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ABSTRACT

Because of the diminishing reserves and rising costs of the traditional light oil
feedstocks, it is only amatter of time before the enormous heavy oils reserves
in Alberta will be considered as economical feedstocks to new ultrapyrolysis
upgrading facilities.

In commercial processes, feedstock costs represent alarge portion of the total
cost in all olefin production operations and hence, selectivity improvements are
particularly important. Ultrapyrolysis under conditions of high temperatures
(in excess of 800 °C), very short reaction times (< 500 ms), high heating rates
(>20 000 IVs) and rapid product quench (< 20 ms) have been successful in this
regard.

A new

Curie

Point Microreactor

System which

can

achieve

ultrapyrolysis conditions was developed for this study to measure the intrinsic
reaction kinetics for the low pressure ultrapyrolysis of Alberta heavy oils.
These data are very important for the modelling and design of new generation
ultrapyrolysis reactors that are presently being developed.

In this study, Cold Lake and Peace River heavy oils have been pyrolysed at
temperatures of 800 to 1000 °C and total reaction times ranging from 250 to
1000 ms. The yields of light olefins (C2C4)from Cold Lake heavy oil pyrolysis
were generally higher than those from Peace River. Typically, a maximum

111

yiald of 28 wt% C2C4 olefins was obtained in our constant-volume batch
microreactor from Cold Lake heavy oil pyrolysis, whereas a maximum of 26
wt% olefins was reached from Peace River under optimal conditions over the
range studied.

Pyrolysis of the sub-fractions of Alberta heavy oils demonstrated that thermal
cracking of heavier components had a lower tendency to produce light
hydrocarbon products. The yields of light valuable products from these
fractions decreased in the same order as increasing boiling-points.

A practical lumping model has been developed successfully in achieving agood
fit to the experimental data for both Cold Lake and Peace River heavy oil
pyrolysis. The kinetic reaction scheme used in this study involves 6 species
(lumps) and 5first-order reactions.

The investigation of coke laydown in our experiments suggested that there are
two major pathways for coke formation in heavy oil thermal cracking, primary
decomposition of feed oil and subsequent degradation reactions during
pyrolysis.
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CHAPTER 1
INTRODUCTION

Pyrolysis, thermolysis, and thermal cracking are all terms for approximately the same
generic reactions which refer to noncatalytic reactions at high temperatures. In the
pyrolysis process, the scission and recombination of molecules occur in the absence of
oxygen with the supply of sufficient thermal energy to reactants.

The thermal cracking of hydrocarbons to produce lighter olefins is the means presently
used to produce the main building blocks of today's petrochemical industry. In 1990,
the production capacity of the world's 180 plants, expressed in terms of ethylene, was
in the order of 54x106 tonnes/year (Froment, 1992). Although feedstocks traditionally
range from ethane and ethane/propane mixtures to gas condensates, naphtha,
atmospheric or vacuum gas oil, the diminishing reserves of these traditional supplies
has shifted interest to the heavier oil cuts as an alternative source. Due to the rising
cost of conventional feedstock, it is only a matter of time before heavy oils will be
considered as economic feedstocks.

Heavy oils have been defined as those with agravity range of 10 to 20 'API (American
Petroleum Institute); however, lower gravity deposits have also been so-classified
where the hydrocarbons exist in the subsurface in a fluid or semifluid state
(Schumacher, 1982). In general, heavy oils, when compared to presently commercial
heavy feedstock such as naphtha and gas oils, are characterized by: ( 1) higher
viscosity; (2) higher sulphur, metal and asphaltene contents; ( 3) higher average boiling
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point; (4)low HJC (hydrogen/carbon) ratio.

The pyrolysis of hydrocarbons in general has long been a reaction of commercial
importance. Although catalytic cracking and hydrotreating processes are commonly
employed in the petrochemical industry, the contents of impurities typically present
in heavy oil feedstocks such as sulphur, nitrogen, and metals economically limit these
applications. The heteroatoms and metal compounds would poison the acidic refinery
catalysts, and therefore, crude heavy oils would have to be upgraded, with amajor
emphasis on impurity reduction before they could be used as arefinery feedstock. The
steps taken for impurity reduction in heavy oils are normally complex in nature and
relatively expensive, and would add to the overall cost of products obtained from
heavy oil. Moreover, hydrogen addition upgrading processes are accompanied by high
costs, consuming costly hydrogen and investing in expensive equipment for high
pressure operation. Therefore, the thermal cracking of heavy oils is becoming akey
issue in developing innovative and alternative processes for heavy oil upgrading.
Actually, the application of hydrocarbon pyrolysis for the production of olefins has
been one of the key processes for the modern petrochemical industry since the mid1950's. For years, thermal cracking has been successfully employed in refineries as a
principal approach to produce gasoline from heavier petroleum fractions. More
recently, the process has been implemented in the upgrading of bitumens and heavy
oils.

In Canada, due to the enormous remaining energy resources in the form of heavy oils
and tar sand bitumens, there is a significant interest in the development of new,
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efficient, economical, and reliable methods to upgrade heavy hydrocarbons to lower
molecular weight feedstocks, or to directly produce light olefins. Traditionally, the
United States and Canada have relied upon light paraffins e.g. ethane and propane,
as the predominant feedstocks for olefins production, while Europe and Japan depend
on naphtha for the production of ethylene; however, the diminishing reserves of these
traditional supplie

have shifted interest to the heavier oil cuts as an alternative

source. Gas oil, residual oil and even whole crude have been used.

In commercial processes, feedstock costs represent alarge portion of the total cost in
all olefin production operations and hence, selectivity improvements are particularly
important. The results reported by Leftin et al. (
1976) showed that shorter reaction
times and higher temperature did indeed improve this selectivity. In this regard,
ultrapyrolysis, which is characterized by the conditions of high temperature (in excess
of 800 °C), very short reaction times (less than 500 ms), high heating rates (greater
than 20 000 K/s) and rapid product quench (less than 20 ms), is the leading edge
technology that is now being heralded as the hallmark of new generation pyrolysis
reactors (Stocker et al., 1989). Also, the short reaction time and rapid quench largely
reduce the extent of secondary reactions, thus minimizing the production of
undesirable by-products such as off-gases (hydrogen/methane) and highly aromatic
pyrolysis oil. For example, commercial "millisecond" furnaces (outlet temperature: 870900 °C; residence time: 50-100 ms) have demonstrated ethylene yields of 10

-

15 wt%

higher than that attainable with conventional technology (Kellogg, 1989). Thus,
tremendous advancements have been made in pyrolysis technology over the past ten
years. In addition, the ultrapyrolysis technique has proven to be very versatile. Feeds
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ranging from ethane to heavy gas oil (Dluzniewski et al., 1981) have been successfully
ultrapyrolysed.

For the collection of experimental pyrolysis intrinsic kinetic data, the key
requirements include the provision of rapid heating of a pyrolysis sample to an
initially selected temperature, followed by apreset reaction time, and finally arapid
quench of the products to prevent further reaction. Therefore, a new type of
microreactor employing aradically different new pyrolysis procedure to meet all the
above criteria is needed. Curie point pyrolysis, as developed in our laboratories, is
probably the closest approach to an ideal temperature rise and quench cycle. This
method, introduced by Simon and Giacobbo ( 1965), employed anovel heating process
that ensured rapid heating to an accurately predetermined temperature, followed by
quenching by direct mixing with a cold stream gas flow. Temperature rise was
attained in tens of milliseconds. This system closely approached the ideal square wave
heating, reaction, and quenching profile. The system is often called a "pulse mode
pyrolyser" and is suitable for the accurate kinetic study of ultrapyrolysis reactions.
Some experimental work from our laboratory employing this technique has been
successfully done in the past by RaStOgi ( 1987), Rastogi et al. (
1988a,1988b) and
Fairburn et al.(1990).

In spite of the rapid strides being made in the development of ultrapyrolysis
microreactors, there is very little information available regarding the various pyrolysis
of heavy hydrocarbons at high severity conditions. Therefore, it is very important and
necessary to obtain intrinsic kinetic data and develop kinetic models for low pressure
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thermal cracking of Alberta heavy oils under ultrapyrolytic conditions.

Hence, the objectives of this research are to
(1)

-

Assess the technical implications of applying the new ultrapyrolysis
technology to Alberta heavy oils. In this study, Cold Lake and Peace
River heavy oils were employed.

(2)

Measure intrinsic kinetic data for the low pressure pyrolysis of Alberta
heavy oils and develop kinetic models much needed for the design of
new generation ultrapyrolysis reactors.

(3)

Determine the product distribution for the Alberta heavy oils using
our novel microreactor system at high and low severity ultrapyrolysis
conditions and investigate the most important influence of cracking
temperature and effective residence time on heavy oil pyrolysis. Crude
heavy oils from Alberta Peace River and Cold Lake were employed in
this research.

(4)

Determine maximum yields of ethylene and light olefins (C2C4)from
these two Alberta heavy oils at high seventies, namely high cracking
temperatures of 800 to 1000 °C and short reaction times of 250 to
1000 ms.

(5)

Measure and compare pyrolysis product distributions of Alberta heavy
oil sub-fractions. There are six fractions obtained from the Canmet
hydrocarbon type separation method; namely, saturates, monoaromatics,
diaromatics, polars I & polyaromatics, polars II & polars III, and
asphaltenes. The purpose of this work was to gain greater insight into
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the nature of the heavy oil ultrapyrolysis reaction.
Investigate important effects of feed partial pressure on heavy oil
pyrolysis. One of the two Alberta crude oils was selected to carry out
these studies.
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CHAPTER 2
LITERATURE SURVEY

Crude heavy oils are composed of thousands of compounds, ranging from n-paraffins
to naphthenes and aromatics. In Alberta heavy oils, the portion of paraffins is quite
low, and long paraffinic side chains on alicydic and aromatic groups constitute about
12% of the total carbon. The average length of the long paraffinic side chains is about
9carbons (by NMR), with adistribution ranging from 1to 26 carbons in the residue
fraction (Mojeisky et al., 1986). Paraffinic bridges link aromatic rings together, with
lengths ranging from 2to 22 carbons.

Much of the aliphatic carbon in Alberta heavy oils is present in naphthenic groups,
ranging from one to five rings. Aromatic carbon comprises of about 36% of the carbon
in heavy oil residues. Analysis of the aromatics fraction of Cold Lake showed the
presence of mono- to trinuclear alkyl aromatic and hydroaromatic structures, and
thiophene benzologs (Strausz, 1989). Aromatic molecules with one to four rings have
been identified in pyrolyzates from resin and asphaltene fractions.

Sulfur is abundant in avariety of cyclic sulfides and thiophene benzologs. Oxygen is
present in furan benzologs, as well as phenolics, ketones, and carboxylic acids.
Nitrogen is present in basic pyridine benzologs such as quinoline, and non-basic
pyrrole benzologs such as carbazole (Frakman et al., 1987). As with the aromatic
molecules, these species are substituted with aliphatic groups (Strausz, 1989).
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The main objectives of this research are to measure intrinsic kinetic data for the low
pressure ultrapyrolysis of Alberta heavy oils and to develop kinetic models much
needed for the design of new generation ultrapyrolysis reactors. Therefore, it is very
important to appropriately comprehend the pyrolysis of the virgin heavy feedstocks
from ascientific point of view, agood understanding of the pyrolysis mechanisms of
the light to heavy pure components that make up the complex mixture must be
acquired.

2.1

PYROLYSIS MECHANISM

Chemical reactions rarely occur in one elementary step. Instead, they usually proceed
by way of numerous intermediate steps. Typically, hundreds, or even thousands of
intermediate steps are involved in the pyrolysis of hydrocarbons. In the gas phase,
these intermediates are called free radicals. Today, it is well known that nearly all
hydrocarbon pyrolysis undergoes afree-radical mechanism. It was observed by various
researchers that only a free-radical mechanism could give the most consistent
explanation of experimental results. From atheoretical point of view, the mechanism
of hydrocarbon pyrolysis is made up of several elementary steps, which will be
discussed in detail in the following sections.

The first pyrolysis step is the initiation reaction. It was shown theoretically and
experimentally that carbon-carbon bonds in the straight-chain hydrocarbons were
generally weaker than carbon-hydrogen bonds (Bradley, 1980). Therefore, it was
reasonable to consider only the carbon-carbon bonds as possible initiation reactions.
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Actually, this theory has been applied in all the published literature.

In principle, once free radicals are generated from the initiation step, awhole range
of subsequent reactions can proceed. Most formed radicals usually tend to further
decompose except for the methyl radical and hydrogen atom due to the fact of neither
have adecomposition route available. Normally, radical dissociation is dominated by
the " n-bond breaking" rule, that is, the cracked bond is 3to the radical centre.

Concurrently, propagation of the pyrolysis chain occurs by the attack of free radicals
on the parent and produced hydrocarbon molecules. Among these propagation
reactions, the methyl radical reaction and hydrogen abstraction make major
contributions.

Radical recombination also occurs during hydrocarbon pyrolysis. Among the radical
recombination processes, the recombination for hydrogen atoms is negligible due to
the fact that their reactivity is very high, and hence their stationary concentration is
extremely low (Bradley, 1980). The recombination of other formed radicals can proceed
randomly to give various pyrolysis products.

The reaction for hydrogen atom addition to alkenes is thought to have only aminimal
effect in the pyrolysis of paraffins. However, at high conversion for alkane pyrolysis
and in the pyrolysis of olefins as afeed, these reactions have an appreciable effect due
to existence of ahigh concentration of alkenes.
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Besides the elementary processes demonstrated above, the isomerization reactions are
also important in the hydrocarbon pyrolysis.

Based on the above discussion of pyrolysis mechanism, one can summarize the
cracking steps with three briefly basic reaction types: ( 1) Initiation

-

the introduction

of free radicals into the reaction system. In hydrocarbon pyrolysis, the reaction is
initiated thermally through homolytic cleavage of a carbon-carbon bond. (2)
Propagation

-

a series of reactions that converts reactants to products. In this step,

radical decomposition, radical isomerization, hydrogen transfer, and radical addition
are involved. (3) Termination

-

the combination or disproportionation of radicals to

give stable products (Rebick, 1983).

2.2

HYDROCARBON PYROLYSIS RESEARCH

2.2.1

Pyrolysis of Light Hydrocarbons

Since 1945, ethylene has become the most basic and important building block in the
petrochemical industry. The expansion of ethylene production is one of the most
extensive of any chemical product. In the past decades, agreat deal of research has
been performed in this field.

The process of first choice for ethylene production is pyrolysis of light hydrocarbons.
Actually, the most efficient feedstocks for ethylene manufacture are ethane and
propane. They produce the lowest yield of byproducts in the pyrolysis product stream.
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In addition, pyrolysis of ethane and propane need the simplest downstream processing
units with the lowest capital requirement. In Canada and United States, the supply
of natural gas liquids has been abundant, and the liquified petroleum gases (LPG)
have traditionally become the predominant feedstocks for ethylene production in the
petrochemical industry.

For ethane and propane pyrolysis, the reaction can be described by simple
stoichiometric equations:

C2HC 2H4 +H2

(2.1)

and
03H8

C2H4 + OH4

C3H8 wk C3H6 + H2

(2.2)
(2.3)

Today, it is well known that the pyrolysis of light hydrocarbons is not as simple as the
above presented equations. Many by-products are formed in the cracking process. Rice
and Herzfeld ( 1934) were amongst the first to propose that pyrolysis proceeds through
free radical reactions. This theory was confirmed by Martin and Niclause ( 1964).

As described previously, there are three general groups of homogeneous reactions
involving the various free radicals. Each group consists of forward and reverse
reactions. First there are scission and coupling reactions; scission of a molecule
introduces a pair of free radicals, while coupling is the reverse reaction of scission.
Next there is hydrogen abstraction. In pyrolysis, afree radical abstracts ahydrogen

12.
from amolecular species. This phenomenon leads to the original free radical becoming
a molecule, and the original molecule forming a free radical. Finally there are
decomposition and addition reactions. Unimolecular decomposition of a free radical
results in an olefin and a smaller free radical, usually ahydrogen radical. Addition
of a small radical to an olefin results in a single larger free radical. Generally, the
forward decomposition reaction is responsible for feedstock conversion to olefiuis, and
the reverse addition reaction is responsible for pyrolysis inhibition.

The basic mechanism of ethane pyrolysis was proposed by Rice and Herzfeld ( 1934).
They initially detailed most of the important concepts of free radical chain reactions:

C2H6 # 2 CH3
CH3

+

C2H6 # C2H

C2H
H

+

H

CH4

+

C2H4 + H

C2H8
+

(2.4)

C2H

+

H2

02H5 s C2H6

(2.5)
(2,6)
(2.7)
(
2.8)

The reaction (2.4) is an initiation step which consists of scission of the carbon-carbon
bond to produce two methyl radicals. Propagation steps are reaction (2.5), (2.6), and
(2.7) which include hydrogen abstraction and radical decomposition. Reaction (2.8) is
one of the possible termination steps in which a hydrogen free radical and ethyl
radicals are recombined to produce an ethane molecule.
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Actually, light hydrocarbon pyrolysis, even for the simplest paraffin of ethane, is
extremely complicated, with endless permutations of elementary steps based on the
three general classifications of forward and reverse reactions. Therefore, various byproducts from light hydrocarbon pyrolysis can be formed. They include higher
paraffins, olefins, and countless ringed compounds such as benzene, toluene, and
naphthalene.

2.2.2

Pyrolysis of Heavy Hydrocarbons

As described previously, in Canada and United States, liquified petroleum gases (LPG)
are predominant feedstocks for ethylene production, due to the abundant natural gas
reserves from which LPG is produced. In contrast, Japan and Europe have
traditionally relied on naphtha as a feedstock. However, because of the predicted
shortage of light feedstocks supply in the future, olefin producers have begun to shift
to heavier feedstocks (gas oil, residual oil and even whole crude).

Although hydrocarbon pyrolysis has been a subject of research for over 100 years,
heavier components have usually been excluded from study. This is primarily due to
the fact that thermal cracking is basically anon-selective process. That is, as heavier
reactants are pyrolysed, the complexity of the product mixture increases dramatically.
It was not until the widespread application of sophisticated analytical techniques,
such as gas chromatography and mass spectrometry, that it became possible to
identify and quantify the enormous number of cracked products from heavy
hydrocarbon pyrolysis.
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Typical heavy oil is composed of thousands of compounds ranging from paraffins to
naphthenes to aromatics to heavy polyaromatics. To appropriately understand the
heavy oil pyrolysis from a scientific point of view, it is definitely necessary to
comprehend the pyrolysis of pure components of different classes which make up the
complex mixture. Following this step, interactions between the significant hydrocarbon
components should be investigated. After this stage has been completed, the whole
heavy oil feedstock could be studied so that aclearer understanding and reasonable
explanation of the pyrolysis could be achieved.

2.2.2.1

Pyrolysis of Heavy Straight-Chain Hydrocarbons

The thermal cracking of pure paraffins, from pentane through tetracosane (Cu ) (Blouri
et al., 1981), has been explored by many researchers over the past few decades. In
particular, n-hexadecane has been the most interesting subject of research (Zhou et
al., 1987; Depeyre et al., 1985; Rebick, 1981; Fabuss et al., 1962; Panchenkov and
Baranov, 1958), since its carbon atom content corresponds to agas oil charge in the
range of petroleum fractions.

In general, at low conversion levels for high-molecular weight straight-chain
hydrocarbons, the secondary reactions are relatively insignificant. Thus, the olefins
produced from primary reactions are more refractory than the feed, and are cracked
at relatively low rates. Any aromatization and condensation of primarily formed
olefins proceed very slowly due to their low partial pressures. With the conversion
level increasing, the primary reactions will progress far enough to produce quantities

15
of primary products sufficient to initiate the secondary reactions. Hence, both primary
and secondary reactions commonly occur simultaneously. As the whole picture of
heavy hydrocarbon pyrolysis is very complicated, it is important to consider that
cracking reactions occur in two stages (Layokun and Slater, 1979):

(1)

Primary reactions wherein the feed hydrocarbons are decomposed through the

free-radical chain mechanisms into the principal primary products: H2,CH4,CA, and
olefins up to C

(2)

1where

nrepresents the number of carbon atoms of original reactant.

Secondary reactions which, as mentioned before, can be classified into three

types: (a) further decomposition and addition of the olefins generated by primary
reactions; (b) dehydrogenation and hydrogenation reactions where paraffins, dioleftus,
and acetylenes are produced from the olefins; (c) aromatization and condensation
reactions wherein two or smaller fragments combine to form large stable hydrocarbons
such as cycloolefins, cyclodiolefins, and aromatics.

It is generally accepted that the distribution of products obtained from thermal
cracking of hydrocarbons can be interpreted by amechanism of the Rice-Herzfeld type.
At the initiation step for asaturated hydrocarbon pyrolysis, the cleavage of either a
C-C and or a C-H bond may take place. The strengths of C-C bonds in C2C8
hydrocarbons lie in the range of 325-350 kJ/mol, while C-H bonds have typical
dissociation energies of 410-427, 393, and 381 kJ/mol for primary, secondary, and
tertiary positions, respectively (Bradley, 1974). Therefore, the temperature-dependent
terms will lead to rates of C-C rupture at least ten times faster than the
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corresponding C-H scission at temperatures up to 1500 K. It is reasonable to presume
that the primary initiation process consists of unimolecular scission of C-C bonds in
the heavy paraffins pyrolysis. Briefly, the key symbolized steps involved can be shown
as follows (Billaud, 1986):

initiation step
CH22 -5R1 +R

i+jfl

propagation steps
CH2+1
R

+

-

CH2+2
R.

-

a-olefin
-*

RH

R,
'

+

+

R

CH21

(n>-6)

(decomposition)
(hydrogen transfer)
(isomerization)

termination step
R

+

Rm

products

where CH22 represents a generalized paraffin with carbon atom number of n; R
denotes afree radical formed in the pyrolysis; iand

are corresponding carbon atom

numbers involved in the radical.

The pyrolysis of heavy olefins is of interest because such components are among the
primary products from higher paraffin pyrolysis. At sufficient conversion level of
paraffin cracking, these olefins can significantly decompose as a secondary process.
Normally, higher a-olefins decompose through similar paths to paraffins. Radical
decomposition and hydrogen-transfer steps are definitely involved in the propagation
chain. Therefore, similar products are observed from the pyrolysis of heavy olefins and
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heavy paraffins. In addition, similar kinetic trends are observed for olefins as
paraffins. Fabuss et al. (
1964) have summarized that the activation energies of 62 to
55 kcallmol were corresponding to the decomposition of straight chain paraffins from
propane to hexane. However, for olefins cracking, activation energies 5-10 kcallmol
lower than the corresponding paraffins (55-62 kcal/mol for hexane to propane) have
been presented by Rumyantsev et al. (
1975).

However, some considerable 1ifferences were observed by numerous researchers
(Rebick, 1979; Giraud-Horvilleur and Blouri, 1977; Rumyanstev et al., 1975), that is,
the distribution of olefin products was appreciably different from that for paraffin
cracking. An entire range of diolefins such as 04H8 to C15H23 lighter than the reacting
olefin, and small yields of cyclic olefins, were observed as primary products for 1hexadecene decomposition. This phenomenon can be rationalized by adding additional
assumptions of radical stabilities into the general mechanism of paraffin pyrolysis
(Rebick, 1983).

2.2.2.2

Pyrolysis of Naphthenes and Aromatics

In virgin heavy oil feedstocks, most of the naphthenes involved are alkylated.
Unfortunately, the pyrolysis of pure alkylated naphthenes has not yet been addressed.
Some studies of unsubstituted naphthenes, however, have been reported, in particular
cyclohexane (Virk et al., 1979; Levush et al., 1969), decalin and tetralin (Virk et al.,
1979). These three compounds simulate unsubstituted naphthenes in the naphtha,
kerosene and atmospheric gas oil boiling ranges, respectively. In general, naphthenes
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are more refractory than paraffins, as reflected in the relatively higher activation
energy with 64 kcal/mol (Szepesy et al., 1977). This behaviour is presumably due to
the slower initiation step such as Ii elimination. As aresult, it is assumed that side
chain cracking would dominate the pyrolysis of alkylated naphthenes. Furthermore,
the tendency to produce tars and coke more readily proceeds from the pyrolysis of
cycloparaffins than paraffins, due to naphthenes readily dehydrogenating to aromatics.

Aromatics are largely involved in the heavy oil feedstock, and like naphthenes, they
are mostly alkylated. It is very important to understand the pyrolysis behaviour of
aromatics as a feed. Fortunately, there are a number of papers available on this
project. In particular, the pyrolysis of benzene and n-alkylbeuzenes (the simplest
compounds in the alkylaromatics class) has been extensively studied, and the kinetics,
reaction pathways, and mechanisms are well understood (Badger, 1965; Blouri et al.,
1981; Mushrush and Hazlett, 1984; Blouri et al., 1985; Savage and Klein, 1987a,b;
Bruinsma and Moulijn, 1988; Smith and Savage, 1991).

It is well-known that unsubstituted aromatic compounds are extraordinarily resistant
to cracking. Particularly, benzene, the simplest aromatic hydrocarbon, is the most
refractory compound. Badger ( 1965) investigated the pyrolysis of benzene at
commercial temperature range of 600-850'C. He concluded that carbon-carbon double
bonds in the aromatic ring required an immense amount of energy to break. However,
carbon-carbon single bonds and carbon-hydrogen bonds were relatively readily broken
at these temperatures to produce radicals. As a result, the phenyl radicals were
produced through the fission of acarbon-hydrogen bond in the primary process. These
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radicals then underwent secondary reactions with benzene molecules to form biphenyl.
Further phenylation of biphenyl would yield terphenyl, and cyclodehydrogenation of
terphenyl would produce triphenylene, and so on. In such a mrnner, a variety of
condensed polyaromatic hydrocarbons were generated. The pyrolysis of heavier
unsubstituted aromatics, such as naphthalene, phenanthrene and anthracene,
proceeded in much the same way.

The pyrolysis of alkylated aromatics is far more complicated than unsubstituted
aromatics, because of the presence of the side chain. It is presumable that side chain
cracking will dominate the pyrolysis of alkylated aromatics. For instance, in the
pyrolysis of toluene, it has been well verified that fission of C6H5-CH3 takes place to
yield benzyl and hydrogen radicals, followed by hydrogen abstraction, to form benzene
as apredominant product.

Bruinsma and Moulijn (1988) investigated the pyrolysis of benzene, toluene,
ethylbenzene, styrene, phenylacetylene and n-decane in the higher temperature range
of 627-977 T. They found that, at temperatures between 627 and 827 00, the aromatic
reactants were converted mainly into non-condensed dimeric compounds, viz. biphenyl
in

benzene

pyrolysis,

1,2-diphenylethane,

1,2-diphenylethylene

and

1,2-

cliphenylacetylene in toluene and ethylbenzene pyrolysis. At atemperature of 827

00,

the non-condensed and hydrogenated condensed compounds are thermally unstable.
Thus, with increasing reaction temperature the product mixture was more complex.
A general reaction pathway was suggested to rationalize the presence of most products
at relatively low temperatures:
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—H-

AH

+ BH

A-

— H-

( ABH) -

—( CH3) n/H2
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condensed PAH

(2.9)

where AH denotes unsubstituted or substituted aromatic compound; BH represents
benzene; and PAB indicates polycyclic aromatic hydrocarbons.

In particular for benzene cracking, the major reactions based on this equation could
be given as:

oo-

*

(2.10)

For toluene cracking, some possible reaction pathways could be:
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(2.15)
HU

Since the current understanding of the microstructure of amajor portion of heavy oil
(Mieville et al., 1989; All et al., 1990; Speight, 1988, 1989; Wailer et al., 1989; ElMohamed et al., 1986) indicated that clusters of aromatic rings linked together
through aliphatic chains were important structural features, Smith and Savage (1991)
conducted systematic studies on the pyrolysis of a family of 15 different alkylsubstituted polycycic aromatic hydrocarbons in microbatch reactors at temperatures
between 350 °C and 425 °C and batch holding times ranged up to 500 mm. These nalkyl aromatics were dodecylbenzene (DDB), 2-n-buty]naphthalene (BN), 1-nundecylnaphthalene (UDN), 1-n-dodecylnaphthalene (DDN), 2-n-dodecylphenanthrene
(DDH), 9-n-dodecylanthracene (DDA), 6-n-octylchrysene (OC), 1-n-dodecylphrene
(DDP) and 3-n-hexylperylene (HP). Among the alkyl-substituted polycyclic aromatic
hydrocarbons they selected, the number of rings ranged from 1to 5, and the alkyl
chain length ranged from 1to 16. The aim of their work was to determine the effects
of the structure of the n-alkylaromatic on the reaction pathways and kinetics. The
specific factors of interest were: ( 1) the number of aromatic rings; (2) the configuration
of the aromatic rings; (3) the position at which the aliphatic substituent resides upon
the aromatic nucleus; and (4) the length of the alkyl chain.

Based on their experimental results, Smith and Savage ( 1991) proposed that the
pyrolysis of alkyl-substituted polycydic aromatic compounds proceeded through three
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parallel pathways. The first of the two major pathways led to three product lumps
that are analogous to those observed for alkylbenzene pyrolysis. The second major
pathway led to products through the cleavage of the strong aryl-alkyl C-C bond The
third pathway led to small amounts of products, presumably through cycization and
condensation reactions. As a result, a deduced general pyrolysis network for alkylsubstituted aromatic hydrocarbons was presented as follows:

{Ar-CH 3 + C 1H22 ) • Ar-CH=CH 2 + C2H2112

+

IMinor Products)
(2.16)

Very Rapid

Ar-CH 2CH 3

Ar-CH 21

Pathway 2

{Ar_H

Minor Products)

+

CH 2+2 )

(2.17)

(2.18)

In addition, they found that the importance of aryl-alkyl C-Cbond cleavage during the
pyrolysis of polycycic s1kylaromatics depended significantly on the localization energy
at the specific point of substitution. The occurrence of aryl-alkyl C-C bond cleavage
was independent of the number of rings, the length of the alkyl chain, and the type
of condensation of the aromatic nucleus. Finally, they confirmed that the pyrolysis
network for alkylbenzenes did not completely describe the pyrolysis behaviour for
alkyl-substituted polycycic aromatic hydrocarbons, due to the existence of a new
cracking pathway, namely cleavage of the aryl-alkyl C-C bond, for the pyrolysis of
polycyclic alkylaromatics.
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2.2.3

Pyrolysis of Hydrocarbon Mixtures

The above several sections have dealt with pyrolysis of pure hydrocarbon compounds.
However, in order to translate this information into aknowledge of the pyrolysis of
real feedstocks, such as crude heavy oil, it is very important to understand how the
different hydrocarbon groups interact with each other when they are cracking in
admixture. Froment et al. (
1977) have proven that a simple addlitivity rule was not
satisfactory for the prediction of the product distribution of mixture cracking. This is
due to the fact that hydrocarbon pyrolysis generally follows afree radical mechanism.
Hence, the radical intermediates formed by one compound may interact with those
formed by another, or with the reactants themselves. As a result, the reaction
mechanism would be changed by the replacement of arate-determining process. The
general principles for the pyrolysis of hydrocarbon mixtures were given by Rebick
(1983) as follows:
1.

Compounds that pyrolyse by similar mechanisms had little influence on each
other. The reason was obviously that no new radical intermediates could be
introduced by either component into the mechanism of the other.

2.

If two compounds with considerably different cracking rates were pyrolysed in
admixture, the more refractory compound tended to inhi
bit the cracking of the
more reactive compound, and the latter accelerated the cracking of the former.
In particular, if acomponent was refractory because of aslow initiation step,
its cracking would be enhanced by the addition of aless refractory compound
without any significant reverse inhibition. Conversely, if a component was
refractory because the radical intermediates generated during pyrolysis were
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quite stable, then it would have asignificant inhibiting effect on the pyrolysis
of more reactive materials.

For multi-paraffin mixtures cracking, they generally behave as if they were cracked
separately. Both rates and selectivities are unchanged. This has been independently
observed in two studies, one containing an octane-nonane mixture (Shah et al., 1973)
and the other concerning multi-component mixtures of paraffins ranging from nonane
to docosane (Zhou et al., 1987). The product spectra of paraffins cracked in admixture
seem to be a combination of those produced by the separated paraffins; no new
products are formed. Therefore, interactions between

parsffins

in the feed can be

neglected.

In general, olefins inhibit the pyrolysis ofparRffins, and conversely, paraffins enhance
the cracking of olefins (Rebick, 1983). The most dramatic effects are noticed in the
pyrolysis of paraffins with propylene. This is likely due to the fact that the olefins
react with the R1 radicals, giving stabilized alkyl radicals. Regeneration of the chain
carriers through hydrogen abstraction and following radical decomposition

s

consequently prevented. Thus, the chain mechanisms are drastically obstructed. Due
to the absence of olefins in virgin cracking feedstocks, this occurrence

is

only

significant at high conversions when olefins are produced in large amounts and thus
able to retard the cracking process.

Pyrolysis studies of paraffin-aromatics mixtures are

nonexistent

in the literature. On

the basis of the general rules noted above, one would expect that the more refractory
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aromatics would tend to prevent the pyrolysis of the more reactive paraffins due to the
introduction of more stable benzyl radicals. Meanwhile, at the low pressures and high
temperatures of commercial pyrolysis, it is likely that a large number of paraffin
radicals would be available to interact with the aromatics, hence resulting in an
increased aromatic conversion.

It is believed that the pyrolysis of aromatic-aromatic mixture is an important route
for the production of many polycycic aromatic hydrocarbons. Even for the co-pyrolysis
of unsubstituted aromatics such as benzene, naphthalene, and phenanthrene at high
temperatures, the formation of more complex aromatics takes place through
cycization and condensation.

2.3

PYROLYSIS OF HEAVY CRUDES

2.3.1

Pyrolysis of Asphaltenes

The thermal cracking of petroleum asphaltenes is of considerable practical interest.
The industrial trend toward processing comparatively refractory heavy oils which
ubiquitously involve appreciable portions of asphaltenes assures interest in their
pyrolysis. Asphaltenes usually account for 10%

-

30% of the weight of virgin heavy

oils. It is generally defined as the fraction of a crude oil that is insoluble in an
aliphatic solvent such as n-heptane, but soluble in an aromatic solvent such as
benzene.

Furthermore,

asphaltenes

conthiri

high-molecular-weight,

condensed

aromatic, metals-conthining compounds, which pose various difficulties during heavy
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oil upgrading because they are agents of catalyst deactivation and coke formation.
These factors have motivated substantial research into asphaltene reaction pathways,
kinetics, and mechanisms.

Since determination of the reaction fundamentals from direct experiments with
asphaltenes is intricate due to the complexity of asphaltenes, there are two
approaches applied in the studies of asphaltene pyrolysis. One approach employed by
various researchers is to transform the complicated asphaltene reaction system into
a small set of simpler systems, namely model compounds. These model compound
systems are presumably amenable to fundamental studies. Since it was revealed by
numerous investigators (Speight, 1988, 1989; Wailer et al., 1989; El-Mohamed et al.,
1986) that asphaltenes contained clusters of between one and six condensed aromatic
and naphthenic rings bearing aliphatic chains as substituents, alkyl-substituted
polycycic aromatic compounds were selected as asphaltene model compounds by a
large number of researchers (Mushrush and Hazlett, 1984; Blouri et al., 1985; Savage
and Klein, 1987a,b; Savage et al., 1989; Smith and Savage, 1991).

As n-alkylbenzene is the simplest chemical model of the Rikyl aromatic moieties which
exist in heavy crude oils and their fractions, it has been extensively studied, and the
reaction pathways, kinetics, and mechanisms are fairly well perceived (Mushrush and
Hazlett, 1984; Blouri et al., 1985; Savage and Klein, 1987a,b). It was thought that the
pyrolysis of n-alkylbenzenes could provide insight to the thermal reactions that
occurred during the upgrading and cracking of heavy crudes of such complex
materials. However, Smith and Savage ( 1991) have pyrolysed the polynuclear
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alkylaromatics in liquid phase, and have proven that the reaction behaviours for
polynuclear alkylaromatics could not be deduced by simply extrapolating the results
obtained from experiments with alkylbenzenes. The reaction fundamentals perceived
from single-ring aromatics was absolutely impossible to completely depict the intrinsic
reactivity of polynuclear alkylaromatics. Thus, a great deal of work is required to
investigate the thermal cracking behaviours of various high polycyclic alicylaromatics
and their mixtures, so as to get a resolution of the reaction fundamentals of
asphaltene pyrolysis. Unfortunately, the literature available in this field is very
limited.

The alkylaromatic and alkylnaphthenic asphaltene model compounds have been
pyrolysed by Savage ( 1986) at 400 °C to simulate asphaltene pyrolysis. The model
components he selected to imitate the key structural features of this complex mixture
were n-pentadecylbenzene (PDB), 1-phenyldodecane (PDD), n-butylbenzene (BB), 2ethylnaphthalene (2EN), n-tridecylcyclohexane (TDC), and 2-ethyltetralin (2ET). On
the basis of pyrolysis results of these compounds, Savage concluded that aromatic
rings were thermally stable, and that hydroaromatic rings were also stable to C-C
bond rupture, but did dehydrogenate. Ring-opening and dehydrogenation occurred in
pure-naphthenic (i.e. cyclohexane), but these were minor pyrolysis pathways.
Dealkylation occurred near the ring for all alkylaromatic model compounds, and longchain alkylaromatics were more reactive than short-chain alkylaromatics.

The other approach to investigate the pyrolysis of asphaltenes is to directly crack the
whole asphaltene system. The purpose of these studies was typically to convert
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asphaltenes to more valuable and lower molecular weight products or to obtain
structural information. The reactions of petroleum asphaltene by direct thermal
cracking have been reported in anumber of papers (Savage, 1986; Savage and Klein,
1985; Ritchie et al., 1979; Moschopedis et al., 1978; Straust et al., 1977).

The pyrolysis of Athabasca asphaltene was conducted by Speight ( 1970) at 455 °C with
reaction times in the order of hours. Reaction products were separated into oils (the
distillate), resins (benzene-solubles), coke (benzene-insoluble), and gases. It was
observed that the oil fraction contained a series of n-alkanes up to C26 ,and the gas
fraction included acomplete complement of hydrocarbon gases and minor NH3,H20,
and HS. The H/C atomic ratio of the original asphaltene was 1.23 and that of the
produced oil, resins and coke fractions was 1.60, 0.97 and 0.77, respectively. On the
basis of his results, Speight interpreted that asphaltene cracking was made up of
heteroatom loss, dealkylation of aromatics, and cleavage of naphthenic moieties.

Another examination of asphaltene pyrolysis was reported by Ignasiak et al. (
1977).
They pyrolysed Athabasca and other Alberta asphaltenes at temperatures between
300 and 390 °C with reaction times varying from 4to 114 hours, and collected product
fractions such as gases, maltenes (pentane-solubles), asphaltenes and coke. It was
found that coke did not form at 300 °C even after 114 hours. However, at a
temperature of 390 °C and a reaction time of 4 hours, the coke was significantly
produced with a weight ratio of 20%. In addition, the molecular weight and K/C
atomic ratio for original Athabasca asphaltene decreased from 6100 and 1.18 initially,
to 2 400 and 1.06, respectively at the same reaction condition. These results were
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explained as being indicative of gradual depolymerization of the asphaltene with the
concurrent formation of lower molecular weight (pentane-soluble) products.

Ritchie et al. (
1979) pyrolysed a petroleum asphaltene at 350, 500, and 800 °C for
approximately 8hours, 1hour, and 10 minutes, respectively. Analysis of condensible
fraction by GC-MS showed the presence of a series of n-alkanes and 1-alkenes
including chains up to C. In addition to n-alkanes and 1-alkenes, substituted
cycloalkanes and cycloalkenes, single-ring aromatics, condensed aromatics, and
sulphur heterocycles were detected. A few nitrogen and oxygen containing compounds
were also obtained. They observed that, at 800 °C, single-ring aromatic and more
highly condensed structures were generated in higher yields than they were at lower
temperatures. Based on their results, Ritchie et al. speculated that high polyaromatics
arose from both direct thermal scission of C-C bonds in asphaltenes, as well as from
step-wise dehydrogenation of naphthenic moieties.

Savage ( 1986) conducted asphaltene reactions in batch tubing bomb reactors at
temperatures between 350 and 450 °C and times between 10 and 180 minutes. The
reaction products were separated into gas, maltene (heptane-soluble), residual
asphaltene (heptane-soluble, toluene-insoluble), and coke (heptane-insoluble, tolueneinsoluble) fractions on the basis of asolvent extraction protocol and analyzed by CC,
GC-MS, elemental analysis, and gravimetric methods. In his experiments, substituted
thiophenes, benzothiophenes, and dibenzothiophenes were detected in the maltene
fraction. The residual asphaltene had alower molecular weight, HJC, and SIC atomic
ratio but a higher N/C ratio than the reactant asphaltene. These observations
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suggested that pyrolysis removed peripheral moieties from asphaltenes that were
hydrogen and sulphur rich relative to the condensed aromatic core and that nitrogen
tended to concentrate in the thermally stable core. Furthermore, it was found that no
coke was produced at 350 °C for times up to 120 minutes or at 400 °C for times less
than 15 minutes. However, at 30 minutes coke was the major product, and it attained
yields of 40

-

70%. Therefore, Savage suggested that coke was strictly a primary

product of asphaltene pyrolysis and represented the condensed aromatic asphaltenic
core stripped of its peripheral substituents. He confirmed that coke was the more
hydrogen-deficient product due to the fact that the H/C ratio of the coke fraction was
always lower than that of asphaltene.

2.3.2

Pyrolysis of Heavy Oils

Although, at present, the use of LPG and naphthas for the production of olefins is
dominating in the world, the rising demand for light olefins and the growing shortage
of conventional pyrolysis feedstocks require an increased use of high-boiling crude oil
for the production of olefins (Sajus, 1978; Kunugi et at., 1978). Therefore, in the past
decade, thermal cracking of heavy petroleum raw hydrocarbons has been asubject of
intense research.

Hayashitani et at. (
1977) have briefly reviewed the kinetics of thermal cracking
reactions of heavy crude oils at low severity conditions, i.e. at temperature range of
260 to 625 °C and reaction times varying from minutes to hours. In their view,
thermal cracking of bitumen consist of an extremely wide range of reactions which
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take place when bitumen is subjected to increased temperatures; these reactions
mainly consist of: (a) breaking of C-C bonds, (b) breaking of C-H bonds, (c)
aromatization, (d) polymerization, (e) condensation, and (f) alkylation; the mechanisms
included are considered to be complex radical and chain reactions.

Phillips et al. (
1985) have conducted experiments to study the thermal cracking of
Athabasca bitumen for reaction times varying from 30 min to 24 hours at
temperatures of 360, 400 and 420 T. The products were separated into six pseudocomponents: coke, asphaltenes, heavy oils, middle oils, light oils and gases. The
results indicated that the concentrations of coke and gases increased continuously, but
simultaneously the concentration of heavy oils decreased continuously with reaction
time at agiven temperature. At the beginning of the reaction, the rate of decrease in
the concentration of heavy oils was greater. In addition, the concentration of
asphaltenes at 360 °C increased initially and then began to decline, while at 400 and
420 °C asharp decrease in the concentration of the asphaltenes was recognized from
the start. This phenomenon was explained by considering that at 360 °C the rate of
formation of asphaltenes from the polymerization and condensation processes of
lighter fractions was greater than the rate of asphaltenes disappearance resulting
from thermal cracking or conversion to coke. They also observed that the
concentration of light oils at 360 °C increased consecutively with reaction time but at
a reducing rate as the reaction proceeded. At 400 and 420 °C, the concentration of
light oils reached amaximum after 5and 2hours respectively, after which adecline
in concentration took place, whereas the concentration of middle oils at all
temperatures passed through a maximum value. They suggested that at higher
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temperatures after a certain reaction time the light oils began to crack to produce
other products, whereas middle oils had a tendency to decompose at all studied
temperatures.

Very few results have been published on the effect of hydrocarbon partial pressure on
the reaction rate of residue thermal cracking. Only Takatsuka et al. (
1989) reported
this work by using aresidual oil at temperatures of 400 to 450 °C in abatch type of
reactor. During the thermal cracking, the reactant remained in liquid phase in the
reactor, but vaporized cracked oil products were flushed out of the reaction system in
accordance with its pressure. They observed that higher hydrocarbon partial pressure
reduced the reaction rate of polycondensation. This behaviour resulted from the fact
that, when the pressure was high, cracked oil fragments remained in the reactor, and
terminated propagation of further polycondensation of the residue by reaction with or
quenching the radicals produced in the residue. On the other hand, the degree of
cracking increased with increasing pressure. Typically, the yield of light cracked oil
almost doubled when pressurized from 13 to 446 kPa (Abs.) in the low pressure range.

The pyrolysis of heavy petroleum raw material such as Arabian crude and Arlan
residual oil were investigated by Samoiov et al. (
1980) to gain information regarding
the optimum choice of conditions for the pyrolysis process with the aim of obtaining
valuable gaseous and liquid products. Their studies were performed over awide range
of temperatures of 660 to 905 °C and reaction times of 0.08 to 2.4 seconds. The
investigations of the pyrolysis process were carried out in adense stationary bed with
asolid heat carrier. In the reactor, the reaction volume was equivalent to the height
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if the layer of solid carrier having a practically constant temperature taken as the
temperature of the process. Their results showed that, regardless of the composition
of the raw material, the yield of benzene with along reaction time (about 1second)
was significantly higher than that with a short reaction time (0.1-0.2 second). This
phenomenon was interpreted by subsequent occurrence of degradation processes with
the formation of substituted aromatic compounds. They also observed that the yields
of ethylene and light paraffinic-naphthenic hydrocarbons fell with a rise in the
pyrolysis temperature. However, with a short reaction time (0.1-0.2 second), these
yields rose in the opposite pattern. They explained that a considerable amount of
benzene was obtained via the synthetic reaction of ethylene and the bivinyl generated
through the cleavage of the carbon chain or the ring of naphthenic hydrocarbons
followed by dehydrogenation. At temperatures between 750 and 900 °C, this synthetic
reaction was optimum.

An experimental investigation on the pyrolysis of Cold Lake bitumen was carried out
by Vogiatzis et al. (
1989) in the ultrapyrolysis regime in aultrarapid fluidized (URF)
reactor. The temperature range employed was 500-900 °C, and reaction residence
times were from 70 to 500 ms. The experimental results demonstrated that the
ultrapyrolysis reaction was effective in converting the bitumen feedstock into adesired
product distribution which contained valuable chemical intermediates. Olefinic
compounds were selectively formed in the total gas product. Typically, when the
conversion of feed to total gas was 51.23 wt%, a18 wt% of the bitumen feedstock was
converted to ethylene at 900 °C and 331 ms. In all experiments they performed, solid
residue formation constituted less than 14 wt% of the bitumen feed.
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By reviewing the literature concerning heavy oil and its bottom fraction (asphaltenes)
pyrolysis, it was found that most researches were conducted at low severity conditions,
i.e. low temperatures (300 °C to 500 °C) and long reaction times (a few minutes to
several hours). The reason is probably that experiments operated at ultrapyrolysis
conditions are very hard to perform in aconventional laboratory reactor unit.

2.4

FORMATION OF AROMATIC HYDROCARBONS

In the thermal cracking of paraffins and olefins, acertain amount of liquid condensate
or solid is commonly produced as abyproduct of the reaction. This liquid condensate
usually consists of benzene, toluene, and small amounts of other alkylbenzenes and
polynuclear aromatics. This observation was made in the first pyrolysis experiments
published by Berthelot (Badger, 1965).

Now, it is generally accepted that C. cycloolefins are generated primarily through
Diels-Alder reactions between butadiene and olefins, whereas the production of C5
cycloolefins is mainly caused by the cycloaddition of the allyl radical to olefins.
Subsequently, the various aromatic hydrocarbons are readily formed through
dehydrogenation and polymerization of cycloolefins. In this hypothesis, butadiene as
an intermediate plays a very important role in the formation of simple aromatic
hydrocarbons. Sakai ( 1983) has summarized the basic reaction steps for generation
of C6 cyclic compounds as follows:
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Analogously, the basic reaction for production of 05 cyclic compounds are thought as
the addition of the allyl radical to light olefins or acetylenes (Sakai et al., 1976;
Nohara, 180; Sakai, 1983), where the allyl radical plays a role rather similar to
butadiene in the preceding reactions. The typical reactions are represented as follows:
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The subsequent reactions of primarily formed light aromatics may be very complex.
Some investigators (Fitzer et at., 1971; Thompson and Brooks, 1973; Virk et at., 1974)
reported that degradation of the ring and polymerization to yield polyphenyls were
possible, which was favoured by unsubstituted aromatics. In addition, side-chain
substituents on aromatic rings were believed to be inherent in the polymerization
process. Fitzer et at. ( 1971) found that alkyl substitution increased reactivity in direct
proportion to the length and number of the alkyl groups. Thompson and Brooks (1973)
and Virk et at. ( 1974) presumed that alkyl-substituted aromatics could be anticipated
to undergo free-radical reactions leading to ring closure. Furthermore, Fitzer et at.
assumed that Diels-Alder type condensation by butadiene addition to aromatics could
result in an increase in aromatic molecular size. However, some evidence suggests
that butadiene could not be an important intermediate in the synthesis of polycycic
aromatics at high reaction temperature (La Cava, 1977). It was thought that at high
temperature, the relative energies for the diene addition and for radical addition
suggested that synthesis proceeded by radical and not by molecular addition. This
hypothesis was also proposed by Thompson and Brooks ( 1973) and Virk et at. (
1974).

Recently,

Bruinsma and Moulijn ( 1988) studied the yields of groups of polycyclic
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aromatic hydrocarbons from the pyrolysis of benzene, toluene, ethylbenzene, styrene,
phenylacethiene and n-decane in the temperature range of 900

-

1250 K with afixed

residence time of 5seconds. They proposed that, at temperatures below 1100 K, the
general mechanism for the formation of polycydic aromatic hydrocarbons from
aromatic precursors was mainly by dimerization through radical intermediates and
subsequent release of hydrogen and alkyl radicals followed by condensation reactions.
At temperatures above 1200 K, addition of acetylene and benzene entities led to an
increase in more condensed polynuclear aromatics.

2.5

FORMATION OF COKE

Coke formation in apyrolysis unit is highly undesirable for the reasons of decreased
yields of desirable products, increased resistance of heat transfer to reaction materials,
and possible plugging of the reactor. The study on the fundamental aspects of coke
formation was conducted by numerous investigators (Triimn, 1983; Clary, 1985; Wang
et al., 1981). It is believed that the formation of overall coke deposits under pyrolysis
conditions is ahighly complex process. The undesirable coke generally results from
cydization and polyaromatization, and subsequent dehydrogenation to form soot (gasphase carbon) in the gas phase, or from metal surface effects to form surface carbon
on acatalytic surface.

Carbon residue levels have long been employed in the characterization of traditional
petroleum fluids. The amount of carbonaceous residue left after the evaporation and
pyrolysis of a petroleum fluid provides an indication of the relative coke-forming
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potential of that fluid. There are three standard approaches for assessing the amount
of carbonaceous residue: Ramsbottom Carbon Residue (RCR), Conradson Carbon
Residue (CCR), and Micro Carbon Residue (MCR). The CCR determination is carried
out using a Meker burner while the MCR determination is carried out in a
microprocessor-controlled

combustion

chamber.

Until

recently,

these

two

determinations have been the method of choice for bitumen characterization. The RCR
determination for bitumen samples is operationally more difficult than either CCR or
MCR determinations.

2.5.1

Formation of Soot

For the high-temperature pyrolysis of hydrocarbons, the major reactions occur in the
gas phase and are free radical in nature. Hence, the formation of gas-phase carbon
(soot) plays avery important role in the production of overall coke. Soot usually forms
at awide range of high pyrolysis temperatures, depending on the feed material and
reaction conditions, with atime scale of formation on the order of milliseconds (Clary,
1985). Aromatic and unsaturated ring compounds have agreater sooting tendency in
most high-temperature cracking environments than do aliphatic compounds (Palmer
and Cullis, 1965; Homann, 1967; Davies and Scully, 1966). In general, soot formation
is composed of the following steps: 1. Initial reactions to produce various unsaturated
aromatic and nonaromatic hydrocarbons, and their radicals; 2. Particle inception
which contains atranslation from the molecular and radical intermediates formed by
pyrolysis reactions of hydrocarbon feedstocks to a two-phase, particulate system; 3.
Surface growth, coagulation and aggregation which usually proceed simultaneously
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to lead to an increase in soot mass.

Graham et al. (
1975) investigated the soot formation during incident shock pyrolysis
of benzene, toluene, ethylbenzene and other components, highly diluted in argon, at
temperatures in the range of 1600

-

2300 K. In this pioneering work, Graham et al.

proposed a model of soot formation with two reaction pathways for aromatic
hydrocarbon cracking: at lower temperatures, the aromatic molecules undergo
condensation reactions without losing their aromatic structure, with the resulting
products rapidly and efficiently leading to soot; at high temperatures, soot formation
proceeds through amore complicated route in which the aromatic components initially
decompose into small nonaromatic hydrocarbons that then produce soot rather slowly.
This model provided an interpretation for higher sooting tendency of aromatics
relative to nonaromatic hydrocarbons.

Wang et al. (
1981) studied the pyrolysis of aromatic compounds in ashock-tube. They
suggested that fragmentation of the aromatic ring was not an important pathway for
soot production from aromatic feeds, while condensation of aromatic rings and
dehydrogenation were believed crucial to soot production. This speculation was
supported by Evans and Williams ( 1981). It was also observed by Asaba and Fujii
(1971) that even at high temperatures the primary route for benzene disappearance
was via biphenyl rather than ring rupture to acetylene and diacetylene.

Clary ( 1985) carried out the study of soot formation during the high temperature
pyrolysis of aromatic and other unsaturated hydrocarbons in aconventional shock-
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tube reactor. Rather detailed kinetic models of soot formation were developed for
pyrolysing acetylene, ethylene, butadiene and benzene. Their results exhibited the
importance of compact, fused polycydic aromatic species as soot precursor, and the
importance of the addition reaction of these precursors by hydrogen atoms to form
aromatic radicals which provided a driving kinetic force for soot production. The
results from pyrulysing unsaturated nonaromatic hydrocarbons suggested that
acetylene was an important growth species for soot production from these feeds. Their
benzene model proposed that reactions between aromatic hydrocarbons might be
critical for soot formation from aromatic feeds.

Wersborg et al. (
1975) have made mass spectral measurements of soot formation and
growth in premixed flat flames. The authors concluded that very large hydrocarbons
(massing more than 250 amu) might make significant contributions to surface growth.
Furthermore, Prado and Lahaye ( 1981) have proposed that polyacetylenes or
polyaromatics could be crucial to surface growth.

Graham and coworkers (1981, 1977) investigated coagulation of soot particles in
shock-tube pyrolyses of aromatic compounds. They suggested that collisions in the first
one or two milliseconds were coalescent rather than chain-forming. Graham postulated
that the young particles acted as liquid droplets in the sense that all collisions were
completely coalescent and sticky. Ball and Howard ( 1971) suggested the line between
coagulation and agglomeration could be a fine one, due to the continuing surface
growth during the early stages of agglomeration and possible filling from surface
growth between the agglomerated particles. Wersborg et al. (
1973) noticed that the
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significant appearance of chainlike clusters occurred just after surface growth became
extremely slow. They presumed that the earliest collisions were hidden by the fast
concurrent surface growth that tended to fill in the boundaries between particles.

2.5.2

Formation of Surface Carbon

The role of surface reactions for the formation of coke in the laboratory cracking units
has received great interest by numerous researchers (Albright et al., 1979; Graff and
Albright, 1982; Grisdale et al., 1951; Baker and Harris, 1978). Now, it is accepted that
there are at least three types of surface carbon produced during hydrocarbon pyrolysis.
These types are usually marked as amorphous, filamentous and graphitic cokes. It
was summarized by Albright and Tsai ( 1983) as follows: amorphous coke has only a
low or basic zero metal content, and forms readily, particularly at higher temperature
range of 700 to 900 °C on all types of surfaces including stainless steels, aluminized
sthinless steels, and Vycor glass; filamentous coke can be divided into at least a
number of subtypes such as constant-diameter and braided filaments, tree stump coke
and ribbon-like filament; graphitic-type coke has ahigh density and relatively high
thermal conductivity and is formed primarily at higher temperatures above 900 °C.

For amorphous coke formation during hydrocarbon pyrolysis, various investigators
(Albright and Yu, 1979; Lahye et al., 1977) agree on such areaction sequence that
starts with gas-phase reactions; acetylenic species and diolefins condense, producing
aromatics; aromatics react, forming tar molecules; tar droplets either impinge on the
metal surfaces or are generated there; the droplets wet or partially wet the solid
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surfaces; and finally the tar on the surface dehydrogenates to form coke.

Filamentous coke is produced on selected surfaces such as Fe-Ni-Cr stainless steels
by surface-catalyzed reactions (Graff and Albright, 1982; Marek and Albright, 1981).
However, it is hardly formed on Vycorgiass or aluminized surfaces. Albright and
coworkers also found that filamentous coke could be readily formed from acetylene,
ethylene and propylene. They observed a dependency of types of coke on reaction
temperature during pyrolysis on metal surfaces. At lower temperatures (e.g., 500 to
600 °C), coke deposited on stainless steels is mainly produced by surface-catalyzed
reactions. However, at higher temperatures such as 800 to 900 °C, the relative
importance of surface-catalyzed coke is less, and coke produced by gas-phase reactions
become significant.

Trimm ( 1977) has considered the mechanism for production of catalytic carbon on
nickel in rather detail. In alater publication, Trimm ( 1983) concluded "Hydrocarbons
in the gas phase adsorb on a metal or undergo a series of reactions to form an
intermediate that adsorbs on ametal. Adsorbed species undergo reaction to produce
carbon atoms/groups of atoms. These then either dissolve in the metal or migrate
across the surface to anucleation/growth center. Where carbon dissolves in the metal,
it migrates to a grain boundary and precipitates out, leading to separation of the
nickel particle at the head of agrowing column of carbon. Where carbon stays on the
surface it forms an encapsulating layer and prevents further deposition of carbon on
or in the catalyst."
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2.6

1PYROLYSIS OF SULFUR-CONTAINING HYDROCARBONS

In general, heavy oils contain substantial portions of asphaltenes and resins which are
the nonvolatile fractions of petroleum. These components contain the highest
proportions of sulfur, nitrogen and oxygen. Sulfur compounds are perhaps the most
important nonhydrocarbon constituents of petroleum. In the case of Alberta heavy oils
the sulfur is contained in substantial quantities of 3-6 wt%. The nature and
distribution of sulfur compounds in crude oils has been studied extensively since the
1890s. It has become possible to identify individual compounds from a variety of
petroleum feedstocks. Many of the sulfur compound types that occur in crude oil are
now known. Recently, Poirier et al. ( 1984) have characterized the polynuclear aromatic
hydrocarbons of five fractions of bitumen and heavy oils by using a combination of
chromatographic techniques. They concluded that the high sulphur content in the
polynuclear aromatic hydrocarbons (PNA) is associated with thiophenic compounds.
Generally, it is accepted that various thiophene and benzothiophene derivatives are
usually present in the higher-boiling petroleum fractions (Speight, 1981).

The presence of sulfur compounds in any crude oil can only result in harmful effects.
These include: (1) increasing corrosion during refining and handling; (2) production
of products having an unacceptable odour; (3) reducing the performance of gasolines;
(4) increasing smoke formation in kerosene. Therefore, the techniques for removing
sulfur from petroleum has been the subject of many investigations with the result that
a number of processes have been successfully employed in the petroleum industry.
Hydrodesulfurization,

distillation,

visbreaking,

catalytic

cracking,

coking,
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hydrocracking and deasphalting are typical processes which are adaptable to heavy
oils for reducing the sulfur content.

The literature concerning thermal cracking of model components of organosuiphur
compounds is scarce. Only a few papers are available in this field. Johnson ( 1987)
studied the flow pyrolysis and vacuum pyrolysis of benzenethiol at 700 °C and 800 °C,
respectively. The minimum possible contact times in the flow pyrolysis experiments
were calculated to be 5.6 seconds to reactant passing through the reactor. A variety
of hydrocarbons and sulphur-containing compounds were produced. Among these,
benzene, diphenyl sulphide and diphenyl disulphide were the major products, but
dibenzothiophene, biphenyl, thianthrene and diphenyl trisuiphide were minor products
under these reaction conditions. They rationalized these results by stating that "by a
sequence of reactions initiated by homolytic cleavage of the benzenethiol carbonsulphur bond, the resulting phenyl radical abstracts ahydrogen atom from amolecule
of benzenethiol to yield benzene and aphenylthio radical. Phenylthio radical coupling
leads largely to diphenyl disulphide, with trace amounts of thianthrene also being
formed. Sulphur atom extrusion from diphenyl disulphide yields athermally stable
product, diphenyl sulphide."

Odoiphus et al. (
1988) pyrolysed selected series of sulphur-containing compounds such
as

thiophene,

benzothiophene,

dibenzothiophene,

2-methyithiophene

and

2-

thiophenecarbaldehyde with argon as flow gas. The gas mixture passed through a
coiled tube reactor which was heated in a linear temperature progrmrne to a
maximum of 1000 °C. The average residence time of the compound in the reactor was
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5 seconds. They observed that the thiophenes were exceptionally stable, even more
than benzene; on the other hand, substituted heterocycles had less thermal stability
than unsubstituted organosuiphur aromatics. It was explained that thiophenes were
strongly stabilized by the aromaticity of its

it

electrons and substituents could

destabilize these compounds most effectively.

The aquathermolysis reactivity of nine model sulphur compounds was investigated by
Katritzky et al. (
1991) during the cyclic steam stimulation process. These organic
sulphur compounds represent possible organosuiphur compounds involved in heavy
oils such as dialkyl sulfide, alkyl thoil, disulfides, cyclic thou, aryl sulfides, and
thiophenes. It was indicated that there was aconsiderable increase in H2Sformation
as the temperature was raised from 250 to 300 °C for all substrates and conditions.
They suggested that thiols generated by rupture of sulfides and disulfides, were the
source of H2S evolution, and aliphatic sulfides, in addition to their usual C-S bond
cleavage, through a,

PC-C bond cleavage.

In inert atmospheres, Calkins ( 1987) revealed that only the non thiophenic groups,
such as aliphatic and benzylic sulfides and disulfides, were thermally labile. It was
proposed that aliphatic sulfides were possibly converted to thiophenes during thermal
cracking. Yamada and Amano ( 1992) studied the gas-phase hydropyrolysis reaction
of CH3SH in aconventional discharge-flow reactor at low temperatures. Based on the
product distribution, they suggested that, in addition to normal abstraction reactions
such as CH3SH

+

H

atom such as CH3SH

-

+

CH3S
if

+

11 2,a unique substitution reaction on the sulphur

-f CH3S(H)H -*

CH3

+

H2S took place.
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2.7

EFFECTS OF EXPERIMENTAL PARAMETERS

2.7.1

Effect of Temperature

It is expected that temperature is the most significant factor which has vital effects
on both rates and selectivities of hydrocarbon pyrolysis. Because thermal cracking
reactions of heavy hydrocarbons usually proceed with considerable activation energies,
temperature has an important influence on rate. For instance, Fabuss et al. (
1964)
reported that activation energies of the cracking of normal paraffins heavier than
hexane were in the range of 55-65 kcal/mol. The effect of temperature on product
selectivity is fairly complicated. In general, an increase in temperature leads to an
increase in the selectivity to light products, especially to methane, ethylene and
hydrogen, because radical decomposition usually has ahigher activation energy than
hydrogen abstraction process.

2.7.2

Effect of Conversion

The effect of conversion actually is the same as that of reaction time since conversion
is usually controlled by reaction time at fixed temperature in practical operations. The
reaction conversion has some effects on the rate constant and product distribution. For
paraffin pyrolysis, the main primary products are olefins. Since olefins have inhibition
influence, the rate constant for paraffin disappearance decreases with increasing
conversion. Davis and Williamson (1979) reported that olefins were potent inhibitors
of free-radical decompositions because of their ability to react with radicals to produce
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stable allylic species. As conversion increased, the concentration of olefins increased
and self-inhibition became significant.

Conversion effects on product distribution are caused by secondary reactions. Since
higher a-olefins are produced by paraffin cracking in the early step, these alkenes will
decompose to lighter products. As conversion rises, the selectivity to lighter products
(C 1C4)increases. Generally diolefins are not primary products of paraffin pyrolysis,
but they are observed at moderate alkane conversions. As conversion is raised further,
light olefins such as butene and propylene begin to decompose, producing more
methane and ethylene, but also aromatics and heavier products.

2.7.3

Effect of Pressure

Pressure also affects both the rate constant and the selectivity of hydrocarbon
pyrolysis. Fabuss et al. (
1964) summarized that, in the range of several atmospheres
pressure (i.e. low pressure pyrolysis), the first order rate constant for paraffin cracking
increased with increased pressure, thus resulting in an increase in conversion. For
isomeric dodecanes pyrolysis in the low pressure range, an increase in pressure by 10
atm increased the rate constant of decomposition by afactor of about 1.2, and the rate
constant doubled for apressure increase of about 35-40 atm.

The effect of pressure on product selectivity is very important. In general, very
dramatic changes occur in product distribution when the pressure is raised
significantly by about 20 atm. This increase causes the rates of bimolecular processes
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including hydrogen abstraction to increase considerably faster than unimolecular
reactions such as radical decomposition. Under high pressure conditions (i.e. larger
than 50

atm),

hydrogen abstraction is

always in competition with radical

decomposition. Thus, radical decomposition may undergo only acouple of steps, and
alkanes and alkenes of the same carbon number may be produced in comparable
numbers. Typically, at a pressure of about 150 atm, the amounts of paraffins and
olefins formed in hexadecane cracking were fairly equal (Doue and Guiochon, 1968),
indicating that the paraffin alkane radical only decomposed once before being
stabilized by hydrogen transfer.

Mallinson et al. (
1992) did adetailed chemical kinetic study of the role of pressure in
butane pyrolysis. They observed that pressure accelerated cracking at high
temperature and inhibited cracking at low temperature significantly. At a high
temperature of 600 °C, increasing the pressure increased the decomposition rate of
butane and decreased the olefins content while broadening the size distribution of the
products. At alow temperature of 200 °C, the experimental results showed that an
increase in pressure resulted in adecrease in the rate of decomposition. The former
result is expected from the above discussion. The latter phenomenon was explained
by the fact that, at the lower temperatures, the high activation energy barriers to
alkyl decomposition reactions inhibited these reactions, and instead, radical species
recombined, producing larger stable species and providing chain termination With the
pressure increasing at these lower temperatures, the rates of recombination reactions
also increased, further decreasing the overall rate of decomposition.
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Generally, the effects discussed above occur when the pressure is only slightly greater
than atmospheric. In the hydrocarbon partial pressure range of 0.5-2 atm, all that can
be expected is a relatively small increase in the ethane and propane yields, and
possibly aslight increase in the aromatics and tars production (Badash et al., 1974).

2.7.4

Effect of Diluent Gases

In most thermal cracking research, steam or inert gases such as nitrogen and argon
are used as adiluent in the pyrolysis reactor to control hydrocarbon partial pressures.
In commercial operations, steam dilution is also employed for this purpose. In either
instance, these inert gases are thought to have no direct influence on the
homogeneous pyrolysis reactions. This phenomenon is supported by the fact that most
hydrocarbon pyrolysis reactions are approximately first order, thus the reaction rate
constant should be independent of reactant concentration. However, in the case of
hydrocarbon diluted in alarge excess of diluent gases, Doue and Guiochon ( 1969) did
observe that steam or argon reduced the selectivity to paraffins in the medium
pressure cracking of hexadecane (i.e. 10-30 atm). It was explained that the inert gas
molecules could activate intermediate radicals to allow them to decompose rather than
abstract hydrogen at pressures much higher than those operated in industry. In
addition, it is known that steam has the ability to mitigate surface coking. As aresult,
with the exception of surface effects and high pressure condition, inert gas or steam
dilution effects can be ignored in normal pyrolysis operations.
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2.7.5

Effect of Reactor Surface

Surface reactions forming coke, carbon oxides, and hydrogen occur during the
pyrolysis of hydrocarbons (Dirnkleman and Albright, 1976; Tsai and Albright, 1976;
Brown and Albright, 1976). The extent to which these reaction proceed is also the
function of the composition of the inner surface of areactor. It has been revealed that
the material of construction, surface to volume ratio of the reactor, and chemical
treatment of the reactor inner surface have the effects on the reaction rate and/or the
product distribution. Surface reactions can be expected to be relatively more important
in laboratory units, since such reactors having higher S/V ratio result from much
smaller diameter reactors usually employed in the laboratory.

Dnrildeman and Albright ( 1976) have observed that reactors constructed of stRnless
steel, Incoloy, and other alloys had significant wall activity at the typical conditions
of industrial pyrolysis. On the other hand, they have noticed that Vycor (glass) reactor
surfaces were in general much less important. Appreciable higher yield of ethylene
and no carbon oxides were observed in a Vycor reactor as compared to those
constructed of Incoloy 800 (high nickel and chromium content) and a 304 stainless
steel. It was thought that secondary reactions such as the generation of aromatics
from olefins via the Diels-Alder mechanism and further dehydrogenation were
promoted by the metal surfaces, especially nickel. Furthermore, very complex
polycycic aromatics would then be formed on the reactor wall through subsequent
Diels-Alder and dehydrogenation reactions.

51
2.7.6

Effect of Trace Oxygen

The air contamination in alaboratory reactor for hydrocarbon pyrolysis studies is a
significant concern due to trace quantities of oxygen (7-870 ppm) having considerable
effect on the reaction rate and product distribution. Martin et al. (
1976) have reported
the investigation of the pyrolysis of ethane, n-butane, isobutane and isopentane in the
presence of trace amounts of oxygen, at low extent of reaction and around 500 C.
They observed that, according to experimental conditions, oxygen had an accelerating
and inhibiting effect on the paraffin decomposition. It was interpreted that, in the
presence of oxygen, chain reactions of decomposition and oxidation were competitive,
and that a new homogeneous process of free-radical formation appeared. This fact
resulted in an accelerating effect of oxygen. However, the inhibiting effect resulted
from new termination processes, in which oxygenated free radicals were easily
destroyed on solid surfaces so that chains, which would normally lead to pyrolysis
products, were terminated.

Because of the new heterogeneous reactions on the reactor wall from formed
oxygenated free radicals, a factor of surface/volume (SN) also has an effect on
pyrolysis reactions in the presence of oxygen. For arelatively low S/V ratio, oxygen
accelerates the pyrolysis reactions. Whereas for higher S/V ratio, the quantities of
pyrolysis products were considerably reduced. These phenomena were noticed by
Blakemore et al. (
1973) in their experiments on the pyrolysis of n-butane operated at
530-600 °C, atmospheric pressure, and low conversion of butane less than 1%.
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2.8

LABORATORY REACTORS FOR PYROLYSIS RESEARCH

2.8.1

Batch Reactors

Batch reactors are conventionally employed in most laboratory gas-phase pyrolyses
of hydrocarbons. In a batch reactor, the feed sample is placed in a closed reaction
vessel and thermally cracked under constant volume conditions. In general, the
capacity of batch reactors is fairly large, so as to allow a sizable feed and also to
minimize reactor effects. Usually, the reaction container is constructed of metals such
as stainless steel or nickel, or, alternatively, high-temperature glasses such as pyrex
or quartz. Whenever a positively inert reactor surface is deemed necessary, goldplating must be employed. The temperature control is generally conducted by means
of an electric furnace or aliquid thermostat.

Unfortunately, there are some major disadvantages existing in batch reactors. The
large size of these reactors has resulted in the existence of dead spaces. Thus, the
pyrolysis processes are hardly operated at aisothermal condition due to anon-uniform
temperature throughout the reactor. Besides, a batch reactor is very difficult to
operate in amanner such that it meets the rapid quenching criteria for hydrocarbon
pyrolyses. Also, many investigations have been plagued by unwanted reactions caused
by the reactor surfaces. Consequently, batch reactors are mainly applicable to slow
reactions, or the reactions at low severity conditions.
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2.8.2

Flow Reactors

Flow reactors have predominantly been utilized for pyrolysis studies in the recent
decades. For fast reactions, it is necessary to use a flow reaction system which is
commonly achieved by means of astainless steel or high-temperature glass tube in the
laboratory. In atubular reactor, there is acontinuous flow of feed compounds in and
pyrolysis products out of acylindrical pipe. In general, heat is supplied by afurnace
encased around the reactor. For liquid phase feed sample, the heating process is
mainly attributed to the thermal conduction from surrounding reactor wall. The
reactor is operated at steady-state, thus temperatures and concentrations may vary
with position in the reactor but not with time. As aresult, the rate of reaction will
vary with reactor length.

In the laboratory, the main problem connected with the application of the tubular-flow
reactor to heavy oil pyrolysis is the insufficient rapid heating to feed sample. For
ultrapyrolysis reactions, one of key requirements is the provision of rapid heating of
apyrolysis sample to adesired high temperature. In this heating process, the heavy
oil has to be first vaporized, and then heated to apredetermined temperature. Since
heavy oil is initially present in liquid form, it needs alarge amount of heat supply for
its vaporization. Tubular reactors cannot provide an efficient heat transfer to liquid
heavy oil to vaporize and heat it to a high temperature in a very short time.
Therefore, the flow reactors are not suitable for studies of heavy oil cracking in the
ultrapyrolysis regime.
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2.8.3

Shock Tube Reactors

The specific experimental technique of the continuous-flow shock reactor has been
employed to determine the reaction rates for very fast reactions. Reaction times from
about 20 ms down to a small fraction of a millisecond can be accomplished as the
technique provides an almost instantaneous change to reaction conditions. However,
due to the complexity of this kind of reactor, it is difficult to precisely measure the
reaction temperature and time (Come, 1983). As aresult, shock tube reactors are not,
in fact, ideal for kinetic studies.

2.8.4

Summary

-

Laboratory Reactors

As discussed above, to determine the reaction kinetics of hydrocarbon pyrolysis,
general laboratory reactors such as batch reactors, flow reactors, or shock tube
reactors cannot provide, in general, the rapid heating of the entire sample to an
accurately predetermined temperature, nor the rapid quenching subsequently needed
for the products of pyrolysis. Also, the actual reaction time for the samples is not
known with certainty, and/or isothermal conditions for pyrolysis reactions are not
achieved.

2.9

COMMERCIAL PYROLYSIS PROCESSES

In commercial upgrading applications, catalytic processes have typically been the most
effective traditional approaches for converting conventional feedstocks to lighter, more
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valuable products. However, these processes have had limited success in processing
heavy oils, because the high proportions of asphaltenes and non-hydrocarbon
conthminants usually contained in the original bitumens have asignificant tendency
to deactivate the catalyst.

In general, most of the techniques for processing heavy oils are based on two basic
approaches which are carbon rejection and hydrogen input. The carbon rejection
processed are achieved by concentrating the majority of sulfur in the feedstock into
the coke fraction and obtaining cracked distillates from which part of the sulfur and
nitrogen compounds and most of the organometallic compounds of nickel and
vanadium are removed. Delayed coking and fluid coking are particular coking
processes which are currently used on aregular basis in the refining industry. The
hydrogen input processes are hydrocracking. Hydrocracking is probably the most
versatile of petroleum refining processes because of its applicability to awide range
of feedstocks. Chemically, hydrocracking can be regarded as acombination of cracking
and hydrogenation. It is also atreating operation which hydrocracks heavy fractions
in the heavy oil, to lighter oil products, removes metals contained in the oil by
deposition on the catalyst, and remove sulfur and nitrogen compounds in the forms
of H2S and NH3,respectively.

2.9.1

Delayed Coking and Fluid Coking

The delayed coking is anon-catalytic thermal cracking process. In the past, delayed
coking was often chosen to process the abundant supplies of high-quality vacuum
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residues to yield coke and greater quantities of light hydrocarbon products. A delayed
coking unit generally has one coking heater and two drums. The coking heater is
designed to prevent premature coking in the heater tubes, thus limiting the length of
the run. The liquid-vapor mixture leaving the coking heater passes to acoke drum.
The majority of the existing units operate at pressures of 2-3 atmosphere, heater
outlet temperature of 482-504 °C and coke drum of 416-449 °C. The typical run times
are in the range about 4minutes. During coking operation, one drum is being filled
while the other is decoked. Under temperature conditions in the drum, the coke is
formed and accumulates in the vessels.

Fluid coking is anew variation of the delayed coking process. Fluid coking differs from
delayed coking primarily in that coke is formed continuously by the cracking of athin
film of oil feed which is deposited on hot coke particles. This process employs higher
temperatures and is a more severe operation than delayed coking. The process
operates typically at 2-3 atmosphere pressure and at temperature of 482 to 566 °C.
Effective gas contact times in afluid bed coker are in the range of 15-30 seconds. The
net results from fluid coking shows that a slightly higher liquid product yield and
lower coke yield are produced when compared to delayed coking. A yield comparison
for delayed coking versus fluid coking for Alberta bitumen (Schumacher, 1982) is
presented in Table 2.1.

2.9.2

Kellogg Millisecond Furnace

Since feedstock cost represents alarge portion of the olefins production cost, selection
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Table 2.1: Coke Yields from Alberta Bitumen
Delayed Coking Versus Fluid Coking
Delayed Coking

Fluid Coking

Products

wt%

wt%

C4 and Lighter

7.9

9.8

C5 204 °C

12.7

14.4

204 °
C EP

57.2

60.0

Gross Coke

22.2

15.8

-

-
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of cracking conditions favourable to high yields of the desired products is avery
important feature of an economically successful olefins manufacturing venture. In this
regard, it was recognized that optimum selectivity to olefins and maximum feedstock
utilization from operations carried out at high temperatures and shorter contact time.

Kellogg millisecond pyrolysis process (Dluzniewski et al., 1981) is a commercially
proven alternative to conventional pyrolysis of hydrocarbon feedstocks for the
production of olefins. This millisecond furnace's radiant-box design is quite
straightforward: small diameter reactor tubes enter from the bottom of the box, run
straight upward, and exit from the top of the furnace. The furnace is successful in
commercially operating pyrolysis in the ultrapyrolysis regime (outlet temperature:
870-900

00;

residence time: 50-100 ms). The plant data have demonstrated impressive

ethylene yields about 15 wt% higher than those from conventional cracking (Kellogg,
1989).

2.10

MATHEMATICAL MODELING OF HEAVY OIL PYROLYSIS

Since the strong competition in the olefins business worldwide has caused an
extensive search for means to cut down production costs and boost olefins production,
the accurate mathematical models describing pyrolysis mechanisms and kinetics are
mandatory for pyrolysis reactor design.

Kinetic modelling of hydrocarbon mixtures containing very many components is a
challenging problem that has received considerable attention. Over the past few
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decades, modelling of different pyrolysis processes has been attempted by numerous
researchers at various levels of sophistication.

However, most studies have been

carried out on the pyrolysis of light, pure hydrocarbons and binary hydrocarbon
mixtures. Only afew investigations on heavier oil cuts have been presented (Hirato
et al., 1971; Kumar and Kunzru, 1985; Depeyre et al., 1989; Kavianian et al., 1990).
Among recent studies on the modelling of heavier hydrocarbon pyrolysis, there are two
that are typical and represent the modelling method.

The first was presented by Kumar and Kunzru ( 1985) for modelling of naphtha.
pyrolysis.

In this study, it was assumed that naphtha could be represented as a

pseudo-pure compound and the primary decomposition of naphtha was represented
by a single reaction with the initial selectivities determined experimentally. Based
on their experimental results, the primary reaction was represented by an overall
first-order reaction for the whole range of conversion and the initial selectivities were
assumed to be constant. The secondary reactions of the primary products were also
represented by molecular reactions. In the molecular modeling, only the apparent
global molecular reactions were taken into account. Since an innumerable number of
secondary reactions can occur between the various primary products, only important
secondary reactions were included to account for the major products formed in
naphtha pyrolysis. The sixth-order Runge-Kutta-Verner method was used to solve the
set of reactions which included 22 reactions and 14 components. The predicted and
the experimental product yields were compared and the rate constants adjusted, by
trial-and-error, to minimize the deviation between the experimental and predicted
yields.

A limitation of their study was that the initial selectivities had to be
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determined experimentally.

The second recent study was reported by Depeyre et al. (
1989) for modelling of
thermal steam cracking of an atmospheric gas oil. Since atmospheric gas oil consisted
of a large number of hydrocarbons, they divided the original sample into four
hydrocarbon families. Each family was represented by one representative component
such as, n-hexadecane for paraffin, isohexadecane for isoparaffin, C13H26 for
naphthenes and Cl5H M for the aromatics family. In order to reduce the number of
reactions involved in the model, the reactions that did not play asignificant part in
the reaction system in addition to all the olefins with carbon number above five and
paraffins larger than propane, were considered negligible. The model written by them
contained 138 reactions, 18 molecular species, and 24 radical species. As described
before, thermal cracking involves mainly free-radical reactions in nature. The most
importantly radical reactions were accounted for in this approach. This radical
modeling somewhat represented the elementary reaction network of hydrocarbon
decomposition, whereas in the molecular modeling, only the apparent global molecular
reactions were taken into account. The concentration of the radicals was determined
by steady-state conditions. The numerical methods employed were Raphson-Newton's
method to solve the nonlinear algebraic system, Gauss' method to resolve the linear
system, and Euler's method to solve the differential system.

However, for heavy oil pyrolysis, the modelling methods applied are only limited to
the lumped model in all the published papers (Takatsuka et al., 1989; Phillips et al.,
1985; Mazza and Cormack, 1988a,b; Hikita et al. 1989; Soodhoo and Phillips, 1988;
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Hayashithni et al., 1984; Behar et al., 1988; Un, 1991). The major reason is that crude
oils are made of atremendously large variety of compounds, the heaviest fraction like
asphaltenes being impossible to characterize in any other way than by bulk
parameters or by a statistical picture. Consequently, it is impossible to take into
account acomprehensive model containing all the elementary reactions involved.

Hayashithni et al. (
1984) investigated low temperature thermal cracking reaction
models for Athabasca bitumen to be used in "in situ" oil recovery model of oil
reservoirs. In their work, bitumen was extracted from Athabasca Oil Sands using
methylene chloride as a solvent. The cracking experiments were carried out in a
quartz glass tube. The temperature range studied was from 300 °C to 450 °C. The
reaction times were set to be on the order of hours. The products of cracking were
separated into coke, asphaltenes, heavy oils, middle oils, light oils and gases. A pseudo
reaction mechanism which involves five first order reactions containing four
components was developed as follows:

Asphaltenes
Asphaltenes
Heavy oils

--->

--->

Heavy oils
Distillables

--->

--->

Coke

Heavy oils

Asphaltenes
Distillables

--->

Heavy oils

Mazza and Cormack ( 1988) also modeled the low temperature thermal cracking of
Athabasca bitumen in the temperature range of 365 to 441 °C for residence times
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varying from 0.25 to 9hours. Based on the investigation of the thermal cracking of
each individual isolated fraction, they proposed the following principal reactions:

Saturates
Saturates

Resin

Volatiles

--->

Aromatics

Resin

Aromatics

--->

Aromatics

Resin

Volatiles

--->

--->

Volatiles

--->

--->

--->

Asphaltene

Resin

Aromatics
Asphaltene
--->

Volatiles

Asphaltene

--->

Resin

Asphaltene

--->

Coke

Behar et al. (
1988) studied the kinetic modelling of aromatic oil and paraffinic oil
pyrolysis. Their experiments were conducted in aclosed system, over the temperature
range from 335 to 540 °C and a large range of reaction times (a few minutes to 1
month). The pyrolysis products were divided into five selected fractions: Cl, C2-05,
C6-C13, C14+ and coke. They assumed that Cl (methane) and coke were stable
components, and each of the unstable fractions proceeded along afirst order cracking
reaction producing the other fractions:

C14+

--->

a12C6-C13

06-C13

--->

+

a13C2-05

a23C2-05

±

+

aC1

a14 C1 + a15coke
+

acoke
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C2-05

--->

aC1

+

a35coke

where a are stoichiometric coefficients on a mass basis. The stoichiometric
coefficients, in the above scheme, were selected in order to respect the conservation
of mass, carbon and hydrogen for each reaction.

In summary, all the models presented in the past for heavy oil pyrolysis were
developed at low temperature in the liquid phase region. No accounts of mathematical
modelling of heavy oil pyrolysis on a molecular level were found in the literature.
Furthermore, there is no information regarding kinetic models for heavy oil cracking
in the high temperature range in the literature. Therefore, on this basis, the model
presented in this thesis is unique.

r
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CHAPTER 3
EXPERIMENTAL PROGRAM

3.1

EXPERIMENTAL EQUIPMENT

Conventional methods of pyrolysis to obtain kinetics including batch reactors, flow
reactors, or shock tube reactors have not provided the rapid heating of the entire
sample to an accurately predetermined temperature, nor did they give the rapid
quenching subsequently needed for the products of pyrolysis. Also, the actual reaction
time for the samples was not known with certainty. Moreover, isothermal conditions
for pyrolysis reactions were not achieved.

The provision of rapid heating of a pyrolysis sample to an initially selected
temperature, followed by apreset reaction time, and finally, arapid quench of the
products to prevent further reaction are key requirements for ultrapyrolysis reactions.
Therefore, a radically different new pyrolysis procedure which would meet all the
above criteria was needed. Curie point pyrolysis is probably the closest approach to
an ideal temperature rise and quench cycle. When aferromagnetic wire is magnetized
by introduction into ainduction coil whose polarity is rapidly changing; the hysteresis
heat is generated in the ferrous material due to the friction of changing polarity. Self
heating causes the ferrous material to rapidly reach aconstant temperature at which
it loses its magnetism (i.e. Curie Point Temperature). This temperature is then
maintained and is solely a function of the alloy composition of the material. The
method, initially introduced by Simon and Giacobbo (1965), employed this novel
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heating process that ensured rapid heating to an accurately predetermined
temperature, followed by quenching by direct mixing with a cold stream gas flow.
Temperature rise was attained in tens of milliseconds. This system approaches closely
the ideal square wave heating, reaction, quenching profile. The system is often called
a "pulse mode pyrolyser" and is suitable for the accurate kinetic study of pyrolysis
reactions. Some experimental work has been successfully done in the past in our
laboratories at the University of Calgary by Rastogi ( 1987), Rastogi et al. (
1988a,
1988b) and Fairbum (1988).

The existing pyrolysis equipment used in our laboratory was originally built by
Rastogi ( 1987). The pyrolysis assembly was redesigned by Fairburn ( 1988) to meet her
requirements,

and further modified in this

study. A number of important

modifications on the experimental procedure have been made to overcome some major
disadvantages of previous designs and enhance the capabilities of the system. With
the progress in this research, much development work has gone into the final design
for the pyrolysis system and ancillaries. With each new step, although time
consuming, a new and better experimental system resulted. In addition, afew new
equipments were employed to extend our research interests. The present experimental
apparatus consists of the following main parts:
1.

A constant-volume batch type of microreactor that contains the feed sample to
be pyrolysed.

2.

A solenoid activated hammer assembly.

3.

A glass pyrolysis chamber that has 1/8 in and 1/16 in swedgelock fittings on
the ends.
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4.

A Curie Point pyrolyser and associated pyrolysis module, which consists of an
induction coil that is surrounded by an aluminum block heater.

5.

A two way, three ports, high temperature and zero volume switching valve.

6.

A timer control unit.

7.

A gas chromatograph coupled to amass spectrometer as acombined detection
system.

8.

A micro-balance that is asensitive weighing measurement instrument.

9.

A CUN analyzer that is used to determine the carbon and hydrogen content of
pyrolysis residue.

3.1.1

Pyrolysis Microreactor

The configuration of atypical constant-volume microreactor is shown in Figure 3.1.
The dimension of the microreactor is just over 12 mm long with 0.7 mm diameter. It
was originally designed by Rastogi (1987). Curie point pyrolysis involves the use of a
12 mm ferromagnetic wire with microgram quantities of asample coated onto it. This
wire is then placed into a capillary glass tube by sealing both ends to make a
constant-volume batch type of microreactor. The reactor is then positioned in ahigh
frequency induction coil with acarrier gas flowing past it. The field is then energized
with ahigh frequency pulse of energy, simost instantaneously heating the wire to a
fixed temperature.

The wire, typically employed is anickel-iron-cobalt ferromagnetic alloy. The actual
composition of the alloy in the wire determines its Curie point temperature. At that

12mm

-00-

4
0

bo
Ili

0

3

+
Pyrex Capillary

Figure 3.1

-

Ferromagnetic Wire
(Coated with Sample)

The Constant-Volume Microreactor Configuration
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temperature, there is atransition from ferromagnetic to paramagnetic properties of
the alloy. At this point, the rate of intake of energy by the wire in the alternating
magnetic field is drastically reduced and the temperature is maintained at the Curie
point until the high frequency energy source is switched off externally.

In addition, reproducibility is ensured as the Curie point temperature depends only
on the composition of the alloy and the geometry of the wire. If a different reaction
temperature is desired, the ferromagnetic wire will have to be replaced by one with
a different alloy composition. Wires are available with Curie point temperatures
ranging from 300 °C to 1000 °C.

A number of factors including the wire diameter, oscillator frequency, magnetic field
strength have to be optimized to ensure that the energy uptake by the wire is more
than or equal to the rate of dissipation of energy by convection and radiation. For a
pyrolyser unit operated at 500 kHz, Buhler and Simon ( 1970) have shown that an
optimum diameter is approximately 0.5 mm. In our experiments, a 480 kHz of
oscillator frequency was employed.

The detailed construction procedure for microreactor will be given in section 3.3.1.3.

3.1.2

Hammer Assembly

The hammer is used to break the microreactor after apreset period of time and thus
enable the products of pyrolysis to be quenched by the carrier gas stream, and hence

69

B

A Microswitch

B Leads From Microswitch to Timer Unit

C Leads for Electromagnet

D

E Soft Iron Hammer Block

F Electromagnet

-

-

-

-

-

1/8" Tee

-

G Elevation Adjusting Screws

H

I Hammer Rod

J Direction of Motion of Hammer

-

-

Figure 3.2

-

Hammer Base Plate

-

-

Hammer Assembly for Breaking the Microreactor

70
stop the reaction.

The hammer assembly is shown in Figure 3.2. It is made from laminated soft iron
plates to which astiff rod of 2mm diameter and 140 mm length is attached. This is
housed in a wire coil thus forming an electromagnet. When a current is passed
through this coil, amagnetic field is generated that attracts the soft iron block. The
latter is thus jerked towards the coil, thereby driving the rod downwards. This
downwards motion of the rod acts as a hammer, to break the glass encapsulated
microreactor.

The soft iron block is attached such that on reaching the terminal point of its
downward motion, it activates a micro-switch that stops a digital counter (timer)
display. This display shows the actual duration of pyrolysis.

3.1.3

Pyrolysis Chamber (PC)

Figure 3.3 is a schematic diagram of the new pyrolysis chamber (PC) which has
undergone many importhnt modifications. The PC, containing the microreactor, is
placed into the high frequency magnetic field. In its present form, it enables
essentially leak proof sealing at both the upper and lower swedgelocked ends. The
upper end is swedgelocked using teflon fittings and stainless steel fittings are used
for the lower end. The Kolvar used is a special type of steel with a thermal
conductivity similar to glass. The Kolvar/glass seal is thus air-tight and will not crack
at high temperature. This requirement is critical in our experimental operation. The
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pyrolysis chamber was constructed by glassblowers at the University of Calgary by
merging a 7 mm O.D. and 5 mm I.D. pyrex tube with capillary tubing of the same
outer diameter. At the extreme end of the glass tube, a118 in. Kolvar seal is moulded
to allow ahammer passing through, while at the exit end of the capillary tube, is a
similar seal, but the fitting is 1/16 in. to attach the high temperature valve which is
connected to the analytical equipment.

Since the pyrolysis chamber was the actual container for the microreactor, it was the
heart of the reactor assembly and could greatly affect our experimental results. Great
efforts have been made to improve the design of the pyrolysis chamber and ancillaries
through the course of this study. The original pyrolysis chamber designed by Fairburn
(1988) (Figure 3.4) included aborosilicate glass tube fused to a22 gauge needle. Since
this PC was plagued with operational problems, mainly with the seal, Huq (1989)
developed a design shown in Figure 3.5. In this setup, the pyrolysis chamber was
made in an L shape with a 1/8 in and 1/16 in swedgelock fittings on the ends. This
form enabled alarge reduction in the dead volume down stream of the microreactor.
However, the main disadvantage of this configuration was that, during the
experimental operations, the rupture of the pyrolysis chamber frequently took place
by the hammer downward motion due to the physical rigidity of the glass. Thus anew
design, shown in Figure 3.3, was developed. By making one of the ends flexible, using
1/32 in stainless steel tubing, the operating problem of the frequent breakage of the
pyrolysis system was solved, and a much more reliable reaction chamber has been
achieved.
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Furthermore, we discovered that keeping the temperature of the stthiless steel
connection tubing from the PC to the GC/MS heated to asufficiently high temperature
to prevent condensation of cracking products was amajor problem. This was overcome
by wrapping aheating tape around the tube, clamping aK-type thermocouple to the
mid-section of the tube, and covering the whole arrangement with insulation. The tube
was then heated with aheating tape to the required temperature and maintained at
the set point by atemperature controller.

In many cases, the force of the impact of the hammer on the microreactor at the end
of the reaction time, forced small splinters of glass into the capillary tube thereby
impairing the flow of pyrolysis products into the GC/MS. Often, the capillary was
completely blocked. Owing to the natural position of the microreactor sitting in the
pyrolysis chamber, this obstruction problem used to happen very frequently. Thus, a
large number of aborted experiments were occurring when the previous pyrolysis
assembly was employed. To efficiently run our experiments, this obstruction had to
be eliminated. By placing a small cone shaped stainless steel mesh in the pyrolysis
chamber at the inlet of the capillary, the problem was finally solved. Due to the shape
of the pyrolysis chamber, the natural position of the microreactor was in the base, on
top of the mesh.

3.1.4

Curie Point Pyrolyser

The Curie Point Pyrolyser (Figure 3.6) employed in this project is acommercial unit
(Fischer Model 0316) which is based on the work of Simon and Giacobbo (1965),
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Buhier ( 1971) and Oertis (1974). Figure 3.6 indicates the Curie Point Pyrolyser
module showing the PC with microreactor in place. The induction coil surrounds the
pyrolysis chamber. The microreactor is located in the region of maximum heating
intensity. An induction field of 1170 oersted and 480 kHz is created. The effective
heating zone is about 33 mm long although the coil has alength of 42 mm. The coil
itself is surrounded by an aluminum block with aresistance heater which is capable
of maintaining the temperature of the entire pyrolysis module at 310 °C. In fact, due
to conduction and radiation, this temperature actually reaches only 275 °C. This value
was measured by placing athermocouple at the position of amicroreactor followed by
anormal operation procedure.

The pyrolyser control unit supplies the power to the induction coil. In keeping with
the findings of Oertli ( 1974), atwo stage power supply is provided. An initial impulse
of 4.0 kW brings the ferromagnetic wire quickly to its Curie point temperature, while
aconstant power input of 1.0 kW sustains this temperature. The period for the wire
heated to its Curie point temperature is named as temperature-rise-time (TRT). The
pyrolyser also has the capability of controlling the duration of the pyrolysis reaction
as well as the temperature of the heater.

An understanding of the theoretical basis for Curie Point Pyrolysis is very important.
When ahigh frequency current flows through acoil, amagnetic field is induced in the
coil, constantly changing orientation in synchronism with the current. When a
ferromagnetic wire is placed in this field, apotential is generated in the wire. Owing
to the ohmic resistance of the wire, it is heated up. At high frequencies, the induced
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current is not uniformly distributed across the cross-section of the wire. Rather, it is
concentrated in the outer 10% of the radius (Fairburn, 1988). This distance is termed
the skin depth. A significant amount of energy is absorbed by the wire during this
stage. When the temperature of the wire reaches the Curie point, there is atransition
from ferromagnetic to paramagnetic properties, which is accompanied by a drastic
decrease in the energy uptake by the wire. At this point, the skin depth very closely
approaches the radius of the wire.

3.1.5

High Temperature Valve

A three-port, two-way, zero-volume high temperature (max. 300 °C) switching valve
(Valco Inc.), with 1/8 in swedgelock fittings, has been installed in our setup
downstream of the pyrolysis chamber. It switches the carrier gas flow from the
pyrolysis

chamber,

either venting the helium stream,

or through the

Gas

Chromatograph/Mass Spectrometer (GC/MS) for analysis. This carrier gas flow is also
used to quench the pyrolysis products through breakage of the microreactor. The
switching modes are shown in Figure 3.7. The valve is maintained at its maximum
temperature 280

3.1.6

00.

Timer Control Unit

Since the total duration of the ultrapyrolysis was typically less than one second, an
automated timer control unit (Figure 3.8) was needed to monitor the various
operations that were carried out in that short time span. This unit had to take into
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account the delay in response of the system, mainly due to the time taken for the
hammer to move from its initial position to the point where it actually broke the
microreactor, typically about 19 ms (Fairburn, 1988). The unit also was designed to
measure and display the actual duration of pyrolysis, which may vary from that
preset, by as much as 5ms. This was observed as an average from the runs that were
conducted.

The unit consists of power switch, asafety switch, trigger and reset push buttons. Two
timer wheels (A-left, B-right) and a visual display counter make up the front. The
safety switch has been installed to prevent untimely triggering of the hammer,
principally due to static electricity. The trigger switch sets off the delay timers A and
B. The purpose of delay timer B is to set off the delay in reaction time of the hammer
assembly. As mentioned previously, an average delay of 19 ms is set on this wheel.
The effect is to start the Curie Point Pyrolyser after this period of time. The timer A
is used to control the duration of the pyrolysis (i.e., the residence time of cracking).
After the reaction has proceeded for the set period, the hammer is activated and the
microreactor is broken. A micro-switch is positioned such that it will stop the digital
counter at the instant that the hammer breaks the glass. The actual duration of
pyrolysis is then displayed.

3.1.7

Gas Chromatography/Mass Spectrometer System

Gas chromatography is the physical separation of two or more compounds based on
their differential distribution between two phases. The gas chromatograph employs

-
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acarrier gas to move avaporized sample through acolumn coated with astationary
phase where separation takes place. A detector converts the column eluent to an
electrical signal that is measured and recorded. The output of the GC is a plot of
detector signal abundance versus time. The abundance remains at alow baseline level
except when aseparated sample component elutes from the column and produces a
peak in the chromatogram plot.

Chromatographic peaks can be identified from their corresponding retention times,
measured from the time of sample injection to the time of the peak maximum. The
retention time of any component peak is not significantly affected by the presence of
other components. The height or area of a peak may be used to measure the
concentration of acomponent in the sample mixture.

A mass spectrometer (MS) is one kind of GC detector. As the separated sample
component molecules elute from the column to the inside of the MS, they are
bombarded with energy. This causes them to lose an electron and form ions with a
positive charge. Some of the bonds holding the molecule together are broken in the
process, and the resulting fragments may rearrange or break up further to produce
more stable fragments. Due to the natural law governing the relative strengths of
chemical bonds, agiven compound will ionize, fragment, and rearrange reproducibly
under agiven set of conditions.

A mass spectrum is 'a recording of the masses of each of the ionized fragments,
representing aunique fingerprint of amolecule that can be used in identification. It
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is a plot showing the mass/charge ratio (in daltons or atomic mass units) versus
abundance data for ions from the sample molecule and its fragments. Most ions
produced by GC/MS have acharge of + 1. The mass/charge ratio of any fragment is
therefore normally equal to the mass for that fragment. The largest peak in the
spectrum is called the base peak. Certain fragments are more prone to form from the
parent molecule than others, due to the presence of functional groups in the molecule
and their interconnection. The masses of these fragments are used to deduce the
structure of the parent compound. The mass spectra of certain compounds exhibit
clusters of mass peaks. The relative percentages of these cluster ions provide more
clues useful in unravelling the identity of a parent molecule from its molecular
fingerprint.

In our experimental system, the whole pyrolysis assembly was, connected directly on
top of the gas chromatograph inlet port so as to reduce chances of contamination or
loss of the products of pyrolysis. A Hewlett Packard 5890 Gas Chromatograph (GO)
and aHewlett Packard 5970 Mass Spectrometer (MS) were coupled together. The GC
had aPONA (Paraffins, Olefins, Naphthas, and Aromatics) capillary colmnn, 0.2 mm
I.D., 0.5 pm film thickness and 50 m long. The phase material was Cross linked
Methyl Silicone. This column was capable of separating all the paraffins, olefins,
naphthas and aromatics, which were generated in our heavy oil pyrolysis. The whole
analysis system was controlled by a Hewlett Packard 59970 MS Computer
Chemstation. All data obtained was stored on hard disk for future reference.
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3.1.8

Calm Electrobalance

The Cahn 25 electrobalance is a closed loop electromechanical system in which a
weight to be measured is directly proportional to current flowing in atorque motor.
This electrobalance is avery sensitive weight and force measurement instrument. It
can be operated over abroad range of environmental conditions and does not require
levelling or other special preparations. The capacity of Cahn 25 electrobalance is 1.5
g. The balance has three range options which are 2 mg, 20 mg and 200 mg, and
corresponding readabilities are 0.1 pg, 1.0 pg and 10.0 pg.

Regarding the electrobalance, precision is defined as the standard deviation of ten
consecutive weighings of the same mass under identical conditions. A test of precision
involves removing the sample mass from the sample suspension and then replacing
it, between each reading. Standard deviation is defined as:

Ed 2

where:

d = difference between individual readings and their average,
n = number of weighings, and
a = standard deviation.

For the Cahn 25 electrobalance, the precisions as indicated in the manual
specifications are 0.1 pg and 1.0 pg when the balance ranges are set as 2mg and 20
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mg respectively. In our experiments, the balance range of 20 mg was employed,
because anormal weight of the ferromagnetic wire was about 12 mg. By following the
weighing procedure presented in Section 3.3.2.1, astandard deviation was successfully
achieved within

±

1.0 jig. A typical example for standard deviation measurement is

listed in Table 3.1.

3.1.9

CHN Analyzer

A Model 240 Elemental Analyzer is an instrument which can accurately determine the
carbon, hydrogen, and nitrogen content of pyrolysis residue. The detecting principle
is to measure combustion products (002,
H20, and nitrogen) by combusting the sample
in pure oxygen under static conditions. The combustion products are then analyzed
automatically in aself-integrating, steady-state, thermal conductivity analyzer (Perkin
Elmer Model 240-XA). Three systems in the Elemental Analyzer perform the
determinations. These are the combustion train, the analytical system, and the
electronics.

With the Elemental Analyzer, aweighed sample is oxidized under static conditions
in apure oxygen environment, for two to six minutes. The process is then concluded
with adynamic combustion procedure. The resulting combustion products are swept
into a mixing chamber, where they are normalized to a constant pressure,
temperature, and volume. This total design permits normal operation regardless of
ambient conditions and assures long term stability. Solids as well as liquids of high
volatility can be analyzed without difficulty. The calibration and operating procedure
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Table 3.1: Standard Deviation Test 1for Cahn Balance

Number

Weigh Reading (mg)

1

2.646

2

2.647

3

2.646

4

2.646

5

2.645

6

2.645

7

2.645

8

2.646

9

2.645

10

2.645

11

2.646

12

2.646

13

2.645

14

2.647

15

2.646

16

2.646

17

2.646

18

2.646

19

2.645

20

2.645

21

2.646

22

2.646

23

2.646

24

2.645

25

2.645

Mean

2.646 mg

Standard Deviation

±

0.0006 mg

87
for CHN will be given in Section 3.6.2.

3.2

MICROREACTOR CONSTRUCTION PREPARATION

The construction of the numerous microreactors containing the samples for the
ultrapyrolysis experiments is a time consuming process requiring a high degree of
precision. Great care should be taken to ensure that contamination of the sample is
kept to aminimum as this will give erroneous and scattered experimental results.

The general cleaning procedure was to rinse the apparatus with water and then twice
with acetone to ensure the removal of any water. It was then dried completely, and
then rinsed with methylene chloride. By employing avacuum line, the drying process
was speeded up. In general, methylene chloride is widely used as standard solvent in
petroleum research. It does not react with hydrocarbons comprising the bitumen,
resins and asphaltenes (Durrans and Davis, 1971). For example, the Canmet
hydrocarbon type separation method employs methylene chloride as solvent to
separate original bitumen into different fractions. Thus, methylene chloride was
selected as solvent in this study. Also, this solvent had minimal effect on the level and
stability of the base line in the GC/MS output. Furthermore, owing to the high
volatility of the solvent, it was eluted in avery short time through the column, about
8minutes in the current experimental and measurement configuration.
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3.2.1

Sample Solution

A Hamilton . 750 N, 500 pL syringe was used in the heavy oil solution making
procedure. First, aprecalculated volume of the heavy oil was measured out. This was
then introduced into apreviously cleaned 100 mL volumetric flask and made up to
100 mL with asolvent of methylene chloride. The volume of sample should be chosen
such that a51aL of the resulting solution conthined about 10 pg of the heavy oil. The
flask was thoroughly shaken and sealed with aground glass stopper. Rubber or other
material were not recommended as these may introduce impurities, or conthminants,
which were absorbed in the lattice of the material.

Wampler and Levy ( 1987) and Walker (
1972) have indicated that, when small samples
of 5-50 pg, were coated onto the ferromagnetic wire, the entire sample reached the
same temperature as the hot wire. In fact, for samples of less than 15 pg, (Wolf et al.,
1974), the temperature-time profile of the sample was equivalent to that of the
uncoated wire. Consequently, 10 pg was deemed a suitable mass of sample to be
coated on the wire.

3.2.2

Ferromagnetic Wire Cleaning

Ferromagnetic wires of known Curie Point have been obtained from Fischer Company,
West Germany. These wires are pieces, 86 mm in length. As there are no obvious
differences in these wires, they must be stored carefully to ensure that wires of
different Curie Points are not mixed together. A complete wire cleaning procedure is
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given as follows:
1.

The wires were cut into smaller pieces, each 12 mm in length.

2.

A 10% by volume hydrochloric acid solution was made up, and about 10 mL

portions were poured into previously cleaned and labelled test-tubes, which were then
placed in awater bath at 60 °C 70 °C.
-

3.

When the temperature was stabilized, the pre-cut pieces of wire were then

dropped into the acid solutions, and the system maintained at this temperature for
15 minutes.
4.

The wires should not be touched with bare hands after this stage. Hand gloves

and cleaned apparatus must be used to avoid contamination.
5.

At the end of this period, the acid was discarded, the wires washed in distilled

water and rinsed in acetone to rid them of any water.
6.

The wires were placed in marked watch glasses and placed in avacuum heater

for 2hours at 150 °C.
7.

Meanwhile, glass vials with screw caps were cleaned and marked with the

Curie point to prevent future confusion.
8.

The wires were removed from the heater and immediately transferred to the

vials, which were then stored in adesiccator.

3.3

MICROREACTOR CONSTRUCTION PROCEDURE

Microreactor construction was the most crucial and delicate part of the whole pyrolysis
process. Extreme care should be taken to ensure that there is no contamination of the
sample. Hand gloves, face masks and pre-cleaned forceps must be used at all times.
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Through the course of this study, a number of new techniques for microreactor
construction have been developed to meet our requirements of pyrolysis conditions and
enhance the capabilities of our pyrolysis system. The complete instruction protocols
for the microreactor construction are given in the following.

3.3.1

Original Microreactor Construction

The following experimental procedure was originally established by Fairburn ( 1988)
and modified by Huq ( 1989).

3.3.1.1

Electrobalance Calibration

Before using the CRhn Model 25 Electrobalance, one should consult the 'Instruction
Manual #5728 for CRhn Series 20 Electrobalances'. Non-magnetic forceps must be
used at all times. As well, when using the balance, it is very important to ensure that
operators are seated with their elbow resting on the counter. This is critical as the
hand should be very stable when placing items on the delicate balance pans.

The electrobalance was calibrated with the tare on, using the 20 mg scale and
response level 0. Calibration weights in the 10 to 20 mg range were employed. The
calibration was repeated daily. At the 20 mg scale, the accuracy was quoted as

±

1jig

by the manufacturer, but the actual standard deviation observed in the weighing
process was

±

3.0 j.ig in our experience, which is presented in the Table 3.2.
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Table 8.2: Standard Deviation Test 2for Cahn Balance

Number

Weigh Reading (mg)

1

12.126

2

12.121

3

12.122

4

12.128

5

12.121

6

12.124

7

12.129

8

12.126

9

12.120

10

12.123

11

12.131

12

12.127

13

12.124

14

12.119

15

12.121

16

12.127

17

12.124

18

12.128

19

12.124

20

12.127

21

12.125

22

12.121

23

12.122

24

12.129

25

12.124

Mean

12.125 mg

Standard Deviation

±

0.003 mg
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3.3.1.2

Preparation for Microreactor Construction

An oxygen, natural gas flame was to be used to seal the microreactor. It was advisable
to have it lit and clamped firmly at aconvenient and safe location at the beginning
of the microreactor construction session.

Aluminum boats(approximately 8mm x5mm x2mm) were constructed using heavy
duty foil. The boats were used to hold the wires before and after they were coated with
afilm of the sample. As these had to be washed in methylene chloride after every use,
it was best to have about eight of these boats ready to make sure that all the solvent
had evaporated off the boats. It took about 10 minutes to dry completely. The mass
of individual boats should be less than 20 mg.

3.3.1.3

1.

Preliminary Microreactor Construction Procedure

An aluminum boat was placed on the electrobalance and the mass noted. The

balance was tared to zero.
2.

A cut cleaned piece of Curie point wire was then placed onto the aluminum

boat.
3.

Meanwhile, the solution of the oil sample in methylene chloride was shaken

vigorously, and 5jiL of the solution was measured out into aHamilton Model #7105
liquid syringe. As mentioned before, the solution was made up such that this amount
would contain about .
10 jig of the sample.
4.

The mass of the wire was recorded. The wire was then held with cleaned
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forceps, and the solution carefully deposited along the wire in small drops. The wire
was tilted up and down so that a uniform coat of sample was distributed on the
middle portion of the wire over about a4mm length. After waiting afew seconds for
all the solvent to evaporate, the coated wire was placed back onto the aluminum boat,
which was still on the electrobalance. After waiting 30 seconds to let the balance get
stable, the reading was taken.
5.

A Pyrex capillary tube, 0.87 mm OD x0.70 mm ID was cleaned previously, and

kept where it was easily accessible.
6.

The coated wire was removed from the aluminum boat and slid into one end

of the capillary tube. It was pushed about 3mm to 4mm away from the end.
7.

The end of the capillary tube through which the wire was inserted was then

sealed in the hot inner flame. Care was taken to ensure that the wire did not come
close to the flame. After waiting for this end to cool to room temperature, the wire was
tapped back to the now sealed end.
8.

A suitable vacuum line was attached to the other open end of the tube,

ensuring atight seal. The vacuum line was attached for about 30 seconds.
9.

At the end of this period, the capillary tube was held horizontally so that the

gas flame was just below the capillary tube at the end of the wire away from the
sealed end. The vacuum line was still attached to the capillary.
10.

To seal this end of the tube, a slight torque should be applied to the end of

capillary tube that was connected to the vacuum line. Also, aslight shearing force was
applied to the tube tending to pullit apart. Then, in agentle movement, the capillary
tube was slid through the hottest part of the flame. The tube should be in the flame
for as short aperiod of time as possible.
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11.

At this stage, one should have atapered and sealed end where the glass had

melted together. The newly constructed microreactor was then placed in a
compartmentalized tray.
12.

Finally, the aluminum boat was carefully removed from the electrobalance and

washed with methylene chloride solvent, to dissolve out any of the sample that may
have stuck to it in use. If anegative reading on the balance occurred, the reading had
to be recorded. This should be within 1 ig of the initial mass; otherwise, acorrection
to the mass obtained by subtracting the mass of uncoated wire from the mass of the
coated wire would have to be made to take into account the sample lost during
weighing.

3.3.2

Evolution of Microreactor Construction Procedure

Through the course of this study, it was found that the original microreactor
construction procedure was plagued with afew major problems. First, one of the key
requirements of pyrolysis operation for this study was that the microreactor being
absolutely oxygen free. However, a small quantity of oxygen was discovered in the
original microreactor construction procedure described in section 3.3.1. Trapped air
with hydrocarbons in the reactor is often the cause of misleading results. Second, as
mentioned before, the original way of operating the C1m electrobalance produced a
±

3.0 jig of standard deviation as presented in Table 3.2. It was not acceptable as the

weight of coated sample on the wire was designed at only about 10 jig. Therefore, the
experimental procedure had to be modified to make our microreactor more reliable
and accurate. The following are only the final modified operations in the experimental
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procedures. The rest remain the same as the previous procedures and they are not
repeated in the following section.

3.3.2.1

New Electrobalance Operation

As described previously, an accurate measurement for the feedstock mass coated on
the wire, was not achieved as the standard deviation was

±

3.0 ig with the original

electrobalance operation. By carefully doing aseries of original weighing operations
with the same ferromagnetic wire, repeated readings which were off by as much as
±

4 .ig were observed. Thus, considerable efforts have been invested on the

electrobalance by changing the way of operating the weighing instrument to attempt
to improve the balance reproducibility.

Mter making acareful study of microbalance operations, we found that the unsatisfied
accuracy of the Cahn electrobalance actually resulted from two factors. One was the
orientation of the wire on the pan in the electrobalance. Since the ferromagnetic wire
was magnetised, the magnetism from the wire would lead to unstable readings.
Another factor came from employing the installed tare mode by using internal
counterweights. It also had some influence on the balance stability. To overcome these
problems, some operations were needed to be modified in the weighing procedure.

First, the orientation of wire position on the pan should be kept the same before and
after a feed sample was coated on the wire. This requirement needed great care in
handling and skill in loading the wire on the balance pan. Second, before awire was
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coated with a feed sample, the weight of boat and wire on the loop A had to be
counterweighted by placing an external counterbalance on the tare loop. Since the
precision of any weighing on any balance is inversely proportional to the load on the
balance beam, a counterbalance weight should be selected to ensure that a digital
readout would be around zero. Thus, amechanical state of balance of the beam before
starting to weigh the sample mass coated on the wire was achieved. This was very
important to get the stable reading and better reproducibility of the electrobalance.
Note that the internal electronic tare was eliminated in this way. By following these
modifications, a good stability of the microbalance was achieved and a standard
deviation was successfully reduced down to 1.0 pg as given in Table 3.1.

3.3.2.2

Final Microreactor Construction Procedure

In the previous microreactor construction procedure, the main disadvantage was that
there was asmall amount of oxygen contained inside the microreactor. This problem
was found after pyrolysing amicroreactor with no feed sample inside the reactor. By
checking the whole reactor construction procedure step by step, it was discovered that
only the vacuum line installed in the laboratory caused this problem. As described
previously, before amicroreactor was completely sealed, the glass capillary should be
attached to the vacuum line to evacuate the reactor. By attaching avacuum meter on
the vacuum line, it was observed that the vacuum was only 68 kPa negative pressure.
This low vacuum resulted in asmall quantity of oxygen left inside the microreactor.
Thus, arelatively more powerful vacuum was employed to replace the vacuum line.
Unfortunately, the vacuum only reached -90 kPa, which was still not air-free enough
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to eliminate the air contamination in our microreactor.

The problem of oxygen contained inside the microreactor was critical, as it affected the
reaction mechanism for heavy oil cracking and caused misleading pyrolysis results.
Although a new, more powerful vacuum might be purchased and installed on the
vacuum line, the question still remained whether there was atrace amount of oxygen
still inside the reactor. Finally, the problem was successfully solved by employing a
combination of inert gas purging and vacuum line evacuation. The detailed procedure
is given below.

First of all, the tube fitting at the middle point in the original line from the capillary
tube to the vacuum was replaced by athree ports tee, so that both aultra high purity
argon purge line and the vacuum line could be connected to the capillary tube. Two
on/off snap valve A and B were installed on the line from the tee to the argon cylinder
and vacuum respectively. On the inert gas purge line, aflow meter was installed to
control the argon flow rate. Before aferromagnetic wire coated with known feed mass
was inserted into the pyrex capillary tube to make up the microreactor, the on/off snap
valve A was turned on while valve B was turned off, so that the air entrapped along
the line and capillary tube was flushed out. During the purge period, aflow rate of
argon was set about 60 mllmin to efficiently flush the entrapped air quickly. After
purging for 10 minutes, the wire was placed into the capillary through one end, to
ensure that no sample was touched and left on the tube end. Then, the tube was
sealed at the end through which the wire was inserted by applying the natural
gas/oxygen torch while the inert gas was still flushing. It is important to point out
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that just before sealing the tube end, the argon flow rate had to be reduced down to
5 mllmin. Otherwise, the sealing at the tube end would be impossible.

Since the

melted point of the pyrex glass had no strength, alittle positive pressure inside the
tube would break the sealed end during the sealing operation. After this, valve A was
closed and valve B was turned on in order to attach the vacuum line to the capillary
tube at the other end. After evacuating the tube for approximately 10 s, the capillary
was sealed at the position right next to the other end of the wire. The vacuum line
was still hooked up during this procedure. By following this modified procedure, the
requirement of zero oxygen inside the reactor was ensured. Actually, there was no
oxygen peak appearing even in trace quantities on the GC/MS plot when pyrolysing
on identical reactor constructed in the same modified procedure with no sample
contained.

3.3.2.3

Microreactor Construction for Pressure Effect Investigation

As described before, the present microreactor employed is aconstant-volume system.
The final pressure in the microreactor is dependent on the feed sample size, reaction
temperature and products formed after pyrolysis, whereas the initial pressure is a
function of feed size and cracking temperature. When the temperature is set, the
initial pressure in the microreactor is only dependent on the feed sample mass coated
on the wire. In this study, the actual construction was kept the same as the normal
reactor making procedure. The different feed amounts of 6jig, 11 jig and 16 ig were
selected to investigate total pressure effect on heavy oil pyrolysis.
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3.3.2.4

Microreactor Construction for Inert Gas Effect Investigation

It was also important to investigate the influence of initial reactant concentration
(partial reactant pressure) on the pyrolysis products. To do this experiment, argon and
xenon were selected as inert diluents. For the microreactor construction with inert gas
contained inside the reactor, the construction procedure was mostly the same as the
normal procedure. Only afew modifications were made to meet the requirement of
inert gas contained in the microreactor.

In order to achieve different mass ratios of inert gas to heavy oil sample, ultra high
purity (99.99 mol%) argon and xenon have been purchased from the Medigas
Company. Based on the microreactor size, the sample coating on the ferromagnetic
wire must be approximately 5 .ig so that a2/1 or 3/1 ratio of the argon or xenon mass
to feed sample can be achieved.

Before the coated wire with a known feed mass was inserted in the capillary tube
making up the microreactor, the pyrex tube was cleaned with methylene chloride. The
capillary tube was then attached to the purge line with the on/off snap valve A on and
valve B off. By controlling ainert gas flow rate of 60 mldmin (25 °C, 1atm), the tube
was flushed with inert gas for 10 minutes to ensure that the air entrapped in the
flush line had been purged. Afterwards, the wire was slid into one end of the capillary
tube with great care to ensure that no sample was touched and left on the tube end.
Just before the sealing procedure, the inert gas flow rate was reduced to about 5
mLfmin. Then, the capillary was sealed at the end through which the wire was
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inserted by employing the natural gas/oxygen torch as inert gas was still flushing.
Finally, the sealed end was grasped and the glass at the other end of the wire was
sealed quickly with inert gas contained inside. During the sealing operation, great
care was needed to ensure that the wire did not come close to the flame.

3.4

EXPERIMENTAL PROCEDURE ON GC-MS

3.4.1

Pyrolysis Procedure

When planning the operation of the analysis system, there are anumber of operating
variables that must be optimized in order to achieve agood analysis. After aseries of
tests, the pressure of the head column was set to be 138 kPa (Rel.). The total column
flow rate was then about 42.0 mL'min at room temperature and 1atm, and the split
ratio of total flow rate to flow rate in the capillary column was controlled at around
76:1. This value was suggested by the manufacturer to obthin optimum sensitivity for
the GC-MS. Table 3.3 summarizes the operating conditions finally chosen.

A rigorous experimental procedure had to be followed throughout the pyrolysis
experiments. Extra caution was needed to ensure that contamination of the sample
was kept to aminimum. Flow of the carrier gas was monitored to indicate any leaks
in the pyrolysis system. A detailed experimental procedure is presented in Appendix
A. However, abrief summary follows.

For each experimental week, autotone, the self-tuning procedure, had to be carried
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Table 3.3: GC-MS Analysis Conditions for Pyrolysis Run

Parameter Setting:
Solvent Delay: 1.00 mm; EM Volts: 1600; Total Ion Scale: 3000 000.
Start Time

Low Mass

(mm)

High

Scan

A/D Samples

Scan per

mass

Threshold (2N)

Second

0.00

12.0

100.0

1000

2

4.87

10.00

38.0

460.0

1000

2

1.02

Oven Temperature Setting:
Run Time: 61.0; Equilibration Time: 0.50; Purge off Time: 0.00.
Initial

Initial

Temperature

Time

(°C/min)

-30 °C

4.00 min

15.0

0 °C

0.00 min

6.0 mm

10.0

50 °C

0.00 min

11.00 mm

5.0

280 °C

4.00 min

61.00 mm

Rate

Final

Final Time

Temperature

Total
Time
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out to adjust the mass spectrometer parameters to achieve predefined performance
criteria. The standard used was perfluorotributylamine (PFTBA). An automated
calibration program was installed in the Chemstation. The print out of the results of
the calibration was stored for future reference.

The pyrolysis chamber (PC) and microreactor were cleaned with methylene chloride
and dried using avacuum line. The microreactor was placed at the bottom of the PC,
which was then placed in the induction coil in the pyrolyser module. The elevations
of the pyrolyser module and the hammer relative to the base plate, by which both
were supported, had to be adjusted to fit the particular PC being used, as there was
slight variations in construction of the pyrolysis chambers. The lower end of the PC
was then swedgelocked into the inlet port of the switching valve. A high pressure
helium gas line and diversion line from the carrier gas supply of the GC were attached
using atee to the top of the PC. Figure 3.9 shows the internal plumbing of the system.

The valve C was switched to the "Vent" position. Air entrapped in the PC was then
purged using the high pressure helium flow. The valve was then turned to the GC-MS
inlet position. Valves B were then closed, and valve A switched so that the inlet
carrier gas stream was diverted to pass through the pyrolysis chamber before it was
introduced into the GC-MS column.

After the temperature of the valve and the pyrolyser module assembly had steadied
at about 280 °C, an actual pyrolysis run was conducted. The delay timer A on the
timer unit was set to the desired pyrolysis time. The timer assembly enabled an

A Two-way Valve
-

B

B On/Off Valve
-

'

-I

C

Auxiliary High Pressure

-

Helium Flow

High Temperature Valve

Pyrolysis Chamber

Vent

A

Carder Gas Inlet

B
J

Stream

P.

To GC/MS

Figure 3.9

-

Internal Plumbing of System Showing

Location of the Pyrolysis Chamber

104
automatic start of the GC-MS at the instant the hammer crushed the microreactor.
This standardized the GC-MS start up, and reduced variations of retention times of
pyrolysis products. The first few seconds of the actual run were most critical. It was
essential to make sure that the pressure in the system did not drop. This was
indicative of either abroken pyrolysis chamber, due to the impact of the hammer, or
the blockage of the capillary tube in the pyrolysis chamber by glass broken off the
microreactor. The Curie Point Pyrolyser had to be checked to make sure that it was
actually activated. If any one of these checks failed, the block heaters for the valve
and pyrolyser modules had to be shut off, the run aborted, and the system
disassembled and then reinstalled. On completion of a successful run, the block
heaters mentioned above had to be switched off, the switching valve turned to the
vent position and the swedgelocks at either end of the pyrolysis chamber undone.

The pyrolysis chamber was removed and then the broken microreactor examined, to
find out the extent of breakage. Ideally, the glass should all be broken. A vacuum line
was attached to one end of the pyrolysis chamber to clean the inside by drawing
methylene chloride through the chamber. After this, the pyrolysis chamber was ready
for the next pyrolysis run.

3.4.2

Calibration

As aquantitative analysis of the pyrolysis products is desired, the detector responses
must be calibrated at the beginning of each set of pyrolysis experiments. In our
experimental results, there were a large number of components in the mass
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spectrograms, but most of them were in minor concentration. To efficiently calibrate
pyrolysis products without sacrificing accuracy, we have divided them into several
groups based on the retention time of these compounds. The conversion factors for
each set is about the same, and all the peaks in agiven time span are attributed to
the major compound in that span. The standard calibration gas mixture was provided
by Matheson company and is shown in Table 3.4.

The standard calibration aromatics solution was made in our laboratory. The
aromatics in ultra high purity form were employed and dissolved in methylene
chloride in the desired concentration shown in Table 3.5.

The components contained in the standard gas and solution represent the major
products from heavy oil pyrolysis. It would not lead to asignificant error to employ
this approach to convert the peak area on the TIC plot into corresponding mass. To
verify this, the experimental data from the n-hexadecane pyrolysis at 800 °C and a
total reaction time of 500 ms was used to do a material balance closure for each
element carbon and hydrogen. The result is given in Table 3.6. As shown, the material
balance was satisfied within a margin of about 5%. This means that the lumping
approach was reasonable in this study.

For gas calibration, a gas sample bulb was employed to contain the standard gas
mixture. A 10 iL gas-tight syringe (Hamilton) was employed to withdraw adesired
volume of standard gas sample through aseptum on the bulb, and then inject the gas
into GC-MS. In this way, there was less than 5 % by weight of N. (from air) was
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Table 3.4: Standard Gas Mixture Composition
for Gas Calibration

Component

Mole Percent

Methane

34.9

Ethylene

33.2

Ethane

14.1

Propylene

9.02

1-Butene

4.43

1,3-Butadiene

4.36
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Table 3.5: Standard Liquid Component Concentration
For Aromatics Calibration

Component

Normal Boiling

Mass in 0.5 1iL

Mass in 0.5 jiL

Solution (jig)

Solution (jig)

Vial Number: 1

Vial Number: 2

Point (°C)
Benzene

80

1.994

0.1994

Toluene

111

0.766

0.0766

p-Xylene

138

0.29

0.029

Styrene

146

0.177

0.0177

Indene

182

0.157

0.0157

Indan

177

0.122

0.0122

Naphthalene

218

0.2935

0.02935

Acenaphthene

279

0.2315

0.02315

Fluorene

295

0.075

0.0075

Anthrance

342

0.1615

0.01615
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Table 8.6: Material Balance for n-Hexadecane Pyrolysis

-

800 °C, 500 ms(t1)

Product Distribution(wt%)
Based on lOjig Feedstock

Component
(jig)

Carbon
(jig)

Hydrogen
(rig)

Methane

0.66

0.49

0.17

Ethylene

2.1

1.8

0.3

Ethane

0.45

0.36

0.09

Propylene

1.16

0.994

0.166

1-Butene

0.17

0.14

0.03

1,3-Butadiene

0.32

0.284

0.036

Benzene

0.42

0.36

0.06

Toluene

0.52

0.48

0.04

p-Xylene

0.17

0.155

0.015

Styrene

0.02

0.018

0.002

Indene

0.05

0.045

0.005

Indan

0.01

0.009

0.001

Naphthalene

0.02

0.019

0.001

Acenaphthene

0.03

0.028

0.002

Fluorene

0.005

0.0047

0.0003

Anthrance

0.003

0.0028

0.0002

Hexadecane

3.5

2.98

0.52

Material Balance

9.61

8.17

1.44

Feed Sample

10.0

8.5

1.5
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involved in methane peak as the retention time for N2 peak was the same as the peak
of methane. This amount of N2was from its diffusion into the syringe needle when the
syringe was removed from the gas bulb to GC injection port. Thus, when doing gas
calibration operation, the duration for syringe movement should be as short as
possible. To obthin an accurate methane conversion factor which converts the methane
peak area on the TIC plot to the actual mass, this amount of N2 area was subtracted
from the total area of the peak at the methane retention time. Different volumes of
the calibration gas mixture were injected, and the areas observed for the different
components of the sample. A linear curve was observed, and the average conversion
factor for area to mass of different components was taken. Typically, the volume
injected were 2pL, 511L and 8pL. The GC-MS operating conditions for gas calibration
were the same as actual pyrolysis runs in first 10 mm, and then stopped at that time.

For aromatics calibration, a5.0 pL liquid syringe (Supelco Inc.) was used to inject 0.5
1iL calibration aromatics

solution.

By injecting solutions with two different

concentration, alinear curve of component mass versus corresponding peak area was
obthined. The GC-MS operating conditions are listed in Table 3.7.

3.5

EXPERIMENTAL

PROCEDURE

FOR

HYDROGEN

DETERMINATION

3.5.1

Design of Experimental Program

The HP 5970B Mass Selective Detector in our laboratory can analyze minute amounts
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Table 3.7: GC-MS Analysis Conditions for Aromatics Calibration

Parameter Setting:
Solvent Delay: 8.00 mm; EM Volts: 1600; Total Ion Scale: 3000 000.
Start Time

Low

High

Scan

A/D Samples

Scan per

(mm)

Mass

mass

Threshold (2"N)

Second

0.00

12.0

100.0

1000

2

4.87

8.00

38.0

460.0

1000

2

1.02

Oven Temperature Setting:
Run Time: 51.0; Equilibration Time: 0.50; Purge off Time: 0.00
Initial

Initial

Temperature

Time

50 °C

5.00 min

Rate
(°C/min)
5.0

Final

Final Time

Total Time

4.00 min

51.0 mm

Temperature
260 °C
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of material and consequently has been selected as an accurate and efficient analytical
detector to identify and quantify the products from the pyrolysis of heavy oil.
However, the mass range of the HP 5970 is specified as 10 to 800 atomic mass unit
(amu), which means hydrogen is excluded at the low end because it is commonly used
as the carrier gas. Since hydrogen is an important component formed in the product
stream, it is crucial to know how much H2 is produced from the pyrolysis system. A
new Model HP 5890 series II Gas (Jhromatograph with thermal conductivity detector
has been tested and successfully employed in this work. The thermal conductivity
detector is capable of detecting trace components of above 15 ng (Gary and James,
1986). In order to connect our microreactor assembly to the new detection equipment,
the pyrolysis chamber and experimental procedure had to be modified.

3.5.2

Pyrolysis Chamber for Hydrogen Study

Figure 3.10 shows a schematic diagram of the pyrolysis chamber (PC) used in the
hydrogen study. The shape and size of the PC was kept the same as the original. Only
aminor modification has been made. The lower end of the PC is swedgelocked to a
steel needle by atube fitting. This modification allows adirect fit into the injection
port of the new gas chromatograph (i.e. through a septum). Since aforce on the PC
will be inevitably produced when the hammer is dropped down to hit and break the
microreactor, the pyrolysis chamber needle has been selected to have some flexibility
so that the force can be dissipated thus preventing rupture of the chamber.
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3.5.3

Gas Chromatograph Detection System

A new HP 5890 series II gas chromatograph equipped with a thermal conductivity
detector has been employed to analyze produced hydrogen from pyrolysis. As described
before, the thermal conductivity detector ideally has acapability to detect components
of above 15 ng. However, the carrier gas has agreat effect on the detector sensitivity.
Therefore, special considerations was needed. H2 has athermal conductivity greater
than helium, the carrier gas used in the GC. However, binary mixtures of small
amounts of 13 2 (<20%) in He at moderate temperatures exhibit thermal conductivities
less than either component alone. Thus, depending on concentration and temperature,
aH2 peak in the GO may appear as positive, negative, or as asplit peak when using
helium.

Therefore, to satisfy the objective of this part of our study, argon was used as acarrier
gas for analyzing

H2in our experiments.

This eliminated problems inherent in using

helium. However, the thermal conductivity of argon is close to those of lighter
paraffins and olefins. Therefore, the detector sensitivity was substantially reduced
toward pyrolysis products other than

H2.
Since

the main aim of this particular work

was to accurately analyze H2 only, this experimental set-up proved to be satisfactory.

The four supporting stands for the hammer assembly supporting the base plate had
been modified to meet the requirement that the needle installed at the lower end of
the PC could be directly inserted into the injection port of the GO with its tip at the
correct elevation.

114
A 30 m long GSQ gas-solid Megabore column was employed in the present work. This
fused silica capillary column provided aquicker analysis time with better resolution
than the traditional packed metal columns for the analysis of light hydrocarbons. The
inlet of the GSQ column was connected to the pre-column which was a1.0 m piece of
uncoated fused silica tubing. The pre-column was connected directly into the injection
port of the GC. Its purpose was to trap nonvolatiles before they moved further into the
column and possibly fouled the analysis column. In the sequence, the outlet of the
GSQ column was then connected to the TCD.

3.5.4

Experimental Procedure

3.5.4.1

Gas Chromatograph Operation Optimization

Since the analytical system for H2 measurements was new, aconsiderable amount of
time was spent to determine optimum operating conditions and to ensure that
accurate quantitative analysis could be achieved utilizing the new analytical set-up.

The column operating temperature in the new GC was the first parameter to be set.
The initial temperature had to be set as lower as possible to achieve the best
hydrogen/methane separation. On the other hand, the analyses had to be carried out
as quickly as possible, without sacrificing accuracy, so as to maximize efficiency. After
temperature searching, this column temperature was determined initially to be 35°C
and maintained for first 4minutes. Afterwards, the column temperature was raised
with atemperature programming rate of 12 °C/min.
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As noted previously, the main objective of this part of our experimental program work
was to analyze

"

2•

The heavy components produced from pyrolysis were discarded.

Thus, the final temperature of the GC oven was set at 100 °C and the final hold time
was 6 minutes to prevent any contamination in the analysis column. Under this
temperature and hold time, the heavy pyrolysis products were condensed in the precolumn, and only light components could pass through the analysis colirnm. With the
temperature programming rate being 12 °C/min, the total run time for H2 analysis was
15.4 minutes.

The second important parameter to be set was the carrier gas flow rate. If the flow
rate had been too high or too low, the sensitivity of the TCD would have been reduced.
After aseries of runs, the optimal argon flow rate was set as 14.0 mLfmin.

The TCD sensitivity increased as the temperature difference between the detector
filament and the surrounding detector body increased. A higher filament current could
have been employed by setting a large difference between the TCD oven (detector
body) and TCD filament temperature. However, ahigh noise level would have resulted
and the filament life would have been greatly reduced. In this study, the TCD
filament temperature was set at 120 °C.

Under all of the GC conditions given above, the complete separation of H2 and CH4
was achieved and a stable base line was observed. By injecting 11iL hydrogen into
GC, asignificant peak was still observed. Since only a0.08 .ig hydrogen was involved
in the 1jiL volume, this ensured that an accurate

H2 measurement could be achieved
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in our pyrolysis experiments.

3.5.4.2

Gas Chromatograph Calibration

The calibration runs were conducted using GC conditions as close to those employed
for the pyrolysis experiments, as possible. All (3<] parameters given before remained
the same.

To improve the accuracy of the

"

2

calibration, the calibration gas sample should be

made such that the H2 concentration is as close as possible to that in the pyrolysis
products stream. Thus, the known standard gases sample supplied by the Matheson
Company was employed to mix with pure H2.A 125 mL gas sample bulb was used as
acontainer for preparation of the calibration gases. In the first step, the gas bulb was
connected to the cylinder which contained known light hydrocarbons. The valve on the
cylinder was opened, and the inlet and outlet valve of the gas bulb were then turned
on for 1minute to completely expel any trapped air in the bulb. After this, the outlet
valve of the bulb was turned off, and the inlet valve of the bulb was then closed. Note
that the pressure on the regulator of the cylinder should be only a little above
atmospheric pressure. Finally, ultra pure

H2

was injected into the sealed gas bulb

using a syringe through aseptum on the bulb.

The H2 calibration was carried out by injection using asyringe of different volumes:
20 1iL, 15 jiL, 10 1iL, and 5.0 1iL. Note that before injecting the sample into the (
3<],
the syringe had to be washed using the same sample gases three times. Then, the
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mass of hydrogen injected was plotted versus the peak area on the TCD
chromatograph plot. The slope of the best-fit line corresponded to the mass response
factor. Finally, the mass conversion factor for H2 was determined as 2.41x10 in the
unit of mass(ig)/peak area.

3.5.4.3

Pyrolysis Procedure

At the begining of each experiment, the Gas Chromatograph had to be calibrated
using the calibration procedure described above.

The original tee attached to the hammer assembly of the pyrolysis chamber assembly
was connected to the argon purge line, the pressure of which was 140 kPa higher than
the head column pressure in the injection port of the GC which was automatically
controlled at 125 kPa. Further, an on/off snap valve was installed on the argon purge
line in order to flush the air entrapped in the pyrolysis chamber and push the
pyrolysis products into the GC during the experiments.

When the oven temperature was back to the initial operating temperature of 35 °C,
the microreactor was placed in the bottom of the pyrolysis chamber, and the chamber
mounted back into the hammer/pyrolyser module. The on/off snap valve was then
turned on for a few minutes, to expel any trapped air in the pyrolysis chamber.
Afterwards, the entire hammer/pyrolyser assembly was moved onto the four
supporting stands attached on the top of the GC, and adjusted carefully, so that the
pyrolysis chamber needle was at the injection point of the GC. The entire assembly
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was then mounted on the supports, and simultaneously, the chamber needle passed
through the injection port septum and into the GC as the argon gas was still flushing.
After the entire assembly had been installed completely, the valve on the argon purge
line was then turned oft At this time, the experimental system was ready to operate.

The following step was the most important in this new experimental procedure. Before
the Curie point pyrolyser was initiated, the on/off snap valve was turned on again. At
once, the GC was started and the pyrolyser and hammer were then activated by
pushing atrigger on the timer control unit. At the end of the pre-set reaction time, the
solenoid-activated hammer dropped to break the, microreactor and, as a result,
pyrolysis products were swept into the GO. After this time, a few seconds were
required before turning off the on/off snap valve, to let the quenched pyrolysis
products be swept into the gas chromatograph column for analysis. Since the pressure
in the argon purge line was 140 kPa higher than that in the CC injection port, all of
the pyrolysis products would be pushed by high pressure argon through the needle
into the CC.

After the analysis was complete, the pyrolysis chamber assembly was removed from
the hammer/pyrolyser module. The microreactor was then checked to ensure sufficient
breakage. A vacuum was attached to one end of the pyrolysis chamber to clean the
inside by drawing methylene chloride through the chamber. After this, the pyrolysis
chamber was ready for the next pyrolysis run.
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3.6

CHN ANALYSIS

For heavy oil pyrolysis, our experimental system was plagued by a major problem,
namely closing the material balance. One problem was that the unconverted reactants
(i.e. heavy oil) can not quantitatively be detected on the GC-MS as alarge number of
hydrocarbons contained in the heavy oil normally occur in concentrations below the
detection limits of the instrument. Another problem is that it is impossible to detect
exactly the amount of pyrolysis residue in our experiments, since the microreactor,
during pyrolysis, is shattered into innumerable pieces of broken glass which can not
be completely recovered for an accurate measurement of microreactor weight after
reaction. Furthermore, as we go to lower severity conditions the residue left after
pyrolysis increased significantly and must be quantitated accurately. Therefore, great
efforts were made in the laboratory to cast further light on the problem.

Finally, it was found that aModel 240 Elemental Analyzer (C}ThT analyzer) installed
in our laboratory was capable of accurately determining the carbon, hydrogen, and
nitrogen content of any hydrocarbon sample in small quantities. The detcting
principle of CIThT analyzer is to measure combustion products (CO2,H20, and
nitrogen) by combusting the sample in pure oxygen under static conditions. The
combustion products are then analyzed automatically in a self-integrating, steadystate, thermal conductivity analyzer (Perkin Elmer Model 240-XA).
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3.6.1

Preparation of Sample from Pyrolysis

Since the analytical precision of the CNN analyzer is dependent on the sample size,
in afirst step, we have examined the sensitivity and reproducibility of the instrument
by using the standard sample. It was then discovered that ten pyrolysis runs at one
thermal cracking condition were needed to accumulate asufficient sample size for the
CNN analysis. For this time-consuming procedure, the results from the CNN analyzer
proved to be quite accurate.

To measure the residue yield from the pyrolysis experiments, a new experimental
procedure was established. A quartz fiber mat was employed as acollecting carrier.
Before the microreactor was placed into the pyrolysis chamber, the lower port of the
pyrolysis chamber downstream of the microreactor was first packed with quartz fiber.
The microreactor was then slid into the pyrolysis chamber with quartz fiber around
it. Note that all of the work had to be done with clean gloves, apiece of stainless steel
wire and forceps. After this, we placed the pyrolysis chamber back into the
hrnimer/pyrolyser module and mounted the unit onto the four supporting stands on
the top of the GC.

Next, the original 1/32 inch stainless steel tubing attached to the lower end of
pyrolysis chamber was removed. The lower end of the PC was left open. This meant
that the pyrolysis products would be vented after through the quartz fibre mat, since
we only want to gather condensed sample from the pyrolysis runs in this study. This
operation enabled us to do this job more efficiently.
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To let the unconverted feed sample be condensed more quickly and completely, the
temperature of the block heater of the pyrolyser module was reduced to room
temperature (25 °C). Furthermore, the flow rate of helium purge gas which passed
through the pyrolysis chamber was adjusted down to 5.0 mLfmin. Under these
conditions, the unconverted reactants and aromatic products would be condensed
almost completely. Since the surface of the quartz fibre was much larger that of the
inner wall of the PC downstream of the microreactor, the condensed pyrolysis residue
and unconverted reactants were deposited onto the fibre mat.

Finally, the normal pyrolysis procedures were followed: the pyrolysis time on the
timer control unit and the Curie point pyrolyser was set, and the pyrolysis was started
by pushing the trigger on the timer unit with the helium slowly flowing through the
chamber. After the experiment, the helium purge line was turned off and the pyrolysis
chamber was removed from the hmmer/pyrolyser module. At this time, the
microreactor was checked to make sure sufficient breakage had thken place. All of the
fragments from the microreactor were then collected. If the microreactor was not
broken for agiven run, the run was discarded. Ten pyrolysis runs were carried out at
the same reactor conditions. All fiber mats were then combined, along with the
pyrolysis wires, to make one large sample for the CHN analyzer.
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3.6.2

Experimental Procedure

3.6.2.1

Residue Analysis Procedure

The accuracy of CHN analysis for small quantities of pyrolysis residue was very
important to determine carbon and hydrogen content. In our experiments, before the
analysis of pyrolysis residue, a 50-60 jig of standard sample (acetRnilide) was
employed to check the accuracy of CHN analyzer. Usually, a95% accuracy for carbon
and hydrogen was obtained. Only after this step, an actual examination of pyrolysis
residue could be performed. The complete CHN analysis procedure is described in the
following section.

1)

Place all of the deposited pieces from the microreactor in the sample boat.

2)

Enter the sample number, name, and 100 jig in weight, on adata sheet.

3)

Carefully transfer asample to the open end of aladle.

4)

Remove the sample fitting plug from the instrument and insert the ladle into
the combustion tube so that the end of ladle protrudes slightly from the tube.

5)

Replug the combustion tube using the plug to push the ladle farther into the
combustion tube. Do not leave the combustion tube unplugged for extended
periods to avoid air penetrating into the system.

6)

Make the initial control settings and operate the instrument.

7)

Perform calculations when the whole analysis is finished.
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3.6.2.2

Calibration with Standard

The detector must be calibrated using aknown standard to obtain sensitivity factors,
Kc and K (
unit: jiV/ig), for use in relating the recorder pen deflection, in microvolts,
to micrograms of carbon and hydrogen respectively in the sample. Then, with five to
ten calibration runs, the deviations for each sensitivity factor were calculated and
compared to those given in the manufacturer manual For example, the deviations for
acetanilide sensitivity factors, K, and

RH,

are

±

0.30 and

±

3.58 respectively. If the

obtained deviations of the factors were within the allowable ranges, the instrument
was ready to run. A calibration check may be made at any time, and must be made
when results are 'questionable or when operating conditions are changed. In our
experiments, acetariilide was used as standard sample. The following is the calibration
procedure:

1)

Weigh out five to ten standard samples, all of approximately the same weight.

2)

Follow the previous Sample Run Procedure and do a sequence of runs: one
unweighed 1-mg to 3-mg sample run, ablank run, two standard runs, ablank,
two standards, and afinal blank and two standards.

3)

Enter the "zero" and "read" values, and the ATTENUATION switch settings
for each blank and standard on aCalibration Data Sheet.

4)

Obtain the C and H blank signal values for each blank.

5)

Using the average blank signal values, compute the total C and H signal values
for each standard.

6)

Compute the theoretical percentages and weights of carbon and hydrogen in
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each standard, and record them on the Calibration Data Sheets.
7)

Compute the sensitivity factors, Kc and K H' for each standard.
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CHAPTER 4
EXPERIMENTAL RESULTS AND DISCUSSION

This chapter presents and discusses the results of experimental investigation on the
thermal cracking of crude heavy oils. Cold Lake and Peace River bitumens have been
systematically pyrolysed at temperatures ranging from 800 °C to 1000 °C and total
reaction times ranging from 250 ms to 1000 ms. To get greater insight into the nature
of ultrapyrolysis reactions of the two heavy oils, their sub-fractions have also been
pyrolysed at the same reaction conditions. All product yields are expressed on amass
basis as percentages of feed. A tabulation of typical experimental results for Peace
River and Cold Lake heavy oil pyrolysis are presented in Appendix A.

4.1

ANALYSIS OF HEAVY OIL COMPOSITION

As mentioned before, two Alberta heavy oils were investigated in this research project.
A sample of Cold Lake heavy oil was provided by the Esso company while Peace River
heavy oil was supplied by the Shell company. Their conradson carbon ratios are 13.3%
and 13.4% for Cold Lake and Peace River heavy oils, respectively. These values were
obtained by using MCR determination in our laboratories. Their elemental analyses
have been conducted by Mehrotra et al. (
1989a,b). The results are summarized in
Table 4.1.

Heavy oils from Peace River and Cold Lake were separated by the Alberta Research
Council (ARC) using the Canmet hydrocarbon type separation method.

In this
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Table 4.1: Properties of Cold Lake and Peace River Heavy Oil
on a Mass and Mole % Basis (
Mehrotra et al., 1989a,b)

Molar Mass
Sample
Cold Lake

(glmol)
577

Heavy Oil
Peace River
Heavy Oil

Elemental Analyses

542

C

H

N

S

0

Mass%

82.1

10.9

0.5

4.35

2.2

Mole%

37.9

60.4

0.2

0.75

0.8

Mass%

81.0

10.4

0.5

5.8

2.3

Mole%

38.5

59.4

0.2

1.03

0.8
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approach, different solvent systems, such as pentane, 5% toluene/pentane, 30%
toluene/pentane, 70% toluene/pentane and 50:50 methanol/methylene chloride, were
employed with stationary phase to separate heavy oil into different fractions. There
are

six

fractions

which

result

from

this

separation

procedure:

saturates,

monoaromatics, diaromatics, (polars Iand polyaromatics), (polars II & polars III), and
asphaltenes. The fraction boiling point increases in the same order as above. The
fraction concentrations of Peace River and Cold Lake heavy oil are presented in
Table 4.2.

The mass spectral analyses for all the separated fractions have also been conducted
by ARC. Their results are shown in Appendix B. As shown in these figures, all the
monoaromatics, diaromatics and polyaromatics fraction are composed of alkylbenzene,
benzocycloparaffins, benzodicycloparafThis,

naphthalenes,

naphthocycloparaffins,

fluorenes and phenthanthrenes in different concentrations. However, the saturates
consist of saturated open chain, 1-ring, 2-ring, 3-ring and 4-ring hydrocarbons. The
carbon number in each group of compounds ranges from 14 to 25. Since the last two
heaviest fractions of polars II and III and asphaltenes consist of large molecules of
condensed polyaromatic rings with no effective boiling point, it is impossible to do
complete mass spectral analyses for these two fractions.
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Table 4.2: The Fraction Weight Percentages of Cold Lake
and Peace River Heavy Oil

Fraction

Cold Lake

Peace River

% Saturates

23.0

15.2

% Monoaromatics

10.6

12.4

% Diaromatics

20.7

23.6

% Polars Iand

7.5

7.6

% Polars II & III

18.6

19.1

% Recovery

96.3

94.5

Polyaromatics

129
4.2

CALCULATION OF EFFECTIVE RESIDENCE TIME

4.2.1

Definition of Effective Residence Time

In heavy oil pyrolysis at very high temperature, the reaction time is avery important
factor as avery short reaction times are employed. As described before, there is the
temperature-rise-time (TRT) period existing for the ferromagnetic wire heated to its
Curie point temperature. In this heating period, the wire temperature increased with
time increasing, and some pyrolysis reactions could take place at the predetermined
Curie point temperature. Therefore, a more accurate definition of reaction time is
required to precisely describe our pyrolysis conditions. In this study, the total
pyrolysis time represents the time displayed at the end of the experimental run by the
timer control unit. This total time includes the period of temperature-rise-time (TRT).
To efficiently and precisely describe our reaction duration, the effect of TRT on
hydrocarbon cracking was taken into account by defining an "equivalent reaction time"
in the TRT region (tE) at the Curie point temperature, to represent the reaction
proceeding in the same pyrolysis conversion. Since n-hexadecane is generally
employed as agas oil model component, it was convenient, by using n-hexadecane, to
investigate the effect of TRT on hydrocarbon cracking. The observations in our
experiments are presented in Figure 4.1. The reaction conversions at the end of the
TRT were 10% and 8% for Curie Point wires for 1000°C and 900°C, respectively.

To precisely account for the actual reaction time, based on our experimental
apparatus, we define the effective residence time (tR)in our microreactor as the time
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period at which the exact Curie Point temperature would yield the same conversion
as the actual reaction for the total reaction time (tr). According to this definition, the
effective residence time

(tR ) can

be written as:

tR

=

tT

-

t77T +

tE

where the equivalent reaction time in the TRT region,

tE,

( 4.1)

is defined as the time at

which the Curie Point temperature would give the same conversion as the actual
reaction at the end of TRT. A schematic diagram showing the effective residence time
is shown in Figure 4.2. As seen, the effective reaction time is not the same as total
reaction time which consists of the period of the TRT plus the time span at the Curie
Point temperature.

As indicated in Figure 4.1,

different Curie Point wires have

different TRT's profiles, since variations in the nickel, cobalt and iron content affect
not only the Curie Point but also the temperature-rise-time. Correlations between the
alloy composition and the corresponding TRT indicate that alloys of higher nickel
content show increased TRT while higher cobalt content produces afaster TRT (Levy,
Fanter and Wolf, 1972). It was found that different TRT values of 85 ms, 100 ms and
125 ms were measured experimentally at the temperatures of 800 °C, 900 °C and
1000 °C (Fairburn, 1988).

The equivalent reaction time in the TRT can be determined by knowing the
appropriate first order kinetics of n-hexadecane decomposition for the corresponding
reaction conversion at the end of TRT in actual runs. From Figure 4.1, comparison
between n-hexadecane cracking conversion and temperature-rise-time shows that
different conversions, 10% and 8%, correspond to the 125 ms and 100 ms which are

Temperoture( °C)

132

Total Reaction Time ( ms)
Figure 4.2
Schematic Diagram for Effective
Residence Time Calculation for a 900°C Wire
-
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the TRT for 1000°C and 900°C wires, respectively. These experimental results can be
employed to calculate the equivalent reaction time if we know the overall kinetics of
n-hexadecane decomposition.

Unfortunately, neither the kinetic parameters from

Depeyre et al. (
1985) nor those from Fairburn et al. (
1990) are available because the
pyrolysis temperature range investigated by both groups was lower (600-700 °C by
Depeyre et al. and 576-842 °C by Fairburn et al.).

4.2.2

Overall Kinetics of n-Hexadecane Decomposition

The gas oil model compound n-bexadecane was pyrolysed at temperatures varying
from 800°C to 1000°C.

Four different reaction time runs were made for each

temperature. It is well known that paraffin pyrolysis follows approximately first order
kinetics (Depeyre et al,, 1985; Fairburn et al., 1990). For afirst order reaction in a
constant volume batch reactor, the rate of disappearance of the reactant is given by
the following equation:

dC
it-

kC

(4.2)

If the initial concentration is C1,and the final concentration is C2 after the actual
reaction time, integration yields
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-1n-C 2

=

ktAcT

(4.3)

'
-'1

Finally, the first order kinetic constant kis given by:

k

-

1

t

1n

ç

C,

(4.4)

C2

As previously mentioned, the period of TRT has an effect on the heavy hydrocarbon
pyrolysis.

This situation results in the uncertainty in the determination of the

effective residence time

tR.

To overcome this problem, the temperature rise period

was discarded, that is, the reaction time was considered to begin at the end of TRT,
and the corresponding initial reactant concentration was measured from, the
experiment at the same time. Thus, the above equation becomes

1n
tACT

where

(4.5)
1X2

k: first order reaction rate constant
tACT: tl

-

TRT

tT: total reaction time
X1:n-hexadecane conversion at the end of TRT
X2:n-hexadecane total conversion
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If the expression ln[(1-X1)/( 1-X2)] is plotted versus reaction time

tACT,

the slope of the

best-fit line corresponds to the rate constant. In this way, the rate constants have
been determined at each of the pyrolysis temperature employing the method of least
squares to regress the results.

Figure 4.3 shows the rate constant evaluation at

different temperatures of 800, 900 and 1000°C. Furthermore, the rate constant can
be expressed by the well-known Arrhenius expression:

k=k0e

(--)

(4.6)

RT

As reaction rates are known at three temperatures, the activation energy and
frequency factor can be determined.

A plot of the natural logarithm of the rate

constant versus the inverse temperature gives EIR as its slope and the natural
logarithm of the frequency factor as its intercept. As aresult, the activation energy
(callmol) and frequency factor

k

(. 1)

are determined as:

.. 20405)
=

2.91*10 4 e

PT

(4.7)

The value obtained for the activation energy (20.4 kcal/mol) is significantly lower than
the generally accepted n-hexadecane activation energy of 57 kcallmol (Depeyre et al.,
1985). The cause may be attributed to a number of factors such as the different
pyrolysis apparatus and their operation.
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In conventional n-hexadecane pyrolysis studies, most researchers (Zhou et al., 1987;
Depeyre et al., 1985) employed tubular flow reaction systems, which were often fairly
sizable. The high temperature (greater than 700 °C) studies likely experienced
significant radiant and axial thermal gradients. As a result, the actual pyrolysis
temperature was not well-defined. Furthermore, it is well known that accurate
determination of the residence time in atubular flow reactor is difficult. Thus, all of
the previous researchers did not give the actual residence time; rather they provided
very approximated, and likely underestimated space times.

As well, previous researchers probably did not recognize the importance of rapidly
quenching their product streams. Rather, they usually employed primitive air/ice
traps. Consequently, the reactions likely proceeded on longer than intended, and
higher conversions resulted. The effect of the slow quench would increase significantly
as the pyrolysis temperature increased, due to the increased rate of the reaction.
Consequently, the rate constant obtained would be higher than those attained with
arapid quench, as would the activation energy.

In addition, the low kinetic constants calculated in this study may also be attributed'
to problems associated with the microreactor system. In Section 4.3.8, it will be
discussed that, although a very delicate procedure was employed in our pyrolysis
experiments, there may be considerable variance between pyrolysis results. Even with
only one mishap in the whole experimental procedure, the pyrolysis results could be
considerably scattered. Therefore, three to seven pyrolysis runs were usually needed
at the same condition to obtain good reproducible pyrolysis results. However, at the
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very beginning of this work, only atotal of 22 pyrolysis runs were carried out at three
reaction

temperatures:

800 °C, 900 °C and 1 000 °C. There is a considerable

possibility of misinterpretation of kinetic parameters of n-hexadecane pyrolysis.

Based on the rate constant achieved in the n-hexadecane pyrolysis study, the halflives of the reaction can be calculated to assess its speed at various temperatures. For
example, the half-lives are 342 and 77 ms at areaction temperature of 800 °C and
1 000 °C, respectively. This fact indicates why hydrocarbon ultrapyrolysis at
temperatures in excess of 800 °C is considered to be afast pyrolysis process.

4.2.3

Calculation of Effective Residence Time

On the basis of the overall kinetic model of n-hexadecane pyrolysis resulting from our
experiments, the equivalent reaction time in the TRT region (tE), which is defined as
the time at which the Curie Point temperature would give the same conversion as the
actual reaction at the end of TRT, can be calculated at different temperatures. The
Equation (4.3) was applied to do this work. In the equation, kis the kinetic constant
given in the Equation (4.7). C2is obtained from experimental data at the reaction time
of the end of TRT. These equivalent reaction times are determined as:

tE =

25 ms

for 800°C,

tE =

18 ma

for 900°C, and

tE

12 ma

for 1000°C.

=
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As seen, the equivalent reaction times in the TRT region for all the reaction
temperatures are very small, as not much conversions occur in that region. Therefore,
it will not cause much error to employ these values to describe the thermal cracking
of heavy oil in the TRT region. Consequently, the calculation of the effective residence
times in our microreactor can be expressed as:

=t,r 8S+25 ms
tR =

tr

100

+

18 ms

tR =

t1, 125

+

12 ms

-

-

for 800'C,
for 900°C, and
for 1000°C.

For the total reaction times of 250 to 1000 ms employed in this study, it is obvious
that the equivalent reaction times
effective residence times

tR.

tE

in the TRT region are much smaller than the

This ensures that employing the obthined kinetic

parameters from n-hexadecane pyrolysis would not cause much error to represent the
actual reaction time.

4.3

PYROLYSIS AT HIGH SEVERITY

Our novel microreactor system employing the Curie Point principle is able to bring a
hydrocarbon reactant to high temperature rapidly and quench the pyrolysis products
in short times. In conventional laboratory reactors, it is very difficult to conduct
ultrapyrolysis at high temperatures with very high heating and quenching rates.
Publications concerning hydrocarbon pyrolysis at high severity is very sparse.
Therefore, the prime objectives in this work are concentrated on high severity reaction
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conditions to pyrolyse Alberta crude heavy oils. The obthined kinetic reaction data are
very important for the design and operation of new generation ultrapyrolysis reactors.
In our pyrolysis experiments, Cold Lake and Peace River heavy oils and all their subfractions have been pyrolysed over temperature ranging from

80000

to 1000 °C, and

total reaction times ranging from 250 ms to 1000 ms.

Figure 4.4 shows atotal ion chromatogram from atypical pyrolysis run from Peace
River heavy oil at 1000

00

and an effective residence time of 887 ms. The total ion

count (TIC) is plotted as a function of the retention time in minutes, and the area
under the peak is proportional to the mass of each component detected. Approximately
100 compounds were detected by the GO/MS in the pyrolysis products stream.
However, the major products of pyrolysis are light components methane, ethylene,
ethane, propylene, and some aromatic compounds, such as benzene and toluene, as
indicated in Figure 4.4. Most of the products actually were present in trace amounts.
C5 C1r,alkanes and alkenes were not present in any significant amount in all of the
pyrolysis runs. As it is not possible to calibrate GC/MS with respect to every product,
we have divided the products into several groups based on the retention time of the
components. This approach is rationalized in. Section 3.4.2. The mass conversion
factors for each set are about the same, and all the peaks in a given time span are
attributed to the major component in that span. The mass conversion factor is a
number by which the peak area needs to be multiplied to obtain ameasure of the true
weight of the component. By injecting into GO/MS four different volumes of the
standard with different known masses, a plot of the component mass versus the
corresponding peak area on the TIC plot from GO-MS analysis can be made. As a
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result, the mass conversion factor can be measured as the slope of the best-fit line on
the plot.

4.3.1

Cold Lake Heavy OR Pyrolysis

4.3.1.1

A]kane Formation

In Cold Lake heavy oil pyrolysis, the detected paraffins were methane, ethane and
propane. Among these alkanes, methane was the dominant product formed in the
alkane family. The effect of reaction temperature and total reaction time on the yield
of methane is shown in Figure 4.5. In the figure, three good reproducible data were
selected to average the pyrolysis results at each reaction condition. As indicated, the
methane

yield

at all the investigated temperatures exhibits a steady increase

with increasing reaction time rather than attaining amaximum. This observation is
expected, since it is generally believed that methane is the most refractory product
of the hydrocarbon cracking and requires very high temperature (> 1000 °C) in order
to be cracked.

Figure 4.6 depicts the temporal variation of methane, ethane and propane yield at
1000 T. As indicated, ethane had much smaller yields than methane. In heavy oil
pyrolysis, ethane could be generated directly through initial cracking of hydrocarbons
in the heavy oil feedstock, or through decomposition of higher primary alkane
products, but it can be consumed readily through dehydrogenation to form ethylene.
This explained why the ethane yields were much lower than those of methane. It was
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also observed that the ethane yield increased with reaction time. This fact revealed
that the rate of ethane production was higher than that of its consumption even at a
high temperature of 1 000 °C. Interestingly, propane was produced in very small
quantities over the entire range of effective residence times. This result might be
•
interpreted by the fact that propane was produced mainly through primary cracking
of heavy oil, but it could undergo decomposition and dehydrogenation to produce
ethylene, methane and propylene due to its low thermal stability. Furthermore, and
more generally observed in all pyrolyses, the yields of the alkanes decreased with
increasing carbon number. This phenomenon was also observed by Savage ( 1986) in
his experiments of asphaltenes pyrolysis.

4.3.1.2

Alkene Formation

The significant olefin products formed during heavy oil pyrolysis were ethylene,
propylene and butene. Among these alkenes, ethylene was dominant. In heavy oil
pyrolysis, ethylene could be produced through direct cracking of heavy hydrocarbons,
through dehydrogenation of paraffin with the same carbon number, and decomposition
of higher paraffins and olefins. On the other hand, they also could undergo secondary
reactions to form dliolefins, naphthenes and aromatics through dehydrogenation,
cycization and aromatization. At avery early stage of pyrolysis, the yield of ethylene
in general increases with increasing reaction conversion due to the low concentration
of ethylene in the reaction system. With cracking conversion increasing further, the
secondary reactions of decomposition and addition from ethylene become significant.
As aresult, there is acertain conversion level at which the rate of ethylene formation
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is equal to the rate of disappearance of ethylene. Above this conversion level, the
yields of ethylene begins to decline..

The results shown in Figure 4.7 follow this trend. As can be seen, the yield of ethylene
reached amaximum in the investigated reaction time range at the temperatures of
900 °C and 1 000 T. However, at a temperature of 800 °C, the yield of ethylene
exhibited asteady increase with reaction time. This phenomenon reflects the fact that
ethylene consumption through secondary reactions was less significant, and heavy oil
conversion was relatively low at 800 °C at short residence times.

Figure 4.8 shows the variations in the combined yield of light olefins ( C2-04)with
reaction temperature and total reaction time. As indicated, the trends were fairly
similar to the curves in Figure 4.7, since ethylene constituted amajor portion in the
lighter olefin group in our experimental results.

As shown in Figure 4.7 and Figure 4.8, amaximum yield of 18 wt% ethylene and 28
wt% olefins has been obtained at 1 000 °C and 390 ms effective residence time
corresponding to 500 ms of total reaction time (tR). At this high temperature, the
reaction time became the dominant factor to affect product distribution. Increasing or
decreasing the reaction time by 250 ms caused the olefin yield to drop by over 6wt%.
Moreover prolonged exposure to the high severity of reaction resulted in the breaking
of olefins to methane (the end product of cracking), and the cycization and
aromatization of olefins to aromatics.
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As well, at 900 °C with a total reaction time of 750 ms, the maximum yield of the
combined light olefins was comparable to the pyrolysis results at 1000 °C, as shown
in Figure 4.8. This indicated that at 900

°C

the heavy oil cracking and primary

products secondary reactions also occur significantly at short reaction times. At this
temperature, the longer reaction time compensated for the lower temperature to
achieve amaximum olefins yield.

In Figure 4.9 the yields of the various alkene products were plotted against the
effective residence time at the highest temperature of 1000 °C. It was observed the
yield increased with decreasing carbon number. This result was also obtained from
Cold Lake bitumen pyrolysis in aultra-rapid fluidized reactor (Vogiatzis et al., 1989).
The main reason is that, during hydrocarbon pyrolysis at high temperatures, the
higher olefins formed are readily decomposed in the subsequent step to yield lower
alkenes. Therefore, the lower olefins had more formation pathways than the higher
ones. Since ethylene is the smallest olefin, it is the dominant product in the alkene
family during heavy oil ultrapyrolysis. As shown in Figure 4.9, the yield of ethylene
and propylene reached a maximum at the same reaction time

(tE=390

ms). This

confirms that the formation of ethylene is partly due to propylene decomposition. In
addition, the yield of butene decreased slowly but steadily with time. This suggests
that higher olefins (>C3)are produced mainly via primary heavy oil cracking. The
declining trend was attributed to their subsequent secondary reactions.
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4.3.1.3

Aromatics Formation

As mentioned before, most of the components constituting heavy oils and their
fractions are saturates and aromatic compounds.

As well, most aromatics are

alkylated. Unsubstituted aromatic compounds are remarkably resistant to pyrolysis.
Benzene, the simplest aromatic substance, is the most refractory hydrocarbon, but at
high temperatures, carbon-hydrogen bonds may be ruptured to give aryl radicals
which then react further to produce biaryls, which undergo cyclodehydrogenation to
yield condensed polyaromatics.

This kind of reaction path was proven by Badger

(1965). He studied the pyrolysis of polyaromatics and showed that dehydrogenation
of aromatic rings can occur at high temperatures (above 700°C).

For the thermal cracking of alkylated aromatics, it is thought that the side chain
cracking will dominate because the saturated carbon-carbon bonds on the side chain
are the weakest bonds which would undergo rapid fission. The driving force behind
this is also the stabilization of the resulting free radical by the aromatic ring.

It is generally accepted that the pyrolysis of alkylated aromatics progresses in the
following way: initially, various alkyl radicals are generated by rapid fission of carboncarbon single bonds on the aromatic side chain. Then, the alkyl radicals may lose
hydrogen to yield butane, propylene and ethylene. On the other hand, the aromatic
radicals may abstract hydrogen from other aromatic hydrocarbons and the resulting
aromatic radicals decompose further until another chain carrier is formed. In this
way, benzene, toluene, naphthalene and more condensed polyaromatics are produced.
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The influence of temperature and total reaction time on yields of benzene and toluene
for Cold Lake heavy oil cracking is shown in Figure 4.10 and Figure 4.11. In
comparing their profiles, one sees that the yield of benzene is higher than that of
toluene. This phenomenon may be attributed to the fact that benzene is the most
refractory compound in the aromatic family, whereas toluene may readily undergo
dealkylation and condensation reactions. In addition, at very early stages of heavy oil
pyrolysis, benzene yield is also higher than that of toluene. This result reflects the
pyrolytic nature of the original aromatics compounds whereby the cleavage of the
benzylic C-C bonds on the aromatic side chain tends to give benzene as astable end
product.

As well, the maximum benzene and toluene yield confirms that two opposite secondary
reactions might be in effect: benzene and toluene may be generated through
cycization and aromatization of lighter olefins and/or dliolefins, or more directly
through dehydrogenation of naphthenic hydrocarbons, and they may be consumed
through reaction with paraffinic or olefiDic radicals to form increasingly heavier
condensed polynuclear aromatic hydrocarbons.

Figure 4.12 depicts the temporal variation of the yield of selected aromatics, diolefin
and cyclics with pyrolysis time at 1000 °
C. Both the yields of diolefin and cyclics are
lower than that of benzene. This represents that diolefin and cyclics, are more
thermally labile in hydrocarbon pyrolysis. In addition, diolefins pass through a
maximum yield in time, while cyclics are present in roughly equal yields at all
reaction times. Since the heavy oil conversion is very high at this high temperature
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and such reaction times, the results reveal that diolefins and cycics products are
generated not only from primary decomposition of heavy oil, but also from secondary
reactions through addition, dehydrogenation and cycization of primary pyrolysis
products.

4.3.1.4

Effect of Inert Gases

In commercial practice, steam dilution is generally used to reduce the hydrocarbon
partial pressure and also to inhibit coke formation. It was very important for us to
investigate the effect of inert gas on the crude heavy oil pyrolysis in our microreactor.
Since water readily evaporates at room temperature, it was impossible to manufacture
amicroreactor containing water with accurately measured quantities. Therefore, the
diluents of choice were inert gases. Ultra high purity argon and xenon were purchased
for this purpose and a new microreactor construction procedure was established to
place inert gases inside the reactor.

As previously noted in Section 3.3.2.3, the modified microreactor construction
procedure enabled us to investigate the effect of initial reactant concentration on
heavy oil pyrolysis. The feed mass coated on the ferromagnetic wire was kept constant
and consequently the initial pressure of hydrocarbons in the microreactor was only
determined by the feed sample weight and pyrolysis temperature. Since the new
microreactor was sealed at atmospheric pressure when inert gas was flushing the
reactor, the number of moles of argon and xenon in the reactor was the same. The
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total pressure inside amicroreactor can be calculated as:

PT = Pr

where P

T

=

+Pff= PIOTR
To

+

nRTR

(4.8)

V

total pressure at pyrolysis temperature in amicroreactor

P1= partial pressure of inert gas at pyrolysis temperature
PH =

P10

=

partial pressure of hydrocarbons at pyrolysis temperature
inert gas pressure at room temperature in amicroreactor

TR = pyrolysis temperature
T1= room temperature at which amicroreactor is constructed
n = number of moles of hydrocarbons
R = gas constant
V = space volume in amicroreactor

By employing the above equation, the total pressure in the microreactor at 90000 and
1000 °C will be 425 and 462 kPa respectively at the beginning of reaction for a5jig
feed sample coated on the wire. At same temperatures, the partial pressure of heavy
oil reactants in the reaction system was the same due to the constant feed mass. At
this feed sample size, the mass ratio of argon and xenon to heavy oil sample was 1/2
and 3/1 respectively.

The Cold Lake original heavy oil was used to do this investigation. The pyrolysis
conditions of 1000

00

for a387 ms effective residence time and 900

00

for a668 ms
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(tR) were selected, and the results are shown in Figure 4.13 and Figure 4.14
respectively. Both figures are plotted as a function of the inert gas/feed sample in
mass ratios. As seen in these two figures, the yields of methane, ethylene and lighter
olefins (C2C4)were similar throughout the mass ratio range, no matter what
pyrolysis condition was selected. Actually, the difference between the results from
these three mass ratio conditions are within experimental error. The present results
confirm that at low partial pressure inert gases have no influence on heavy oil
thermal cracking in our pyrolysis equipment. On the other hand, at high pressure (>
5000 kPa), the results reported by Doue and Guiochon (1969) showed that inert gas
pressure had an effect on reaction selectivity as noted before. Actually, the pressure
they employed was up to 10 000 kPa and the partial pressure of steam in their
experiments was always at least 10 times larger than the pressure of hydrocarbons.

4.3.1.5

Effect of Total Pressure

In general, high pressure affects both the rate and the selectivity of hydrocarbon
pyrolysis. However, the literature describing the pressure effect on heavy oil pyrolysis
is very sparse. The investigation of the effects of total pressure on the original crude
oil pyrolysis is very important. Since our microreactor is aconstant-volume system,
the pressure in the reactor increases with the feed sample size and reaction
temperature. For example, by using the ideal gas law, at areaction temperature of
800

°C,

the different heavy oil feed amounts of 6 jig, 11 jig and 16 jig in the

microreactor would result in various initial hydrocarbon pressures of 30 kPa, 54 kPa
and 79 kPa respectively, as high pyrolysis temperature caused most heavy oil sample
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existing in the gas form before the reaction was initiated. During the pyrolysis,
original heavy hydrocarbons are cracked to yield small carbon number hydrocarbons.
Therefore, the total number of moles of hydrocarbons in the reaction system increases
with the reaction proceeding. As aresult, the pressure in the reactor can be raised up
to about 300 to 800 kPa at the end of pyrolysis for Alberta heavy oil.

The effect of total pressure on heavy oil pyrolysis can be readily investigated by
changing the feed mass coated on the ferromagnetic wire. Cold lake virgin heavy oil
was used to conduct this study. As noted before, feed sample quantities must be
maintained as small as possible to minimize the thermal and mass transfer gradients.
On the other hand, insufficient quantities of feed sample, could result in the loss of
detection accuracy of pyrolysis products. Therefore, the heavy oil sample sizes for this
investigation still have to be around 10 j
ig for normal operation. The feed sample sizes
of 6 jig, 11 .ig and 16 ig were selected so that the pressures of hydrocarbons would
approach 300, 600 and 800 kPa respectively during the pyrolysis at atemperature of
900 °C. These values were calculated from Equation (4.8) by omitting the inert gas
term. The number of moles of pyrolysis products was obtained from typical
experimental results.

The change in yields of ethane, ethylene and lighter olefins (C2C4)with feed sample
quantities at atemperature of 900 °C for the effective residence time

tR

of 668 ms is

shown in Figure 4.15. As indicated, the yield variations of these three products with
pressures were not significant due to the inherent small pressure range. However, it
still appears that the yields of ethylene and lighter olefins (C2C4)declined slightly
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with increasing sample size whereas the yield of ethane increased a little. These
phenomena confirm that the selectivity to paraffins increases with pressure since the
rate of hydrogen abstraction by radicals increases faster than radical decomposition
at high pressure.

On the basis of the experimental data, it is also important to point out that the heat
resistance from the wire to feed sample during heating period was negligible in the
feed mass range studied, because significant variance of product yield was not
observed in this particular study.

4.3.1.6

Residue Analysis

As mentioned before, the difficulty encountered in measuring the coke deposition in
pyrolysis was solved by applying a Model 240 Elemental Analyzer to the present
studies. Since the analytical precision of the instrument is dependent on the sample
quantities, ten pyrolysis runs at one reaction condition were needed to accumulate a
sufficient sample size for the Elemental Analyzer and to determine the coke deposition
and C/H ratio more accurately.

It was previously described that the formation of coke under pyrolysis conditions is
acomplex process that involves different types of tars and carbons. Since the present
investigated feedstock was Cold Lake crude heavy oil which has alarge number of
aromatic compounds, undoubtly there were some tars formed by the stepwise
condensation of the aromatic rings. Furthermore, some surface carbons were initially
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thought to be probably produced as the ferromagnetic wire is composed of nickel,
cobalt and iron. However, Fairburn (1990) has shown that the wire did not behave
catalytically to any significant degree. By pyrolysing n-hexadecane coated on 750 °C
gold-plated ferromagnetic wires, she found that the major product yields actually
agreed phenomenally well with data collected using unplated 750 °C wires. Therefore,
despite the fact that the metal surface/volume ratio of the microreactor was very high
(49 cm'), no catalytic behaviour was detected. In addition, Billaud et al. (
1988) also
observed that stainless steel mainly containing nickel and iron did not show catalytic
properties for the pyrolysis of higher molecular weight hydrocarbons. By visually
assessing the extent of residue formation, it was observed that the discoloration on
both the inside walls of the broken glass and the ferromagnetic wire occurred to the
same degree. This appeared to confirm that the formed residue in this work mainly
consisted of tar materials.

The influence of temperature and total reaction time on yields of pyrolysis residue for
Cold Lake heavy oil cracking are shown in Figure 4.16. At areaction temperature of
800 °C, the yields are much higher than those at 900 °C and 1000 °C. Figure 4.17 was
made to show the variations in the atomic ratio of C/H of the residue with reaction
temperature and total reaction time. From this figure, we can get more important
information regarding reaction conversion and condensation of hydrocarbons for heavy
oil pyrolysis under different conditions. As seen, the increase in C/H ratio of the
residues at the lower reaction temperature of 800

00

is not significant, with the C/H

ratio being around 0.7. This ratio is much closer to the 0.64 of atomic ratio of C/H in
heavy oil feedstock. The phenomena indicated that dehydrogenation and
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polymerization were not significant under the lowest temperature studied. On the
other hand, the yields of pyrolysis residues show aslightly declining trend with total
reaction time 500 ms to 1 000 ms. The present facts of high and declining residue
yield with time and low C/H ratio of the residues confirm the previous conclusion, that
is, temperatures below 800 °C are not high enough to achieve significant ultrapyrolysis
of the heavy oil at short reaction times.

At the higher reaction temperature ( 1000 °C), pyrolysis residue is present in roughly
equal yields at any total reaction time studied (35 wt%), whereas the atomic ratio of
C/H increases significantly with residence time. This observation confirms that
significant secondary reactions of condensation and polyaromatization occur at very
high temperature.

At a pyrolysis temperature of 900 °
C, the C/H ratio was only 0.7 at a total reaction
time of 500 ms, and increased slightly to 1.1 at 1000 ms, as indicated in Figure 4.17.
These C/H ratios are also fairly closer to the original C/H ratio in heavy oil feedstock
(=0.64), which means that the condensation and polymerization of cracking products
are not severe at acracking temperature of 900 °C.

The current results about residue yield and atomic ratio of C/H in the pyrolysis
residues provide very important information. From acommercial point of view, the
ultrapyrolysis pyrolysis condition at atemperature of 900°C and an effective residence
time of 670 ms gives the best results. Not only could 30 wt%

C2-C4

olefins be achieved,

but also severe polymerization and condensation of valuable cracking products of light
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olefins, diolefins and pyrolysis gasoline would be prevented considerably.

4.3.2

Peace River Heavy Oil Pyrolysis

As indicated before in Table 4.1 and 4.2, the Cold Lake heavy oil component
distribution is different from Peace River heavy oil. This difference could result in
different pyrolysis product distribution. Therefore, it is very important to carry out the
study of Peace River heavy oil pyrolysis, and compare these results for better insight
into the nature of heavy oil ultrapyrolysis.

4.3.2.1

Alkane Formation

In Peace River heavy oil pyrolysis, methane was once again the major compound
produced in the pyrolysis product stream. Figure 4.18 depicts the influence of total
reaction time on the yield of methane, ethane and propane at a temperature of
1000 T. As indicated, the methane yield at all the cracking temperatures once again
increased steadily with increasing reaction time due to its high thermal stability. Also,
ethane was present in higher yield than propane throughout the entire reaction
temperatures and residence times investigated.

A comparison of the experimental results in Figure 4.6 with Figure 4.18 shows the
yields of alkanes from Cold Lake heavy oil pyrolysis to be mostly higher than those
from Peace River heavy oil throughout the ultrapyrolysis conditions studied. This
difference could be mainly attributed to the higher saturates concentration in the
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crude heavy oil from Cold Lake.

4.3.2.2

Alkene Formation

Figure 4.19 and 4.20 illustrate the temporal variation of the yields of ethylene and
lighter olefins (02-C4) observed from Peace River heavy oil pyrolysis at the
temperatures of 800 °C, 900 °C and 1000 T. As expected, their temporal trends are
fairly similar to the Figure 4.7 and 4.8. The ethylene and lighter olefin yields passed
through amaximum within the reaction times range studied at 900 °C and 1000 T.
This phenomenon was explained before, that is, these products had a tendency to
undergo secondary reactions during thermal cracking. By comparing ethylene yield
with lighter olefins yield in Figure 4.7,4.8,4.19 and 4.20 for both heavy oils pyrolysis,
it was found that at 800 °C the relative portion of ethylene in (C2C4)olefins was lower
than that at 1000
a larger

T.

This indicates that the alkenes higher than ethylene constitute

proportion in (02-C4)olefins at lower temperature. Actually, this fact

confirms the conclusion made in section 4.3,1.2. As addressed before, higher produced
olefins were readily converted to lower olefins at ahigh temperature of 1000 T. With
reaction temperature decreasing, the rate of their consumption through subsequent
reactions was reduced. As aresult, larger quantities of (C3-04)olefins were present in
the final pyrolysis products. On the other hand, because of the rate of ethylene
production from higher alkenes decomposition decreased, ethylene was produced in
smaller amounts at 800
Figure 4.7.

T.

This concept is also proven by the results presented in
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As shown in Figure 4.19 and 4.20, at 750 ms and 900 °C the yield of ethylene and
lighter olefins reached amaximum of 17 wt% and 26 wt%, respectively. Decreasing
the total reaction time to 500 ms caused the olefin yield to drop to 15 wt% whereas
increasing the total reaction time to 1000 ms resulted in the yield dropping to 20 wt%.
By comparing the results of Cold lake heavy oil pyrolysis shown in Figure 4.8, it was
found that the maximum yield of olefins from Peace River heavy oil cracking was
lower than that from the Cold Lake original crudes decomposition. This difference
may be explained by their differing original composition.

This matter will be

discussed later.

4.3.2.3

Aromatics Formation

The effect of temperature and total reaction time on yields of benzene and toluene for
Peace River heavy oil pyrolysis is presented in Figure 4.21. Their variation profiles
agree with the results from Cold Heavy oil pyrolysis. As indicated, the yield of
benzene and toluene once again reached maxima under the highest temperature
condition. At temperatures of 800 °C and 900 °C, the benzene and toluene yields
exhibited a steady increase with increasing reaction time rather than attaining a
maximum. These results, as discussed before, indicate that the cyclization and
aromatization reaction through the addition of benzene or toluene with olefins and
dioleflns significantly occurred at atemperature of 1000 T.

In addition, comparison of these two figures shows that toluene yields were lower than
benzene throughout the entire cracking temperatures and residence times ranges
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studied. This is consistent with the result from Cold Lake heavy oil cracking.

In all ultrapyrolysis experiments, it was observed that the yield of aromatic products
decreased as the number of condensed rings in the compound increased. Single-ring
aromatics such as benzene and toluene were clearly more abundrnt than the
polycydics such as naphthalene and phenanthrene.

By comparing Figure 4.21 with Figure 4.10 and 4.11, it was interestingly noticed that
the yields of benzene and toluene from Peace River heavy oil pyrolysis were higher
than those from Cold Lake heavy oil pyrolysis at the corresponding reaction
conditions. As we discussed before, the production of benzene and toluene in heavy oil
pyrolysis was not only via the primary cleavage of the beuzylic C-C bonds on the
aromatic side chain in the feed, but also via cycization and aromatization of lighter
olefins and/or diolefins, or more directly through dehydrogenation of naphthenic
hydrocarbons. Since Peace River heavy oil contains more monoaromatics and
diaromatics fractions than Cold Lake heavy oil as shown previously, the present
results confirm that the primary decomposition of heavy oil plays a major role in
aromatic formation.

4.3.2.4

Hydrogen Determination

By employing the GSQ column installed on the HP 5970B gas chromatograph, even
though the initial oven temperature and the attenuation was set to be 35 °C and 1.0
respectively, a reasonably good separation between hydrogen and methane and a
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stable base line was still achieved as shown in Figure 4.22.

This separation ensured the high sensitivity of the gas chromatograph and good
accuracy (above 15 ng) of the results obtained employing a TCD detector. The
influence of thermal cracking temperature and total reaction time on yields of
hydrogen gas for Peace River heavy oil pyrolysis is shown in Figure 4.23. As can be
seen, the hydrogen gas yield increased with increasing reaction temperature and total
reaction time. These results reflected the nature of hydrocarbon thermal cracking. At
the longest reaction time of 1000 ms, the hydrogen yield climbed to amaximum, with
the hydrogen gas yield being 0.49, 1.01 and 1.65 wt% for the pyrolysis temperatures
of 800 °C, 900

00

and 1000 °C, respectively.

It is generally recognized that the formation of hydrogen gas in pyrolysis results from
hydrocarbon dehydrogenation. Therefore, the yield of hydrogen gas could also be a
reflection of the extent of polymerization and condensation in the heavy oil pyrolysis.
At the highest pyrolysis temperature of 1 000 0(J the produced hydrogen gas was
much more than that at lower temperatures. This implied that more condensed
aromatic compounds were produced at higher temperatures.

4.3.2.5

Residue Analysis

Figure 4.24 and Figure 4.25 summarize the temporal variation of yields and atomic
C/H ratio of the pyrolysis residue over the cracking temperature range studied. As
indicated, their variation profiles are consistent with the results from Cold Lake heavy

nm l
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oil pyrolysis. At 800

00,

the increase in atomic ratio of C/H was slow but steady up

to 1 000 ms of total reaction time,, while the yield of pyrolysis residue decreased
slightly with residence time. At high temperature (1000 °C), the C/H ratio increased
quite sharply with reaction time, and the residue yield showed aslightly increasing
trend.

In the last section, we mentioned that dehydrogenation occurred much more
significantly at the highest temperature used in this study as indicated by alarger
quantity of hydrogen gas produced in the product stream. It is generally recognized
that dehydrogenation is always accompanied by condensation and polymerization-in
the thermal cracking of hydrocarbons. This conclusion is confirmed by the current fact
that fairly large yield of the pyrolysis residues, having high atomic ratio of C/H, was
attained in the heavy oil cracking at high severity ultrapyrolysis conditions. With total
reaction time increasing, more condensed polyaromatics were formed during the
pyrolysis, due to the increase in C/H atomic ratio with reaction time, as seen in
Figure 4.25.

4.3.3

Pyrolysis of Peace River Heavy Oil Fractions

The Peace River heavy oil is composed of saturates, monoaromatics, diaromatics,
polars Iand polyaromatics, polars II and polars III, and asphaltenes. The fraction
boiling point increases in the same order as above. The concentration of fractions in
Peace River heavy oil was presented previously in Section 4.2.1. The component
distribution of fractions from mass spectral analysis is given in Appendix B.
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As mentioned before, all of the monoaromatics, cliaromatics and polyaromatics fraction
are

composed

of

alkylbenzene,

benzocycloparafflns,

benzodicycloparaffins,

naphthalenes, naphthocycloparafllns, fluorenes and phenthanthrenes in different
concentrations. However, the saturates consist of saturated open chain, 1-ring, 2-ring,
3-ring and 4-ring hydrocarbons. The carbon number in each group of compounds
ranges from 14 to 25.

Figures 4.26 to 4.31 summarize the influence of the effective residence time on yields
of ethylene and lighter olefins (C2C4)for the pyrolysis of all Peace River fractions and
heavy oil itself at temperatures of 800 °C, 900 °C and 1000 T. As indicated in these
figures, no matter what temperature was selected, the yield of ethylene and lighter
olefins from the Peace River saturates fraction was highest amongst the samples
shown. As noted before, the saturates fraction was composed of cycloparaffins and
cycloolefins whereas other feed samples mainly consisted of different condensed
polynuclear aromatics of varying concentrations.

Hence,

these results

were

undoubtedly expected due to the fact that decomposition of compounds involved in the
saturates had much more favourable tendency to produce light olefins as pyrolysis
products. Furthermore, the yields of ethylene and lighter olefins from other Peace
River fractions decreased in the following order: monoaromatics, diaromatics, polars
Iand polyaromatics, polars II and III, and asphaltenes. By comparing with the subfractions boiling-point, it was noticed that the boiling-points of these samples
increased in the same order as above.

In Chapter 2, it was pointed out that asphaltenes consist of condensed aromatic nuclei
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that carry s1kyl and alicyclic systems with heteroelements throughout in various
locations (Speight and Moschopedi, 1981). Based on the experimental results reported
in this thesis, it was thought that the light products from asphaltenes pyrolysis mostly
resulted from side chain cleavage on condensed aromatic cores. On the other hand,
these residual polyaromatics nuclei with a loss of side chains, readily underwent
condensation and addition at high temperatures to become soot precursors. It is
evident that the concentration of polynuclear aromatic cores in heavy oil sub-fractions,
increases with sample boiling-point, whereas the proportion of constituents attached
on aromatic rings, which are capable to be converted to light hydrocarbons, decreases.
This explains why the yields of valuable products from sub-fractions decompositioli
decreased in the same order as their boiling-points increased. Consequently, it is
concluded that the cracking of heavier sub-fraction has less tendency to form light
alkenes.

By comparing Figure 4.28 and Figure 4.31, we can see that both the temporal
variation profiles in the yield of ethylene and in the yield of lighter olefins are similar.
These results were expected since, at the high temperature of 1000 °
C, the amount
of formed alkene products of propylene and butene were quite small, thus the major
product in the lighter olefins (C2C4)was ethylene. At the effective residence time of
637 ms, the yield of ethylene reached amaximum of 20.6 wt% from the cracking of
saturates fraction. Similarly, at this reaction temperature, the maximum yield of
ethylene for all other feed samples pyrolysis has been observed at an effective
residence time of either 387 ms or 637 ms.
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Although the yield variations of ethylene and lighter olefins (02-C4)at 800 °C showed
similar trends in Figures 4.26 and 4.29, there was a wide difference between these
results. It is interesting to note that the maximum yield of olefins from saturates was
39.9 wt% at 800 °C, which was 10 wt% higher than that at 1000

00.

Compared to the

results at 1000 °C for the same reaction time, this maximum yield of olefins contained
much more propylene whereas the ethylene concentration was lower at 800 °C. This
phenomenon once again confirms that the rate of propylene consumption through
thermal decomposition was relatively low at the lower temperature of 800 C.

Figure 4.32 presents the temporal variation of methane
time at 1000

00

yield

with effective resideiide

for all Peace River feed samples. As expected, the yield of methane

increased with increasing reaction time due to methane being the end product of
hydrocarbon cracking. Furthermore, the

yield

of methane from all Peace River

fractions cracking decreased in the same order as the yields of ethylene and lighter
olefins. This fact indicates that pyrolysis of heavier fractions tends to give less light
hydrocarbon products.

The change in yield of benzene and toluene with effective residence time at a
temperature of 1 000 °C for Peace River crude oil and all its fractions pyrolysis is
shown in Figures 4.33 and 4.34. As can be seen, the yields of both aromatic products
pass through amaximum within the actual reaction times used in this study. This
phenomenon was explained before by the fact that benzene and toluene may be
generated through cyclization and aromatization of lighter olefins and/or diolefins, or

more directly through dehydrogenation of naphthenic hydrocarbons, and these may
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be consumed through reaction with paraffinic or olefinic radicals to form increasingly
more condensed polynuclear aromatic hydrocarbons. It is interesting to point out that
the yields of benzene for saturates and monoaromatics pyrolysis were higher than
those from other fractions pyrolysis.

Since the saturates

fraction only contains

saturated hydrocarbons such as cycloparaffmns and cycloolefins, there is no source for
benzene production through direct cracking of alkylated aromatics. In addition, the
monoaromatics fraction contains a relatively large percentage of alkylbenzene and
benzocycloparafflns. Therefore, the present results confirm that the production of
benzene could be mainly attributed to the cyclization and aromatization of cracking
products of lighter olefins and diolefins. Moreover, the cleavage of the benzylic 0-C
bonds on the alkylated single-ring aromatics side chain to give benzene as a stable
end product also had asignificant contribution to the benzene formation. As seen in
Figure 4.34, the toluene yields from all Peace River fractions cracking were similar
except for asphaltenes. These results indicate that the production of toluene partly
resulted from

the

lighter

olefins

and

diolefins

undergoing cyclization

and

aromatization, and partly by naphthenic hydrocarbons following dehydrogenation.

Behar et al. (
1988) have pyrolysed two types of heavy oils having alarge difference in
asphaltenes concentration. It was found that the heavy oil containing alarger amount
of asphaltenes was fairly unstable to crack. They concluded that asphaltenes were
very thermally labile. This speculation was also confirmed by Savage's ( 1986) work.
In this work in the high temperature regime, all the detected products from the
•pyrolysis of asphaltenes fraction were present in lower yield. On the basis of this fact,
it was thought that alarge quantity of heavy aromatics (higher than phenanthrene)
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were produced through primary cracking of asphaltenes. These polyaromatics could
readily undergo condensation and addition to become soot precursors.

4.3.4

Pyrolysis of Cold Lake Heavy OR Fractions

As presented previously, the Cold Lake heavy oil is also

made

up of saturates,

monoaromatics, diaromatics, polars Iand polyaromatics, polars II and polars III, and
asphaltenes. However, the concentration of fractions in Cold Lake heavy oil was
different from those in Peace River heavy oil.

The mass spectral analyses for the four lighter Cold Take fractions in Appendix B also
indicate that only the saturates consist of saturated open chain, 1-ring, 2-ring, 3-ring
and 4-ring hydrocarbons. The rest of fractions are composed of alkylbenzene,
benzocycloparaffins, benzodicycloparafthis,

naphthalenes,

naphthocycloparaffins,

fluorenes and phenthanthrenes in different concentrations. However, the component
distribution for each fraction is somewhat different from the corresponding fraction
in Peace River heavy oil. Also, the carbon number in each group of compounds ranges
from 14 to 25.

The effect of effective residence time on yields of ethylene and lighter olefins (C2C4)
for the pyrolysis of all Cold Lake fractions and heavy oil itself over the entire reaction
conditions is presented in Figures 4.35 to 4.40. As indicated, their profiles were fairly
consistent with the results from Peace River fractions pyrolysis. The yield of ethylene
and lighter olefins from Cold Lake saturates cracking was highest throughout the
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entire temperature range studied, because saturates are composed of the lightest
components in heavy oil.

As mentioned earlier, at the relatively low temperature of 800 °C, ethylene and
propylene were the major products in the lighter olefins ( C2C4), whereas the
propylene became an insignificant alkene product at the high temperature of 1000
T. This explains why the yields of lighter olefins at 800 °C were higher than those at
1000 °C for saturates fraction pyrolysis.

At the effective residence time of 387 ms and 1000 °C, the yield of ethylene reached
a maximum of 21.3 wt% from the saturates fraction pyrolysis. Similarly, the
maximum

yield

of ethylene for all other fractions pyrolysis has been observed at this

contact time. However, the maximum yield of lighter olefins for pyrolysis of different
fractions was noticed at various reaction temperatures and residence times, depending
on the feed nature.

As expected, the yields of ethylene and lighter olefins from Cold Lake fractions once
again decreased in the same order as the fraction boiling-point increased, that is,
saturates, monoaromatics, diaromatics, polars I and polyaromatics, polars II and
polars III, and asphaltenes.
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4.3.5

Comments on Sulphur

Heavy oils usually contain substantial amounts of sulphur (3-5 wt%). Sulphur
compounds are perhaps the most important nonhydrocarbon constituents of petroleum.
In the case of Alberta heavy oils, the sulphur is present in various aliphatic, and
mainly in aromatic organosuiphur compounds (Selucky et al., 1978). Speight ( 1981)
found that various thiophene and benzothiophene derivatives were usually present in
the higher-boiling petroleum fractions. Hence, the study of sulphur behaviour for the
pyrolysis of sulphur-containing polycydic aromatic compounds is very important.

Curie point pyrolysis-gas chromatography, in combination with either a mass
spectrometer or aflame ionization detector, has been used by Eglinton et al. ( 1990),
to estimate the organic sulphur content of kerogens, coals and the asphaltenes. Their
method is based upon flash pyrolysis at 610 °C with the reaction time in the order of
seconds. In their studies, it was shown that the major sulphur-containing pyrolysis
products were H2S, alkyithiophenes and alkylbenzo-thiophenes. Tostevin ( 1973) also
observed that some part of the organic sulphur in the oil would be converted to
hydrogen sulfide during thermal cracking. However, avery interesting phenomenon
was observed in our results. In this work, there was no H2S peak on the total ion
chromatogram (TIC) plots when pyrolysing a heavy oil containing about 5.0 wt%
sulphur. At first, this result made us wonder if the H2S could be broadened in the
current column. Thus, astandard gas sample, which contained 1wt0/ of H2Sin CE!4,
was injected into our GC-MS. A very sharp peak of H2Scome out at the retention time
of 4.09 mm. Further, the mass spectrum was scanned in the time range of 3to 5mm.
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Still, the spectrum of H2S was not found. This confirmed that there was no HS
produced in the present pyrolysis system. It was thought that the reaction time was
avery important variable for the rupture of C-Sbonds in the high sulphur-containing
heavy oil cracking. Short reaction time would prevent C-Sbonds from breaking, even
though high temperatures were employed.

In addition, some other organic sulphur compounds have been searched by scanning
the mass spectrometer on the whole range of the TIC. Only two sulphur-containing
aromatics were found by matching with a reference spectrum from a large sulphur
compounds library. These are benzothiophene and dibenzothiophene with structures
as follows:

benzothiophene

dibenzothiophene

However, these components were only present in trace quantities. These results
indicated that, for our experiments, most of the sulphur involved in the heavy oil was
concentrated into the nonvolatile products, i.e. the residue. This fact suggests that
most sulfur atoms in the heavy oil employed exist in thermally stable heterocyclic
thiophenic moieties. The results obtained by Speight and Moschopedis ( 1981)
supported this notion.
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4.3.6

Comments on Nitrogen and Oxygen

In addition to sulfur, heavy oils also involve nitrogen and oxygen of organic nonhydrocarbon constituents, but these are present in much lower proportions in the
crude oils. As indicated before, Cold Lake and Peace River bitumen contain 2.2 wt%
and 2.3 wt% of oxygen, and 0.47 wt% and 0.5 wt% of nitrogen respectively. These
constituents usually appear throughout the entire range of bitumen fractions but tend
to concentrate mainly in the heavier fractions and particularly in the asphaltenes
(Koots and Speight, 1975).

That phenolic hydroxyl is the predominant form of oxygen in heavy bottom oil as
suggested by Savage ( 1986). The fraction of oxygen present as hydroxyl in different
asphaltenes has been reported as 65% by Ignasiak et al. (
1977). The balance of the
oxygen likely exists in quinone-type carbonyl, carboxylic acid and ester moieties
(Speight and Moschopedis, 1981). That most oxygen is not heterocyclic was suggested
by the loss of 81% of the total oxygen content during asphaltenes thermal cracking
(Speight and Moschopedis, 1981).

Nitrogen likely exists exclusively in thermally stable heterocyclic moieties within
bitumen bottom oil because only 1% of the nitrogen was lost during asphaltenes
pyrolysis (Speight and Moschopedis, 1981). Posadov et al. (
1977) also found that
heterocyclic nitrogen compounds were isolated during an asphaltene pyrolysis-mass
spectrometric study.
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In this work, interestingly, the carbon dioxide was produced in nearly constant yields
that were apparently independent of pyrolysis temperature and residence time. The
oxygen content of the carbon dioxide accounted for an average of 60% of the oxygen
originally present in the heavy oil. The remaining 40% must, by difference, reside in
the pyrolysis residue due to no other oxygen containing components detected by the
GC-MS. The carbon dioxide yield being nearly constant and essentially independent
of temperature implies that the large fraction of the heavy oil's oxygen atoms that
appear as CO2 are located in carboxylic acid groups. Thus it appears that these
heteroatomic moieties are the most thermally labile constituents of the heavy oil, and
that ameasurable fraction of the oxygen atoms are probably located at the periphery
of the aromatic cores, with the balance located in stable heterocyclic positions.

In the experiments of Cold Lake and Peace River heavy oil pyrolysis, there was no
NH3 peak detected on the total ion chromatogram plots. Furthermore, we failed to
identify any nitrogen containing compounds in the product stream. This fact suggests
that essentially all nitrogen atoms in heavy oil exist in thermally stable heterocyclic
positions. During pyrolysis, they tend to concentrate dominantly in the highly
polyaromatic products. This notion was supported by results from asphaltene thermal
decomposition experiments (Savage, 1986).

4.3.7

Material Balance

To check the reliability and reasonableness of the present experimental equipment
and procedures, the material balance closures, based on the experimental results,
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have to be achieved. However, only after the difficulty encountered in determining the
hydrogen gas yields and the C and H quantities contained in the pyrolysis residue had
been resolved, could this problem be solved.

Since there are alarge number of minor components in the mass spectrograms, it is
impossible to calibrate and identify every compound. Thus, all the detected products
have been divided into groups based on the retention time of these components. The
conversion factors for each set is about the same, and all the peRks in agiven time
span are attributed to the major component in that span.

Finally, the material balances of Peace River heavy oil pyrolysis have been made and
tabulated in Appendix A. As indicated, the material balance for heavy oil pyrolysis
was satisfied within a margin of about 10%. These results confirm that the whole
complicated experimental program in our pyrolysis system is reasonable.

4.3.8

Analysis of Experimental Data

It was described before in Chapter 2that avery complicated and delicate procedure
was employed in our novel microreactor system. With such a sophisticated
experimental procedure, there may be several major error sources responsible for poor
reproducibility of the results. Therefore, agreat deal of time was spent to reduce these
errors.

In Fairburn's ( 1988) thesis, she mentioned that variability in the amount of n-
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hexadecane on each ferromagnetic wire was afrequent problem. The accuracy of the
actual weight on the Calm electrobalance always varied by about
much larger than the repeatability (

±

±

4jig, which was

1jig ) of the balance. However, she strangely

found that construction of the 750 °C gold-plated wire microreactors was rarely
plagued by this problem. A series of tests were undertaken to carefully investigate
this matter, and it was recognized that the unsatisfactory accuracy of the Cihn
electrobalance mainly resulted from the magnetism of the ferromagnetic wire, since
even very weak magnetism could affect the electrobalance sensitivity. There is no
doubt that the excellent repeatability could be achieved when using gold-plated wires,
which has no magnetic effects. This information was very important to reduce this
problem. By keeping the same orientation of the ferromagnetic wire on the balance
pan during the weighing procedure of the micro-reactor construction, the repeatability
of the electrobalance was successfully maintained at

±

1jig.

The actual reproducibility of the microreactor construction technique has been tested
by Fairburn by "pyrolysing" the microreactor, constructed with 300 °C Curie point
ferromagnetic wires, for less than 10 ms. With an average n-hexadecane weight of 12
jig, a1.5 jig standard deviation was achieved. In our experience, it was found that the
procedure of inserting awire into the capillary tube and sealing the microreactor was
very important for good reproducibility. If the feed on the wire touched the end of tube
during the wire inserting process, a significant sample loss would occur. This is
because the sample left at the end of tube would be eventually evaporated and lost
when employing a very hot torch to seal the reactor. In addition, great care was
needed to ensure that the wire did not come close to the flame and the sealing time
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was very short. With these delicate and careful procedures, agood repeatability of the
microreactor construction could be achieved.

Occasionally, the mass spectrometer of GC detector had some daily variation,
particularly when the filament on the GC-MS was getting older. To overcome this
problem, a frequent calibration procedure was needed to obtain accurate results.
Usually, it was necessary to do two or three calibrations aday during actual pyrolysis
runs. This time-consuming procedure was required to achieve agood reproducibility
of the pyrolysis results.

The extent of microreactor breakage also had an influence on the pyrolysis results.
This matter has been mentioned by Fairburn ( 1988). In her experiments on nhexadecane pyrolysis, when the microreactor glass was entirely shattered at a
temperature of 300 °C, the conversion was restricted to approximately 1 wt%.
However, if only the top, say 3mm, of the microreactor was broken by the hammer,
the conversion was slightly higher at 2.5 wt%. As well, the product distribution
presented very clear benzene, toluene and styrene peRks, indicating considerable
secondary degradation, likely attributed to a poor quench. In our experiments, the
poor breakage of the microreactor also resulted in ahigher aromatics yields and lower
olefins yields. This phenomenon confirms that, if the microreactor glass is not entirely
smashed, a poor quench would occur leading to significant secondary degradation
reactions. Therefore, it was very important to ensure that entire fracture of the
microreactor was achieved after acompleted experimental pyrolysis run.
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As a very delicate and sophisticated experimental procedure was employed in our
pyrolysis runs, there may be considerable variance between pyrolysis results. Even
with only one mishap in the whole experimental procedure, the pyrolysis results could
be considerably scattered. Therefore, an excellent skill had to be developed; even then,
three to seven pyrolysis runs were usually needed under the same operating
conditions to obtain good and reliable pyrolysis results. The reason to do so many runs
at each reaction condition was that the judgement on whether the accident in the
whole sophisticated procedure occurred could only be done after the pyrolysis was
finished. By discarding some unreasonable pyrolysis results, agood averaged standard
deviations for the major pyrolysis products was obtained and listed in Tables 4.3 and
4.4.

4.3.9

Pyrolysis Conversion of Heavy Oil

In the past, the conversion of heavy oil during thermal cracking was very hard to
define in a precise manner. Measuring the amount of carbon and hydrogen in the
pyrolysis residue with the help of the CHN analyzer gave an indirect way to make a
more reasonable definition for heavy oil pyrolysis conversion in our experimental
program.

To define the cracking conversion, it is very important to know how much feedstock
is left unconverted on the wire after the pyrolysis. Since the C/H ratios of feed sample
and pyrolysis residue and the total residue weight can be accurately measured from
CIIN analyzer, the determination of unreacted heavy oil involved in the residue
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Table 4.3
Standard Deviation Distribution for Major Products
from Cold Lake Heavy Oil Pyrolysis

Temp.

t
R

CH4

C2H4

C2H6

03H8

C4H6

C6H6

C7H8

(°C)

(ms)

(wt%)

(wt%)

(wt%)

(wt%)

(wt%)

(wt%)

(wt%)

440

0.49

0.87

0.36

0.61

0.48

0.1

0.07

690

0.52

0.74

0.16

0.77

0.57

0.36

0.09

940

0.69

0.71

0.19

0.8

0.41

0.38

0.24

418

1.05

1.27

0.58

0.59

0.5

0.32

0.27

668

1.07

1.44

0.63

0.4

0.48

0.53

0.17

918

1.44

1.33

0.63

0.72

0.54

0.49

0.3

387

1.25

0.97

0.57

0.85

0.43

0.44

0.22

637

1.33

1.83

0.63

0.73

0.56

0.34

0.23

887

1.17

1.43

0.28

0.23

0.29

0.54

0.49

800

900

1000
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Table 4.4
Standard Deviation Distribution for Major Products
from Peace River Heavy Oil Pyrolysis

Temp.

tR

CH 4

C2H4

C2H6

C3H5

G4H6

06H6

C7H8

(°C)

(ms)

(wt%)

(wt%)

(wt%)

(wt%)

(wt%)

(wt%)

(wt%)

440

0.33

0.71

0.41

0.64

0.40

0.23

0.17

690

0.62

1.33

0.45

0.56

0.36

0.32

0.37

940

0.56

1.01

0.45

0.74

0.38

0.37

0.46

418

0.61

1.07

0.682

0.82

0.31

0.57

0.49

668

0.98

1.45

0.78

0.41

0.37

0.65

0.37

918

1.01

1.32

0.68

0.6

0.44

0.66

0.56

387

1.01

1.44

0.44

0.69

0.63

0.63

0.38

637

1.27

1.5

0.47

0.6

0.58

0.84

0.49

887

1.23

0.97

0.87

0.58

0.42

0.73

0.45

800

900

1000
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consequently depends only on the value of C/H ratio for the residue. Based on
equilibrium calculations, Wang (1980) has proposed that the polycyclic aromatic
hydrocarbon

C.61124

appeared to be an extremely important precursor to soot. Here,

this soot formula was chosen to represent the coke produced in our experiments. By
accepting this ratio of the coke for heavy oil pyrolysis, the weight of unreacted heavy
oil in the pyrolysis residue can be calculated as:

1+x
"

i+x,

x-x

x0-x

.
R

(4.9)

where Y0 and YR are the weight of heavy oil contained in the pyrolysis residue and the
total weight of collected residue, X0,XR and X( are the C/H mass ratios for original
heavy oil, pyrolysis residue and formed coke respectively. Then, adefinition of heavy
oil conversion during the pyrolysis can be made as follows:

(4.10)

where Xis the heavy oil conversion during pyrolysis and Y is the original mass coated
on the wire in the niicroreactor.

Based on the definition of conversion for our experimental procedure, the heavy oil
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conversion can be calculated from Equation 4.8 and 4.9. As aresult, the conversion
of heavy oil during pyrolysis utilizing the operating conditions studied in this work
were determined and presented in Figure 4.41.

As indicated, pyrolysis at 800 °C did not reach sufficient cracking. However, at
1000 °C at all exhibited reaction times and 900 °C with longer times, high pyrolysis
conversions were achieved.

4.3.10

Coke Formation

As reviewed in Chapter 2, Savage ( 1986) suggested that coke was strictly aprimary
product of asphaltene pyrolysis. However, Wang et al. (
1981) believed that
condensation of aromatic rings through dehydrogenation was crucial to soot
production. This was also supported by Evans and Williams ( 1981).

The results shown in Figure 4.42 indicate that both of the reaction pathways played
an important role in coke formation for heavy oil pyrolysis in the ultrapyrolysis
regime. At 800 °
C, the yield of coke exhibited aslow but steady increasing trend over
the short reaction times employed. By comparing this profile with the heavy oil
conversion at the same temperature presented in Figure 4.41, it was found that, at
this temperature, the increasing coke yield paralleled the reactant conversion. As
discussed before, after primary decomposition of heavy oil, the residual condensed
aromatics nuclei with a loss of side chains readily underwent condensation and
addition at high temperatures to become soot precursors. Coke formation
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correspondingly increasing with feed conversion confirms that asphaltenes are present
in heavy oil considerably contributed to coke production through primary cracking.
However, in Cold Lake heavy oil, the asphaltenes fraction only constitutes 16 weight
percent in the feed sample. Since heavy oil conversions were quite low at 800 °C, it
was thought that the primary decomposition of polars II and III was also responsible
for coke enhancement. Following these reaction pathways, an apparent coke formation
could occur at 800 °C and short pyrolysis times.

With reaction temperature increasing, the rate of coke formation also increased. At
1000 °C, the yield of coke increased sharply. It was obvious that coke formation from
condensation and dehydrogenation of polyaromatics took place significantly at high
temperatures. It was concluded before that subsequent polyaromatization reaction
from produced aromatics became significant with increasing pyrolysis temperatures.
Therefore,

both

primary

decomposition

of heavy

fractions

and

subsequent

condensation of formed aromatics during pyrolysis, made up considerable coke
production at high temperatures.

The current results regarding coke production provide important information for
industrial application. By cracking heavy oil in the ultrapyrolysis regime, it is possible
to control coke yields to less than 10 wt% at optimum reaction conditions. This is
remarkable when one considers what commercially available pyrolysis processes to
upgrade Alberta heavy oil can achieve. For example, if adelayed coker was used, one
could expect 25 wt% of the feed to end up as coke. Using afluid bed coker, about 15
wt% coke yield is typically achieved (Schumacher, 1982). Hence, ultrapyrolysis is far
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more efficient a process giving as much as 15 wt% of valuable product at
approximately the same equipment costs.

4.4

PYROLYSIS AT LOW SEVERITY

Pyrolysis at low severity can be defined as a thermal cracking process at reaction
temperatures less than 700'C, residence times over one minute and low pressure. One
of the major advantages of conducting hydrocarbon pyrolysis at low seventies is that
the synthetic crude oil that is produced is cheaper to transport by pipeline than the
gas that is produced by pyrolysing the feedstock at high seventies. The effect of
temperature and residence time on product severity is very complex. Generally, an
increase in the temperature causes an increase in the selectivity towards lighter
products, especially, ethylene and hydrogen.

In this study, pyrolysis of Peace River heavy oil at low seventies was carried out at
temperatures of 600 °C and 700 °C. It was thought that the pyrolysis at low seventies
had more tendency to produce heavier components as the final products. Since the
temperatures of the pyrolysis chamber, transfer line, high temperature valve and
separation column were controlled at 280 °C in the typical pyrolysis experiments
conducted in this work, there was a possibility for some heavy products to be
condensed before being injected into the mass spectrometer. Therefore, atabulation
of heavy hydrocarbon's dew point was made using the Peng-Robinson equation of state
installed in the commercial simulator HYSIM. Based on the head column pressure 240
kPa (abs.), the dew points of parans C20H42 to C3 H62 were calculated and given in
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Table 4.5 by setting different concentrations of the various components. As shown,
even for the heavy paraffin CH82 with a 1mol% concentration in helium, the dew
point is below the temperature of 280 °C. The results prove that most of formed
components in the product stream would not be condensed through the transfer line
and column.

During the first few runs, the reaction times were set below 1second, which were the
same residence times as those used at high temperatures. Surprisingly, there was no
significant peak appearing on the total ion chromatogram plot from the pyrolysis
conducted at both 600 and 700 °C. Thus, the total reaction times were extended up to
9seconds. Finally, the pyrolysis product distributions at various reaction times at low
temperatures were obtained. The effect of total reaction time on the major product
distribution at temperatures of 600'C and 700 °C are summarized in the Figure 4.43
and Figure 4.44 respectively. As shown, even though the pyrolysis time at low
temperatures were increased up to 9000 ms, the yields of products such as ethylene
and light olefins were much lower than those obtained at higher temperatures.

As indicated in Figure 4.44, with total reaction time less than five seconds, the total
product yields increased fairly sharply with residence time at acracking temperature
of 700 °C. However, the rate of increase was reduced after 5 seconds. The results
imply that the constituents on the aromatic cores in the heavy oil with higher
reactivity were largely consumed in the early pyrolysis period (reaction times up to
five seconds). Afterwards, the reactants rem

in the heavy oil feedstock were
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Table 4.5: Calculated Dew Point with Peng-Robinson EOS
in Binary System with Helium as Diluent at 240 kPa

Pure

Normal

Concentration

He: 99.9 mol%

He: 99 mol%

Paraffin

Boiling Point ( °C)

C30H62

433

215.8

275.6

C28H58

419

209.9

267.8

C26H

403

201.2

257.5

CH50

386

189.9

244.5

022H46

366

175.9

228.9

C20H42

347

160.4

212.4

Dew Point (°C) in Helium
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mainly composed of higher refractory components, and were fairly resistant to
pyrolysis.

The temporal variation profile in the yield of light olefins showed asimilar trend to
the variation of total product yield. For pyrolysis at total reaction times longer than
five seconds, the increase in the yield was very slow. This phenomenon meant that the
formation rate of light olefins was nearly the same as their rates of consumption.
However, during the same reaction period, the yields of aromatic products of benzene
and toluene, which mainly resulted from further reactions of light olefins through
cydization and aromatization had no evident change. Therefore, it was concluded that
no significant cracking of the heavy oil itself occurs after the reaction time of five
seconds at apyrolysis temperature of 700 °C.

Figure 4.44 also showed that the yields of ethylene and propylene during the low
severity pyrolysis were at the same level. In the previous sections, it has been
presented that the yield of ethylene produced in the heavy oil pyrolysis was always
higher than that of propylene at high temperatures. The relative higher yield of
propylene obtained in the heavy oil pyrolysis at 700 °C supports the conclusion made
before.

The variation of major product yields with total reaction time for Peace River heavy
oil pyrolysed at
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is shown in Figure 4.43. As can be seen, all the yields for major

products formed in the pyrolysis are below 3.0 wt% throughout the total residence
time range investigated. Therefore, it can be concluded that the heavy oil pyrolysis at
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the temperature of 600 °C does not significantly crackthe feed even when total
reaction times up to 8seconds are employed.

4.5

COMPARISON WITH PREVIOUS WORK

The literature dealing with studies of heavy oil pyrolysis at high severity conditions
is scarce. Only one report is available on Cold Lake heavy oil pyrolysis at the high
temperature range (
Vogiatzis et al., 1989). Since their experimental conditions were
sufficiently similar to those in this work, this allows a meRningftil comparison of
results.

Vogiatzis et al. (
1989) have conducted an experimental investigation on the pyrolysis
of Cold Lake bitumen within an ultrapyrolysis regime in an ultra-rapid fluidized
(URF) reactor. The temperature range employed was 500-900

°C,

and reaction

residence times were from 70 to 500 ms. Table 4.6 summarizes the comparison of the
yields of major products with those in Vogiatzis's work from Cold Lake heavy oil
pyrolysis at 900 °C and typical reaction times.

As indicated, the yields of methane and ethylene were in good agreement with those
obtained by Vogiatzis et al., while lighter olefins yields were higher in this work,
Interestingly, the pyrolysis times in their experiments were shorter by about 300 ms.

As described in Chapter 3, our novel microreactor system approaches closely the ideal
square wave heating, reaction and quenching profile. Thus, a reaction time can be
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accurately determined. However, for the URF reactor employed by Vogiatzis et al.,
there was apossibility of underestimating pyrolysis times due to very short reaction
times applied.

On the other hand, there is adoubt in their work on whether sufficient quenching of
pyrolysis products was achieved, because propylene yields in this work were higher
than those obtained from Vogiatzis et al. work. As discussed before, ethylene and
propylene were reactive products during ultrapyrolysis. If the quenching of pyrolysis
products was not fast enough, the secondary reactions of ethylene and propylene
would occur significantly in the subsequent process. However, ethylene could be
produced

from

propylene

decomposition,

which

offseted

the

ethylene

consumption. This might explain the considerable difference of propylene yield
between this and their work.

Furthermore, in their work, a small quantities of acetylene with about 1.0 wt% on
feed base was produced in the product stream, whereas there was no acetylene
detected in this work. This fact may also be attributed to insufficiently rapid
quenching. Sundaram and Froment ( 1977) have shown that acetylene could be formed
from propylene decomposition, and/or could be consumed through addition with
ethylene. They found the activation energy of acetylene formation reaction was lower
than that of its consumption by 5kcal/mole in the temperature range of 775 °C to
825 T. At high temperatures, the rate of acetylene disappearance was very fast,
which resulted in the' current results of no acetylene present in our experiments.
However, if the product mixture was not quenched fast enough to inhibit the
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Table 4.6: Comparison of Present and Vogiatzis' Results from
Cold Lake Heavy Oil Pyrolysis at 900 °C

This Work

Vogiatzis et al. (
1989)

668 ms

331 ms

Product

Product Yield (wt%)

H2

0.72

1.04

CH4

10.47

10.8

C2H4

17.39

18.65

C3H8

8.22

2.96

C4H8

1.40

0.56

Olefins (C2C4)

27.01

22.17

12.2

14.0

Coke
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subsequent reactions, the rate of acetylene formation would exceed that of its
disappearance rate at lower temperatures. The reason is the rate with lower
activation energy is less influenced by temperature. With temperature decreasing, the
rate of acetylene consumption decreased much faster than its formation, which led to
acetylene present in the final products. This might explain the reason of the difference
regarding acetylene production between this and the work by Vogiatzis et al. (
1989).

In addition, the coke yield in our experimental results was in good agreement with
that resulting from the ultra-rapid fluidized reactor operation. This fact confirms that
the experimental approach and calculation formula to quantify coke laydown in this
study were both reasonable.
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CHAPTER 5
MODELING OF HEAVY OIL PYROLYSIS REACTIONS

5.1

PURPOSE OF MATHEMATICAL MODELLING

The main objective of amathematical model is to predict the kinetic behaviour both
inside and outside the range of experimental data. In industry, one of the main
problems which the refining and petrochemical companies are facing is the accurate
simulation of processes involving complex reactions and complex feedstocks. In
thermal processes, like naphtha and heavy oil cracking for olefins production, some
questions are required to be answered. How to predict the conversion of the feedstock?
What is the product distribution in the product stream? Will it satisfy the quality
specifications? The mathematical models can help solve these problems. In addition,
by employing simulation models, the industrial operation can be optimized, and costly
and time-consuming experimental programs can often be minimized,

5.2

GENERAL METHODS

In general, at least three major types of mathematical modeling approaches are
employed by numerous researchers based on various degree of sophistication. The first
is empirical modeling which represents the simplest approach. In this type of model,
only the overall material and thermal balances around the reactor are taken into
account. Since empirical models can be developed quickly and are simple to use, these
models have in the past been the most common method used by olefin producers. The
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main disadvantages of this type of modeling are: the development of each model
requires expensive experimental work to produce the necessary experimental data,
and once amodel has been set up, its validity is strictly limited to aspecific range of
feedstocks, to aspecific range of reaction conditions and to aspecific reactor.

The second type is molecular or stoichiometric modeling. In recent years, much effort
has been devoted to these models. In this approach, only the apparent global
molecular reactions are taken into account. As compared to the mechanistic modeling,
the advantages of this method include a simpler formulation, shorter development
time, and substantial savings of computer storage and computing time. This molecular
approach has been more or less successfully when applied to the pyrolysis of ethane,
propane, butane, their mixtures, naphtha and gas oils. The literature gives numerous
studies in this category (Lichtenstien, 1964; Shah, 1967; Crynes and Albright, 1969;
van Damme et al, 1975; Sundaram and Froment, 197Th; Williamson and Davis, 1979).
However, the existing shortcoming of this approach is evident, i.e. the prediction of
the product distribution is adequate only when the feed composition and the overall
cracking conditions are in the data base range.

Today, it is generally accepted that all hydrocarbon pyrolysis proceeds by free-radical
mechanisms. Only kinetic models based upon individual components and the full
reaction scheme can satisfy the accuracy required by olefin producers and address
questions related to the thermal cracking of various feedstocks. These models account
in detail for the radical nature of hydrocarbon cracking (Ranzi et al, 1983; Williams
and Froment, 1988a and 1988b).
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There are two main disadvantages involved by employing afree-radical mechanism
model. First of all, even the simple cases (e.g. pure ethane or propane pyrolysis)
require an extensive and complex kinetic scheme in order to represent the real system
behaviour. Secondly, the extremely large number and stiffness of the differential
equations system cause great difficulties to solve these complex kinetic schemes.

5.3

SIMULATION MODEL OF HEAVY OIL PYROLYSIS

The selection of asuitable kinetic model is of great importance for process modeling.
It must

describe

the reaction mechanism

with

sufficient

accuracy

without

unnecessarily complicating the kinetic model. As presented in this work, the reaction
mechanisms of hydrocarbon cracking are very complex. Even for a pure reactant
component, it is almost impossible to describe the mechanisms precisely. Furthermore,
crude heavy oils are made of a tremendously large variety of compounds which are
almost impossible to characterize in any other way than by bulk parameters or by a
statistical picture. As aresult, it is impossible to account in acomprehensive model
involving all the elementary reactions involved for heavy oil cracking. In addition,
almost ahundred components in the product stream have been detected on the GCMS in our experiments. If molecular modeling were applied in this study, it would
lead to the impossible difficulties because of the largeness and stiffness of the
differential equations used. Moreover, for some molecular, compounds, the formation
pathway and further secondary reaction pathways are still unclear. Therefore, it is
necessary to group components together and to treat the groups as if they were
individual chemical components. Actually, this method has been widely used by a
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number of researchers in developing kinetic models in heavy crude oil pyrolysis
(Takatsuka et al., 1989; Phillips et al., 1985; Mazza and Cormack, 1988a,b; Hikita et
al. 1989; Soodhoo and Phillips, 1988; Hayashitani et al., 1984; Behar et al., 1988; Lin,
1991).

As discussed before, it was concluded that the lumped model approach was
appropriate in the present study due to the highly complicated nature of the feedstock
and complex molecular reaction network. Based on the chemical characteristics and
analogies of pyrolysis products, heavy oils were separated into following groups:
paraffins, olefins, diolefins, cycloolefins, aromatics and coke. Here, the paraffins
mainly included ethane and propane. The methane was excluded from the paraffins
group in Model 1and Model 2, since methane was the thermally stable end product
of hydrocarbon pyrolysis, there was no significant cracking from methane during the
course of heavy oil decomposition. In the olefins group, the main product compounds
were ethylene and propylene. Butadiene was the dominant component in the diolefins
family. The cycloolefins contained small quantities of cyclohexene, cyclopentadiene and
some other cyclic compounds. In the aromatics group, benzene and toluene were major
components, while naphthalene, fluorene, phenrnthrene and other polyaromatics were
present in small portions.

In the previous chapter, it was pointed out that the primary products from heavy oil
pyrolysis were C1 -04 paraffins and olefins, diolefins, cycles, aromatics and soot/coke.
As a general rule, the paraffins in primary pyrolysis products can produce olefins
,through dehydrogenation and decomposition, and/or they may be generated through
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subsequent cracking of olefins. The olefins may undergo further dehydrogenation to
form diolefins or undergo cydization to give naphthenic hydrocarbons. The aromatics
can be generated through cyclization and aromatization of olefins with cliolefins
following the Diels-Alder reaction, or through addition between olefins and cyclic
compounds. Coke may be formed by a stepwise condensation and addition of the
aromatic rings. On the basis of our experimental results and the reviewed general
reaction schemes of hydrocarbon cracking, three kinds of model schemes are proposed
in the present study as follows:

Model 1:

Heavy Oil

axParaffins + bxOlefins + cxDioleflns
+ dxCyclics + exAromatics + fxCoke

k1 >

Paraffins

Olefins

Olefins

Olefins

Olefins

+

+

>

k3 >

k4

Olefins

Diolefins

>

Cyclics

Diolefins

>

Cycloolefins

Aromatics

Aromatics

>

k7
>

Aromatics

Coke
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Model 2:

Heavy Oil

k1

>

axParaffins + bxOlefins + cxDiolefin-Cydics
dxAromatics + exCoke

+

Paraffins

Olefins

Olefins

+

>

Olefins

>

Diolefin-Cycics

Diolefln-Cycics

Aromatics

Aromatics

k4 >

>

Coke

Model 3:

Heavy Oil

k1 >

axParaffins + bxOlefins + cxDiolefin-Cycics
dxAromatics + exCoke

+

Olefins

Olefins

Olefins

+

>

>

Paraffins

Diolefin-Cydics

Diolefln-Cydics

Aromatics

k5 >

Aromatics

>

Coke

In all the models proposed above, it was assumed that heavy oil could be represented
as asingle lump and the primary cracking of heavy oil was represented by asingle
reaction

with

the

initial

selectivities.

These

selectivities

were

determined

experimentally on the basis of amass balance. Based on the experimental results, the
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primary reaction was represented by an overall first-order reaction for the whole
range of conversion and the initial selectivities were assumed to be constant. Finally,
the reactions are assumed to be irreversible.

5.4

COMPUTATIONAL METHOD

The microreactor employed in our study is constructed to operated under constant
volume condition. Thus, the mass balance for the generation of species iin aconstantvolume reaction system can be expressed as:

dndC
r--_

(5.1)

-

where

r
i= reaction rate of component i
=

number of moles of component i

Ci= concentration of component i
t= reaction time

It is generally accepted that hydrocarbon cracking proceeds via afirst-order reaction.
Following this, each lump was converted through first-order kinetics. Thus, the system
of differential equations that resulted from the Model 1scheme, for example, can be
written in equation (5.2).
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-

dC
-

dC0

dt

--

dt

dCHO - k

dt

1CHQ

-axk1C,-k2C1,

-bxk1C
HO +
12C-k3C0-k4C0-k5C0C

dCDO
dt

dC

-k6 C0C

cxklCHo+k3C0 -k5CO CDO

- dxk1CHO+ 14C0 -k6 C0 C
CY

A - cxk1C+k5C0 C+k6 C0 C-k7 CA

dt

C_fXkC+J

dt

where

CHO =

C,

heavy oil concentration in the reaction system

concentration of paraffins

=

Co = concentration of olefins
C

=

concentration of diolefins

Ccy= concentration of cyclics
CA

=

CA

concentration of aromatics

Cc = concentration of coke
a= initial selectivity to paraffins
b = initial selectivity to olefins
c= initial selectivity to diolefins

(5.2)
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d = initial selectivity to cyclics
e= initial selectivity to aromatics
f= initial selectivity to coke

As described in equation (5.2), the reaction scheme used in the study involves 7
species (lumps) and 7 first-order reactions. Since seven first-order differential
equations were employed, the possibility of astiff set of equations exists. Therefore,
the Gear's stiff method was used in this study. As this method utilises the backward
difference formula, it can give stable solutions even for stiff equations. For kinetic
parameter adjustment, a modifi
ed Levenberg-Marquardt method was employed to
solve nonlinear least squares problems. This method combined the inverse-Hessian
method and the steepest descent method by varying smoothly between the extremes.
The steepest descent method is used far from the minimum, switching continuously
to the inverse-Hessian method as the minimum is approached. Since this method
works very well in practice, it has become the standard of nonlinear least-squares'
routines.

The algorithm of the parameter estimation procedure is summarized in Figure 5.1.
The complete computer program for reaction rate constants estimation is given in
Appendix C.

5.5

MODEL EXAMINATION AND PARAMETER ESTIMATION

On the basis of the experimental results, the selectivities of primary decomposition
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of Cold Lake and Peace River heavy oil were determined by performing runs at the
minimum reaction conversion. Their values are summarized in Table 5.1.

Proposed reaction models were accepted on the basis of positive rate constants,
reasonable reproduction of concentration versus reaction time data, and a proper
Arrhenius behaviour.

These three reaction models were examined using experimental data at 800, 900 and
1 000 °C. As a result, Model 1 was unsuccessful in that the rate constant k6 was
negative. Model 2was also rejected as rate constant k2 was found to be inconsistent
with reaction temperature. Of the reaction models proposed, only Model 3satisfied the
above three criteria for both Cold Lake and Peace River heavy oil pyrolysis. It resulted
in the best fit to the experimental data as well as providing positive rate constants
and a proper Arrhenius plot for all rate constants. The results for this model were
treated further to obtain activation energies and frequency factors. The estimated
values of the activation energies and frequency factors for Model 3are given in Table
5.2.

As shown, the activation energies and frequency factors for heavy oil cracking
reactions were in the ranges 58-107 kJ mo1' and 92-1.4x108 s', respectively. The
temperature dependence of the reaction rate constants obtained was assumed to follow
the Arrhenius relationship. In complex reaction systems such as these, the determined
rate constants are the reflection of the net behaviour of various interactions. It should
be pointed out that the measured kinetic parameters may be specific to the particular
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Table 5.1: Selectivities of Heavy Oil Decomposition

a

b

c

d

e

Cold Lake Bitumen

0.191

0.602

0.055

0.041

0.108

Peace River Bitumen

0.17

0.534

0.089

0.081

0.122
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Table 5.2: Kinetic Parameters for Heavy Oil Cracking

-

Model 3

Cold Lake Heavy Oil Pyrolysis

Frequency factor

(8.1 )

Activation energy (
kJ mo1 1)

k1

k2

k3

k4

It,

1.02x104

9.1x10 1

2.29x102

2.65x10 7

6.17x105

83.4

58.1

58.9

82.3

103.3

Peace River Heavy Oil Pyrolysis

Frequency factor

( 1)

Activation energy(kJ mol 1)

k1

12

Ic3

Ic4

k5

2.72x104

2.6x10 2

2.34x102

1.41x108

5.62x104

94.0

70.6

61.1

99.8

107.4
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system, as each lumping reactant is amixture of compounds. Moreover, there is no
information regarding kinetic models for heavy oil pyrolysis in the high temperature
range in the literature. Therefore, on this basis, the model presented in this thesis is
unique.

5.6

STATISTICAL ANALYSIS

To measure how well Model 3agrees with the experimental data, the chi-square test
was applied in this study. The chi-square merit function is defined as (Press et al.
1988):

x 2=

N

• •)

( yj-y(x;a
-Y
1.

(5.3)

Ui

where y1is the experimental data,

y(xj;al ... am)

is

the calculated data from evaluated

model, and a1is the standard deviation of experimental data point.

The chi-square probability function Q(x2to) is

an incomplete gamma function. It is the

probability that the sum of the squares of orandom normal variables of unit variance
will be greater than

x2.

Here, uis the number of degrees of freedom. The incomplete

gamma function is defined as (William et al. 1988):
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(a, x) Lo

1

r(a) ix

e-ttd-ldt

(
a> 0)

It has the limiting values: Q(a,O)=1 and Q(a,00)=O. The quantity

(5.4)

Q is frequently

tabulated in statistics books. This chi-square probability gives aquantitative measure
for the goodness-of-fit of the model.

In the previous chapter, the standard deviations of pyrolysis products have been
obtained experimentally at each reaction condition. Based on these results, a chisquare tests could be performed for Model 3to heavy oil pyrolysis. The calculation of

x
2in this

study could be expressed as:

x2 E
36
i1

(yj-y(xj;a1.
U

.

•â

f) ) 2

(5.5)

i

As a result, the values of e for Cold Lake and Peace River heavy oil cracking were
36.4 and 39.2, respectively. Subsequently, the values of the chi-square probability
function

Q(f

u) could be acquired from statistical books. Their results were 0.21 and

0.13 for Cold Lake and Peace River bitumen at 1000 °C, respectively. Since the values
of

were greater than 0.1 for both cases, it was concluded that Model 3 achieved a

good fit to the experimental data in this study.

In addition, the comparison of experimental results with prediction of kinetic Model
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3for Cold Lake and Peace River heavy oil pyrolysis was shown in Figures 5.2 to 5.7.
As indicated, the results of simulation modeling show good fit to the experimental
data. Therefore, this model can be efficiently applied to the design of a industrial
cracking unit and to the planning of the combined use of the pyrolysis products. Also
it can be employed in computer control of the cracking unit.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

This chapter simmiarizes conclusions drawn from the results presented in this thesis.
Also, some recommendations are suggested for future work.

6.1

CONCLUSIONS

The major products from Cold Lake and Peace River heavy oil high severity
ultrapyrolysis in the high temperature range from 800 °C to 1000 °C are: methane,
ethylene, ethane, propylene. In addition, considerable amounts of aromatic compounds
such as benzene and toluene were produced.

An optimum 26 wt% of the important olefins yield for Peace River heavy oil pyrolysis
was obtained at areaction temperature of 900°C for an effective residence time of 680
ms, while a maximum 30 wt% of olefins yield for Cold Lake bitumen cracking was
achieved at 1 000 °C and 387

(tR )

ms. This difference was miinly attributed to a

higher percentage of the lightest saturates fraction involved in Cold Lake original
feed, since thermal decomposition of lighter fraction had amore favourable tendency
to produce light olefins as pyrolysis products.

Cold Lake and Peace River heavy oils and all their sub-fractions have been pyrolysed
over the temperature range from 800 °C to 1000 °C and total reaction times ranging
from 250 ms to 1000 ms. It was found the yields of methane, ethylene and lighter
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olefins (C2C4)for these feed samples pyrolysed under the studied conditions decreased
in the following order: saturates, monoaromatics, diaromatics, polars I and
polyaromatics, polars II and Ill, and asphaltenes. This result reflects their feed
nature, in other words, thermal cracking of heavier sub-fraction has less tendency to
produce light hydrocarbon products.

At the high severity ultrapyrolysis conditions, the formation of benzene and toluene
is thought to be mainly attributed to the cydization and aromatization of lighter
olefins and diolefins, moreover, the direct cracking of alkylated single-ring aromatics
such as alkylbenzene and benzocycloparaffins also has a significant contribution to
benzene and toluene production.

There are two sources for coke formation in heavy oil thermal cracking. One pathway
was from primary decomposition of heavy oil, since asphaltenes and polars II & III
fractions involved in original bitumen were the agents of coke production in the first
stage. Another source was through the subsequent condensation and addition
reactions of aromatic compounds formed during pyrolysis. This route for coke
formation could take place significantly at high temperatures and relatively long
reaction times.

From acommercial point of view, ultrapyrolysis at atemperature of 900 °C and an
effective residence time of 670 ma gave impressive results. In a single pass in "new
generation" plug flow type of reactor, it would be possible to achieve yields of 30 wt%
C2-04 olefins at 900 °C and an effective residence time of 670 ms. In addition,
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polymerization and condensation of valuable cracking products was also substantially
prevented. Consequently, the coke formation resulting from subsequent reactions of
condensed aromatic compounds was also significantly reduced.

In our experiments, most of sulfur involved in the heavy oil was concentrated into the
nonvolatile polyaromatic compounds. Since there was no nitrogen containing
compounds detected in the product stream, it is suggested that essentially all nitrogen
atoms in heavy oil exist in thermally stable heterocyclic positions. However, alarge
fraction of oxygen atoms involved in the heavy oil are located at the unstable
periphery of the aromatic cores. These oxygen atoms were readily converted to carbon
dioxide during heavy oil thermal cracking. The rest exist in stable heterocyclic
positions.

Appropriate material balances are extremely important in this study due to avery
sophisticated experimental program employed. New methods of determining hydrogen
gas formed and carbon and hydrogen elements of the pyrolysis residue have given us
increased confidence in our experimental program. The mass balances obtained for
Peace River heavy oil pyrolysis showed a margin of difference of only 10%. These
results confirm that the experimental program in our pyrolysis system was
reasonable.

The different types of mathematical modeling have been discussed. A comprehensive
model involving all the elementary reactions was impossible to apply due to the fact
that the feedstock is made up of a tremendously wide variety of compounds. To
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efficiently simulate the kinetic model in this study, alumping approach was selected
by lumping the multi-component mixture of products into one specific group based on
their chemical characteristics and similarities. By examining three possible reaction
models, it was found that only one model was successful in achieving agood fit to the
experimental data for both Cold Lake and Peace River heavy oil pyrolysis.

The results of simulation modelling obtained in this study can be efficiently applied
to the design of aindustrial cracking unit and to the planning of the combined use of
the pyrolysis products. The results provide valuable information for the computer
control of the cracking unit, and for investigation of Alberta heavy oils pyrolysis and
reaction conditions at which aspecified yield distribution of the pyrolysis products can
be produced.

6.2

RECOMMENDATIONS FOR FUTURE WORK

Coke formation in heavy oil pyrolysis is a highly complex processes.

The

investigation of residue analysis for all heavy oil sub-fractions should be undertaken
in the future. By doing this series of experiments, a more clear understanding of
reaction pathways for coke production could be achieved.

It is important to extend these studies to lower severity conditions to investigate the
production of a synthetic crude oil containing substantial amounts of pyrolysis
gasoline. In addition, expanding temperature to very high severity regime (>1000'C)
is also interesting us to examine reaction behaviour for heavy oil pyrolysis.
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A new analysis approach should be found to identify and quantify heavier pyrolysis
products, i.e., aromatic compounds higher than phenanthrne. This will permit more
detailed elucidation of thermal reaction behaviour, especially for heavy oil pyrolysis
at lower severity condition.

255

REFERENCES

Albright, L. F. and Y. H. C. Yu, "Production of Coke and Other Pyrolysis Products
from Acetylene, Butadiene, and Benzene in Various Tubular Reactors", in
"Thermal Hydrocarbon Chemistry", A. G. Oblad, H. G. Davis and R. T.
Eddinger, Eds., Adv. Chem. Ser. 183, Am. Chem. Soc., Washington, D. C.
(1979), pp. 193-203.
Albright, L. F. and C. F. McConnell and K Welther, "Types of Coke Formed During
the Pyrolysis of Light Hydrocarbons", in "Thermal Hydrocarbon Chemistry",
A. G. Oblad, H. G. Davis and R. T. Eddinger, Eds., Adv. Chem. Ser. 183, Am.
Chem. Soc., Washington, D. C. (1979),

pp.

175-191.

Albright, L. F. and T. C. H. Tsai, "Importance of Surface Reactions in Pyrolysis
Units" in "Pyrolysis: Theory and Industrial Practice", L. F. Albright, B. L.
Crynes and W. H. Corcoran, Eds., Academic Press, New York (1983),

pp.

233-

254.
Au, L. H., K. A. Al-Ghannam and J. M. Al-Rawi, "Chemical Structure of Asphaltenes
in Heavy Crudes Investigated by n.m.r.", Fuel 69, 519-521 ( 1990).
Asaba, T. and N. Fujii, "Free Radical Chain Reaction in Pyrolysis of Benzene at High
Temperature",

13th Symp. (hit.) Combust., The Combustion Institute,

Pittsburgh (1977), pp. 155-160.
Badash, V. V., P. N. Mukhina and M. E. Aerov, "Lower Olefins", Khimiya i
Tekhnologiya Topliv iMasel 10, 9-12 (1974).
Badger, G. M., "Pyrolysis of Hydrocarbons", in "Progress in Physical Organic
Chemistry", Vol. 3, S. G. Cohen, A. Streitwieser and R. W. Taft, Eds.,

256
Interscience, New York ( 1965),

pp.

1-40.

Baker, R. T. K. and P. S. Harris, "Fillamentous Carbon Growth on Nickel-Iron
Surfaces: The Effect of Various Oxide Additives", Chem. Phys. Carbon 14, 83165(1978).
Ball, R. T. and J. B. Howard, "Electric Charge of Carbon Particles in Flames",
13th Symp. (Int.) Combust., The Combustion Institute, Pittsburgh ( 1971), pp.
353-362.
Behar, F., P. Ungerer, A. Audibert and M. Villalba, "Experimental Study and Kinetic
Modelling of Crude Oil Pyrolysis in Relation to Thermal Recovery Processes",
UNITAB/UNDP mt. Cone on Heavy Crude and Tar Sands, Edmonton, Paper
No. 97 (1988), pp. 1-6.
Billaud, F., "n-Decane Pyrolysis at High Temperature in aFlow Reactor", Ind. Eng.
Chem. Fundam. 25, 433-443 (1986).
Billaud, F., P. Chaverot, M. Berthelin and E. Freund, "Thermal Decomposition of
Cyclohexane at Approximately 810 °C", Ind. Eng. Chem. Res. 27, 759-764
(1988).
Blouri, B., J. Giraud, S. Nouri and D. Herault, "Steam Cracking of High-MolecularWeight Hydrocarbons", Ind. Eng. Chem. Proc. Des. Dev. 20, 307-313 ( 1981).
Blouri, B., F. Hamdan and D. Herault, "Mild Cracking of High-Molecular-Weight
Hydrocarbons", I
nd. Eng. Chem. Proc. Des. Dev. 24, 30-37 ( 1985).
Bradley, J. N., "General Mechanism for the High-Temperature Pyrolysis of Alkanes.
Pyrolysis of Isobutane", Proc. Roy. Soc. London, Ser. A 337(1609), 199-216
(1974).
Bradley, J. N., "An Exercise in Computer Modelling: The High-Temperature Pyrolysis

257
of Hydrocarbons", in "Fronties of Free Radical Chemistry", W. A. Pryor, Eds.,
Academic Press, New York (1980), pp. 73-92.
Brown, S. M. and L. F. Albright, "Role of the Reactor Surface in Pyrolysis of Light
Paraffins and Olefins", in "Industrial and Laboratory Pyrolyses", ACS
Symp. Ser. 32, L. F. Albright and B. L. Crynes, Eds., Am, Chem. Soc.,
Washington, D. C. ( 1976),

pp.

296-310.

Bruinsma, 0. S. L. and J. A. Moulijn, "The Pyrolytic Formation of Polycydlic Aromatic
Hydrocarbons from Benzene, Toluene, Ethylbenzene, Styrene, Phenylacetylene
and n-Decane in Relation to Fossil Fuels Utilization", Fuel Processing
Technology 18, 213-236 (1988).
Buhier, C. and W. Simon, "Curie Point Pyrolysis Gas Chromatography", J.
Chromatogr. Sci. 8(6), 323-329 (1971).
Calkins, W. H., "Investigation of Organic Sulfur-ContRining Structures in Coal by
Flash Pyrolysis Experiments", Energy & Fuels 1, 59-66 ( 1987).
Clary, D. W., "Soot Formation During Pyrolysis of Aromatic Hydrocarbons", Ph.D.
Dissertation, Louisiana State University (1985).
Come, G. M., "Laboratory Reactors for Pyrolysis Reactions", in "Pyrolysis: Theory and
Industrial Practice", L. F. Albright, B. L. Crynes and W. H. Corcoran, Eds.,
Academic Press, New York (1983), pp. 255-275.
Crynes, B. L. and L. F. Albright, "Pyrolysis of Propane in Tubular Flow Reactors.
Kinetics and Surface Effects", Ind. Eng. Chem. Proc. Des. Dev. 8,25-31(1969).
Davies, R. A. and D. B. Scully, "C Formation from Aromatic Hydrocarbons", Combust.
Flame 10, 165-171 ( 1966).
Davis, H. G. and K. D. Williamson, "Product Inhibition in the Pyrolysis of Paraffinic

258
Hydrocarbons", in "Thermal Hydrocarbon Chemistry", A. G. Oblad, H. G. Davis
and R. T. Eddinger, Eds., Adv. Chem. Ser. 183, Am. Chem. Soc., Washington,
D. C. ( 1979), pp. 41-66.
Depeyre, D., C. Filcoteaux and C. Chardaire, "Pure n-Hexadecane Thermal Steam
Cracking", Ind. Eng. Chem. Proc. Des. Dev. 24, 1251-1258 ( 1985).
Depeyre, D., C. Filcoteaux, F. Arbabzadeh and A. Zabaniotou, "Modeling of Thermal
Steam Cracking of an Atomspheric Gas Oil", Ind. Eng. Chem. Res. 28,967-976
(1989).
Dluzniewski, J., R. Orriss and J. Wallace, "Millisecond Furnaces can Increase Olefin
Plant Profitability", Oil and Gas J. 6April, 121-130 ( 1981).
Doue, F. and G, Guiochon, "Theoretical and Experimental Study of the Thermal
Decomposition ofn-Hexadecane, ofthe Mechanism and of the Obtained Product
Mixture

Composition",

J.

de

Chimie

Physique

et

de

Physico-Chimie

Biologique 6(3), 395-409 ( 1968).
Doue, F. and G, Guiochon, "The Formation of Alkanes in the Pyrolysis of

11-

Hexadecane: Effect of an Inert Gas on the Decomposition of Alkyl Radicals",
Can. J. Chem. Eng. 47, 3477-3480 (1969).
Dnnkleman, J. J. and L. F. Albright, "Surface Effects During Pyrolysis of Ethane in
Tubular Flow Reactors", in "Industrial and Laboratory Pyrolyses", ACS
Symp. Ser. 32, L. F. Albright and B. L. Crynes, Eds., Am. Chem. Soc.,
Washington, D. C. ( 1976),

pp.

241-260.

Durrans, T. H. and E. H. Davis, "Solvents", Chapman and Hall Ltd., London (1971).
Eglinton, T. I., Sinninghe Damste, J. S., Kobnen, M. E. L., and Leeuw, J.W. de.,"
Rapid Estimation of the Organic Sulphur Content of Kerogens, Coals and

259
Asphaltenes by Pyrolysis-Gas Chromatography", Fuel 69, 1394-1404 ( 1990).
El-Mohamed, S., M. Achard, F. Hardouin and H. Gasparoux, "Correlation between
Diamagnetic Properties and Structural Characters of Asphaltenes and Other
Heavy Petroleum Products", Fuel 65, 1501-1504(1986).
Evans, M. and A. Williams, "Shock Tube Studies on the Formation of Soot from the
Combustion and Pyrolysis of Some Hydrocarbons", Fuel 60, 1047-1056(1981).
Fabuss, B. M., J. 0. Smith, R. I. Lait, A. S. Borsanyi and C. N. Satterfield, "Rapid
Thermal Cracking of n-Hexadecane at Elevated Pressures", I
nd. Eng. Chem.
Proc. Des. Dev. 1(4), 293-299 ( 1962).
Fabuss, B. M., J. 0. Smith and C. N. Satterfield, "Thermal Cracking of Pure
Saturated Hydrocarbons", in "Advances in Petroleum Chemistry and Refining",
No. 9, J. J. Mcketta, Eds., Interacience, New York ( 1964), pp. 156-201.
Fairburn, J. A., "tJltrapyrolysis of n-Hexadecane in a Novel Microreactor", M.Sc.
Thesis, The University of Calgary, Calgary ( 1988).
Fairburn, J. A., L. A. Behie and W. Y. Svrcek, "tjltrapyrolysis of n-Hexadecane in a
Novel Microreactor", Fuel 69(12), 1537-1545 ( 1990).
Fitzer, E., K. Mueller and W. Shaefer, "Chemistry of the Pyrolytic Conversion of
Organic Compounds to Carbon", Chem. Phys. Carbon 7, 238-257 ( 1971).
Frakman, Z., T. M. Ignasiak, D. S. Montgomery and 0. P. Strausz, "Nitrogen
Compounds in Athabasca Asphaltene: The Carbazoles", AOSTRAJ. Res. 3,131138(1987).
Froment, G. F., B. 0. Van de Steene, P. J. Vanden Berghe and A. G. Goossens,
"Thermal Cracking of Light Hydrocarbons and Their Mixtures", AIChE J.
23(l), 93-106 (1977).

260
Froment, G. F., "Kinetics and Reactor Design in the Thermal Cracking for Olefins
Production", Chem. Eng. Sd. 47(9-11), 2163-2177 ( 1992).
Gary, D. C. and E. 0. James, "Instrument Analysis", Allyn and Bacon Inc., Boston
(1986).
Giraud-Horvilleur, F. and B. Blouri, "Thermal Cracking of Normal Long-Chain
Olefins", Inf. Chim. 164,113-119 (1977).
Graft; M. J. and L. F. Albright, "Coke Deposition from Acetylene, Butadiene, and
Benzene Decompositions at 500-900 °C on Solid Surfaces", Carbon 20(4), 319335(1982).
Graham, S. C. J. B. Homer and J. L. J. Rosenfeld, "Formation and Coagulation of
Soot Aerosols Generated by the Pyrolysis of Aromatic Hydrocarbons", Proc.
Rev. Soc. London, 5cr. A. 344, 259-267 ( 1975).
Graham, S. C., "The Formation and Coagulation of Soot Aerosols", 16th Symp.
Combust., The Combustion Institute, Pittsburgh (1977),

pp.

(
mt.)

663-670.

Graham, S. C., "The Modeling of the Growth of Soot Particles During the Pyrolysis
and Partial Oxidation of Aromatic Hydrocarbons", Proc. Roy. Soc. London, 5cr.
A 377, 119-128 ( 1981).
Grisdale, R. 0., A. C. Pfister and W. Van Roosbroeck, "Pyrolytic Film Resistors-C and
Boro-Carbon", Bell Syst. Tech. J. 30, 271-276 ( 1951).
Hayashitani, M., D. W. Bennion, J. K. Donnelly and R. G. Moore, "Thermal Cracking
of Athabasca Bitumen", The OR Sands of Canada-Venezuela 17, 233-240
(1977).
Hikita, T., I. Takahashi and Y. Tsuru, "Hydropyrolysis of Heavy Oils", Fuel 68,1140-.
1145 ( 1989).

261
Wrath, M., S. Yoshioka and M. Tanaka, "Gas-oil Pyrolysis by Tubular Reactor and its
Simulation Model of Reaction", Hitachi Rev. 20(8), 326-334 ( 1971).
Homann, K. H., "Carbon Formation in Premixed Flames", Combust. Flame 11, 265269(1967).
Huq, I., "IJitrapyrolysis of aModel Gas Oil Compound in aNovel Microreactor", Final
Report in the AOSTRA Summer Student Program ( 1989).
Ignasiak, T., 0. P. Strausz and A. W. Kemp-Jones, "Properties of Asphaltenes from
Various Alberta Crude Oils", Am. Chem. Soc. Div. Fuel Chem. Prepr. 22(3),
126-132 (1977).
Ignasiak, T., 0. P. Strausz and A. W. Kemp-Jones, "The Molecular Structure of
Athabasca Asphaltene. Cleavage of the Carbon-Sulfur Bonds by Radical Ion
Electron Transfer Reaction", J. Org. Chem. 42(2), 312-318 ( 1977).
Johnson, D. E., "Pyrolysis of Benzenethiol", Fuel 66, 255-260 ( 1987).
Katritzky, A. R., R. Murugan, M. Balasubramanian, J. V. Greenhill, M. Siskin and G.
Brons, "Aqueous High-Temperature Chemistry of Carbo- and Heterocycles. 16.
Model Sulfur Compounds: A Study of Hydrogen Sulfide Generation", Energy
& Fuels 5, 823-834 (1991).
Kavianian, H. R., V. F. Yesavage, P. F. Dickson and R. W. Peters, "Kinetic Simulation
Model for Steam Pyrolysis of Shale Feedstock",Ind. Eng. Chem. Res. 29, 527534(1990).
Kellog, M. W. Company, "Setting the Pace in Modern Ethylene Production", Company
Brochure, Houston, Texas, 2-4 (1989).
Koots, J. A. and J. G. Speight, "Relation of Petroleum Resins to Asphaltenes", Fuel 54,
179-184 (1975).

262
Kumur, P. and D. Kunzru, "Modeling of Naphtha Pyrolysis", I
nd. Eng. Chem. Proc.
Des. Dev. 24, 774-782 (1985)..
Kunugi, T., D. Kunil and A. Kobayashi, "Advances in Production of Olefins from
Residual Oils", World ConL Future Sources Org. Raw Mater., Toronto, 449-456
(1978).
La Cava, A., "Pyrolysis and Thermal Hydrogasification of Hydrocarbons", Ph.D.
Dissertation, University of London, London ( 1977).
Lahaye, J., P. Badie and J. Ducret, "Mechanism of Carbon Formation During
Steamcracking of Hydrocarbons", Carbon 15, 87-99 ( 1977).
Layokun, S. K. and D. H. Slater, "Mechanism and Kinetics of Propane Pyrolysis",
I
nd. Eng. Chem. Proc. Des. Dev. 18(2), 232-236 ( 1979).
Leftin, H.P., D. S. Newsome and P. J. Wolff; "Pyrolysis of Naphtha and of Kerosene
in the Kellogg Millisecond Furnace", in "Industrial and Laboratory Pyrolyses",
ACS Symp. Ser. 32, L. F. Albright, B. L. Crynes, Eds., Am. Chem. Soc.,
Washington, D. C. ( 1976), pp. 373-390.
Levush, S. S., S. S. Abadzhev and V. U. Shevchuk, "Kinetics of High Temperature
Conversion of Butadiene", Neftekhimiya 9, 716-724 ( 1969).
Lichtenstein, I., "Design Cracking Furnaces by Computer", Chem. Eng. Prog. 60(12),
64-68 (1964).
Lin, S. H., "Effect of Induction on the Kinetics of Oil Shale Pyrolysis", J. Chem.
Eng. Japan 24(5), 673-676 (1991).
Mallinson, R. G., R. L. Braun, C. K Westbrook and A. K. Burnham, "Detailed
Chemical Kinetics Study of the Role of Pressure in Butane Pyrolysis",
I
nd. Eng. Chem. Res. 31, 37-45 (1992).

263
Marek, J. C. and L. F. Albright, "Coke Formation on Catalysts or in Pyrolysis
Furnaces", Am. Chem. Soc. Meet., New York ( 1981), pp. 28-42.
Martin, R. and M. Niclause, "Thermal Decomposition of Propane (III). Interpretation
and Discussion of Experimental Results", J. Chim. Phys. 61(6), 802-811(1964).
Martin, R., M. Niclause and G. Scacchi, "Influence of Small Quantities of Oxygen on
the Thermal Cracking ofA1krnes at ca. 500 °C", in "Industrial and Laboratory
Pyrolyses", ACS Symp. Ser. 32, L. F. Albright and B. L. Crynes, Eds., Am.
Chem. Soc., Washington, D. C. ( 1976),

pp.

37-50.

Mazza, A. G. and D. E. Cormack, "Thermal Cracking of Athabasca Bitumen",
AOSTRA J. Res. 4, 221-230 ( 1988a).
Mazza, A. G. and D. E. Cormack, "Thermal Cracking of the Major Chemical Fractions
of Athabasca Bitumen", AOSTRA J. Res. 4, 193-208 ( 1988b).
Mebrotra, A. K., R. E. Robert and W. Y. Svrcek, 'Viscosity of Cold Lake Bitumen and
its Fractions", Can. J. Chem. Eng. 67, 1004-1008 ( 1989a).
Mebrotra, A. K., J. A. Nighswander and N. Nalogerakis, "Data and Correlation for
CO2Peace River Bitumen Phase Behaviour at 22-200 °C", AOSTRA J. Res. 5,
351-358 ( 1989b).
Mieville, R. L., D. M. Trauth and K. K. Robinson, " Asphaltene Characterization and
Diffusion Measurements", ACS Div. Pet. Chem. 34, 635-641 ( 1989).
Mojeisky, T. W., D. S. Montgomery and 0. P. Strausz, "The Side Chains Associated
with The Unclistillable Aromatic and Resin Compounds of Athabasca Bitumen",
AOSTRA J. Res. 3,177-184 ( 1986).
Moschopeclis, S. E., S. Parkash and J. G. Speight, "Thermal Decomposition of
Asphaltenes", Fuel 57, 431-434 ( 1978).

264
Mushrush, G. W. and R. N. Hazlett, "Pyrolysis of Organic Compounds Containi
ng
Long Unbranched Alkyl Groups", Ind. Eng. Chem. Fundam. 23,288-294(1984).
Nohara, D., "Kinetic Study on Cycloaddition of Allyl Radical to Acetylene", Ph.D.
Dissertation, Kyoto University, Kyoto ( 1980).
Odoiphus, S. L., R. S. Bruinsma, P. B. Geertsma and J. A. Moulijn, "Gas Phase
Pyrolysis of Coal-Related Aromatic Compounds in aCoiled Tube Flow Reactor",
Fuel 67, 327-340 ( 1988).
Oertis, C. H., "On the Curie Point Pyrolysis/Mass Spectrometry of Organic
Compounds", Diss. No. 5289, Eidgenossischen Technischen Hochschule Zurich,
(1974).
Palmer, H. B. and C. F. Cullis, "Chemistry and Physics of Carbon", vol. 1, P. L.
Walker, Jr., Eds., Marcel Dekker Inc., New York ( 1965),

pp.

265-279.

Panchenkov, G. M. and V. Y. Baranov, "Kinetics of Thermal Cracking of Hexadecane
in aFlow System", Kinetikai Kataliz, Akad. Nauk SSSR, Sb. Statei 1,703-711
(1958).
Phillips C. R., N. I. Haidar and Y. C. Poon, "Kinetic Models for the Thermal Cracking
of Athabasca Bitumen", Fuel 64, 678-691 ( 1985).
Poirier,

M.

A.,

and Das,

B.

S. "Characterization of Polynuclear Aromatic

Hydrocarbons in Bitumen, Heavy Oil Fractions Boiling above 350°C by G.CM.S.", Fuel 63, 361-367 ( 1990).
Posadov, I. A., Y. V. pokonova, 0. G. Popov and V. A. Proskuryakov, "Study of the
Chemical Structure of Petroleum Asphaltenes by Pyrolytic Methods", J. Appl.
Chem. USSR 50, 1516-1521 ( 1977).
Prado, G. and J. Lahaye, "Particulate Carbon: Formation during Combustion", D. C.

265
Siegla and G. W. Smith, Eds., Plenum Press, New York ( 1981), pp. 143-158.
Press, W. H., B. P. Flannery, S. A. Teukolsky and W. T. Vetterling, "Numerical
Recipes", Cambridge University Press, New York ( 1988).
Ranzi, S., M. Dente, S. Pierucci and G. Biardi, "Initial Product Distribution from
Pyrolysis of Normal and Branched

Paraffins",

I
nd. Eng. Chem. Fundam. 22,

132-139 ( 1983).
Rastogi, A., "Kinetic Study of Propane Ultrapyrolysis in aNovel Microreactor", Ph.D.
Dissertation, The University of Calgary, Calgary (1987).
Rastogi, A., W. Y. Svreck and L. A. Behie, "The Importance of Temperature Rise Time
in Pyrolysis Kinetic Studies", Can. J. Chem. Eng. 66, 303-306 ( 1988a).
Rastogi, A., W. Y. Svreck and L. A. Belie, "Novel Microreactor with Quench System
for Kinetic Study of Propane Pyrolysis", AIChE J. 34, 1417-1422 (1988b).
Rebick, C., "Pyrolysis of Alpha-Olefins

-

A Mechanistic Study", in "Thermal

Hydrocarbon Chemistry", Adv. Chem. Ser. 183, A. G. Oblad, H. G. Davis and
R. T. Eddinger, Eds., Am. Chem. Soc., Washington, D. C. ( 1979),

pp.

1-19.

Rebick, C., "H2S Catalysis of n-Hexadecane Pyrolysis", I
nd. Eng. Chem. Fundam. 20,
54-59 ( 1981).
Rebick, C., "Pyrolysis of Heavy Hydrocarbons" in "Pyrolysis: Theory and Industrial
Practice", L. F. Albright, B. L. Crynes and W. H. Corcoran, Eds., Academic
Press, New York (1983), pp. 69-87.
Rice, F. 0. and K. F. Herzfeld, "The Thermal Decomposition of Organic Compounds
from the Standpoint of Free Radicals. VI. The Mechanism of Some Chain
Reactions", J. Am. Chem. Soc. 56, 284-290 (1934).
Ritchie, R. G. S., R. S. Roche and W. Steedman, "Pyrolysis of Athabasca Tar Sands:

266
*

Analysis of the Condensible Products from Asphaltene", Fuel 58(7), 523-530
(1979).

Rumyantsev, A. N., N. S. Nametkin, K. P. Lavrovskli, P. I. Sanin, I. A. Masaev, 0. M.
Vinnitskii and E. K. Kurashova, "Production of High-Molecular-Weight Alpha
Olefins by Thermal Cracking of Paraffin-Base Feeds", Proc. World Pet. Congr.
5, Tokyo, 155-161 ( 1975).
Sajus, L., "Trends in Available Feedstock Composition", World Conf. Future Sources
Org. Raw Mater., Toronto (1978),

pp.

413-425.

Siki, T., D. Nohara and T. Kunugi, "Industrial and Laboratory Pyrolyses", L. F.
Albright, B. L. Crynes, Eds., ACS Symp. Ser. 32, Am. Chem. Soc., Washington,
D. C. ( 1976),

pp.

152-177.

Sakai, T., "Thermal Reaction of Olefins and Dioleflns, and Formation of Aromatics",
in "Pyrolysis: Theory and Industrial Practice", L. F. Albright, B. L. Crynes and
W. H. Corcoran, Eds., Academic Press, New York (1983),

pp.

89-116.

Sanioilov, A. S., A. I. Kurochldn, M. K. Pulkina and K. T. Topliva, "Kinetic Features
of the Pyrolysis of Heavy Petroleum Raw Material", Solid Fuel Chem. 6, 104108(1980).
Savage, P. E., M. T. Klein and S. G. Kukes, "Petroleum Asphaltene Thermal Reaction
Pathways", Am. Chem. Soc. Div. Fuel Chem. Prepr. 30, 408-414 ( 1985).
Savage, P. E., "Chemical and Mathematical Modeling of Asphaltene Reaction
Pathways", Ph.D. Dissertation, University of Delaware ( 1986).
Savage, P. E. and M. T. Klein, "Asphaltene Reaction Pathways. 2. Pyrolysis of nPentadecylbenzene", ]I
nd. Eng. Chem. Res. 26, 488-494 ( 1987a).
Savage, P. E. and M. T. Klein, "Discrimination between Molecular and Free-Radical

267
Models of 1-Phenyldodecane Pyrolysis", I
nd. Eng. Chem. Res. 26, 374-376
(198Th).
Savage, P. E., G. E. Jacobs and M. Javanmardian, "Autocatalysis and Aryl-Alkyl
Bond Cleavage in 1-Dodecylpyrene Pyrolysis", I
nd. Eng. Chem. Res. 28, 645653(1989).
Schumacher, M. M., "Heavy Oil and Tar Sands Recovery and Upgrading", Noyes Data
Corporation, New Jersey (1982).
Selucky, M. L., Y. Chu, T. C. S. Ruo and 0. P. Strausz, "Chemical Composition of
Cold Lake Bitumen", Fuel 57, 9-16 ( 1978).
Shah, M. J., "Computer Control in Ethylene Production. I. Thermal Cracking
Furnaces", I
nd. Eng. Chem. 59, 70-85 ( 1967).
Shah, Y. T., E. B. Stuart and D. Kunzru, "Thermal Cracking of Hydrocarbon Mixture.
Mixtures of Octane-Nonane and Nonane-2-Pentene", I
nd. Eng. Chem. Proc.
Des. Dev. 12(3), 344-351 ( 1973).
Simon, W. and H. Giacobbo, "Thermal Fragmentation and the Determination of the
Structure of Organic Compounds", Angewandte Chemie, International Edition
4, No. 11, 938-943 ( 1965).
Smith, C. M. and P. E. Savage, "Reaction of Polycyclic Alkylaromatics. 1. Pathways,
Kinetics, and Mechanisms for 1-Dodecylpyrene Pyrolysis", Ind. Eng. Chem.
Beg. 30, 331-339 ( 1991).
Soodhoo, K and C. R. Phillips, "Non-catalytic Hydrocracking of Asphaltenes", Fuel 67,
521-529 ( 1988).
Speight, J. G., "Thermal Cracking of Athabasca Bitumen, Athabasca Asphaltene, and
Athabasca Deasphalted Heavy Oil", Fuel 49, 76-81 ( 1970).

268
Speight, J. G. and S. M. Moschopedis, "On the Molecular Nature of Petroleum
Asphaltenes", in "Chemistry of Asphaltenes", Bunger, J. W. and Li, N. C.,
Eds., Adv. Chem. Ser. 195, Am. Chem. Soc., Washington, D. C. (1981).
Speight, J. G. and S. M. Moschopedis, "Anomalous Effects in the Character of the
Carbonyl Absorption in the Infrared Spectra of Petroleum Resins and
Asphaltenes", Am. Chem. Soc. Div. Petrol. Chem. Prepr. 26(4), 907-914(1981).
Speight, J. G. "The Desulfurization of Heavy Oils and ,Residua", Marcel Dekker Inc.,
New York ( 1981).
Speight, J. G., "Evidence for the Types of Polynuclear Aromatic System in
Nonvolative Fractions of Petroleum", ACS Adv. Chemistry Ser. No. 217,
201-208 ( 1988).
Speight, J. G., "Latest Thoughts on the Molecular Nature of Petroleum Asphaltenes",
ACS Div. Pet. Chem. 34, 321-328 ( 1989).
Stocker, R. K., J. H. Eng, W. Y. Svrcek and L. A. Bebie, "Ultrapyrolysis of Propane in
aSpouted-Bed Reactor with aDraft Tube", AIChE J. 35(10), 1617-1624(1989).
Strausz, 0. P., K. N. Jha and D. S. Montgomery, "Chemical Composition of Gases in
Athabasca Bitumen and in Low-Temperature Thermolysis of Oil Sand,
Asphaltene, and Maltene", Fuel 56, 114-120 ( 1977).
Strausz, 0. P., "Bitumen and Heavy Oil Chemistry", in AOSTRA Technical Handbook
on Oil Sands, Bitumens, and Heavy Oils, L. G. Hepler and C. Hsi (eds.),
AOSTRA, Edmonton, 35-73 (1989).
Szepesy, L., K. Welther and 0. Szalai, "Production of Olefins by Pyrolysis of Liquid
•
Hydrocarbons I. A New Formal Kinetic Equation for the Description of the
Thermal Decomposition of Hydrocarbons", Hungarian J. Ind. Chem. 5,161-174

269
(1977).
Sundararn, K. M. and G. F. Froment, "Modeling of Thermal Cracking Kinetics-I",
Chem. Eng. Sd. 32, 601-608 ( 1977).
Takatsuka, T., R. Kajiyama, H. Hashimoto, I. Matsuo and S. Miwa, "A Practical
Model of Thermal Cracking of Residual Oil" J. Chem. Eng. Japan 22(3), 304310(1989).
Thompson, B. H. and C. T, Brooks, "Production of Methane by the Thermal
Hydrogenation of Hydrocarbon Oils", Am. Chem. Soc. Natl. Meet., 165th,
Dallas, Tex., (1973).
Tostevin, W. C. "Sulphur Removal from Athabasca Bitumen", Fourth Joint Chemical
Engineering Conference of the American Institute of Chemical Engineers
and The Canadian Society for Chemical engineering, Vancouver, B.C.,
September 11, (1973).
Trimm, D. L., "The Formation and Removal of Coke from Nickel Catalyst", Catal.
Rev. Sci. Eng. 16, 155-161 (1977).
Trimm, D. L., "Fundamental Aspects of the Formation and Gasification of Coke", in
"Pyrolysis: Theory and Industrial Practice", L. F. Albright, B. L. Crynes and
W. H. Corcoran, Eds., Academic Press, New York ( 1983), pp. 203-232.
Tsai, C. H. and L. F. Albright, "Surface Reactions Occurring During Pyrolysis of Light
Paraffins", in "Industrial and Laboratory Pyrolyses", ACS Symp. Ser. 32, L. F.
Albright and B. L. Crynes, Eds., Am. Chem. Soc., Washington, D. C. ( 1976), pp.
274-295.
van Damme, P. S., S. Narayanan and G. F. Froment, "Thermal Cracking of Propane
and Propane-Propylene Mixtures: Pilot Plant Versus Industrial Data", AIChE

270
J. 21, 1065-1073 (1975).
Virk, P. S., A. Korosi and H. N. Woebcke, "Pyrolysis of Unsubstituted Mono-, Di-, and
Tricycloalkanes", in "Thermal Hydrocarbon Chemistry", Adv. Chem. Ser. 183,
A. G. Oblad, H. G. Davis and R. T. Eddinger, Eds., Am. Chem. Soc.,
Washington, D. C. ( 1979), pp. 67-76.
Virk, P. S., L. E. Chambers and H. N. Woebcke, "Coal Gasification", L. G. Massey
Eds., Adv. Chem. Ser. 131, Am. Chem. Soc., Washington, D. C., 237-253(1974).
Vogiatzis, A. L., C. L. Briens and M. A. Bergougnou, "Selected Applications of UltraRapid Fluidized (URF) Reactions: Ultrapyrolysis

of Heavy Oils and Ultra-

Rapid Catalytic Cracking", AIChE Symp. Ser. 85(270), 69-76 ( 1989).
Walker, J.

Q.,

"
A Comparison of Pyrolyzers for Polymer Characterization",

Chromatographia 5, 547-552 ( 1972).
Wailer, P. R., A. Williams and K D. Bartle, "The Structural Nature and Solubility of
Residual Fuel Oil Fractions", Fuel 68, 520-526 ( 1989).
Wampler, T. P. and E. J. Levy, "Reproducibility in Pyrolysis. Recent Development",
J. of Analytical and Applied Pyrolysis 12, 75-82 ( 1987).
Wang, T. S., "Soot Formation from Toluene", Ph.D. Dissertation, Louisiana State
University (1980).
Wang, T. S., R. A. Matula and R. C. Farmer, "Combustion Kinetics of Soot Formation
from Toluene", 18th Symp. (Int.) Combust., The Combustion Institute,
Pittsburgh ( 1981),

pp.

1149-1154.

Wersborg, B. L., J. B. Howard and G. C. Williams, "Coagulation of Carbon Particles
in Premixed Flames", 14th Symp.
Pittsburgh ( 1973),

pp.

929-941.

(
mt.) Combust., The Combustion Institute,

271
Wersborg, B. L., L. K Fox and J. B. Howard, "Soot Concentration and Absorption
Coefficient in aLow-Pressure Flame", Combust. Flame 24, 1-10 ( 1975).
Williams, P. A. and G. F. Froment, "Kinetic Modeling of the Thermal Cracking of
Hydrocarbons. 1. Calculation of Frequency Factors", I
nd. Eng. Chem. Res. 27,
1959-1966 (1988a).
Williams, P. A. and G. F. Froment, "Kinetic Modeling of the Thermal Cracking of
Hydrocarbons. 1. Calculation of Activation Energies", I
nd. Eng. Chem. Res. 27,
1966-1971 ( 1988b).
Williamson, K. D. and H. G. Davis, "Mechanistic Studies of Methane Pyrolysis at Low
Pressures", in "Thermal Hydrocarbon Chemistry", A. G. Oblad, H. G. Davis and
R. T. Eddinger, Eds., Adv. Chem. Ser. 183, Am. Chem. Soc., Washington, D. C.
(1979),

pp.

51-71.

Wolf, C. J., R. L. Levy and D. L. Fanter, "Determination of the True Decomposition
Temperature in Pyrolysis Experiments", J. of Fire & Flammability 5, 76-83
(1974).
Yadama, M and A. Amano, "Hydrogen Atom Induced Substitution Reaction of Organic
Sulfur Compounds in the Gas Phase", Ind. Eng. Chem. Res. 31, 8-13 ( 1992).

Zhou, P., 0. L. Hollis and B. L. Crynes, "Thermolysis of Higher Molecular Weight
Straight-Chain Alkanes (C9C22 )", I
nd. Eng. Chem. Res. 26, 846-852 ( 1987).

272

APPENDIX A
MATERIAL BALANCES

In this appendix, the key information of our experimental results is supplied. The
material balance closure data from Peace River heavy oil pyrolysis obtained from the
microreactor system experiments, under temperatures of 800 to 1000 °C and total
reaction times 500 to 1 000 ms, are presented. As described before, only after
successfully determining the hydrogen gas yields and the C and H quantities
contained in the pyrolysis residue, could this work be done.

Since there are alarge number of minor components in the mass spectrograms, it is
impossible to calibrate every compound. Thus, all the detected products have been
divided into groups based on the retention time of these components. The conversion
factors for each set are about the same,

and all the peaks in a given time span are

attributed to the major component in that span.

The material balance was made on carbon and hydrogen element closure. This gives
areliable information regarding the mass closure. As indicated in the following tables,
the material balance for heavy oil pyrolysis was satisfied within a margin of about
10%.
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Table Al Peace River Heavy Oil Pyrolysis Data
Product Distribution(wt%)
Based on 100ig Feedstock
112

Carbon
(jig)

-

-

800°C, 440ms

Hydrogen
(jig)
0.27

CH4

2.09

0.70

C2H4

4.67

0.78

C2H6

1.61

0.40

C3H6

3.46

0.58

C3H8

0.26

0.06

C4H6

1.65

0.21

C4H8

2.02

0.34

C5H8

0.54

0.07

C5H6

0.34

0.03

C6H6

1.04

0.09

C7H8

0.81

0.08

C9H8

0.31

0.02

CH8

0.21

0.01

-

-

-

-

Pyrolysis Deposits

63.6

7.79

Material Balance

82.63

11.42

Feed Sample

81.3

10.5

C1311 10
C14H 10
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Table A.2: Peace River Heavy Oil Pyrolysis Data
Product Distribution(wt%)
Based on 100ig Feedstock
112

Carbon
(j.ig)

-

-

800°C, 690ms

Hydrogen
(jag)
0.39

CH4

2.43

0.81

C2H4

8.14

1.36

C2H6

2.10

0.53

C3116

3.85

0.64

C3H8

0.42

0.09

C4H6

2.22

0.28

C4H8

1.96

0.33

C5118

0.60

0.08

C5H6

0.78

0.08

C6116

1.64

0.14

C7H8

1.29

0.12

C9118

0.29

0.02

C10118

0.39

0.03

-

-

C14H10

-

-

Pyrolysis Deposits

53.97

6.33

Material Balance

80.08

11.22

Feed Sample

81.3

10.5

C1311 10
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Table A.3: Peace River Heavy Oil Pyrolysis Data
Product Distribution(wt%)
Based on 1001g Feedstock

Carbon
(Vg)

-

800°C, 940ins

Hydrogen
(jig)

H2

-

OH4

3.43

1.14

C2H4

9.00

1.50

02116

2.55

0.64

03H6

5.92

0.99

03H8

0.25

0.06

04H6

2.44

0.31

C4H8

0.95

0.16

05118

0.82

0.11

0.55

0.06

C6H6

1.66

0.14

C7H8

1.62

0.15

C9118

0.41

0.03

C10H8

0.63

0.04

-

-

-

-

Pyrolysis Deposits

53.75

6.05

Material Balance

84.01

11.86

Feed Sample

81.3

10.5

C5H6

C13H10
C14H10

.

0.49
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Table A.4: Peace River Heavy Oil Pyrolysis Data
Product Distribution(wt%)
Based on lOOjig Feedstock

Carbon
(jig)

-

900°C, 418ms

Hydrogen
(jig)

H2

-

CH4

3.98

1.33

C2H4

9.27

1.55

02H6

2.55

0.64

C3H6

5.08

0.85

C3H8

0.31

0.07

C4H6

2.96

0.37

C4H8

2.69

0.45

C5H8

0.30

0.04

C5H6

0.36

0.04

C6H6

2.35

0.2

C7H8

1.74

0.17

C9H8

0.36

0.03

C10H5

1.02

0.07

-

-

-

-

Pyrolysis Deposits

49.5

5.62

Material Balance

82.46

11.89

Feed Sample

81.3

10.5

C13H10
C14H10

0.50
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Table A.5: Peace River Heavy Oil Pyrolysis Data
Product Distribution(wt%)
Based on 100ig Feedstock

Carbon
(jig)

-

900 °C, 668ms

Hydrogen
(jig)

H2

-

CH4

7.13

2.38

C2H4

14.25

2.38

C2H6

3.56

0.89

C3H6

6.51

1.09

03H8

0.34

0.07

C4H6

3.27

0.41

C4H8

1.60

0.27

C5H8

0.28

0.04

C5H6

0.52

0.05

C6H6

4.33

0.36

C7H8

3.04

0.29

C9H8

0.72

0.05

C10H8

1.67

0.11

C13H10

0.72

-

-

-

-

Pyrolysis Deposits

32.04

2.96

Material Balance

79.25

12.06

Feed Sample

81.3

10.5

C1411 10

278
Table A.6: Peace River Heavy Oil Pyrolysis Data
Product Distribution(wt%)
Based on lOOjig Feedstock

Carbon
(jig)

-

900 °C, 918ms

Hydrogen
(jig)

H2

-

CH4

8.46

2.82

C2H4

11.92

1.99

C2H6

3.69

0.92

C3H6

5.58

0.93

C3H8

0.25

0.06

C4H6

2.45

0.31

C4H8

1.11

0.18

C5H8

0.55

0.07

C5H6

0.50

0.05

C6H6

5.17

0.43

C7H8

3.45

0.33

C9H8

0.83

0.06

C10H8

1.56

0.11

C1311 10

0.10

0.01

C14H 10

0.31

0.02

Pyrolysis Deposits

30.41

2.09

Material Balance

76.36

11.37

Feed Sample

81.3

10.5

1.01
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Table £7: Peace River Heavy Oil Pyrolysis Data
Product Distribution(wt%)
Based on 100ag Feedstock
112

Carbon
(.ig)

-

-

1000°C, 387ms

Hydrogen
(jig)
1.26

CH4

7.13

2.38

C2H4

13.35

2.23

C2H6

4.15

1.04

C3H6

6.53

1.09

C3H8

0.16

0.04

C4116

2.36

0.30

C4H8

0.13

0.02

C5H8

0.39

0.05

C5H6

0.33

0.03

C6H6

4.05

0.34

C7118

2.56

0.24

C9H8

0.69

0.05

C10H8

1.59

0.11

C1311 10

0.48

0.03

C14H10

0.19

0.01

Pyrolysis Deposits

33.36

2.64

Material Balance

77.48

11.85

Feed Sample

81.3

10.5
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Table £8: Peace River Heavy Oil Pyrolysis Data
Product Distribution(wt%)
Based on 100ig Feedstock

Carbon
(.ig)

-

1000 °C, 637ms

Hydrogen
(jig)

H2

-

CH4

9.19

3.06

C2H4

12.17

2.03

C2H6

3.34

0.84

C3H6

4.70

0.78

C3H8

0.35

0.08

C4H6

2.44

0.31

C4H8

1.93

0.32

C5H8

0.40

0.05

C5H6

0.32

0.03

C6H6

5.32

0.44

C7H8

2.91

0.28

C9H8

0.91

0.08

C10H8

1.25

0:08

C13H 10

0.40

0.03

014H10

0.17

0.01

Pyrolysis Deposits

31.37

1.59

Material Balance

77.19

11.43

Feed Sample

81.3

10.5

1.42
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Table £9: Peace River Heavy Oil Pyrolysis Data

Product Distribution(wt%)
Based on 100.ig Feedstock

-

1000°C, 887ms

Carbon
(jig)

Hydrogen
(jig)

-

1.65

OH4

10.77

3.59

C2H4

10.32

1.72

02H6

4.73

1.18

C3H6

2.66

0.44

C3118

0.26

0.06

C4H6

1.40

0.17

C4H8

0.59

0.10

C5H8

0.09

0.01

C5H6

0.21

0.02

C6H6

4.67

0.39

C7H8

2.13

0.20

C9H8

0.38

0.03

C10H8

1.79

0.12

C13H10

0.26

0.02

C1411 10

0.17

0.01

Pyrolysis Deposits

33.14

1.12

Material Balance

73.57

10.84

Feed Sample

81.3

10.5

112
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Table £10: Cold Lake Heavy Oil Pyrolysis Data

-

800°C

tE (ms)

190

440

690

940

Feed mass (.ig)

8

8

8

9

CH4

2.85

3.8

5.56

6.25

C2H4

6.71

7.65

10.4

12.8

C2H6

2.02

2.68

3.56

5.24

C3H6

3.64

5.18

7.42

8.98

C3H8

0.25

0.43

0.56

0.31

C4H6

2.44

0.95

1.49

2.89

C4H8

0.80

2.76

3.14

3.63

C5H8

0.82

0.69

0.8

0.72

C5H6

0.55

0.42

1.03

0,57

C6H6

1.25

1.35

1.58

3.53

07H8

1.32

0.35

1.19

1.57

C9H8

0.21

0.3

0.39

0.12

C10H8

0.41

0.1

0.49

0.26

4.2

6.1

8.3

35.0

43.7

57.9

Product Distribution (wt%)

C13H10
C14H10
Coke
Conversion

-
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Table A.11: Cold Lake Heavy Oil Pyrolysis Data

-

900°C

tE(ms)

168

418

668

918

Feed mass (jig)

9

9

9

10

CH4

2.85

7.15

10.5

12.2

C2H4

6.71

15.7

17.4

15.6

C2H6

2.02

4.53

4.72

4.75

C3H6

3.64

9.07

8.24

7.72

C3H8

0.25

0.58

0.35

0.34

C4H6

2.44

3.36

2.54

2.05

C4H8

0.80

1.57

1.6

1.59

C5H8

0.82

0.20

0.35

0.72

C5H6

0.55

0.23

0.65

0.69

C6H6

1.25

2.58

3.9

4.54

C7H8

1.32

0.86

1.93

2.02

C9H8

0.21

0.27

0.68

0.84

C10H8

0.41

0.83

1.07

1.86

Coke

7.1

12.2

16.9

Conversion

64.0

74.4

80.2

Product Distribution (wt%)

C13H10
C14H10
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Table £12: Cold Lake Heavy Oil Pyrolysis Data

-

1000°C

tE (ms)

137

387

637

887

Feed mass (
jig)

8

9

9

9

OH4

2.85

12.3

13.5

17.3

C2H4

6.71.

18.0

14.5

13.5

C2H6

2.02

4.61

5.24

5.74

C3H6

3.64

7.27

4.58

2.62

C3H8

0.25

0.23

0.6

0.16

C4H6

2.44

2.13

2.18

1.68

C4H8

0.80

2.09

1.93

0.17

C5H8

0.82

0.47

0.34

0.38

C5H6

0.55

0.34

0.24

0.58

C6H6

1.25

4.03

4.01

3.74

C7H8

1.32

1.64

1.91

1.39

C9H8

0.21

0.26

0.49

0.26

C10H8

0.41

1.02

1.13

1.09

013H10

0.28

0.12

0.07

014H 10

0.18

0.1

0.05

Coke

14.0

23.1

28.8

Conversion

80.0

89.9

96.3

Product Distribution (wt%)
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Table £13: Cold Lake Heavy Oil Pyrolysis Data Summary

800 °C

t
T

=

500 ms

=

750 ms

Conv.= 64.0%

Conv.= 80.0%

Coke

Coke

Coke

=

1000 ms

=

4.2%

=

7.1%

=

14.0%

Metha.=3.8%

Metha.=7.2%

Metha.=12.3%

Ethyl.=7.6%

Ethyl.=15.8%

Ethyl.=18.0%

Olef.=15.6%

Olef.=26.2%

Olef.=27.4%

Benz.=1.4%

Benz.=2.6%

Benz.=4.0%

To1u.=0.4%

Tolu.=0.9%

Tolu.=1.6%

Cony.

Cony.

Cony.

=

=

43.7%
6.1%

Coke

=

=

74.4%
12.2%

Coke

=

=

89.9%
23.1%

Metha.=5.6%

Metha.=10.5%

Metha=13.5%

Ethyl.=10.4%

Ethyl.=17.4%

Ethyl.=14.5%

Olef.=20.9%

Olef.=27.2%

Olef.=20.9%

Benz.=1.6%

Benz.=4.0%

Benz.=4.0%

Tolu.=1.2%

Tolu.=2.0%

Tolu.=1.9%

Cony.

Cony.

Cony.

Coke

tT

1000 °C

Conv.= 35.0%

Coke

tT

900 °C

=

=

57.9%
8.3%

Coke

=

=

80.2%
16.9%

Coke

=

=

96.3%
28.8%

Metha.=6.3%

Metha.=12.2%

Metha.=17.3%

Ethyl.= 12 .8%

Ethyl.=15.6%

Ethyl.=13.5%

Olef.=25.4%

Olef.=24.8%

Olef.=16.3%

Benz.=3.6%

Benz.=4.5%

Benz.=3.7%

Tolu.=1.6%

Tolu.=2.0%

Tolu.=1.4%
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Table £14: Peace River Heavy Oil Pyrolysis Data Summary
800 00
Cony.
Coke

tT

=

500 ms

=

750 ms

4.6%

Cony.
Coke

=

=

58.2%
7.3%

Cony.
Coke

=

=

82.6%
15.6%

Metha.=5.3%

Metha.=9.5%

Ethyl.=5.4%

Ethyl.=10.2%

Ethyl.=15.6%

Olef.=11.8%

Olef.= 19. 9%

Olef.=23.4%

Benz.=1.1%

Benz.=2.6%

Benz.=4.4%

Tolu.= 0. 9%

Tolu.=1.9%

Tolu.=2.8%

Cony.

Cony.

Cony.

=

=

45.8%
6.7%

Coke

=

=

75,8%
12.5%

Coke

=

=

91.1%
25.1%

Metha.=3.2%

Metha.=9.5%

Metha.=12.3%

Ethyl. =95%

Ethyl.=16.6%

Ethyl.=14.2%

Olef.=16.2%

Olef,=26. 1%

Olef.=21.9%

Benz.=1.8%

Benz.=4.7%

Benz.=5.8%

Tolii.=1.4%

Tolu.=3.3%

Tolu.=3.2%

Cony.

Cony. = 85.9%

Cony.

Coke

Coke

.

Coke

tT = 1000 ms

=

38.1%

Metha.=2.8%

Coke

tT

=

1000 00

=

=

54.5%
8.4%

=

15.9%

=

=

94.5%
29.8%

Metha.=4.6%

Metha.=11.3%

Metha.=14.4%

Ethyl.=10.5%

Ethyl.=13.9%

Ethyl.= 12. 0%

Olef.=18.5%

Olef.=21.7%

Olef.=15.8%

Benz.=1.8%

Benz.=5.6%

Benz.=5. 1%

Tolu.=1.8%

Tolu.=3.8%

Tolu.=2.3%
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APPENDIX B
MASS SPECTRAL ANALYSIS OF FRACTIONS

In this appendix, the mass spectral analyses for the lighter four fractions are
presented. These results were provided by Alberta Research Council (ARC). The
intensity on the figures represents the total ion counts. Therefore, the higher the bar,
the higher the concentration of the corresponding component. As shown in these
figures, all the monoaromatics, diaromatics and polyaromatics fraction are composed
of

alkylbenzene,

benzocycloparafflns,

benzodicycloparaffins,

naphthalenes,

naphthocycloparafilns, fluorenes and phenthanthrenes in different concentration.
However, the saturates consist of saturated open chain, 1-ring, 2-ring, 3-ring and 4.
ring hydrocarbons. The carbon number in each group of compounds ranges from 14
to 25. Since the last two heaviest fractions of polars II and III and asphaltenes consist
of large complex molecules of condensed polyaromatic rings with aboiling point range
well above the capabilities of the instrument, it is impossible to do complete mass
spectral analyses for these two fractions.
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APPENDIX C
COMPUTER PROGRAM

In this appendix, the computer program using Fortran Language to estimate reaction
rate constants is given. The kinetic equations pertaining to the simulation have been
presented in Section 5.4.

The Gear's stiff method was used in the program to solve ordinary differential
equations. For kinetic parameter adjustion, amodified Levenberg-Marquardt method
was employed to solve nonlinear least squares problems.

297
c
c
c
c
c

This program is to perform parameter estimation for kinetic model.
A set of differential equations is solved by using WPAG routine.
The reaction contents are assumed and the pyrolysis product
concentrations are calèulated to the expected times. Parameters
are adjusted by calling BCLSJ routine.

C
C

integer neq, nparam
parameter (neq=6, nparam=50)
c

integer ldijac, m, n
parameter (
ldac18, m=18, n=5)
c

integer iparam(7), itp
real
ac(ldfjac, n), fscale(m), fvec(m), rosbck, rosjac,
&
rparam(7), x(n), xguess(n), xlb(n), xs(n), xub(n)
external bclsj, rosbck, rosjac
c

integer ido, iend, imeth, inorm, nout
real
a(1,1), fcn, fcnj, hitht, param(nparam), tel,
&
xl, x2, x3, xend, yl(neq), y2(neq), y3(neq)
real ko(5), ee(5)
real sa, sb, sc, sd, se
dimension ffl(5,11), yr(18), yry(18), ft2(5,11), ft(5,11)
dimension aa(18,5), b(18), bb(5), fl(11), ssl(5)
dimension f2(11), 13(11), ss2(5), ss3(5)
external fcn, fcnj, ivpag, sset, umach
c

dimension xk(5)
common xk, aa, b, temp
C
C

data xs/5*l.0e0/, fscale/18*1.0e0/
data xlb/0.0, -10.0, 0.0, 0.0, 0.0/
data xub/1000.0, 100.0, 100.0, 10000.0, 100.0/
C
C

open ( 1, file="input.tan't, form="formatted")
open ( 2, file="output.tan", form="formatted")
C

read (1,*) temp
read ( 1,*) (koW, i=1, 5)
read ( 1,*) (ee(i), i=1, 5)
read (1,*) (
yr(i), i=1,18)
read (1,*) vol
c

4

do 4j= 1, 5
xk(j) = ko(j)*exp(ee(j)I1.987Itemp)

298
C
C
print*,

"
This

is

real.fPrograrn."

print*, temp
print*,

(
xk(i), i=1,5)

C
C

92

do92i= 1,18
yr(i) = yr(i)/volll000

C
sa =

Bb

=

Sc =

sd

=

se =

0.191
0.602
0.055
0.041
0.108

C

kk

=

0

C

33

continue

C

kk = kk + 1
if (
kk .ge. 20)go to 31
print * ,"%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%"
print*,
kk = ", kk
write (2,*) " kk = ", kk
write (
2, *)"
write (2, 111) xk

xk(3)value

ni = 3
xl = 0.0
do 1i= 2,6
1 y1(i) = 0.0
yl(1) = 9.0/volll000
MI = 1
call cfni(ffl, yl, ml)
hinit = 1.Oe-3
inorm = 2
imeth = 2
call sset(nparam, 0.0, param, 1)
param(l) = hinit
parain(10) = inorm
param(12) = imeth
C

ido

=

1.

'I

299
X1 = 0.0
to! = l.Oe-6
c

do 10 k=1,10
xend = 0.0387*float(k)
call ivpag (ido, neq, fcn, fcnj, a, xl, xend, tol, param, yl)
call umach (2, nout)
write (nout, 99998)

c
C

c

write (nout, 99999) xl, yl

c

ml = ml + 1
call cfm(ffl, yl, ml)
c

print*, ml
C

10 continue
c

ido = 3
call ivpag (
ido, neq, fcn, fcnj, a, xl, xend, to!, param, yl)
c
do 2i= 2,6
2
y2(i) = 0.0
y2(l) = ll.0/volll000
C
C

m2 = 1
call cfm(ff2, y2, m2)
c

ido = 1
x2 = 0.0
to! = l.0e-6
c

do 11k = 1,10
xend = 00637*float(k)
call ivpag (ido, neq, fcn, fcnj, a, x2, xend, to!, param, y2)
call umach (2, flout)
c
m2 = m2 + 1
call cfm(ff2, y2, m2)
print*, m2
C

11

continue

c

ido = 3
call ivpag (ido, neq, fcn, fcnj, a, x2, xend, tel, param, y2)
C
C

300
C

52

do 52 i= 2, 6
y3(i) = 0.0
y3(l) = 9.0/volll000

C
C

m3 = 1
call cfm(ff, y3, m3)
c

ido = 1
x3 = 0.0
to! = 1.Oe-6
C

do5lk=1,10
xend = 0.0887*float(k)
call ivpag (ido, neq, fcn, fcnj, a, x3, xend, tol, param, y3)
call umach (2, nout)
c

m3 = m3 + 1
call cfni(ft3, y3, m3)
print*, m3
C

51

continue

c

ido = 3
call ivpag (ido, neq, fcn, fcnj, a, x3, xend, tol, param, y3)
C
C
C

do34i= 1,6
yry(i) = yr(i) y1(i)
yry(i+6) = yr(i+6) y2(i)
34
yry(i+12) = yr(i+12) y3(i)
-

-

-

C
C

write (2, *)"
yr(i) y(i) value
write (2, *) (yry(i), i=1,18)
c
ssq = 0.0
do30i = 1,6
ssql = (
yr(i) yl(i))**2
ssq2 = (
yr(i+6) y2(i))**2
ssq3 = (
yr(i+12) y3(j))**2
30 ssq = ssq + ssql + ssq2 + ssq3
-

-

-

c

c
write(2, *)' 1
write (2,*) "ssq--

I,

",

ssq

'I
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pri
n t*, " seq

=

,

ssq

if( ssq It. l.0e-iO

)go to 31

C
C

hi = (
0.5 O.0)/(ml 1)
do 8i= 1, 5
do 9i= 1, 11
9
fl(j)= MU, j)
call simp(hl, fl, si)
8 ssl(i) = si
-

-

C
C

h2 = (
0.75 0.0)I(m2 1)
do 16i= 1,5
do 15j = 1,11
15
ff2(i,
call simp(h2, 12, s2)
16 ss2(i) = s2
-

-

C
C

h3 = (
1.0 0.0)/(m3 1)
do56i= 1,5
do 55 = 1,11
55
f(j)=fl(i,j)
call simp(h3, f, s3)
56 ss3(i) = s3
-

C
C

dol2i= 1,18
do 12j = 1, 5
12 aa(i,j) = 0.0
C

aa(1,1) = ssl( 1)
aa(2,1) = sa*ssl( 1)
aa(2,2) = ssl( 2)
aa(3,1) = sb*ssl( 1)
aa(3,2) = ssl(2)
aa(3,3) = ssl( 3)
aa(3,4) = ssl(4)
aa(4,1) = sd* ssl(1)
aa(4,3) = ssl(3)
aa(4,4) = ssl(4)
aa(5,1) = sc *ss l(1)
aa(5,4)
aa(5,5)
aa(6,i)
aa(6,5)
C

=

ssl(4)
ssl(5)
se*ssi(i)

=

ssl(5)

=
=

-

302
aa(7,1) = ss2( 1)
aa(8,1) = sa *ss2( 1)
aa(8,2) = ss2( 2)
aa(9,1) = sb* ss 2( 1)
aa(9,2) = ss2(2)
aa(9,3) = ss2( 3)
aa(9,4) = ss2(4)
aa(10,1) = sd*s s2(1)
aa(10,3) = ss2(3)
aa(10,4) = ss2(4)
aa(11,1) = s
c*
s8 2(1)
aa(11,4) = ss2(4)
aa(11,5) = ss2(5)
aa(12,1) = se *ss 2(1)
aa(12,5) = ss2(5)
aa(13,1)
aa(14,1)
aa(14,2)
aa(15,1)
aa(15,2)
aa(15,3)
aa(15,4)
aa(16,1)
aa(16,3)
aa(16,4)
aa(17,1)
aa(17,4)
aa(17,5)
aa(18,1)
aa(18,5)
b(1)
b(2)
b(3)
b(4)
b(5)
b(6)

=
=
=
=
=
=

ss3( 1)

=

= sa *
ss 3(

1)
ss3( 2)
sb*s83( 1)
ss3(2)
ss3( 3)
ss3(4)
sd*ss3(1)
ss3(3)
ss3(4)
sc* ss3(1)
ss3(4)
ss3(5)
se*8s 3(1)
ss3(5)

=
=
=
=
=
=
=
=
=
=
=
=
=

9.0 yr(l)
yr(2)
yr(3)
yr(4)
yr(5)
yr(6)
-

b(7) = 11.0 yr(7)
b(8) = yr(8)
b(9) = yr(9)
b(10) = yr(1O)
b(11) = 3rr(11)
b(12) = yr(12)
-

b(13) = 9.0 yr(13)
b(14)=yr(14)
-
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b(15) = yr(15)
b(16)=yr(16)
b(17) = yr(17)
X18) = yr(18)
C
C

93

do 93 i= 1,18
b(i) = b(i)/volll000

C
C

60

do60i=1,5
xguess(i) = xk(i)

c

itp = 0
iparam(1)

=

0

C

print*, ' before bclsj calling"
c

call bclsj (rosbck, rosjac, m, n, xguess, itp, xlb, xub, xs,
&
fscale, iparam, rparam, x, fvec, tac, ldac)
c

print*, "
after bclsj calling"
c

call umach (2, nout)
write (nout, 99997) x, fvec, iparam(3), iparam(4)
write (2, 99997) x, fvec, iparam(3), iparam(4)
C

prin t*, "k(l) k(2) k(3) k(4) k(5) k(6) k(7)"
do32i=1,5
32
xk(i) = x(i)
pri
n t*, (xk(i), i=1,5)
c
go to 33
C
C

99997
&
&
&
&

format ("The solution is "), 4f12.5,/,4f12.5,/,4f12.5, fl,
" The function evaluated at the solution is
4f12.8,/, 4f12.8,/, 4f12.8,/, f12.8,/,
"The number of iterations is", lOx, i5, I,
" The number of function evaluations", 2x, i3, I)

C

6 format (lx,5hy(14)/lx,3e20. 10/lx,3e20. 10/lx,3e20. 10/
&
lx,3e20. 10/lx,2e20.10/)
111 format (/lx,4(f14.8)/lx,4(f14.8)/lx,4(f14.8)//)
115 format ( 1x,6(2x;f.5))
116 format (/lx, 4(fl4.8)/lx, 3(114.8)!)
17 format (/5x,4hk(1),6x,4hk(2),6x,4hk(3),8x,4hk(4)/
&
ix,4f10.4/
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&
5x,4hk(5),6x,4hk(6),6x,4hk(7)/)
18 format (/ix, 3hk= , i2/)
19 format (/ix, 5hssq= ,112.8/)
C
C

99998 format ( lix, "x", 14x, "y(l)", lix, "y(2)", lix, "y(3)",/,
&
lix, "y(4)", lix, "y(S)l', lix,
lix, t1y(7)',/,
&
lix, "y(8)", lix, "y(9)1', lix, "y(iO)', lix, "y(il)',/,
&
lix, tty(l2)' lix, "y(13)', lix, "y(14)', lix, y(i5) ,/,
&
lix, "y(16)", lix, "y(17)', lix, "y(i8)', lix, "y(19)",/,
&
lix, "y(20)', lix, "y(21)')
99999 format (4115.6, I, 4115.6, I, 4115.6, I, 4115.6, I, 4115.6,
&
I, 2115.6)
tt(6)fl

"

C
C

31

continue
stop
end

C
C

subroutine fcn(neq,x,y,yprime)
integer neq
real y(neq),yprime(neq),x
dimension xk(5)
dimension aa(18,5), b(18)
common xk, aa, b, temp
C
C

sa
sb

0.191
= 0.602
Sc = 0.055
sd = 0.041
Sc = 0.108
=

C
C

rl=,xk(i)*y(i)
r2 = xk(2)*y(2)
r3 = k(3)*y(3)
r4 = xk(4)*y(3)*y(4)
r5 = *k(5)*y(5)
C
C

yprime(I)
yprime(2)
yprime(3)
yprime(4)
yprime(5)
yprime(6)

=
=
=
=

ri
sa*rl r2
sb*rl + r2
sd* ri+ r3
-

= sc*rl + r4
=

se*ri

+ r5

-

-

-

r3
r4
r5

-

r4

"
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return
end
subroutine fcnj(neq,x,y,dypdy)
integer neq
real y(neq), dypdy(*), x
return
end
C
C.
C
C

subroutine simp(hl, f, s)
dimension f(1l)
s= 0.0
s= f1) + gil)
do 1i= 2, 10, 2
1s= s + 4Q*fj)
do 2i= 3, 9, 2
2 s= s+ 2.0*gi)
return
end
C
C
C

subroutine cfm(f,y,n)
dimension f5,l1), y(5)
dimension aa(18,5), b(18)
dimension xk(5)
common xk, aa, b, temp
C

j=n
f1j)
f(2j)
f(3j)

f(4j)
g5 2j)

=

y(l)
y(2)
y(3)
y(3)* y(4)

=

y(5)

=
=
=

C
C

return
end

subroutine rosbck (m, n, x,
integer
m, n
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real
x(n), f
(
m)
dimension aa(18, 5), b(18), yij(18)
dimension xk(5)
common
xk, aa, b, temp
C

150

151

do 150 i= 1, 18
yij(i) = 0.0
do 151 i= 1, 18
do 151j = 1,5
yij(i)

152

=

yij(i)

+

aa(i, j)*x(j)

do 152 i= 1, 18
f(i) = b(i) yij(i)
-

C
C

return
end
c
C
C

subroutine rosjac(m, n, x, ac, ldac)
integer
m, n, ldfjac
real
x(n), ac(1df5ac, n)
dimension aa(18, 5)
dimension xk(5), b(18)
common
xk, aa, b, temp
c

do 200 i= 1, 18
do 200 j= 1, 5
200
ac(i, j) = 0.0
C

do 201 i= 1, 18
do201j= 1,5
201
1ac(i, j) = aa(i, j)
C
C

return
end

