88, Volk, Ul,, "Applied Statistics for Engineers," McGraw- 
Hill, Nbui York, 1958, pp 241-6,

89, Serthelot, 14., Ann, Chim, Phys., 9, 4, 445 (1866).
90, Gomberg, M•, Ber,, 36, 1088 (1903),
91, Paneth, F. and HofBditz, W., ibid., 628. 1335 (1929),
92, Levy, E, J, and Paul, D. G,, J. Gas Chromatog,, j5, 136

(1967).
93, Danckwerts, P. V., Chem. Eng, Sci., 8, 93 (1958).
94, Volk, Ul,, "Applied Statistics for Engineers," McGraw- 

Hill, New York, 1968, pp 229-34,
95, Hurd, C. D., "The Pyrolysis of Carbon Compounds,"

Chemical Catalog Co., New York, 1929, pp 148-76,
96, Frost, A, A, and Pearson, R, G., "Kinetics and Mechanism," 

Uliley, 2nd ed, New York, 1961, p 101.



202

Appendix I 
LIST OF THERflAL CONDUCTIVITY 

WEIGHT FACTORS FOR QUANTITATIVE 
AREA NORMALIZATION



Compound

Hydrogen
Methane
Ethylene
Acetylene
Ethane
Water
Formaldehyde
Propylene
Propane
Methanol
Acetaldehyde
Ieobutene
Butane
1,3-Butadlene
1- & 2-Butene 
3-Methyl-l-butene 
Ethanol
Propionaldehyde
Acetone
2-Propanol 
leopentane 
1-Pentene 
trana-2-Pentene 
cia-2-Pentene 
n-Pentane

Weloht Factor

2.00“
0.45
0.585
0.59b
0.59
0.55
0,67b
0.652
0.68
0.58
0.68
0.683
0.68
0.674
0.67c
0.707
0.64
0.67b
0.68
0.71
0.707
0.710
0.673
0.710
0.69
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Comoound ttleiaht Factor

Cyclopentane 0.720
1-Propanol 0,72
1,3-Psntadiene 0,63b
2-lflethyl pentane 0.714
4-Methyl-l-pentene 0.75
ri-Hexane 0.70
1-Hexene 0.76b
trans-2-Hexene 0.80
cis-2-Hexene 0.70
Cyclohexane 0,735

Estimated from relative response value given 
ini Technical Bulletin, Fisher Sci, Co., TD-146 
^Estimated from thermal response of similar com­
pounds 

cAverage of 2 values

All othsrsi Dietz, W. A,, J, Gas Chromatog,, 5, 
68 (1967)



Appendix II 
A WATFOR FORTRAN IV 

PROGRAM FOR THE CALCULATION 
OF FIRST ORDER RATE CONSTANTS



206

UIRITE (3,2)
10 READ(ltl)CltC,T 

AK*AL0G(Cl/C)/T 
b k - a l o g ( a k )
WRITE(3,3)AK,BK

1 F0RMAT(l5,I6fF6.3)
2 F0RWAT132H AK BK )
3 F0RKMT(2E16.B)
GO TO 10
END

i



Appendix III 
A FORTRAN IV PROGRAM 
FOR THE POLYNOMIAL 
REGRESSION ANALYSIS



208

DIMENSION X(660),Dl(l00).D(66),B(l0),E(10).SB(l0).T(10),XBAR(ll), 
lSTD(ll),C0E(ll),SUMSQ(ll),ISAVE(ll),ANS(l0),P(l20)

1 F0RMAT(A4,A2,I5,12,11)
2 FORMAT 2F10.6)
3 F0RWAT 27H1POLYNOMIAL REGRESSION A4fA2/)
4 FORMATi23H0NUMBER OF OBSERVATIONS,16//)
5 FORMAT!32KOPOLYNOMIAL REGRESSION OF DEGREE,13)
6 FORMAT!I2H0 INTERCEPT,FIS,5)
7 FORMAT!26H0 REGRESSION C0EFFICIENTS/(l0E15.5))
8 F0RMAT(1H0/24X,24HANALYSIS OF VARIANCE F0R,14,19H OEGREE POLYNOMI 
1AL/)

9 FORMAT(IH0,5X,I9HS0URCE OF VARIATION,7X,9HDEGREE 0F,7X,6HSUM 0F,9X 
1,4HMEAN,10X,1HF,9X,20HIMPROVEMENT IN TERMS/33X,7HFREED0M,BX,7HSQUA 
2RES,7X.6MSQUARE,7X,5HVALUE,8X,17H0F SUM OF SQUARES)

10 FORMATi20H0 DUE TO REGRESSION,12X.I6.F17.5,FI4,5,F13,5,F20,5)
11 FORMAT!32H DEVIATION ABOUT REGRESSION ,16,F17,5,F14,5)
12 FORMATi0X,5HT0TAL,19X,I6,F17,5///)
13 FORMAT! 17H0 NO IMPROVEMENT)
14 FORMAT(1H0//27X,18HTABLE OF RESIDUALS//16H OBSERVATION N0.,5X,7HX 

1VALUE,7X,7HY VALUE,7X,10HY ESTIMATE,7X,8HRESIDUAL/)
15 F0RMAT(lH0,3X,I6,F18*5,F14,5,F17,5,F15,5)

100 READ(1,1) PR,PR1,N,M,NPLOT
WRITE(3,3)PR,PR1
UIRITE(3,4)N
L«N*M
DO 110 1.1,N 
J.L+I

110 READ(1,2) X(I),X(J)
CALL GDATA (N,M,X,XBAR,STD,D,SUMSQ)MM.M+1 
SUM.0,0 
NT.N-1
DO 200 I.1,M 
ISAVE(l).I
CALL ORDER (MM,D,Mffl,I,ISAVE,DI,E)
CALL MINV (DI,I,DET,B,T)
CALL MULTR (N,I,XBAR,STD,SUMSQ,DI,E,ISAVE,B,SB,T,ANS)
URITE(3,5)I
IF(ANS(7)J 140,130,130 

130 SUMIP«ANS(4)-SUM
IF(SUMIP) 140,140,150 

140 UIRITE(3,13)
GO TO 210 

150 URITE(3,6) ANS(l)
WRIT£{3,7) (B(J),J.1,I) 
tVRITE(3.9)
SUM.ANS(4)
hlRXTE(3,10) I,ANS(4),ANS(6),ANS(10),SUMIP 
NI.ANS(B)
WRITE(3,11) NI,ANS(7),ANS(9)
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WRITE(3,12) NT,SUmSQ(MHl)
C0E(l)«ANS(l)
DO 160 Jsl.I 

160 COE(j+l).B(j)
LA.I 

200 CONTINUE
210 IF(NPLOT) 100,100,220 
220 NP3«N+N

DO 230 I«1,N
NP3.NP3+1
P(NP3)«C0E(1)
L.I
DO 230 J»1,LAP(NP3).P(NP3)+X(L)*CQE(J+1)

230 L*L+N 
N2-N 
L«N*W
DO 240 1 si,N 
P(l).X(l)
N2sN2+l
UsL+1

240 P(N2).X(L)
WRITE(3,3)PR,PRI
WRITE(3,5)LA
UIRITE(3,14)
NP2.N 
NP3+N+N 
DO 250 I*1 ,N 
NP2.NP2+1 
NP3-NP3+1
RESID«P(NP2)-P(NP3)250 WRITE(3,15) I,P(l),P(NP2),P(NP3),RESID 
CALL PLOT (LA,P,N,3,0,1)
GO TO 100 
END



Appendix IV 
RELATIVE NUMBER OF 

MOLES OF PRODUCTS FORMED 
BY PYROLYSIS
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Appendix V 
MASS SPECTRAL DATA FOR EACH COMPOUND 

WHOSE PYROLYSIS WAS STUDIED

(Obtained from American Petroleum 
Inatitute Research Project 44)
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