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SYNOPSIS

A tubular reactor was designed and constructed in order that the
decomposition of hydrocarbon gases and vapours could be studied. Product
distributions and kinetic data obtained from the cracking of n-butane agreed
with the values available in the literature. From these results a reaction

mechanism for the thermal decomposition of n-butane was proposed.

The cracking of 2,2-dimethylbutane was investigated and a reaction
mechanism postulated following the acquisition of product spectra and the
calculation of kinetic data. This mechanism differed from others found in the
literature.

Base etioporphyrin was synthesised by two unrelated routes.

A concentrate containing approximately two per cent petroporphyrins was

isolated from Tia Juana Pesado topped crude.

After demonstrating that porphyrins are thermally stable up to a
temperature of 5400C the effects of nine different porphyrin species towards
the cracking of 2,2-dimethylbutane were examined. All nine were shown to act
as cracking catalysts. Following consideration of the product distributions
and kinetic data obtained from the study of porphyrin catalysis a reaction
mechanism has been proposed. This is based on increasing the rate of homolytic

bond cleavage.

Porphyrins were shown to catalyse the decomposition of 1l-hexene
over the temperature range 325 to 45000. At a temperature of 150°C three

porphyrins catalysed the hydrogenation of l-hexene.



ABBREVIATIONS

AcS AVERICARN CHEMICAL SOCIETY.

B restraining coefficient.

d density.

cP CHEMICALLY PURE

2,2-DMB 2,2-dimethylbutane.

DMF dimethylformamide.

DMG dimethylglyoxime.

DPEP deoxophylloerythroetioporphyrin.
Ea activation energy.

FID flame ionization detector.

5D PULL. SCALE DEFLECTIOWN

ID internal diameter.

kl first order rate constant.

mb/d million barrels per day.

m/e relative molecular mass divided by electronic charge.
M.I. molecular ion.

MW molecular weight.

nmr nuclear magnetic resonance.

OECD Organisation for Economic Co-operation and Development.
OD outside diameter.

ppm parts per million.

R gas constant.

RMM relative molecular mass.

SIR standard laboratory reagent.

T absolute temperature. (K)

TJP Tia Juana Pesado.

T1C thin layer chromatography.

TMS trimethylsilane.

TPD temperature programmed decomposition.
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tetraphenylporphyrin.

temperature programmed reduction.
ultra violet.

volume.
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weight.
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1. INTRODUCTION

1.1 Crude 0Oil Refining Economic Situation

Outside of the United States of America much of the post war growth
in the consumption of residual fuel oil arose from it displacing coal
from its traditional markets. This displacement depended upon fuel oil
price competitiveness. The trend came to an abrupt halt as a result of
the 1973-74 crude oil price rises and was put into reverse with the
further increases of 1979-80. Between 1979 and 1982 fuel oil consumption
in the OECD declined by 31% whereas total oil consumption only fell

by 13%.

The crude oil price rises of 1973-74 halted the substitution of fuel
oil for coal in most major mafkets, but did not significantly reverse the
trend of the last twenty year;, except in power generation. Once the
initial economic impact of crude oil price rises on fuel oil consumption

was absorbed, the use of fuel oil stagnated while growth, more modest

than previously, returned to most of the rest of the crude oil barrel.

The 1979-80 crude oil price increases produced a more fundamental
shift in the demand for oil. Residual fuel oil ceased to be competitive
with coal in most bulk steam raising and direct heat process applications.
Allied with more intense conservation and the general economic recession,
both of which were the by-product of crude oil price escalation, fuel
0il consumption fell sharply, accounting for 73% of the decline in crude

0il consumption between 1979 and 1982 (1).

Due to the sharp change in the energy supply and demand structure,
the energy consuming nations launched policies for the development and
introduction of such alternative energy sources as natural gas, coal,

0il shale, o0il sand, nuclear power and renewable energy supplies.



The introduction of natural gas, coal and other alternative energy sources
was particularly active in the energy intensive industries, such as steel
and cement production and the efforts of energy savings were promotecd at
the same time (2). A summit meeting of the oil consuming countries in
Venice in June 1980 saw the approval by its members of a comprehensive

energy development strategy that was founded on the following :-

1) Alternative energy supplied to increase by 15-20 mb/ d (million
barrels per day) of crude oil equivalent by 1990.
2) Doubling coal production and use by 1990.

3) Expanding the application of nuclear power (3).

High boiling point fractions are becoming increasingly important
contributors to future crude oil supplies because of rapidly depleting
resources that can be easily processed (4) and projections indicate
that crude oils will tend to have a higher sulphur content and yield
more residuum over the next ten years (5). Thus, there is an increased
dependence on heavy crude oils. Therefore, diversion of residuum from
its traditional role in heavy fuel oil to separation and conversion
units which produce lighter products will continue (6).Iiowever, there
is a natural 1limit to the extent that modification of existing facilities
can cope with this situation and the application of new residual oil
upgrading processes and the addition of residuum conversion capacity

will become necessary (7).

1.2 The Fractionation of Crude 0il

Crude o0il may be fractionated in several ways according to the

chemical or physical methods employed.

By analytical methods, it may be separated into the various classes



-3 -
of, or individual compounds contained in an oil. Alternatively a crude oil
can be split into arbitrary fractions depending upon solubility in various

solvents or it may be fractionated according to boiling point range.

1.2.1 Fractionation by Compound Type

Crude 0il is a complex mixture of three basic hydrocarbon types,
alkanes, cycloalkanes and aromatics, together with small amounts of

compounds of sulphur, nitrogen, oxygen and metallic compounds.

1.2.1.1 Alkanes (32% of crude oil)

All of the normal alkanes from Cl to C33 have been isolated. The
most abundant branched chain §1kanes are those with a methyl group on
number two carbon followed by 3-methyl and 4-methyl monosubstituted
compounds. There are very few disubstituted alkanes. The ethyl group
is also rarely found, the tendency being for a dimethyl rather than a
monoethyl compound. The methyl group is by far the most common alkyl

substituent in crude oil regardless of the hydrocarbon type.

1.2.1.2 Cycloalkanes (21% of crude oil)

The monocycloalkanes are the most abundant. Due to ring strain in
other monocycloalkanes only cyclopentanes and cyclohexanes are present
in appreciable amounts in the lower boiling fractions of crude oil. In
contrast to the'alkanes, the most abundant cycloalkanes are those with
the largest numbéf of substituents. However, the most common substituent
is once again the methyl group. Bicycloalkanes come in assorted ring
sizes but all of those isolated have five or six carbon atoms in each

ring.



1.2.1.3 Aromatics (47% of crude oil)

All of the mononuclear aromatics boiling up to 1900C have been
isolated in addition to miscellaneous species boiling above 1900C. The
more thermodynamically stable 1,3-dialkyl or 1,2,4-trialkyl benzenes
are more abundant than the 1,2-dialkyl benzenes. Methyl groups are the
prevalent substituent although ethyl and higher carbon number alkyl

groups also occur.

The higher molecular weight mononuclear aromatics generally belong
to the aromatic-cycloalkane sub-class. These compounds have the benzene
ring joined to a cycloalkane ring through two common adjacent carbon
atoms. The cycloalkane ring is commonly cyclopentane, cyclohexane or a

multi-ring combination of these.

All of the dinuclear aromatics contain two benzene rings with two
common carbon atoms. The most abundant are 2-methyl and l-methylnaphthalene,
in that order. Tri and tetranuclear aromatics have also been isolated.

The higher boiling fractions of crude oil are rich in polynuclear

aromatics and aromatic-cycloalkane types of hydrocarbon.

1.2.1.4 Non-hydrocarbon constituents

There are many different types of non-hydrocarbon compounds in crude
oil including hydrogen sulphide, inorganic salts, water and organic
compounds containing sulphur, nitrogen and oxygen. Only the sulphur,
nitrogen and oxygen compounds are present in sufficient quantities to be

of economic interest and this interest is mostly negative.

The sulphur compounds in crude oil are complex, relatively unstable
and break down during refining processes to give simpler compounds. A

large portion of the sulphur compounds in high temperature crude oil
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fractions consist of benzthiophenes (8). The removal of these compounds
is important because of the adverse effect that they have on catalyst
2ife in subsequent processing. Nitrogen compounds, such as porphyrins,

also act as catalyst poisons.

Oxygen compounds occur both in crude oil and its distillates from
which, due to their acidic nature, they may be quite easily separated.
Oxyeen containing compounds are generally not a serious problem in the

various catalytic refinery processes.

1.2.2 Fractionation by Boiling Point Range

The composition of hydrocarbons can be identified by boiling point
range. As this range increases, the proportion of alkanes and alkenes
decreases and the concentration of alicyclics and aromatics increases,
therefore structures become more complex. Compounds with the highest
boiling point consist mainly of condensed polycyclics. The carbon number
of an alicyclic is approximately 20, when the boiling point is 350°C,
increasing to around 30 and 40 as the boiling point.rises to about
450°C and 550°C respectively (8).

Table 1 shows the approximate boiling ranges of the major fuel
products obtained from crude oil. There are three broad classes;
naphthas, middle distillates and residue. The latter is used as fuel
oil after cutting or diluting with suitable middle distillate in order

to adjust the vicosity (9).

1.2.3 Fractionation by Solubility

The fractionation of crude oil can be made on the basis of solubility

in various solvents. In the United Kingdom the standard separation



procedure is detailed in BS 2000: Part 143: 1983 (10).

1.2.3.1 Carboids

Carboids are components of very high carbon content. They are carbon
disulphide insoluble and account for a maximum of 2% of the crude oil

make up.

1.2.3.2 Carbenes

Carbenes are insoluble in tetrachloromethane and toluene but soluble

in solvents such as pyridine and carbon disulphide.

1.2.3.3 Asphaltenes

-

Asphaltenes are n-heptane soluble but toluene insoluble. The name
asphaltene was originally proposed in 1837 to describe the fractionation
of charcoal using several solvents. It was first stated in 1928 that
asphaltenes were precipitated by solvents having a surface tension below

6 1

250 x 10° Nm —. Asphaltenes tend to have an almost constant carbon to

hydrogen ratio of about 10 to 1, despite their source.

1.2.3.4 Maltenes or Petrolenes

These can be described as being the non-asphaltene compounds of
asphalt. Maltenes are n-heptane soluble and can be further separated

into oils and resins by chromatography (11,12).

Following exhaustive extraction with the low molecular weight
solvents propane and pentane, only 17.3% of a sample of Santa Maria

Valley crude oil remained. Subsequent extraction with n-hexane,



n-heptane and iso-octane reduced this figure by 2.1%. The remaining
15.2% of the crude oil had resisted the solvent or dispersive action

of the aliphatic hydrocarbons up to nine carbon atoms, including a
branched chain member. These experiments confirmed that asphaltic bodies
were precipitated by hydrocarbons having a surface tension below 250 x
106 Nm-l, as all of the above solvents were below this figure. When

the 15.2% fraction of the crude remaining after the aliphatic extractions
was treated with cyclohexane, having a surface tension of 250 x 106 Nm-l,
only 8.35% of the original crude oil remained. This was, in effect, the
peeling off of the naphthenic layer protecting the high molecular weight
aromatic nuclei of the asphaltic crude system. Subsequent extraction

with benzene, having a surface tension of 285.6 x 106 N’m-1 dissolved

or dispersed all but about oné per cent of the original crude oil (13).

1.2.3.5 The Chemical and Physical Properties of Asphaltenes

Asphaltenes are very dark brown or black friable solids that have
no definite melting point (12). They melt with swelling and decompose
over the temperature range 180 to 280°C. They are almost insoluble in
alcohols and low molecular weight n-alkanes, are slightly soluble in
ether and acetone and are soluble in benzene, chloroform and carbon

disulphide (14).

An x-ray powder photograph of a precipitated asphaltene is typical
of that of an amorphous solid. Asphaltenes can be separated from oils
by precipitation, centrifugation at very high speed or by the action

of an electric field (15).

In general, asphaltenes are highly resistant to chemical oxidation

e.g. with alkaline permanganate. The slow rate of oxidation has led to



the conclusion that most of the heteroatoms contained in the asphaltic
fraction, particularly nitrogen and sulphur, are protected in chains or

rings (15).

The concentration of sulphur, oxygen and nitrogen in asphaltenes is
quite high. During the genesis of asphaltene, the graphatisation process
is interrupted due to the divalent nature of the sulphur and oxygen atoms
and the trivalent nature of nitrogen. In this case, the incomplete
formation of the tessellations of hexagons will prevent the complete
aromatisation of the fused benzenoid network. Thus holes or gaps will be
formed and these centres will be the sites of donor atoms. Metals will
be able to complex into these sites which cannot be removed by acid

washings (16).

Asphaltenes are a solubility classification comprising condensed
aromatic nuclei which carry alkyl and alicyclic systems with heteroatoms
scattered throughout in various locations. They contain carbon (80-90%),
hydrogen (7-8%), nitrogen (0.7-1.8%), sulphur (3-12%) and oxygen (0.2-4%).
The precise elemental composition depends on the source of the crude oil
and its subsequent treatment but the carbon to hydrogen atomic ratio is
almost constant, the greatest variation occurring in the figures quoted

for heteroatom content.

The asphaltenes and resins exist in the crude oil in a colloidal
form and the o0il system may be regarded as a transition from the high
molecular weight, fused ring, aromatic, polar micelle of the asphaltene
through the less polar and less aromatic resins to the low molecular
weight, non-pélér hydrocarbons of the bulk crude oil (13,17). In such
a system the maltenes act as the disperse phase and the resins are

important in maintaining colloidal stability. No distinct interface



around the nucleus or at the micelle boundry exists (8,12,13).

The environment of the asphaltene species is important in determining

both its size and shape.

Microstructure :~ Individual asphaltene particles appear to consist
of a core of five stacked sheets held together by A - £ interactions
and/or hydrogen bonding. The distance between the planes in the stacks
is 3.55 to 3.70 K, the average height of a stack being 16.0 to 20.0 R
with an overall sheet diameter of 8.5 to 15.0 X. Arbitrary short range
bonding distances of 0.5 to 20.0 X make the asphaltene particle

approximately circular with a diameter of 20 to 100 3.

Macrostructure :~ There are molecular interactions, or orders, at
distances of 20 to 2000 &. The quoted figures for the molecular mass of
an asphaltene particle range from a few hundred to about half a million
and the value obtained seems to be dependent upon the method of

estimation (12).

A value of 50 kJmol-1 has been calculated for the energy of
association between vanadium and an asphaltene species (12). Crude oil
components such as asphaltenes do not appear to influence the rate of
thermal degradation of metalloporphyrins and there is evidence that
the thermal treatment of crude oils will not form additional
metalloporphyrins via the depolymerisation of complexes contained in

the asphaltene fraction (18).

1.3 The Problem

There is a trend in petroleum refining to process increasing

proportions of high boiling products by cracking and there is an economic
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incentive to extract more light distillate from the crude oil during

the primary distillation. As a consequence of the Jatter point,
atmospheric distillation is being replaced by deeper cutting vacuum
distillation. However, the maximum yield of valuable light distillate

is limited by the highest permissible flash zone temperature. Beyond

this, the least stable components of the crude oil begin to crack, leading
to a loss of vacuum and/or lower pipe still capacity. This results in the
degradation of both the distillate and residue product qualities. It has
been indicated that this cracking can be attributed to the asphaltene

content and more specifically the metal porphyrin components of the

crude oil.
1.4, The Occurrence of Trace Metals in Crude 0Oils
1.4.1 Nickel and Vanadium in Crude Oils

The most abundant trace metals in crude oils are nickel and vanadium.
The concentration of vanadium can vary from as little as 0.1 ppm to
as much as 1200ppm. Vanadium has been found in all of the crude oils
originating from Iran and while the vanadium content of the Iranian
paraffinic base crude was low it has also been noted that some crude
oils with a high vanadium content were available. These also contained

comparatively large amounts of nickel and sulphur (19).

Vanadium is generally more abundant than nickel but this is not
always the case. For example, certain African and Indonesian crude oils
have higher nickel contents than vanadium (20). The view upon the nature
of the bonding of vanadium in crude oil and some crude oil products,

has undergone changes in the past. The original hypothesis that vanadium
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occurred in crude oil asphaltenes in the form of inorganic salt crystals
was later disproved by the detection of vanadyl porphyrins in various
crude oils, asphalts and o0il shales from different deposits. From an
analysis of the electron spin resonance spectra of many crude oil and
crude o0il fraction samples it was concluded that the nature of the bonding
of vanadium in crude o0il occurs exclusively in the form of organometallic

complexes of vo*t ions of porphyrinic or non-porphyrinic nature (21).

Boscan crude oil residue has one of the highest metal concentrations
known, but upon distillation little metal appears in the distillate
boiling below 500°C. Above 500°C, however, the metal content of the
distillate increases dramatically and is probably all porphyrinic.
Iranian light crude residue was distilled in a similar manner and metals
were again found in the fractions béiling in excess of 500°C. Vanadium
concentration reached a maximum in the fraction that boiled between
550 and 6OOOC and the nickel content rose steadily with increasing
temperature. Iranian light crude oil has a metal content an order of
magnitude less than Boscan crude oil but it still showed the same
behaviour on distillation. For comparison, Forties crude oil, which
contains relatively little metal, was distilled. Again the same
behaviour on distillation was observed with metal appearing in distillates
boiling above 500°C. However, most of the metal remained in the residue
which had a boiling point in excess of 650°C. The metalloporphyrin
complexes present in crude oil are sufficiently volatile to appear in
crude oil distillate fractions boiling below 500°C whereas the non-
porphyrinic metal complexes are not volatile and remain in the high
boiling residue (20). Both nickel and vanadium cause problems for the
0il industry as they both form compounds which are surface active agents,

are corrosive and act as catalyst poisons (20). However, the presence
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of vanadium is essential in keeping the homogeneity of crude oil. Many
physical properties such as flow, viscosity, etc., depend upon the
geometrical arrangement of vanadium sites (16,22). The configuration
of the nitrogen, sulphur and oxygen heterogeneous donor atoms about
these sites is probably analagous to that in compounds such as

p-diketones, p~ketoimides, salieylaldimides, mono- and di-thio-P-diketones

and dithiocarbamates (23).

1.4.2 Vanadium in Natural Environments

The occurrence of vanadium is extremely widespread in nature. All
types of igneous rocks and solids contain an average of 100 ppm of

vanadium, although its concentration in sea water is much lower at about

<
-

0.002 ppm (16). All living organisms contain vanadium from 0.15 to 2 ppm.
Certain land plants such as Amanita muscaria and marine animals such as
Pleurobranchas plumula contain vanadium in concentrations as high as
0.65%, on a dry weight basis (24). Biochemically, vanadium is involved
in processes'ranging from nitrogen fixation to the inhibition of

cholesterol synthesis (16).

1.4.3 Trace Metals (other than Ni or V) in Crude Oils

Although metals other than vanadium and nickel are sometimes to be
found in crude oils, their concentrations will be at least an order of

magnitude lower than the total vanadium plus nickel content (25).

Examination of 15 different Hungarian crude oils revealed that they
contained exclusively stable nickel and vanadyl porphyrins. Complexes

formed with other metals or free porphyrins could not be detected (26).
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A Californian tertiary crude oil was found to contain iron, mercury,
zinc and cobalt in sufficiently large quantities such that porphyrin
complexes of these metals could be easily detected. None were found (17).
It is believed that trace metals in crude oils, other than vanadium and
nickel, are incorporated into the crude oil and behave in a very similar
manner to non-porphyrinic nickel and vanadium. It has been concluded that,
except for nickel and vanadium, the trace element content of crude oils
could be reduced to a negligible level by centrifuging or other procedures
designed to remove suspended particulate matter or a dispersed aqueous

phase (17).

1.4.4 Non-Porphyrinic Nickel and Vanadium

It is indicated by experiﬁent that the trace metal content of a
crude oil, especially the vanadium and nickel content, is related to
the porphyrin concentration. However, on a molar basis the amount of
porphyrin present is always inadequate to account for the total level
of vanadium and nickel (Table 2) (27). Although porphyrins occurring in
crude oil have been widely studied very little is known about the nature

of the non-porphyrinic metal present (20).

The non-porphyrinic metal compounds are found almost exclusively
in the very heavy, unextractable portion of the asphaltenes. They are
subjected to strong association effects which minimise the possibilty

of their removal and recovery by either physical or chemical methods (25).

It has been found that the non~porphyrinic metals that are acid
extractable have relative thermal stabilities similar to those of the
metalloporphyrins (18). The non-porphyrinic nickel and vanadium in

crude oil either occupies "holes" in the asphaltene sheets that are
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bounded by heterocatoms or are present in the form of metalloporphyrin

=]

type complexes that are strongly associated to the asphaltene by L -
bonding (17 ). Asphaltenes are undersaturated with metal ions and sites

in the sheet-like structure are available for metal ion complexing (17).

The origin of the non-porphyrinic nickel and vanadium is not known.
It may have been incorporated into the asphaltene structure from the
original organic source material, replaced other metal cations in the
asphaltene or been incorporated by complexation from aqueous or solid
phases during the migration or maturation of the crude oil. It has been
demonstrated that vanadium and to a lesser extent nickel, are taken up
by asphaltenes from agueous solutions. It has been postulated that the
co-ordinating sites were formed slowly during the asphaltene diagenesis
and that while the o0il was dispersed in the source rock these sites were
rapidly filled by nickel or vanadium cations. It has also been suggested
that the non-porphyrinic vanadium in the asphaltenes was the source of
vanadium introduced into the petroporphyrin structures during the
conversion of the source material to the metalloporphyrins found in
crude oil (17). However, they undoubtedly arose because nickel and
vanadyl porphyrins are the most thermodynamically stable metalloporphyrins
and transmetallation between an ion such as magnesium and either nickel

or vanadyl would occur during the early stages of diagenesis.

1.4.5 The Variation of Trace Metal Concentration

with Depth of Burial

Out of all of the possible metalloporphyrins it is likely that only
the vanadyl and nickel porphyrins would survive the geological conditions

due to their high thermodynamic stability (17). In addition to this there
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appears to be a direct relationship between the vanadium to nickel ratio

and the age or depth of the crude oil deposit.

Vanadyl porphyrin complexes were detected in crude oils from the
Volgograd region of the USSR by spectroscopic methods. The concentration
of the complexes in the o0il decreased with depth, the relationship being

especially obvious below a production depth of 1800 m (28).

In contrast to the Volgograd crude oil, samples from the Kura River
region of the USSR were found to contain nickel, but no vanadyl porphyrins.
In this case the concentration of nickel porphyrins increased with deposit
depth (29). An exactly analagous position to this was shown by samples

of crude oil taken from the Sangachaly Sea and Duvannyi Sea fields (30).

It was reported that in Boscan distillate the nickel porphyrins
were confined to the aromatic fraction and the vanadyl porphyrins were
contained in the resins. (31). Further, it was estimated that the molar

ratio of vanadyl to nickel porphyrins was in the order of 13.

Within the range of values of the V/Ni ratios reported two distinct
trends are indicated. The lighter the o0il the lower the ratio and the
younger the oil the higher the ratio. It has been indicated that the
greater the depth of burial the greater the degradation of the hydro-
carbon material. From the trend indicated by the metals ratio of lLower
Cretaceous oils it may be concluded that the vanadium~hydrocarbon complex

in oils is less stable than the corresponding nickel complex (32).

1.4.6 The Effect of Trace Metals in Crude 0Oils

Crude oils contain complex organometallic compounds which are very
stable and relatively non-volatile. Consequently these compounds do not

decompose in normal refinery operations and are therefore concentrated
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in residual fuel oils and high boiling distillate feedstocks (19).

Among these vanadium, particularly in the presence of sodium and oxygen,
causes external corrosion. Although the vanadium content of fuel oil

may be less than 100ppm, it can become concentrated to greater than

50% in the resulting ash upon combustion (Table 3). Accumulation of
vanadium occurs on heat receiving surfaces at the time and place of high
temperature combustion and ash particles are generally carried in the
gas stream to be deposited upon impinged metal surfaces. Instances of
oxide dripping from ships boilers and their supports have been observed.
The oxide of vanadium which is stable in air at elevated temperatures

is the pentoxide, V205, which melts at 670°C. Mixtures with certain
other metals can reduce this already low melting point even further.
Since the corrosion resistance of high temperature alloys arises from
the development of an adherent diffusion-~resistant barrier which separates
the metal from its corrosive environment, the formation of a corrosion
product which will flow off and leave the metal essentially unprotected

would be deleterious (33).

The presence of metals in distillate charge stocks greatly increases
gas and coke yields while reducing the production of gasoline (34,35).
Investigations show that small amounts of metal complexes often remain
in partially refined crude oil products such as thermally cracked
distillates and deasphalted stocks. It has been shown that nitrogenous
materials cause copious sludge formation in furnace oils and

metalloporphyrin complexes adversely affect the stability of fuels (36).

Vanadium acts as a catalyst poison, particularly in refining processes
such as hydrocracking. It is deposited onto the surface of the solid

catalyst and reduces its catalytic activity. Accumulation of vanadium
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on the process catalyst may also promote undesirable side reactions (19).

Metalloporphyrins are powerful interfacially active agents which
promote.the formation of a stable emulsion of crude o0il with water and
also play an important role in the displacement of crude oil from reservoir

surfaces (4).

Vanadium contributes to harmful physiological effects such as lung
disease arising from the industrial combustion of fuels and the resultant
ejection of vanadium oxides into the atmosphere. In addition, heterocyclic
atoms present in crude o0il are major sources of pollutants such as‘SO2

and NO_ (22).

1.4.7 The Removal of Trace Metals from Crude Oils

The removal of metals from crude oil has proved difficult, as re-
agents powerful enough to effect demetallation tend to alter the other
organic materials that are present (37). Traditionally, strong acids
such as sulphuric or methane sulphonic acid have been used. Reduction
procedures in a basic medium also bring about deep seated changes to a

crude oil sample.

The removal of metals presents a complex problem as they are chelated
or complexed with ligands that are completely compatible with crude oil,
their concentration is low and they can exhibit catalytic effects during
conversion. However, certain reagents have been used successfully to
demetallate samples of crude oil under mild conditions, such as chlorine,
sulphuryl chloride and dinitrogen tetroxide, which do not alter the

crude oil matrix (16).
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1.5 Porphyrins and Metalloporphyrins

1.5.1 The Structure of Porphyrins

The nucleus of all porphyrin molecules is a large cyclic structure
composed of four pyrrole rings linked at their alpha positions by -CH-
groups, referred to as methine bridges. These four bridge positions are
known as meso positions and are designated alpha, beta, gamma and delta
positions. The eight other peripheral positions that are available for
substitution are called beta positions and are designated by the numbers
one to eight (Fig 1). Replacement of the hydrogen atoms in the beta

positions gives rise to a wide variety of porphyrins (38).

The simplest porphyrin structure is porphine whereby all of the
meso and beta positions are oécupied by hydrogen atoms (Fig 1). The
methine bridges establish conjugated linkages between the component
pyrrole nuclei forming a more extended resonance system. Although the
resulting structure retains much of the inherent character of the pyrrole
components, the larger conjugated system gives increased aromatic
character to the porphine molecule. The extended resonance lends
remarkable stability to all porphyrin molecules and it has been reported
that porphine is stabilized by resonance to the extent of 1046 k.'.Tmol-1

(39) (c.f. benzene; 151 kJmol™ 1) (40).

Pyrrole, like other heterocyclic molecules, differs from homocyclic
aromatic compounds in that it is quite reactive at the position alpha to
the nitrogen atom and tends to form dimers, trimers and higher
condensation products in which the fundamental pyrrole structure is
preserved t6 a marked degree. The reactivity of the pyrrole nuclei in
porphine is greatly reduced, partially because of the increased aromatic
character but primarily due to the reactive alpha positions now being

blocked (39).



- 19 -

The classical structure for porphine (Figl), and its derivatives,
indicates eleven conjugated carbon-carbon double bonds as well as
nitrogen atoms bearing lone pairs of electrons. The molecular orbital
interpretation of the porphine molecule indicates a conjugated set of
26 A electrons, 20 being donated to the system by carbon atoms, two each
by the ~NH- groups and one each by the tertiary nitrogen atoms. The
electron energies suggest a strongly aromatic molecule. The A bond
order shows that the inner ring contains the greater part of the aromatic
character as the outer bonds have a higher bond order and are largely
insulated from the inner ring by bonds of a low order. By this theory

the molecule approximates to the structure shown in Fig. 2. (41).

X-ray analysis of the porghine molecule has shown it to be
approximately planar, consist;ng of rapidly interconverting tautomers,
as four "half-hydrogen" atoms were calculated for the two inner hydrogen
atoms (42). Porphine has a four-fold axis of symmetry with respect to
the bond distances and angles and it has been definitely established by
x-ray diffraction studies on the free base that the inner hydrogen atoms
are situated opposite each other rather than adjacent (43). The two inner
pyrrole protons can be replaced, thus allowing the nitrogen atoms to
chelate with various metals to form metalloporphyrins (38,43). The
bonding of the metal ions to the porphyrin molecule is largely covalent

in character (39).

An evaluation of the ligand field stabilization energies has been
made indicating preferential configurations of electrons in the orbitals
of the complexing metals. The two metals that are predominant are those
with three and eight 4 electrons, i.e. vanadium and nickel respectively.

In the vanadium atom the three electrons occupy the three low energy d.xy,
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d.xz and d.yz orbitals. The corresponding nickel electrons occupy the
three low energy levels in spin paired orbitals (six electrons) and in
each of the high energy d.22 and d.xz-y2 orbitals in single assignments
(two electrons). The other possibilities for metals in the series are

less stable,

The foregoing has assumed an octahedral orientation for the complexes,
but nickel porphyrins are generally considered to have a square planar
co~ordination arrangement. Thus nickel complexes should be relatively

stable because the eight d electrons can be accomodated in the four low

energy d.xy, d.yz, d.xz and d.22 orbitals.

The vanadium complex probably cannot assume any form other than an
octahedral configuration due Eo the fact that it is not a complex of
Vz+ but rather VO2+ and shoulé be referred to as the vanadyl and not
vanadium complex. There is no space within the plane of the porphyrin
molecule for accommodation of the oxygen atom. Therefore it must occupy

a position outside the plane, either above or below, at one of the points

of the octahedron (39) (Fig 3).

There is considerable -evidence that the two additional ligand points
lying above and below the plane of the porphyrin molecule in the octahedral
arrangement are generally occupied by solvent molecules (39). It is
commonly agreed that porphyrin molecules are substantially planar and
x-ray diffraction data has shown that insertion of the vanadyl group into
free base octaethylporphyrin had a minimal effect on the geometry of the
porphyrin core (44). It has been reported (45) that nickel etioporphyrin I
is slightly non-planar, two of the pyrrole rings being bent up and two
bent down, relative to the plane formed by the meso carbon atoms, with

the metal atom lying in the plane of the porphyrin ring (46). However,
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deviations from planarity are small and bond lengths indicate a high

degree of symmetry (Fig 4).

1.5.2 The Chemical Properties of Porphyrins

Porphyrins generally are high melting point solids that are stable
to the actions of mineral acids (41). The conjugated porphine ring system
is heat stable and can be halogenated, nitrated or sublimed without.
destroying the macrocyclic structure (47). Porphyrins are diacidic bases
that exhibit amphoteric properties. They react. readily with sodium
hydroxide to form sodium salts through the replacemnt of the two imine
hydrogen atoms and form salts with hydrochloric acid through the addition
of two extra protons to the centre of the porphyrin ring (39). pK values

indicate that the acidic groups are very weak in aqueous solution.

It has been reported that gamma radiation is effective in.destroying
porphyrins (39).

Free porphyrins are only moderately stable; however reaction to form

metalloporphyrins increases their stability considerably (39).

A vanadium petroporphyrin separated from Santa Maria Valley crude
0il was stable to heat treatment at 125°C in the presence of water, at
110°C in the presence of 35% orthophosphoric acid and was not affected
by electrical fields. However, it appeared to start to decompose at

about 450°C (13).

Apparently the thermal decomposition of both nickel and vanadyl
petroporphyrins is a first order process, since the first order rate
constants do not change significantly over a three fold increase in

metalloporphyrin concentration. The Arrhenius activation energies
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calculated from the rate constants are 180 kJmol-1 for the vanadyl
porphyrin and 192 kJmol-1 for the nickel porphyrin. The rate constant
for the vanadyl complex is approximately 1.7 times larger than the

corresponding value for the nickel porphyrin (18) (Figs 5 and 6).

The stability of metal complexes of etioporphyrin I in relation to
the direct attack of acid was studied and resistance to sulphuric acid
was found to increase in the order Cu (II), Ni (II), Fe (III) and VO (II)
(39). It has been suggested that a shorter metal to nitrogen bond length
indicates a more stable metalloporphyrin with respect to demetallation
(43). The removal of the metal from vanadyl porphyrins requires vigorous
conditions. Vanadyl octaethylporphyrin was not demetallated by treatment

with refluxing trifiluoracetic acid for 18 hours nor by contact with

&

phosphoric acid at 180° for o;e hour. Partial demetallation occurecl
with an hydrobromic/acetic acid mixture when held at 100°¢ for four
hours. Concentrated sulphuric acid at room temperature for 15 minutes
or 75% sulphuric acid at 100°C for one hour both caused effective
demetallation but 50% sulphuric acid at 100°C for 15 minutes failed to

generate a detectable quantity of the free base (48).

The most distinct differences in the polarities of porphyrins are
caused by the presence or absence of carboxylic acid side chains (36).
Similar conclusions were also drawn from the chromatographic behaviour
of petroporphyrins which indicated that structural changes around the

periphery of the porphyrin nucleus significantly affected their polarity
(49).

Correlations of interfacial activity and porphyrin content showed
that the petroporphyrin complexes identified were among the major

contributors to the interfacial activity and film forming tendencies
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exhibited by a sample of Californian crude oil (50).

1.5.3 The Spectra of Porphyrins

Complexes of transition metals with chlorins and porphyrins do not
exhibit fluorescence (39) but they do give characteristic visible spectra.
Porphyrins dissolved in organic solvents and in dilute alkali have a
typical absorption spectrum, exhibiting four bands in the visible region
and a very strongx§g§EE_E§E§*§n the near ultra violet. In strong acids

the bands in the visible range are reduced to two (37).

Chemical substitution on the porphyrin nucleus does not substantially
alter the visible spectrum since there is no direct interference with
the general resonance configuration of the molecule (39). The relative
intensities of some of the bands may change but the Soret band is least

affected by structural variation (51).

Absorptions in the visible region occur at about 620, 565, 530 and
500 nm and are labelled bands I, II, III, and IV respectively. The
relative intensities of these four main bands forms the basis for the
classification of porphyrins into three main spectral types, namely etio,
phyllo and rhodo. The type of spectrum tends to be indicative of the
molecular structure of the porphyrin. In the etio type spectrum the
relative intensities of the bands decreases progressively from IV to I.
In the phyllo type spectra the decreasing order of band intensity is
Iv, 11, III, I. Rhodé type spectra show band III as the most intense,
followed by bands IV, II, and I (52). In addition there is a fourth
type of spectrum, known as the chlorin type in which band I is the most
intense and is shifted to about 650 nm or even longer wavelengths. Band

IV is the next most intense and the intermediate bands are quite weak.
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This type of spectrum is characteristic of many chlorophyll derivatives
and of some porphyrins that contain a large number of unsubstituted beta

positions (38).

In contrast to the four band visible spectrum of the porphyrins,
the metalloporphyrins of major interest to geochemists exhibit a two
band spectrum. The two bands for nickel etioporphyrin in neutral solution
are found at 550 and 514 nm whilst those for vanadyl etioporphyrin are
found at 570 and 531 nm. The shift to longer wavelenghths, as compared
to the square planar nickel chelate, can be considered to be the
consequence of additional coordination with an oxygen atom to yield a

pentacoordinate complex.

The position and intensity of the metalloporphyrin visible
absorption bands are, in general, even less sensitive to alterations by

substituents than are the spectra of the free base porphyrins (53).

The absolute 1limit of detection of metal porphyrin complexes on the
basis of the Soret band at approximately 400 nm is 1.6 x 10-8 moles for
vanadyl complexes and 3.0 x 10-8 moles for nickel complexes, based on a

solution concentration of about 5g dm™> and the use of 1 cm cells (26).

1.5.4 The Occurrence of Porphyrins in Crude Oils

Of the many porphyrins, chlorins and tetrahydroporphyrins arising
in biological systems only a few persist in crude oil and related

substances. However, these few are very widespread in their occurrence.

Porphyrins have been found in crude oil, oil shales, coal and other
bituminous materials in concentrations of less than one ppm in some

light crude oils and up to 0.4% in certain oil shales. They are usually
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found as a metal complex but free porphyrin bases have been reported,
very little being known about them. This is because methods for detection
and analysis of free porphyrin bases in crude oils are not well developed
and also the concentration of these compounds is very low, only

accounting for about one per cent of the total porphyrin content at best

(39).

At present, only average properties and typical structures can be
given on the basis of combined degradation and mass spectrometic studies.
Oxidation of porphyrins to maleimides, using strong acids to effect bond
cleavage at the methine bridges, has traditionally been used as a tool
for structural analysis. While much important structural data concerning
a porphyrin mixture is made aYailable by this method, a great deal is
also lost. Total reconstructién of the structures of the components of
a porphyrin mixture cannot be accomplished because oxidation destroys
bridges and a mixture containing four times as many components is

obtained (53).

One of the two most commonly reported porphyrins occurring in crude
0ils is deoxophylloerythroetioporphyrin (Fig 7) having a molecular weight
of 476 and a systematic name of 1,3,5,8-tetramethyl-2,4,7-triethyl-6,
gammaethane porphine (C32N36N4)' The name of this petroporphyrin is
commonly abbreviated to DPEP. The second metalloporphyrin commonly found
in crude oil is etioporphyrin, the structure and nomenclature of which
is given in Fig. 8. The systematic name for etioporphyrin III, which
has a molecular weight of 478, is 1,3,5,8-tetramethyl-2,4,6,7-

tetraethylporphine (39).

An examination of Boscan distillate, which has a high concentration

of petroporphyrins, by mass spectroscopy revealed, in addition to the
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usual DPEP and etioporphyrins, three other, more minor, series. These

were di~-DPEP, rhodo-etio and rhodo-DPEP, the latter two more commonly
being combined under the single heading of rhodoporphyrins. The structures
of the three minor series of petroporphyrins are given in Figs 9,10, and

11 respectively (20).

In addition to the presence of DPEP and etioporphyrins in Romashkino
asphalt, visible spectroscopy also revealed a small quantity of
rhodoporphyrins. These were said to exhibit either an alkylbenzoporphyrin

or monocycloalkano-alkylbenzoporphyrin structure (21).

It has been reported (20) that the extra ring in rhodoporphyrins
confers extra stability to the molecule. Rhodoporphyrins seem less
volatile than other petroporp?yrins, as shown by the distillation of
Iranian light residue. The 606-650°C fraction contained 39% of the total

rhodoporphyrins present whereas the 500—550°C distillate only held 9%.

Rhodoporphyrins have been reported to occur in a number of geological

materials but always in coexistance with the more abundant DPEP and

etioporphyrins (49).

Porphyrins are virtually universal constituents of crude oils,
irrespective of the origin of the oil. Porphyrins were found in 85 out
of 99 samples of Polish crude oils examined from various deposits and
various formations (54). Samples of 20 Romanian crude oils were all
found to contain porphyrins and their concentration was described as a
linear function of the total nitrogen content (55). Thus, with porphyrins
occurring in nearly every crude oil it would perhaps be reasonable to
expect similar chlorin and tetrahydroporphyrin compounds to occur as
well, especially since crude oil is normally associated with highly

reducing environments. However, tetrahydroporphyrins have not been
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reported and only a few isolated occurrences of chlorin compounds have

been noted (39).

The DPEP to etio petroporphyrin ratio has been calculated for a
number of crude oil samples and there appears to be a direct relationship
between this ratio and the depth of the crude oil deposit. The ratio
varies from about 0.2 up to a value of around 6, with a decrease in the

value of the ratio as the depth of the deposit increases (16).

The relative intensities of the bands in the visible spectrum of
La Paz crude o0il indicated a mixture of DPEP and etio porphyrins with
the latter type predominate. This was confirmed by mass spectroscopy
and a DPEP to etio ratio of 0.56 was calculated for the oil (49). It
has been reported (56) that crude oil asphaltenes contain higher
concentrations of porphyrins ;han the crude oil from which they have
been isolated. The relative concentration of the DPEP series was
significantly higher in the lLa Paz asphaltenes than in the oil. The
increase in the DPEP content was reflected by a DPEP to etio ratio

increase to 0.96. This indicates that the asphaltenes tend to

preferentially concentrate the DPEP species (49).

Carboxylated porphyrin complexes in crude oil are common but not
abundant. North American and Venezuelian oils showed that carboxylated
porphyrins made up less than 5% of the porphyrin material present in
young oils with an even smaller proportion in older oils (39). It has
also been reported that the concentration of carboxylated porphyrins
in all crude oils is much lower than that of the corresponding
decarboxylated compound, usually being at least an order of magnitude
lower (27). A study of Bachaquero residuum precluded the presence of

porphyrins containing carboxylic ester side chains due to the resistance
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of the extracted porphyrins to undergo hydrolysis in the presence of
alcoholic sodium hydroxide (34). However, the presence of porphyrins

with carboxylated side chains may be more common, and their concentration
greater, than previously reported. The methods of concentration and
separation discriminates against carboxylated porphyrins as they are
probably too strongly absorbed in the asphaltene fraction to be easily
removed by presently used methods (57). Additionally, any polar porphyrins
separated from the crude oil may be lost, or at best only traces recovered,
due to retention by chromatographic stationary phases during purification
stages (52). This has led to the commonly held belief that most of the
porphyrins occurring in crude oil and other bituminous substances are
totally decarboxylated or that decarboxylated porphyrins cannot be

distinguished (57).

1.5.5 Porphyrin Content vs Sulphur Concentration

Examination of a large number of crude oil samples showed that oils
containing less than 0.7% sulphur are either very low or totally devoid
of porphyiins, while the porphyrin content of high sulphur samples is

between 100 and 1000 times greater than the former case (58).

There is a definite relationship between the sulphur content of a
crude oil and the vanadyl porphyrin level. This is demonstrated by the
Utah and Madagascar oil sand deposits in which very heavy crude oils
are found with a very low sulphur content, this being less than (.5%.
There is a correspondingly low vanadyl porphyrin content, which amounts
to only about 15ppm (27,39). This can be compared with the case of the
Athabasca tar sands which have a 5% sulphur content and a similarly

high vanadyl porphyrin content of about 500 ppm (27,39). However, the
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converse also appears to be true and crude oils that have a low sulphur

content seem to exhibit a relatively high concentration of nickel

porphyrins (27,39).

Thus in a high sulphur crude o0il petroporphyrins are predominately
in the form of vanadyl complexes (up to 90%) while in samples with a

low sulphur content porphyrins occur mainly as nickel complexes (58).

1.5.6 The Occurrence of Porphyrins in Nature

Amino acid analysis was carried out on a fraction of a crude oil
from Lower Cretaceous strata that contained vanadyl porphyrins and a
number of amino acids including glucine, alanine, serine, glutamic acid,
aspartic acid, leucine and isgleucine were found in the hydrolysates of
the isolated porphyrin fraction. These results were interpreted as

being the residues of proteins originally bonded to biogenic pigments (59).

The main biochemical function of porphyrins and their derivatives in
nature is to provide carriers for metals which it is necessary to confine
to a small space for the purposes of chemical reaction (60). The first
porphyrin to be found in nature as a crystallised mineral has recently
been reported. The nickel porphyrin was found as tiny flakes in a drill
core at a depth of 764 metres in the Green River formation of Uintah
County, Utah. The soft and fragile crystals were purple in colour, with
an adamantine lustre. Visible and mass spectra showed the crystals to be

mainly a C,, nickel DPEP together with about 14% of the free base

31
porphyrin (53).
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1.5.6.1 Porphyrins in Coal

Coal has long been known to contain porphyrins, believed to be made
up of mainly etioporphyrins. Hodgson, et al (27 ) have studied two coals,
a subbituminous coal and a lignite, both containing porphyrins of the
etio type, some with free carboxylic acid side chains. Two features
were apparent from the porphyrins occurring in coal.
a) The concentration was very low.
b) The pigment was not of the chlorophyll type, a pigment class which
might have been expected if coal were believed to arise from plant material.
Both observations were explained in terms of oxidation effects. In the
first case oxidation causing total destruction of the pigment and in the
second significantly changing the structure of the original chlorophyll
type molecule, in which the fifth isocyclic ring was broken, giving rise
to etio type pigments. The porphyrins present were extrac¢ted by the
method of hydrobromic/acetic acid digestion which cleaves any metal to
porphyrin bonds. This method was found to be necessary as milder extraction
methods failed to extract any porphyrins, probably because of the strong
absorptive capacity of coals. Thus it was impossible to determine if the
porphyrins extracted by this method were associated with metal ions

or not.

1.5.6.2 Porphyrins in Peat

A sample of peat from the Edmonton area of Canada showed chlorin
piegments to be present at a concentration of 750 ppm, based on dry weight.
Chlorins are dihydroporphyrins which might therefore be regarded as
hydrogenation or reduction products of porphyrins. Chlorophyll is, for

example, a very well known chlorin pigment. Generally, chlorins are less
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stable than the corresponding porphyrin, are green in colour and exhibit
a visible spectrum differing from the type shown by porphyrins. The
pigments found in peat were mainly carboxylated free chlorins and their
esters. Carboxylated metal chlorin complexes were present at a
concentration at least an order of magnitude lower than the concentration
of the carboxylated free chlorins and their esters combined. letal
porphyrin complexes were present to the extent of approximately 0.5%

of the total pigment concentration and were mainly of the carboxylated

type (27).

1.5.7 Porphyrin Homologous Series

The complexity of the naturally occurring petroporphyrin-mixtures
is emphasised by very strong évidence which suggests the presence of
structural isomers. In addition, complete structural characterisation
of individual petroporphyrins is rendered difficult by a large number
of homologues for different structural series which occur in geological

materials (49).

The number of petroporphyrins present in any crude oil is large
because in each of the etio, DPEP and rhodo series the homologues
commonly span the range of C,¢ to Cho (6 to 20 methylene groups)
giving a total of at least forty groups of isomers. It has been
estimated that the total number of metalloporphyrin isomers in a given
crude oil may exceed 105. However oxidative degradation and mass
spectrometric data make it quite clear that not all of the possible
isomers are present in detectable quantities. One group, the polymethine
substituted phylloporphyrins are not present, the evidence for which is

the absence of characteristic absorption bands in the electronic spectra.
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A second and much larrer sroup, the identically beta sibstitute:

(e.c. methyl/methyl; ethyl/ethyl) porphyrins are also absent from

crute 011, as samnples oxliised to maleimides shove® no traces of

dimethyl or diethylmaleimiies. The reason for the absence of geo-
nornhyrin structures with two icdentical beta substituents is not clear,
but the absence of such structures eliminates a vasti croup of possible
isomers. For example, in the case of etionorphyrins, if only one
asymmetrical substitution is present, four isomers are possible. If,
however, symmeirical as well as asymretirical s:bstituzion is nresent,

the number of isomers rises to thirteen. In a simple case, LloyZminser
oil, only etio series porphyrins are present. All of the etioporhyrins
present in the sample were composed of combinations of five asymmetrically
beta substituted pyrroles. Methyl/hydrogen; ethyl/hydrogen; methyl/ethyl;
methyl/propyl and ethyl/propyl. No other combinations were experimentally
determined. Summing the 028 to 034 isomers in the etio series gives the
possible number of structurally differing porphyrins as 1081. Porphyrins
in the DPEP series present a complex problem in estimating isomer number

and no detailed values have been produced (53).

Oxidative degradation of la Paz petroporphyrins produced the same
pattern of alkyl-substitution in the etio series as detailed above.
Other maleimides such as dimethyl, diethyl and methyl/isopropyl were
absent and the most abundant component was the methyl/ethyl homologue.
This indicates that the alkyl-substituents are limited to methyl, ethyl
and n-propyl and that unsubstituted positions are present (49). Mass
spectrometry is an obvious tool for studying the structural spread of
petroporphyrins. However, the use of this technique was hampered for

many years due to the non-volatility of porphyrins. The prcoolem was
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solved by the use of solid probe inlets and the first mass spectrum

of a porphyrin to be published was that of nickel etioporphyrin,
appearing in 1960 (53). Following initial investigations, the first
report of the use of mass spectrometry to characterise naturally
occurring porphyrins was in 1966 (47). vass spectrometry has now become
a standard method of identifying and characterising porphyrin mixtures
from geological sources. Polar groups, such as carboxyl, decrease the
already limited volatility of the porphyrin so greatly that good quality

spectra of these species are difficult to obtain (53).

The parent molecular ions of a geoporphyrin mixture fell into two
major homologous series with peaks appearing in each series every 14
mass units. Alkylporphyrins of the etio series have a molecular weight
of 310 + 14 n, where n is a positive integer. Those of the DPEP series
have a molecular weight of 308 + 14 m where, m is a positive integer of
two or greater. In addition to the two major series of porphyrins
present in crude oil minor series attributed to rhodoporphyrins have
also been found. In this case homologous series at molecular weights

of 458 + 14 n and 456 + 14 n are observed in the mass spectrum (53).

The petroporphyrins of a Cretaceous crude oil, la Paz, from Western
Venezuela, were shown to be a mixture of etio and DPEP homologues
maximising at C30 and 031 respectively. Minor amounts of rhodoporphyrins
were also shown to be present. TIC afforded fractions, which were shown
by mass spectroscopy to contain up to 80% of a single weight species.
Oxidative degradation of the petroporphyrins to maleimides followed
by mass spectrometric analysis of the TIC fractions indicated that some

of the porphyrins were to a large extent incompletely substituted.

The molecular ions of the predominant etioporphyrins, which represented
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64% of the total ion current due to molecular ions, form an envelope
with m/e values at 310 + 14 n, where n varies from 7 to 19, with a
maximum at mass 450. The molecular ions of the JPEP series consist of
an homologous series with m/e values of 308 + 14 n, where n varies from
7 to 19. This series has a maximum mass value at 462, which is one
-CHZ- equivalent higher than the maximum for the etio series. This
bimodal distribution, with the relative maxima of both series differing
by a mass of 14 units, is typical of the petroporphyrins detected in a

wide range of geological materials (49).

The porrhyrins of an oil shale and Wilmington crude oil from
California were shown to be similar and contain at least two homologous
series. The porphyrins were alkylsubstituted and contained from seven

to thirteen methylene substituents per molecule (47).

From Baxterville crude o0il, an homologous series of etioporphyrins
was found of mass 310 + 14 n, where n varied from 5 to 15, and from
Rozel Point crude o0il a series was similarly found by mass spectroscopy

with a mass of 308 + 14 n for the DPEP species (57).

The vanadyl petroporphyrins originating from a West Siberia crude
0il were found to consist of homologues of alkyl, cycloalkyl and

bicycloalkyl species with between 6 and 26 alkyl substituents (61).

Petroporphyrins from Boscan crude oil are reported to be in the

range C28 to C However, in the heavier Boscan distillate all five

39°
porphyrin types were observed with the following order of abundance,
DPEP. etio D di-DPEP ) rhodo-etio = rhodo~DPEP. The mass spectrum of

the concentrate containing the vanadyl porphyrins indicated a spread

from C25 up to Cgy, With a peak at 032 (20, 31). In an examination of

Baxterville crude oil it was noted that porphyrins possessing the rhodo
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type visible spectrum had nominal masses of an homologous series four
mass units lower than the DPEP series. On the basis of high resolution
mass spectroscopy it is quite certain that only the elements of carbon,
hydrogen and nitrogen are present in these petroporphyrins and that

oxygen is absent (57).

Rhodoporphyrins were also detected in samples of lLa Paz crude oil

and it was determined that they covered the range 030-039 (49 ).

An homologous series of vanadyl etioporphyrins of mass 375 + 14 n
was found by mass spectrometric methods, to exist in Romashkino asphalt.
A corresponding series of vanadyl DPEP species was also found. This
series fell on the mass range of 373 + 14 m and the number of carbon
atoms in the saturated substituents on the basic porphine structural
unit was found to be between seven and sixteen. The mass spectrum of the
vanadyl porphyrin concentrate obtained from chromatographic separations
indicated that a series of rhodoporphyrins was also present obeying the

mass relationship 425 + 14 n (21).

Petroporphyrins extracted from asphaltenes with methylsulphonic
acid were reported to fall into two major, DPEP and etio, and one minor,
rhodo, series. The two major series were homologues of the structures
given in Figs 7 and 8 and the relative distribution of each series formed

a roughly Gaussian distribution peaking at the structures given above

(48).

The relative concentration of DPEP homologues was found to be
significantly higher in asphaltenes than in crude oil with the C31 DPEP
being the most abundant component. In contrast to the oil petroporphyrins,
the molecular mass distribution of porphyrins derived from asphaltenes

covers the narrower carbon number range of 27 to 35. These differences
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could be attributed to the fact that the petroporphyrins are incorporated
into the asphaltic host by forming A to A molecular complexes with the
asphaltene fractions and that the incorporation of petroporphyrins in
the asphaltic host will be affected by their polarity. This would result
in the preferential inclusion of the DPEP species. Petroporphyrins that
have been isolated from geological materials with a high asphaltene
content, e.g. Gilsonite, which is a naturally occurring asphaltite,
Athabasca tar sands and Green River Shale, have demonstrated that they
have high DPEP to etio ratios (commonly 1.5-5.0) and narrow carbon
number distributions (C29-C35). Due to the preferential concentration

of the DPEP homologues in the asphaltic fractions, any process which
produces a change in the asphaltene content, such as migration, natural
deasphalting or expulsion froﬁ the source rock at different stages of
maturation, could produce a significant change in the petroporphyrin
content and the relative abundance of the DPEP and etio series (49).
Thus different crude oils contain homologous series of petroporphyrins
that have differing spreads of carbon numbers depending upon their

geochemical histories (31).

1.5.8 Petroporphyrin Genesis

Even though porphyrins account for only a trace of the carbon
present in crude o0il the chemistry of these tetrapyrrole pigments has
made a major impact on geology and the earth sciences. The significance
of these compounds was recognised in 1934 by Alfred Treibs at the
Technische Hochschule in Munich (62) when he discovered that a wide
variety of crude oils and bitumens contained porphyrins. He stated;

"The findings compel extensive geological conclusions. The demonstration
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of porphyrin is just as sure and exact as the spectroscopic detection of
an element. The proof that chlorophyll bearing plants played a decisive
part in the formation of bitumens and crude oils of various origins and
of all geologic ages is brought out with full certainty”. From this
beginning the science which is today called organic geochemistry
developed (53). Treibs isolated and identified two of the major
metalloporphyrins present in crude oils and shale, namely vanadyl DPEP
and vanadyl etioporphyrin (31). A second type of metallochelate, present
in much lower concentrations, was tentatively, but as it turned out
incorrectly, identified by Treibs as iron porphyrin. A later re-
examination in 1948 using a porphyrin mixture rich in the second chelate
revealed that nickel rather than iron was the second porphyrin type

k]
-

present (53).

While porphyrins may be formed directly from pyrroles under extreme
conditions it is now generally agreed that petroporphyrins are of biogenic
origin. Thus petroporphyrin metal complexes may be regarded as the stable
end products of the partial breakdown of the primary source material
of crude oil and it is clear that many pigments in living organisms
would degrade and stabilise to porphyrin structures (19,39). In 1936
Treibs published his famous reaction sequence in which DPEP and
etioporphyrins could be derived from chlorophyll or heam (Fig 12) and
the knowledge of the composition of metalloporphyrins in crude oil has

been evolving over the last 50 years (31).

The presence of an isocyclic ring in a petroporphyrin structure is
usually interpreted as an indication that these pigments were originally
derived from chlorophyll. In photosynthetic organisms several types of
chlorophyll have been identified chlorophylls (a, b, ¢, d and e),

bacteriochlorophylls (a, b and ¢) and chlorobium chlorophylls (of which
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there are several types). Chlorophyll a (Fig 13) is the most abundant,
being common to all autotropic organisms, except pigmented bacteria.
Chlorophyll b is found with chlorophyll a in some algae ani hicher

plants. Chlorophylls c, d and e are also found associated with chlorophyll
a in algae. Bacteriochlorophylls are found in a number of rurple an?
brown bacteria and chlorobium chlorophylls are associated with
chlorophyll a in green bacteria (39,. Thus petroporphyrins are believed
to be the degradation products of plant chlorophylls (20), and while it
is easy to reach such a conclusion it may be an cversimplificatica (33,
so care must be exercised in choosing the specific starting pigment.

If it is assumed that chlorophyll a is the initial starting compound
and the abundance of this species in nature strengthens this suggestion,
then a sequence of simple reactions could be used to account for the
development of pigments in crude oil and would define to some
considerable degree the chemical environment of the genesis of crude

0il (27 ). The crude oil in the Santa Maria Valley is produced from the
diatomaceous Monterey shale of the Miocene period and the oil is now
present in the reservoirs where it was originally formed. Thus, no
migration of the crude has taken place and any present constituent is
the product of elements existing at the time the oil was formed. The
evolution of an o0il is a process of degradation and the more complex
molecules in the structures of ancient flora and fauna have tended to
degrade to compounds containing only carbon and hydrogen. The residual
elements, such as the metals, either separate from the resulting crude
0il and become part of the matrix, or remain in certian stable molecular
configurations, such as the porphyrins, which are compatible with the

ulk hyirocarbons (13 ).
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A typical sequence of discrete reactions which could convert
chlorophyll a into a porphyrin type structure is:-
1. Demetallation - removal of Mg from chlorophyll a.
2. Saponification - breakdown of ester groups.
3. Hydrogen transfer - vinyl saturation and aromatisation.
4. Reduction - oxygen removal.
5. Decarboxylation - removal of -CO00~ groups.
6. Metal complexing -~ addition of VO or Ni (27,39).

If chlorophyll a was the major source of petroporphyrins then C,, DPEP

32
with a methyl, ethyl substitution pattern would be the expected stable

end product. In Boscan crude oil C,, DPEP is the major constituent and

32
the methyl, ethyl maleimide is the major oxidation product (31).

It has been suggested tha{ the etio series arose from the DPEP series
of petroporphyrins rather than heam. The mechanism remains unclear but
thermal conversion of DPEP to etioporphyrin was postulated on the basis
of the release of isocyclic ring strain (53). Mass spectrometric analysis
of the products arising from experiments using naturally occurring
porphyrin mixtures showed partial to compléete conversion of the DPEP
to etio series, depending upon time and temperature of exposure. At the
same time the centre of the etio series mass distribution shifted one

methylene unit lower than that of the DPEP series (53).

In order to explain the generation of a large number of isomeric
petroporphyrins from a relatively small number of biogenic precursors
it has been suggested that porphyrins are subjected to transalkylation
reactions in the geological environment. Thus, alkylporphyrins may
undergo transalkylation on acidic minerals over geological time periods

and this has been demonstrated by in vitro experiments designed to



- 40 -

simulate geological conditions (49). Octaethylporphyrin did not undergo
transalkylation when left to stand in concentrated sulphuric acid for 22
days at ambient temperature. However, when vanadyl octaethylporphyrin
was mixed with alumina and heated in vacuo at 24500 for 19 days, and the
metalloporphyrins were recovered and recrystallised, mass spectroscopy
clearly demonstrated the presence of higher homologues. Upon impregnating
a range of supports, including the natural clay minerals illite and
montmorillonite, with vanadyl octaethylporphyrin from solution, the mass
spectra of the total extracts were recorded following thermal treatment.
There was clear evidence that up to 20% transethylation had occurred.
These results support the hypothesis that the various homologues series
of petroporphyrins have arisen via natural minerals, such as alumino-
silicates, catalysing intermoiecular transalkylation processes (63).

The oxidative degradation of la Paz petroporphyrins shows that their
range of alkyl substituents is quite small with only methyl, ethyl and
n-propyl groups being detected and only certain combinations of
substituents occurring. Transalkylation would be expected to produce

a wider range of substituents and also a larger number of combinations

of substituent pairs on the pyrrole nuclei. Thus the relative simplicity
of the alkyl substitution pattern of the la Paz petroporphyrins suggests
that transalkylation reactions have not taken place to any significant
extent in this particular case and that dealkylation processes may have
played an important role in their geological history. It has been suggested
that an alternative origin for the higher molecular weight petroporphyrin
homologues could be a series of biogenic precursors with a basic carbon
skeleton containing more than 32 atoms. Chlorobium chlorophylls, with an

extended carbon skeleton range, have been isolated and characterised and
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could have given rise to the substitution patterns observed among
petroporphyrins (49).

Although the di-DPEP structure is rarely mentioned in the literature,
it has been shown to be more abundant in crude oils than rhodoporphyrins

and is said to arise from condensation of the vinyl group of chlorophyll

a (31).

The diagenic route to rhodoporphyrins may start with multi carboxylic
acid or ester porphyrins such as mesoporphyrin, coroporphyrin or ure-
porphyrin and proceed via cyclisation and aromatisation. An alternative
mechanism involves the dehydrogenation of the isopropyl group of
chlorobium chlorophyll followed by ring closure with neighbouring methyl

groups (24 ). P

Simple and predictable extensions plus the original Treibs reactions
produce mixtures of porphyrins with carbon skeletons in the range 026

to C X all containing an isocyclic ring.

3

Treibs reaction Name Extension
2 Saponification Elimination
3 Vinyl group reaction Devinylation
4 Dehydrogenation Demethanation
5 Decarboxylation B-cleavage
decarboxylation

Substantially greater reworking of the carbon skeleton is required to

produce the 032 up to qu structures than for the degradative case. A



- 42 -

partial and tentative list of reactions that might produce porphyrins

of 032 and greater includes; Diels-Alder, alkylation and dimerisation.
The reactions involved here may also lead to carbon numbers of less than
32. To distinguish 026 to 032 porphyrins produced by these rearrangements
from those resulting from simple degradation would require much more

structural information than is presently available.

1.5.8.1 Deesterification

It has been assumed historically, either implicitly or explicitly,
that the process of deesterification was hydrolysis. However, concurrent
hydrolysis and dehydration must occur in order to accoumrt for the
observed products. This has led to the suggestion that elimination

rather than hydrolysis is the common deesterification route.

1.5.8.2 Oxidation - Reduction

NATORE W
The environment in buried sediments is unique in[several respects,

including the facts that water is present and molecular oxygen is
excluded. Thus, oxidation and reduction reactions must occur together
and for every donor there must be an acceptor. Just below the sediment -
water interface the reduction potential will be sufficiently large to
reduce isolated, and even conjugated double bonds. Treibs originally
proposed the direct intramolecular transfer of hydrogen atoms 7 and 8

in the chlorin structure to the vinyl group. However, it now seems more
likely that other components in the sediments are reactants in these
conversions and a free radical mechanism has been proposed to account

for the saturation of the vinyl grouvo.
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1.5.8.3 Aromatisation

The dehy?rogenation of the chlorin system to the porrthyrin structure
at first avpears to be a simple aromatisation. This is analagous to the
conversion of cyclohexadiene to benzene and indeed, simple chlorins
are readily dehydrogenated to porrhyrins. However, this is not so for
chlorophyll itself or its derivatives and these compounds can be
aromatisecd only un<er severe conditions. The ease of dehydrogenation of
the chlorins to pornhyrins denends largely on the nresence, or absence,
of a gamma substituent or an isocyclic ring. Aromatisation is much more
difficult with the presence of such grouns and molecular hydrogen is
probably not the product of this reaction, a free radical mechanism

being provposed as the most likely.

1.5.8.4 Decarboxylation

Decarboxylation of the propionic acid group was perceived as
thermally equivalent to 002 loss from aliphatic acids. However, the free
radical decarboxylation mechanism shown in Fig 14 has been vproposed.
Homolytic cleavage of the hydrogen to oxygen bond gives a radical that
loses COZ' The new radical can either abstract a hydrogen atom or couple
with an oxygen donor to yield an acid one carbon atom less than the

original acid. The process could repeat, eventually leading to the loss

of three carbon atoms.

A second mechanism involving breakage of the carbon to carbon bond
beta to the porphyrin ring is also a possibility. The bond is doubly
activated, being beta to both the aromatic system and the carbonyl group.
The activation energy for the beta-cleavzze rouite may be sufficliently

low as to make the two carbon loss the preferred route.



1.5.8.5 Devinylation

In the laboratory, fusion of vinyl substituted norvhyrins with
resorcinol at J9OOC for 15 minutes produces adducts which break down
under mildly acidic conditions to yield devinylated porphyrins. Even
though no such adducts have been separated from any crude oil, larce
quantities of hydroxy-substituted compounds are present and such adducts
do form under mild conditions. The above was thus suggested as the most

1ikely mechanism for the formation of beta unsubstituted petroporphyrins.

1.5.8.6 Demethanation

The ethyl, hydrogen beta substitution pattern is quite common to
some petroporphyrins. However, none of the simple dealkylation reactions,
e.g. oxidative decarboxylation or devinylation, yield this pattern. Thus,
demethanation, in competition with dehydrogenation was proposed as a

route to the observed ethyl, hydrogen beta substitution pattern.

1.5.8.7 Etio series generation

Geoporphyrins of the etio series (310 + 14 n) may constitute up to
half of the total petroporphyrins. Strongly alkaline conditions will
open the isocyclic ring in chlorophyll to yield a chlorin. However,
conditions under which these reactions proceed are not conducive to
pigment survival and apparently only a minor portion of the etioporphyrins

arose by this route.

Based upon experimental evidence and oxidative degradation data,
it would appear than an unsymmetrical cleavage of the 6,%-ethano bridge

is favoured. The diradical so generated can urlergo a comtlex array of
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reactions including hydrogen abstraction and/or oxidation. However, any
reaction leading to a 6-methyl substituent seems to play a small part,
as no dimethyl maleimide is observed upon the oxidative degradation of
vetroporphyrins. Hence the & -ethano radical is somehow favoured and
degradation of this radical would lead to the resonance stabilised

porphoryl radical.

1.5.8.8 Alkylation

Since the first detailed mass spectrometric report of homologous
series of petroporphyrins it has become increasingly unlikely, as
investigations have progressed, that chlorobium chlorophylls could be
petroporphyrin precursors and;the originally suggested mechanism of

transalkylation still stands.

Interpretation of the structural data shows that the carbon skeleton
of chlorophyll has been altered in two ways; substitution on the aromatic

system and on the beta alkyl substituents.

There is strong evidence for intermolecular porphyrin transalkylation

under conditions that are geochemically accessible.

1.5.8.9 Diels-Alder Adducts

It is known that vinyl substituted porphyrins produce Diels-Alder
adducts with a number of dienophiles. Thus, benzoporphyrins may be
formed by Diels-Alder adduct formation with benzoquinone homologues

followed by diagenic dealkylation and aromatisation (Fig 15).

Plastiquinone is present in substantial amounts in photosynthetic

organisms and could thus act as a dienophile.
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1.5.8.10 Dimerisation

Dimerisation of porphyrin molecules could possibly occur throush
either:-
a) dimerisation of porphoryl radicals arising by either isocyclic
ring opening or decarboxylation
or
b) Tiels-Alcer condensation through the acrylic acid sice chain of

chlorophyll c.

Whether nickel and vanadium were originally present in the porphyrins
in a biochemically useful form is open to speculation, but this seems
unlikely. It is more probable that porphyrin precursors and metals came
from separate sources. The introduction of metals into porphyrins in
the laboratory proceeds rapidly under acidic conditions, so if it is
assumed that the remains of metal concentrating organisms, or the like,
were present in the oil forming beds then sufficient time, temperature
and a favourable acidity could permit the formation of these complexes
(60). However, metal complexes of pigments indistinguishable from vanadyl
chlorins occur in all early environments, most significantly the
structure of living plants. This focuses attention on the possibility
that vanadyl porphyrins present in crude oil arose from compounds in
plants other than chlorophylls. The sequence of environmental reactions
for vanadyl porphyrin production from chlorin precursors is thus
simplified to; hydrogen transfer, reduction and decarboxylation. By this
route the most difficult step in accounting for the presence of vanadyl

pirments in crude oil is overcome. The complexing of the vanadyl ion

but rather a prior reaction occurring in the plants..There is no evidence
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for the presence of nickel complexes either in very early genesis
environments or in plants. The entire sequence of reactions previously
discussed appears to be required to explain the presence of nickel
porphyrins in crude oil. However, the complexing of nickel with a free
base porphyrin is accomplished much more easily than the corresponding

complexation with the vanadyl ion (27).

1.5.9 Metalloporphyrins as catalysts

Upon the addition of magnesium complexes of porphyrins to boiling
tetralin a certain amount of the dye was destroyed with intense red
luminescence which persisted for a few minutes. The same effect was
found with the zinc complex but the luminescence was less intense and
more persistant (64). This is‘a description of the first found report
of a metalloporphyrin catalysing a chemical reaction. Since this paper
appeared in 1938 metalloporphyrins have been found to catalyse many
types:'of reaction including oxidation, reduction, isomerisation,

decarbonylation and others.,

1.5.9.1 Oxidation Reactions

Mercaptans are oxidised to disulphides in the sweetening of light
petroleum distillates by air oxidation with cobalt tetraphenylporphyrin-

tetrasulphonate acting as catalyst (65).

Co (III) and Fe (III) porphyrins were found to catalyse the
autoxidation of cyclohexene to allylic hydroperoxides, which decompose
to yield 2-cyclohexenone as the main product (66). Cobalt (IT) tetra-
phenylporphyrin catalysed the autoxidation of acetaldehyde to give

peracetic acid quantitatively. The para-substituents of the phenyl



egroups on the porphyrin were found to influence the catalytic activity
(67).

The catalytic oxidation of aldehydes by cobalt tetraphenylporphyrin
was found to proceed by oxygen activation of the central metal atom and
subsequent hydrogen abstraction from the aldehyde (68). Transition metal
derivatives of tetrakis(p-methoxyphenyl )porphyrin were found to activate
the anodic oxidation of sulphur dioxide (69). Ketoamides were the
primary products of the cobalt and copper porphyrin catalysed oxidation

of indoles (70).

It was discovered that the addition of unsaturated hydrocarbons to
Co (IT) porphyrins in non-aqueous solution caused immediate oxidation
of the Co (II) to Co (IIT), followed by degradation. Oxicdation occurs
if the dielectric constant ofsthe solvent is higher than that of the
alkene. This suggests that the solvent has to be more polar than the

alkene in order to aid electron transfer (71).

It was found that the oxidation of ascorbic acid was catalysed by
copper hematoporphyrin (72). The manganese (II) chloride complex of
tetraphenylporphyrin and the phase transfer reacent trioctylmethyl-
ammonium chloride act synergically to promote the oxidation of both

alcohols and hydrocarbons (73).

Cyclohexylbenzylhydroperoxide was prepared by the oxidation of
cyclohexylbenzene with oxygen in the absence of light and in the

presence of copper or nickel tetraphenylporphyrin (74).

Cobalt octaethylporphyrin catalysed the autoxidation of squalene
to yield three isomeric epoxides and two alpha, beta unsaturated

aldehy”es as the main products (75).
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1.5.9.2 Reduction Reactions

Copper and cobalt tetraphenylporphyrins were found to catalytically
reduce nitric oxice in the presence of hydroren at elevated temreratures
(76,77 ). Derassed solutions of N-methylpyrrolidine and nitrophenol in
benzene containing tin (I¥) or germanium (I¥) tetraphenylporphyrin-
c¢ichloride were irradiated with visible light, of wavelength sreater
than 500nm, to s£ive aniline, azoxybenzene and azobenzene as the recuction
pro“ucts of nitrophenol and N-methylpyrrole as the dehy“rosenation

product of N-methylpyrrolidine (78).

1.5.9.3 Other Reactions

Aryl, alkyl and cycloalkylaldehydes were decarbonylated by the di,
triphenylphosphineruthenium complex of tetraphenylporphyrin under
ambient conditions (79). Cobalt tetraphenylporphyrin catalysed the

electrochemical cleavage of butylbromide in non-aqueous media (80).

Aromatic nitro-compounds were converted to the respective iso-
cyanate by treatment with carbon monoxide over palladium tetraphenyl-
porphyrin (81,82). The copper (III) chloride complex of tetraphenyl-
porphyrin was found to catalyse the isomerisation of quadricyclene to

norbornadiene (83,84).

It was evident from the experimental results that both vanadyl anc
nickel tetraphenylporphyrin were inefficient catalysts for both the
hydrodesulphurisation and hydrocenitrogenation of atmospheric gas oil,

vacuum gas oil and a synthetic oil (85).
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1.6. The Cracking of Hydrocarbons

1.6.1 Catalytic vs Thermal Cracking

Catalytic cracking proceeds via a carbonium ion mechanism, unlike
thermal cracking which involves free radicals. Due to the difference
in reaction mechanism the product spectrum is also cdifferent. Catalytic

cracking yields larger quantities of C, and Cb compounds, branched

3

alkanes and alkenes as well as aromatic compounds, which have a

beneficial effect on the composition of motor fuels (86).

1.6.2 Catalytic Cracking

The main advantages of catalytic cracking over thermal cracking
when processing crude oils lie in the maximisation of 1light hydrocarbon
production at C, rather than C, (Fig 16) and a higher yield of light
gasoline compounds. Catalytically cracked gasoline also has a higher
proportion of branchec¢ alkanes, cycloalkanes and aromatics, all of

which increase the quality of gasoline.

Unlike thermal cracking, catalytic cracking is an ionic process

involving carbonium ions.

The formation of carbonium ions in catalytic cracking can occur in
three ways (Fig 17).
1. Addition of a proton from the acid catalyst to an alkene produces
a carbonium ion in a reversible reaction. A proton may then leave the
carbonium ion from a carbon atom other than the one to which the original
proton became attached. The initial alkene may have been formed from a
free radical produced by thermal cracking. This is one of the ways in

which alpha alkenes are converted to internally unsaturated alkenes
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during catalytic cracking.

2. Carbonium ions may also be formed by the abstraction of a hydride

ion from a saturate? hy’rocarbon by the aci-® catalyst or

3. A carbonium ion.

The acid catalysts first used in catalytic cracking were amorphous solids
composed of approximately 87% silica and 13% alumina for low alumina
catalysts, and 75%-25% for hirh alumina catalysts. However, these have
now been superseded by zeolites. The catalytic action of amorphous silica-
alumina catalysts has been well establishe? as a function of lewis acii
and Bronsted acic sites. The lLewis acid sites abstract a hydricde ion

from an alkane as shown in Fig 18. Bronsted acid sites form carbonium
ions by protonation of a carbon to carbon double bond as given in Fig 19.
Both acid sites appear to be operative, with the ratio being dependent

on the degree of catalyst hydration, the amount of water in the feed

havine a marked influence on the catalyst activity.

Zeolite catalysts appear to be able to promote both acid catalysec
carbonium ion reactions and reactions occurring by a free radical
mechanism. The chemistry occurring at the catalytic sites in zeolites

is not well anderstood and because the product distribution is different
from that obtained when silica-alumina catalysts are used it is apparent

that the situation is more complex in relation to zeolites.

Thus, as the process catalysts used produce the carbonium ions, the

reactions of these ions produce the desired products.

Isomerization is effected by both hydride and methide (CH;) shifts.
The hydride shift (Fig 20) moves the positive charge to the next carbon
atom. The stability trend is towards the centre of the mclecule, which

accounts for the iscmerisation cf alpha alkenes to internal alkenes under
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carbonium ion conditions. The methide shift results in skeletal
rearrangement as shown in Fig 21. The initial shift is followed by a
hydride shift to give the more stable tertiary carbonium ion. This type

of reaction accounts for the conversion of normal-alkanes to iso-alkanes.

Beta fission is the cracking reaction of catalytic cracking (Fig 22).
The carbon to carbon fission takes place on either side of the carbonium
ion, with the.smallest fragment usually containing at least three carbon
atoms. The new carbonium ion rearranges before it can undergo beta

fission which is one reason for the low yield of C_compounds. Cyclisation

2
takes place by carbonium ion addition to a carbon to carbon double bond

in the same molecule (Fig 23).

Cyclic alkenes and aromatics can be accounted for by a two step
hydrogen transfer sequence. The first is a proton transfer and the
second a hydride ion transfer (Fig 24). A continuation of this sequence

converts the cyclic carbonium ion to an aromatic hydrocarbon.

The hydrice ion transfer reaction is an important ion molecule
reaction between carbonium ions and hydrocarbons. For simple alkyl
carbonium ions, the rate of hydride transfer is independent of the source
of the reacting ion. This implies that the reactant carbonium ion must
be capable of readily rearranging, by a hydrice shift sequence, to the
reacting structure regardless of the structure of the initially formed
ion. The reaction rate is deteremined by the hydrocarbon molecule with

which the carbonium ion is reacting (87).

1.6.3 Thermal Cracking

The first paper detailing the mechanism of thermal cracking, by the

free radical pathway that is generally recognised today, appeared in
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1931 (88). From what is today regarded as the definitive paper on the
subject, a series of thirteen articles (88-100) was released dealing
with subjects as diverse as bond strengths in organic molecules (92),
through the combination of methyl groups with metallic mercury (96),

to the decomposition of ethyl nitrite (100). However, even 25 years ago,
understanding of the mechanism of alkane pyrolysis was little better
than rudimentary. Not only was there dispute regarding the relative
roles of molecular and radical chain processes, but quantitative results
were limited and conflicting. The turning point came with the advent of
gas chromatography, which allowed a detailed analytical approach providing
large volumes of comprehensive data rapidly. The almost immediate
consequence was that a number of research groups, working along
independent lines, were able io unequivocally establish the radical chain
nature of thermal cracking reactions. Subsequent development was swift
and within a decade the general features of the early stages of the
pyrolysis of all alkanes in the 02 to 05 range were well established.

The intervention of vessel walls and both the homogeneous and hetero-
geneous effects of traces of oxygzen have been studied in great detail,
and the eventual observation that isopentane pyrolysis can be almost
stopped by appropriate wall treatment constitutedcthe final and most

convincing evidence for the totally radical chain nature of these

pyrolyses (101).

Hydrocarbon free radicals are formed by the first order homolytic
cleavage of a carbon to carbon bond. Relative bond energies determine
which bonds will break. For carbon to carbon bonds these energies are
about 331, 314, and 310 kJmol™! for primary, secondary and tertiary bonds

respectively. The carbon to hydrogen bonds are shorter (1.09 &) than the
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carbon to carbon bonds (1.54 X) and stronger (87). Due to this it is
necessary to consider only the cleavage of the carbon to carbon bonds as
possible initiation reactions (88). This was confirmed by work with
isobutene where carbon to hydrogen bond rupture did not exceed five

per cent of the total initiation (101).

According to radical chain theory small alkyl radicals quickly
accumulate to a steady state concentration (102). Once formed, a radical
may react with one of the surrounding hydrocarbon molecules, decompose
into a compound and a smaller radical or diffuse to the wall of the

reaction vessel and be absorbed there.

A methyl radical can only undergo one reaction. It will abstract a
hydrogen atom from a molecule of the surrounding hydrocarbon to leave
a free radical containing the same number of carbon atoms as the original

hydrocarbon.

Radicals higher than methyl can undergo two types of reactions:
1. They may abstract:-a hydrogen atom from the surrounding hydrocarbon
molecules that contain the same number of carbon atoms.
2. They may decompose either by giving up a hydrogen atom to form a
compound with the same number of carbon atoms as the original compound
or they may break into a compound and a smaller free radical (88),
usually an ethyl or methyl radical or a hydrogen atom (103). The relative
rates of the decomposition of large radicals is determined by the resonance

stability of the new radicals, as shown in Table 4 (102).

When any free radical, except methyl, is formed it can decompose
either into a hydrogen atom and a compound containing a carbon to carbon

double bond or into a smaller free radical and a compound containing a
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carbon to carbon Fouble bon® (88). Thus, when a straisht chain alkane
‘econposes, the yield is a lower alkene and a lower a)kane, the alkene

4. vays bela the shorter of the iwo. From Table 5 it can be seen tha® he
relative probability of bon? rupture with respect to the location of a
carbon to carbon bon” in an alkane is -reatest between the firs: an?
secont carbon atoms in the chain {104 ,. Therefore at low pressures
alkanes thermally Zecompose to yield mainly methane and ethane (135},

A distinctive property of hydrocarbon free radicals is their in-
ability tc .n'er;o isomerisation of the type involvin: mirration of an
a_kyl croup. As a result thermal cracking prosices no branchins that is
not already present in the feed compound. Free radicals do not underse
a shift of the unpaired electron from one carbon atom to the next in the
chain and the only nifration of a hydroren atom occurs when primary free
radicals are sufficiently long that they can coil back on themselves and

abstract a hydrocen atom to form an internal free radical (87).

Few studies have been made on the pyrolysis of alpha a”_kenes, yet
they are the primary major products of alkane cracking and secondary
reactions involving alkenes must be important in moderate to high severity
cracking. The product cdistribution from the thermal cracking of alpha
alkenes resembles that of the corresponding normal alkane except that
small quantities of dialkenes and cycloalkenes are also present. A high
yield of Cn H2n  compounds was rationalised by a concerted molecular
mechanism and the remaining products were accounted for by free radical
mechanisms like that of Rice's (88) for alkane pyrolysis. Thus, in an
analogy to alkane decomposition, small radicals abstract a hydrogen
atom from the alkene reactant to form 'parent radicals'. The parent
racicals cdecompose via beta scission or hydrogen atom elimination until

a radical which will not readily decompose is formed. This radical
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abstracts a hydrogen atom from the reactant alkene to form a new parent
radical and the chain continues (106). Organic decompositions are
therefore regarded as chain reactions in which certain radicals start

a cycle of reactions at the end of which they are regenerated and start
a new cycle, The atoms or groups regenerated are called chain carriers.
In this way the composition of the products is practically independent

of the primary decomposition of the hydrocarbon and is determined almost

exclusively by the chain cycle (88).
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2. EXPERIMENTAL MATERIALS, EQUIPMENT AND METHODS
2.1 Materials Used
2.1.1 Chemicals used in the synthesis of

etioporphyrin (isomeric mixture)

2.1.1.1

Reagents Purity
methanol 99+ %
trans-2-pentenoic acid > 98%
sulphuric acid 95% w/w
sodium hydride Dry. 97%

tosyl methyl isocyanide -
lithium:aluminium hydride 95+ %

w
formaldehyde 37%Xaqueous solution

hydrochloric acid 36.5-38. 0% Wiy



2.1.1.2
Solvents Purity
methanol 9 + %

diethyl ether -

dimethylsulphoxide 99 + %
tetrahydrofuran 9 + %
ethanol anhydrous. denatured
1,2-dichloroethane 99%

2.1.1.3

A3
v

Compounds used in purification

sodium hydrogen carbonate 9 +%
sodium sulphate anhydrous
calcium chloride anhydrous
ethyl acetate 99.5%

sodium hydroxide 97 + %

Trans-2-pentenoic acid was supplied by Fluorochem Ltd.

A1l other chemicals were supplied by Aldrich Chemical Co. Ltd.
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2.1.2 Chemicals used in the synthesis

of etioporphyrin I

formic acid

2.1.2.2

Solvents

ethanol

acetone

glacial acetic acid
petroleum ether
methanol

tetrachloromethane

2.1.2.1
Reagents Purity
red phosphorus 99%
ethanol anhydrous, denatured
iodine A.C.S.
2,4-pentandione 99 + %
potassium carbonate 99 + %
acetic acid glacial, 99.8%
t-butylacetoacetate 99%
sodium nitrite 97%
zinc dust =325 mesh
bromine

) W
98-100%?%13

Purity

anhydrous, denatured

99 + %
99.8%
A.C.S.
99 + %
99%
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2.1.2.3

Compounds used in purification,

etc. Purity
copper wire 99.9%
4A molecular sieve 8-12 mesh
calcium chloride anhydrous,™~ 8 mesh
sodium chloride 99 + % A.C.S. ..

Formic acid was supplied by Fisons Ltd.

All other chemicals were supplied by Aldrich Chemical Co. Ltd.

2.1.3 Chemicals used in metalloporphyrin
) synthesis
2,1.3.1
Reagents Purity
sodium acetate anhydrous. 99%
vanadyl sulphate ~ 96%

nickel (II) acetate tetrahydrate -
tetraammineplatinum (IT) dichloride 99.1% and 95.3%‘%%@
tetraamminepalladium (II) dichloride 88.40%\MA¢

base hematoporphyrin IX -
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2.1.3.2
Solvents Purity
acetic acid glacial, 99.8%
benzene thiophene free
methanol 99 + %
dimethylformamide 99%
trichloromethane stabilized with

~ 0.75% ethanol

Vanadyl sulphate was supplied by Fluorochem Ltd.
The platinum (II) and palladium (IT) complexes were supplied
by the Johnson Matthey Technology Centre.

All other chemicals were supplied by Aldrich Chemical Co., Itd.

2.1.4 Chemicals used in the quantitative

gravimetric determination of palladium

Compounds Purity
ethanol anhydrous. denatured

dimethylglyoxime sodium salt -
sulphuric acid -
ammonium hydroxide A.C.S.

nickel (IT) sulphate 99%

Dimethylglyoxime sodium salt and sulphuric acid were supplied
by B.D.H. I1td.

All other chemicals were supplied by Aldrich Chemical Co. Ltd.
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silica gel

benzene

aluminium oxide 90

trichloromethane

Chemicals used in the preparation and
analysis of the petroporphyrin concentrate
Material Purity
Tia Juana Pesado topped crude oil -
n-heptane 9%
toluene 99%
diphenylmethane 9%
acetonitrile 99%
2,2,4=trimethylpentane 99 + %

for chromatographic analysis
60 - 120 mesh

thiophene free

Brockmann activity IT to ITI
"Merck" 1097

stabilized with~0.75% ethanol

Silica geil. and aluminium oxide 90 were supplied by B.D.H. Itd.

Tia Juana Pesado topped crude oil was supplied by Shell U.K. Itd.

All other chemicals were supplied by Aldrich Chemical Co. Ltd.
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Materials used in supported

catalyst preparation

2.1.6.1

Support material

60 - 120 mesh silica gel

alpha alumina

2.1.6.2

Catalyst phase

base etioporphyrin
nickel etioporphyrin ~
vanadyl etioporphyrin
platinum etioporphyrin
palladium etioporphyrin
base hematoporphyrin IX
nickel hematoporphyrin IX
vanadyl hematoporphyrin IX

petroporphyrin concentrate

2.1.6.3

Solvent

trichloromethane

tetrachloromethane

Supplier

B.D.H. Iitd.

Strem 1td.

Supplier

own preparation
own preparation
own preparation
own preparation
own preparation
Aldrich Chemical Co. Ltd.
own preparation
own preparation

own preparation

Purity
stabilized with v 0.75% ethanol

9%

Solvents were supplied by Aldrich Chemical Co. Ltd.
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2.1.7 Materials used for temperature

procrammed decomposition

Material Purity
helium 99.995%
5A molecular sieve 8 - 12 mesh

Helium gas was supplied by B.0.C. Ltd.

5A molecular sieve was supplied by Aldrich Chemical Co. Ltd.

2.1.8 Chemicals used in cracking reactions
Feed Materials Purity
n-butane CP grade 99%
2,2-dimethylbutane 98%

Diluent gas Purity
helium 99.995%

n-butane was supplied by Air Products Ltd.
2,2-dimethylbutane was supplied by Aldrich Chemical Co. Ltd

helium was supplied by B.0.C. Ltd.
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2.1.9 Materials used in the gas chromatographic

separation of hydrocarbons

Gases Crade

nitrogen commercial "white spot"
hydrogen commercial high purity
air -

Both nitrogen and hydrogen were passed through oxy traps prior

to use.

Column packing

60 - 120 mesh silica gel

All gases were supplied by B.0.C. Ltd.

The silica gel was supplied by Hopkin and Williams Ltd.

2.1.10 Materials used for temperature

programmed reduction

Material Supplier

5% hydrogen/95% argon B.0.C. Special Gases

5A molecular sieve Aldrich Chemical Co Itd
2.1.,11 Materials used in the hydrogenation

of l-hexene

Material Supplier
5% hydrogen/95% argon B.0.C. Special Gases

l-hexene Aldrich Chemical Co., Ltd
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2.2 Experimental equipment

2.2.1 Analytical Spectra

Mass spectra were obtained using a Kratos MS 80 RF mass spectrometer.

Proton magnetic resonance spectra were obtained using a Varian XL

100 c.w. nmr spectrometer.

Infra red spectra were obtained using a Perkin Elmer Model 157

recording IR spectrometer.

Ultra violet spectra were obtained using a Pye Unicam SP8 - 400

UV/VIS spectrophotometer.

<

2.2.2 Chromatoéravhic separations

Cas chromatographic separations were performed using the following

equipment.
chromatograph.-:- Pye Unicam 304 series dual FID
integrator $- Pye Unicam DP101
chart recorder :- Phillips PM 8251

All analytical equipment employed for analysis was used according
to the manufacturers recommendations as set down in the relevant

instruction manual.



2.3. Experimenta’. metho-s

2.3.1. Etioporphyrin synthesis

2.3.1.1 Synthesis of isomeric nixture of etioporphyrin
2.3.1.1.1 Preparation of methyl trans-2-pentenocate (107)

3

According to the equation riven in Fig 25, 166 cm” of methanol was

3

roun'? bottomed flask. To this was a““e~ 92 cm3 of

3

placed in a 1000 cm
trans-2-pentenoic aci? and 2.3 cm” of concentrate” sulphuric acit was
“elivere” from a burette, one “rop every 30 secons. Followins all
additions a reflux condenser was attache” to the flask and the mixture
was refluxed for approximately 12 hours. After being allowe? to cool to

3

ambient temperature the mixture was poured into 500 cm” of Aistilled
water contained in a separating funnel. The upper layer of crude ester
was removed anrd subsequently washed with 200 cm3 of distilled water, 50

3

cm” of saturated sodium hy“rogen carbonate solution and a further 1OOcm3
of distilled water. The cruie ester was cried by being allowed to stanc
over 1llg of anhydrous sodium sulphate. Following filtration the ester

was distilled and the fraction boiling between 142 and 14300 collected

as pure product.

2.3.1.1.2 Preparation of methyl 4—ethylpyrrole-3-carboxylate (108)

8.568 g of sodium hydride was weighed out, using a glove box that
contained an atmosphere of dry nitrogen and placed in a dry 5000 cm3
four necked, round bottomed flask, that had been previously flushed
with dry nitrogen. The rounc bottomed flask was continually flushe?

with dry nitrogen and fitted with a reflux condenser protected by a calcium

" iy R - - -~ P - K .o - (. “ . =
chlori“e suard t:vs, a stirrer an” a (ropring funnel, Whlch was a.s¢
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protecte? by a calciin chloride rfuard tube. 555cm3 of dry diethyl ether
was ad“ed an? the stirrer was switched on durings the aidition in or’er
to form a suspension. A solution of 58.0% ¢ of “ry tosyl methy' iso-

3

cyanide and 34.2 cm” of dry methyl trans-2-pentenoate in dry diethyl
ether/dinethy! silthoxi‘e /2.1 = 322 cm3 : 496 cm3) vas made ip an?
at”ed to the suspension in a dropwise manner. The reaction, accordins
to the equation ¢iven in Fir 26, staried to reflux Aue to the exotherm
and was terminated 15 minutes after the addition of the above mixture
was complete. The solium hydrice resicues remainings at this stare were

destroye: by the careful addition of ethyl acetate, after the liquiAd

had been ~ecanted off the soli-.

The remaining solution was slowly added, until any reaction ceased,
to 3000 cm3 of distilled water contained in a 5000 cm3 beaker. The
ethereal layer was separated and the agueous portion was split into
6 x 500 cm3 aliquots, each being extracted three times with 125 cm3 of
diethyl ether. The ether layers were combined and upon removal of the
ether a mid-brown liquid product resulted, which was used in the

following synthetic step in the unpurified state.

2.3.1.1.3 Preparation of 3-ethyl-4-methylpyrrole (109)

54.264 g of lithium aluminium hydride was weighed out, using a
glove box containing a nitrogen atmosphere, and placed in a 5000 cm3
four necked, round bottomed flask. The flask was fitted with a stirrer,
reflux condenser protected by a calcium chloride guard tube, a nitrogen
supply and a dropping funnel. After the flask had been purged with

nitrogcen the stirrer was switched on and sufficient dry tetrahycrofuran

a’cde? to form a slurry with the I1ithium aluminium hydride. The remain‘er



of the 2500 em of tetrahydrofuran was mixed with 49.6 en”

of “ry methyl
L4-ethylpyrrole-3-carboxylate and adcde” to the flask at such a rate that
the mixt.ure rent'y refiuxes. Following the a?fiiion of the pyrrole/solvent
mixture, the whole was allowed to reflux for a further 15 minutes, as the
reaction according to Fig 27 proceeded., Tecomposition of the excess

3

hycride was effected by the dropwice addition in succession of, 55 cm

3

of water, 55 cm” of 15% sofium hydroxide solution and sufficient water
to ensure that all reaction had ceased. Efficient stirring was ensured
throughout the additions. Inorganic solicds were removec by filtration

3

under reduced pressure and the agueous phase split into 500 cm” aliquots,
each being extracted four times with diethyl ether. The ethereal layers
were combined anc the ether removed by simple distillation. Any remaining
residues of ether were removed under reducecd pressure to yield the crude

roduct which was a dark brown oil. This was vacuum distilled, and the
D

fraction boiling at 88°C under 11 mm Hg was collected as the pure product.

2.3.1.1.4 Preparation of etioporphyrin (110)

A solution of 122 cm3 of 37% aqueous formaldehyde was placed in a
three necked, 5000 cm3 round bottomed flask fitted with a reflux
condenser and stirrer. To this, 1112 cm3 of ethanol and 56 cm3 of one
molar hydrochloric acid were added and the mixture heated to about 55°C.
After heating to this temperature a mixture of 13.5 cm3 of 3-ethyl-i4-

3

methyl pyrrole in 1112 cm” of ethanol was added from a dropping funnel.
The whole mixture was stirred at 55°C for one hour and then allowed to
cool and stand at ambient temperature for three days, while the reaction

in Fig 28 proceeded.

Following this time period, the mixture was diluted with water
g 4
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(about 1:2) and neutralised using a dilute solution of sodium hydroxide.

Approximately 2 dm3

aliquots were extracted using a downward displace-
ment extractor, of dimensions shown in Fig 29, utilising 1,2-dichloro-
ethane as solvent. Following extraction and separation, the chlorinated
solvent was removed by simple distillation and the ;esidue evaporated to
dryness. The dark brown/black residue was powdered and washed with cold
methanol. Following filtration the porphyrin remaining on the filter
paper was further washed with cold methanol until the washings ran clear.

The resulting purple microneedles of etioporphyrin were dried under

reduced pressure.

2.3.1.2 Synthesis of etioporphyrin L

The overall reaction sequénce, up to and including the synthesis

of base etioporphyrin I is given in Fig 30.

2.3.1.2.1 Ethyl iodide synthesis

2.3.1.2.1.1 Preparation of ethyl iodide (107)

400 g of red phosphorus was added to a quantity of distilled water
such that a thin slurry was formed. This mixture was boiled for about
15 minutes and then allowed to cool. When the red phosphorus had settled,
the excess liquid was decanted and the remaining solid boiled again with
a fresh portion of distilled water. This process was repeated again.
Finally the red phosphorus was filtered and washed with boiling water
until the washings were neutral. The collected solid was dried in an

oven set just above 100°C for 24 hours.

313 g of dry red phosphorus was weighed out and placed in a three

necked, 5.0 dm3 rounc bottomed flask that had been fitted with a stirrer,
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ref?’ux concdenser an? separatins funnel. S5u:fficient ethanol was run into
the flask from the separating funnel to form a smooth slurry with the
red thosphorus.

1600 ¢ of coarsely powdere” iodine was weirhed out and adde3 in about
2 £ portions to approximately 1500 cm3 of ethanol. The ac-ition was
verformed quite quickly, but the heat of the exothermic ~issolution was

allowe? to dissipate before each portion was a‘ider,

The alcoholic solution of iodine was adced to the red phosphorus
siurry from the separating funnel. The mixture was stirred at all times.
Following the adfition, the mixture was heated and refluxe? for about

one hour, allowing the reaction to proceed according to Fig. 31.

Following this period of time the condenser was rearranged for simple

“ownward cistillation and the product formed was collected,

The product was stored in a sealed container containing a short

coil of clean copper wire and some 4A molecular sieve.

2.3.1.2.1.2 Azeotropic mixture of ethyl

jodide and ethanol

Analysis by infra red spectroscopy of the liquid product obtained
from the preparation described in 2.3.1.2.1.1 demonstrated that a

mixture of compounds was present.

Ethanol and ethyl iodide are mutually soluble and form an azeotropic
mixture. The presence of ethanol was confirmed and an estimation of the

proportion of ethyl iodide in the mixture was made using gas chromatography.
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2.3.1.2.1.3 Chromatograph conditions used for the

separation of ethanol and ethyl iodide

column :- 6' x " 0.D. x & mm I.D. glass column.
packing :- Chromosorb 102 80-100 mesh.

column temperature :- 225°C isothermal.
detector temperature :- 250°C

injector temperature :- 250°C

helium pressure := 23.5 psig at column head.
hydrogen pressure := 18.5 psig

air pressure :- 7 psig

2.3.1.2.2 Preparation of 3-ethyl-2,4-pentandione (111,112)

A three necked, 5 dm3 round bottomed flask was fitted with a reflux

condenser protected by a calcium chloride guard tube, a stirrer and a
wide necked funnel. Into this was placed 984 cm3 of dry acetone and
1016 cm® of 2 ,4-pentandione. The stirrer was switched on and 1122 g

of anhydrous potassium carbonate was added to the flask, followed by
795 cm3 of ethyl iodide. The whole mixture was refluxed for a total
period of 24 hours, allowing the reaction given in Fig. 32. to proceed.
Following this, the mixture was cooled to ambient temperature and then
filtered. The resulting filtrate was distilled and the fraction boiling

over the range 178 - 182°C was collected.
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2.3.1.2.3 Preparation of t-butyl 4-ethyl-3, 5-

dimethylpyrrole carboxylate (111,112)

AS dm3 round bottomed flask was fitted with a stirrer, separating

3

funnel, reflux condenser and thermometer. 944 cm” of glacial acetic
acid was placed in the flask and to this was added 836 em? of
t-butylacetoacetate. This solution was then cooled in an ice bath such

that the temperature was below 10°C.

L42ly g of sodium nitrite was dissolved in 943 en of distilled water
and this was added to the stirred t-butylacetoacetate solution at such
a rate (dropwise) that the temperature of the contents of the flask was

maintained between 10 and 12°C.

Following the addition of sthe sodium nitrite solution the mixture
was cooled to between -4 and -5°C for a period of one hour by the use
of an ice/salt bath. The mixture was subsequently stirred for 12 hours

at room temperature.

680 cn° of 3~-ethyl~2,4~pentandione was dissolved in 184 cm3 of
glacial acetic acid and added to the above mixture, causing the formation
of a bright orange colouration. 659 g of zinc dust was then added slowly,
whilst stirring, until a temperature of 80-85°C was reached. This
temperature was maintained by further additions of zinc dust. Following
the addition of all of the zinc dust, the mixture was refluxed for a
period of two hours to allow the reaction outlined in Fig. 33. and
detailed in Fig. 34. to proceed. The hot mixture was subsequently poured
into 15 dm3 of cold water. The resulting solid was filtered under reduced

pressure,

1712 cm3 of ethanol was heated over a water bath and all alcohol

soluble constituents of the solid were dissolvecd. This solution was
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filtered hot, under reduced pressure in order to remove the zinc residues.
Upon cooling, the filtrate yielded white, needle-like crystals of the
required pyrrolic product. The filtrate was allowed to stand overnight

to encourage crystal formation. The pyrrolic product was filtered from
the alcoholic solution under reduced pressure and the white, needle-like

crystals washed with a small volume of cold ethanol.

The crude product was recrystallised from the minimum quantity of

ethanol and finally dried in an air oven set at 40°C.

2.3.1.2.4 Preparation of etioporphyrin I (112)

A round bottomed flask of 3 dm3 capacity was fitted with a reflux
condenser, a stirrer and a separating funnel. 133g of t-butyl 4-ethyl-

3

3,5~-dimethylpyrrole carboxylate was dissolved in 560 cm” of glacial acetic

acid and this acidic solution was placed in the flask.

93 cm3 of bromine was dissolved in 420 cm3 of glacial acetic acid and
this solution was placed in the separating funnel. The acidic bromine
solution was added to the contents of the flask in a dropwise manner
ensuring efficient stirring throughout. The mixture was maintained at
approximately ambient temperature by placing the flask in a cold water
bath. After the mixture had been stirred continuously for about 18 hours
the pyrromethene product was filtered, washed with petroleum ether and

dried under reduced pressure.

The pyrromethene product was placed in a 1 dm3 single necked, round
bottomed flask and refluxed with 376 cm3 of formic acid for three hours
allowing the reaction outlined in Fig 35 and detailed in Fig 36 to proceed.
Following this time period excess formic acid was distilled off and the

3

resulting residue was dissolved in 665 cm” of tetrachloromethane.
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This solution was evaporated to dryness and the solid crushed to a fine

powder in a pestle and mortar.

Initial product purification was carried out using solid/liquid
extraction. The above powder was placed in an extraction thimble and a
Soxhlet extraction apparatus was employed using methanol as the solvent.
When extraction was complete the thimble and its contents were dried in

an air oven.

Following this, repeated recrystallisations (a total of five times)
were performed in order to complete the purification process. The crude
porphyrin was dissolved in the minimum quantity of hot tetrachloromethane
which was then left to cool slightly. Cold methanol was added to the
porphyrin solution to effect c¢rystallisation such that the final tetra-

chloromethane : methanol volume ratio was approximately 1:3.

2.3.2 Metalloporphyrin synthesis
2.3.2.1 Vanadyl ion insertion into etioporphyrin (113)
51 cm3 of glacial acetic acid was placed into a 100 cm3 round

bottomed flask fitted with a reflux condenser and stirrer. To this was
added 1.58 g of sodium acetate, 0.80 g of vanadyl sulphate and 0.500 g
of etioporphyrin. The mixture was refluxed for four hours and then
allowed to cool to ambient temperature, the reaction proceeding as

shown in Fig. 37.

The mixture was subsequently transferred to a beaker, c¢iluted with
40 cm3 of distilled water, covered with a watch glass and allowed to
stané for two days to induce crystal growth. The crystals formed were

filtered and washed with distilled water until the filtrate was colourless
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(i.e. until the blue colour of the vanadyl salt ha? cisappeare”?). The
pro“uct was cried at about 35°C unter re“ce”? pressure to yield a “dark
parple crystalline powfer. The crude vanacdyl etioporphyrin was ~issolved
in the minimum quantity of hot benzene, followed by the slow addition

of hot methanol (so that the final methanckbenzene ratio = 3:1). After
cooling to ambient teémperature the purple platelets so procduced were

washed with cold methanol and dried at about 35°C unier recuced pressure,

This preparation was performed a second time using a scale up factor

of ten for all reagents.

2.3.2.2 Nickel ion insertion into etioporphyrin (114)

3

50 cm3 of dimethylformamide were placed in a 100 cm” round bottomecd
flask and heated to reflux. wien the solvent was boiling, 0.500 g of
etioporphyrin was added and one minute was allowed to elapse allowing
complete dissolution of the porphyrin. Following this 2.6 g of nickel

(II) acetate tetrahydrate was added to the mixture which was refluxed

for three hours, following the reaction given in Fig. 38.

After this time period the mixture was allowed to cool to ambient
temperature when it was diluted with 40 cm3 of distilled water. The
metalloporphyrin former was filtered, washed with cold methanol and
dried at about 35°C under reluced pressure. The crude product was
dissolved in the minimum quantity of hot trichloromethane an® treated
slowly with hot methanol, such that the final methanol:trichloromethane
ratio was 3:1. The crystals obtained upon cooling were filtered, washed

. . . o)
with col® methanol and fried at approximately 35 °C under reduced pressure.

This preparation was performed a second time using a scale up factor

of ten for all reagents.
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2.3.2.3 Preparation of platinum etioporphyrin I

2.20 ¢ (0.00653moles at 99.1% pure) of tetraammineplatinum (II)
3

“ichlori“e was dissolved in about 10 cm” of “istille” water. This

was adde? to a mixture of 300 cm® of DMF and 50 cm® of distilled water

3

containec in a 1000 cm” roun? bottomer flask. This mixture was heate”
to reflux an® 2.60 ¢ of etioporphyrin I was a“?e”. The whole was then

reflixe? for a perior of three hours.

After this time perio” the mixture was allowed to cool to ambient
temperature when it was “iluted with 350 cm3 of “istilled water. The

cru“e metalloporphyrin was filtered, washed with col” methanol and “rief.

The crude platinum etioporphyrin I was purified by recrystallization.
This was performerd by dissolving the crude product in the minimum quantity
of hot trichloromethane allowing this solution to cool and then adcing

an excess of cold methanol to facilitate crystallization.

This synthesis was performed a second time using 1.90 g (0.00542
moles at 95.3% pure) of tetraammineplatinum (II) dichloride and 2.60 g

of etioporphyrin. In all-other respects the two syntheses were icdentical.

2.3.2.4 Palladium etioporphyrin I-syhthesis

2.3.2.4.1 Preparation of palladium etioporphyrin I

1.81 g (0.00652 moles at 88.40% pure) of tetraamminepalladium (IT)
“ichloride was dissolved in about 10 cm3 of distilled water. This was
added to 350 cm3 of MMF contained in a 1000 cm3 round bottomed flask.
This mixture was heated to reflux and 3.346 g of etioporphyrin I was

added. The whole was then refluxed for a perio® of three hours.

After this time period the mixture was allowed to cool to ambient
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temperature when it was diluted with 350 cm3 of distilled water. The
cru‘e metalloporphyrin was filtered, washe? with cold methanol and
cried,
The crude palladium etioporphyrin I was purified by recrystallization.
This was performed by dissolving the crude product in the minimum quantity

of hot trichloromethane, allowing this solution to cool and then adding

an excess of cold methanol to facilitate crystallization.

2.3.2.4.2 Incomplete substitution of palladium

Following the initial filtration of the product it was noticed that
the filtrate was yellow in colour. This suggested that a quantity of the
palladium salt was still presgnt in the solution and ha? not reacted

with the etioporphyrin I.

2.3.2.4.3 Quantitative gravimetric determination

of palladium (115)

A quantity of solvent consisting of 50% ethanol 50% water (v/v)
was made up. An excess of the sodium salt of dimethylglyoxime was

placed in this solvent and the undissolved salt remaining was filtered

off.

The palladium solution was acidified using sulphuric acid and the

pH of the solution was adjusted to about three.

The TMG solution was a’ded to the palla‘ium solution and the whole

was warmed to encourage formation and coagulation of the Pd MG salt.

After being allowed to cool, the precipitate was filtered using an

ashless filter paper to obtain the solid,
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It was verified that all palladium ions present in the solution had
been precipitated by ensuring than an excess of DG was present in the
filtrate thus :- A small sample of the filtrate was taken and neutralised
using a dilute ammonium hydroxide solution. To this a small quantity of
nickel sulphate solution was added and an excess of DMC was indicated by
the presence of a gelatinous brick red precipitate of nickel dimethylgly-

oxime.

When filtration was complete the filter paper was washed with
distilled water and the washings periodically tested as above until
it was indicated that no DMG anions were present. The filter paper and

retained solid were subsequently dried in an air oven set at 110°C.

After drying, the filter saper and precipitate were placed in a pre-
weighed fused silica crucible. The crucible and contents were gently
heated in a muffle furnace ensuring no losses from the crucible. When
the crucible reached red heat the door of the furnace was closed and

left overnight.

Following ignition, volatilization of the organic components and
reduction of the palladium dimethylglyoxime salt to palladium metal,
the crucible was cooled, left to equilibrate with the surrounding

atmosphere and weighed to constant weight.

2.3.2.5 Preparation of vanadyl hematoporphyrin IX

3

250 cm3 of glacial acetic acid was placed in a three necked, 500 cm
round bottomed flask fitted with a stirrer and reflux condenser. To this
was added 7.60 g of sodium acetate, 3.90 g of vanadyl sulphate and
3.0 g of base hematoporphyrin IX. This mixture was heated to boiling

and then refluxed for a period of four hours, after which it was allowed
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to cool to ambient temperature.

The contents of the flask was transferred to a 1000 cm3 beaker,
diluted with 200 cm3 of cold distilled water, covered with 2 watch
glass and allowed to stand for eighteen hours to facilitate crystal

crrowth.

The crystals thus formed were washed with water until the blue colour
of the vanadyl salt was no lonser in evidence (i.e. colourless), washed

with cold methanol and then dried in an air oven.

The crude vanadyl hematoporphyrin IX was purified by dissolving
the solid in the minimum quantity of hot DMF, allowing the whole to
cool to ambient temperature and then adding a slight excess of cold
water to ensure complete crystallization. The vanadyl hematoporphyrin
IX was finally filtered under reduced pressure and dried in an air oven

set at 110°C.

2.3.2.6. Preparation of nickel hematoporphyrin IX
3

240 cm3 of dimethylformamide was placed in a 500 cm” round bottomed
flask and heated until reflux conditions were established. 3.0 g of base
hematoporphyrin IX was added to the flask and a few minutes were allowed
for complete dissolution. 12.5 g of nickel (II) acetate tetrahydrate

was added to the porphyrinic solution and the whole was refluxed for a

period of three hours.

Following this, the flask and contents were allowed to cool and then
diluted with cold distilled water. The nickel hematoporphyrin IX thus
formed was filtered under reduced pressure, washed with cold methanol

er.d ¢xrief in en =iy ovin.
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The crucde nickel hematoporphyrin IX was purified by dissolving the
solid in the minimum quantity of hot "N¥F, allowings the whole to cool to
anbient temperature and then adcfing a slicht excess of cold water to
ensure complete crystallization. The nickel hematoporphyrin IX was

finally filtere” under recuce- pressure and ~rie” in an air oven set

at 110°C.

2.3.3 Preparation anc analysis of a petroporphyrin
concentrate from Tia Juana Pesalo (topped crude)

2.3.3.1 Jetermination of asphaltene content

of Tia Juana Pesado (topped crude )(10)

3

n-Heptane and TJP were added to a 500 cm” conical flask such that
the volume : weight ratio was approximately 30. The contents of the

flask was then refluxed for a period of one hour.

After removal of the heat source the flask was stoppered and

allowed to cool in the dark for two hours.

Following this period the contents of the flask was filtered using
a Whatman 542 12.5 cm diameter filter. The conical flask was washed
with small aliquots of hot n-heptane until clean. The filter paper was

placed in an extractor (as detailed in BS2000 Part 143) and extracted

3

with approximately 200 cm” of n-heptane. The extraction was continued

until the drops from the extractor exit showed no signs of containing
any residue. Following this period (about 2% hours), the conical flask

containing the n-heptane solvent was removed from the system and replaced

3

by an identical flask containing 60 cm” of toluene. This was heated under

-

rzZlux in order to cissolve the asphaitene zomponent ¢ the I.F., iizisr
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a period of 2% hours it was judged that all of the asphaltenes had been

removed from the contents of the filter paper and the heat source was

subsequently removed.

After being allowed to cool, the contents of the flask were poured
into a 9 cm diameter porcelain evaporating dish. The flask was washed
with small aliquots of toluene totalling 30 cmB. The toluene was removed

from the extracted asphaltenes by heating the evaporating dish and

contents over a steam bath.

Following the removal of the toluene the asphaltenes were dried

in an air oven at a temperature of 100°C for a period of thirty minutes.

The asphaltene content was calculated as a weight percentage based

on the original sample. ¥

2.3.3.2 Extraction of porphyrin concentrate from

Tia Juana Pesado topped crude (116)

714 o (700 g) of Tia Juana Pesado topped crude was taken and mixed
with 37.5% by weight, 261 emd (263 g), of synthetic heavy aromatic oil,

diphenyl methane (d = 1.006).

This mixture was charged into the liquid/liquid upward displacement
extractor shown in Fig. 39. The funnel, liquid delivery tube and glass
sinter was placed inside the extractor and two double surface condensers

were placed in series on top of the extractor.

2500 cm3_of acetonitrile was placed in a 5 dm3 round bottomed flask
and the flask attached to the side arm of the extractor. The flask and
contents were heated by means of an isomantle. Upon commencement of

reflux a luminescent layer of pale yellow liquid formed at the interface
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of the topped crude and the acetonitrile. As extraction proceeced the
the acetonitrile turned red in colour. Following an extraction period
of 15 hours, over three days, the lower layer containe? in the round

bottomed flask was deep red and the liquid above this was a straw colour.

After allowing the apparatus to cool, the round bottomed flask was

stoppered and removed to a dark place for two days.

The acetonitrile was removed from the mixture contained in the flask
by simple distillation. This was performed over a steam bath to ensure

that the liquid temperature remained below 100°C at all tinmes.

2.3.3.3 Purification of porphyrin extract using

1liquid/salid column chromatography (116)

2.3.3.3.1 The column

The length of the column was 150 cm while the internal diameter

was 2.5 cm.

The column was fitted with stop cocks at the top and bottom. The top
was fitted with a solvent delivery vessel while the bottom of the column

had a solvent collection vessel,

2.3.3.3.2 Initial purification

2.3.3.3.2.1 Packing the column

The column described in Section 2.3.3.3.1 was virtually filled with

2,2,4-trimethylpentane.

Silica gel was slurried in acetonitrile and this slurry was slowly
added to the column. The silica gel was allowed to settle and any excess

acetonitrile was run off from the bottom of the column vrior to the



addition of further slurry. Additions were ma’e in this manner, ensuring
that at all times the column packing remained wet, until the column

was full.

Having packed the column, a quantity of 2,2,4-trimethylpventane was
run throuch the column to ensure that all of the acetonitrile had been

displaced,

2.3.3.3.2.2 Chromatographic separation

A 29 g (30.5 cm3) aliquot of porphyrin extract was taken and diluted
with 300 cm3 of 2,2,4-trimethylpentane. No separation or precipitation
occurred.This solution was charged to the top of the column and allower
to run through. The porphyrinic components, which were red in colour
were retained at the top of the column in a thin band. The non-porphyrinic
components, which were yellow in colour, continued to move down the column

with the solvent.

3

Washing the column with 720 cm” of 2,2,4-trimethylpentane removed
all of the yellow component from the column while leaving the porphyrin
containing band unaffected.

3

The red band was subsequently eluted by passing 1050 cm” of aceto-
nitrile through the column. Initially the porphyrin containing component
moved as a thin band which slowly became more diffuse as it moved down

the column.

A1l solvent fractions were collected and the solvents recovered by

distillation.

The resicue which was a dark brown viscous oil, from eicht chromato-
graphic runs was collected and combined in orcder to undertake further

chromatographic separation.



2.3.3.3.3 Seconcary purification

2.3.3.3.3.1 Packing the column

The column described in Section 2.3.3.3.1 was virtually filled

with benzene,

Aluminium oxide 90 was slurried with benzene and this slurry was
slowly added to the column., The alumina was allowed to settle and any
excess benzene was run off from the bottom of the column prior to the
addition of further slurry. Additions were made in this manner, ensuring
that at all times the column packing remained wet, until the column

was full.

2.3.3.3.3.2 Chromatofraphic separation

The combined porphyrin bearing concentrate from the chromatoszraphic
separation described in Section 2.3.3.3.2.2 was dissolved in a small
quantity of benzene (1:10 v/v) and percolated onto the top of the alumina

colunmn.

A larger quantity of benzene was passed through the column in order
to separate the various components of the concentrate. Three completely
separate and distinct bands developed. A compact, dark brown band was
retained at the top of the column. A second compact ban” being red in
colour was observed some way down the column while a quite diffuse light

yellow band developed in front of the red band.

Once the three bands had been developed such that they were completely
separate, the flow of benzene was stopped and this solvent was substituted
by acetonitrile. The bands were quite rapidly eluted from the bottom of

the column in the orcer light yellow and red. The cark brown band was left



at the top of the column, retained by the alumina.

The majority of the acetonitrile was removed from the red, porphyrin
bearing fraction by simple distillation. The remaining residues of solvent

were removed over a steam bath.

Following this treatment a light brown/red viscous 0il remained

3

having a volume of approximately 3 cm”.

2.3.3.4 Estimation of the total metalloporphyrin

content of Tia Juana Pesado extract (63)

0.7038 g of Tia Juana Pesado concentrate was weighed out an® Aissolved
in a small quantity of trichloromethane. This solution was then ~iluted
to exactly 1.0 dm3 in a graduated flask using the same solvent. A 10.0
3

cm” aliquot of this solution was taken and further dilutes in a 100 cm3

graduated flask using trichloromethane.

The 'V spectrum of this solution, contained in a 1.0 cm cell, was
recorded béetween the wavelengths of 550 and 350 nm. An estimation of the
total metalloporphyrin content of the Tia Juana Pesado extract was

subseguently made using the JV spectrum.

2.3.4 Preparation of supported porphyrin catalysts

2.3.4.1 Preparation of supported etioporvhyrin I catalysts

0.05 g, 0.10 g, 0.25 g and 0.50 g portions (corresponding to 0.5,
1.0, 2.5 and 5.0 weight % loading) of base, nickel, vanadyl, platinum
and palladium etioporphyrin I were weighed out and placed in glass jars.

3

In each case the porphyrins were dissolved in 7.5 cm” of trichloromethane.

To this was adced 10.0 g of silica and the resulting slurry was thoroughly



mixed to ensiure a honorfeneo:s consistency. The ch orinate” solvent was

subseq.ently a'lowe® to evaporate, leavin: the Jry catalyst.

The above zroce iwre was rereate”, b.t a.rha-a. :mina was s:bstit <e”

for silica re:.

2.3.L4.2 Preparation of supportes hematoporphyrin IX cata’ysts

Separate portions of base, nickel an® vana“yl hematoporphyrin IX
weishine 0.100 ¢, 0.200 ¢, 2.500 £ an”® 1,000 = were each “issolve” in

3

15 cm” of ™F. To each solution was asfer 20.00 ¢ of 60-120 mesh silica
re’,. The whole was thorouchly stirred in order to evenly “istribute the
porphyrinic solution over the grains of the support material. Subsequently

the DF was evaporatecd to leave the dry catalyst.

The above procecdure was repeater, but alpha-aiumina was substituted

for silica rel.

In this way three series of catalysts were prepared each being
founded on either base, nickel or vanadyl hematoporphyrin IX. Each series
consisted of eight discrete catalysts being either 0.5, 1.0, 2.5 or 5.0%

porphyrin (w/w) loaded on either silica or alpha-alumina.

2.3.4.3 Preparation of supported petroporphyrin catalysts

The yield of petroporphyrin concentrate, obtained from crude oil
by liquid/liquid extraction and various chromatographic procedures (see
Section 2.3.3), was 0.9092 g. Since this was a semi-solid, tar-like
substance it was considered inconvenient to accurately weigh small,
individual quantities. Thus 0.90 g of the concentrate was taken and
cempletely dissolved in a small quantity of tetrachlorometharne. This was

3

then diluted to exactly 100 cm” using tetrachloromethane. From this
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solution aligiots of 2.8, 5.5, 13.9 and 27.8 cn were taken. These
correspon? to loadings of 0.5, 1.0, 2.5 and 5.0% by weight respectively
if 5.0 g of support material is used. The larger volumes were evaporated

3

down to approximately 3 cm”. To each of the four solutions 5.0 g of silica
was added, The whole was thoroughly stirred to form a homogeneous slurry

and the remaining solvent was removed by the action of heat.

A further four aliquots were taken from the remaining 50.0 crn3 of
petroporphyrin extract in tetrachloromethane and the above procelure

repeated using alpha alumina as the support material.

2.3.5 Temperature prosrammed decomposition

A schematic representation of the equipment use? for the temperature
procrammed decomposition (TPD} of various materials can be seen in Fig. 40
Helium gas is passed through a number of control devices, to regulate
flow, and then through the reference side of the katharometer block.

The gas flows over the sample under test, which is being heated in an air
oven that is controlled such that the temperature rise is linear with
respect to time, through the sample side of the katharometer block and

so to vent. As the temperature increases any gases formed by the thermal
decomposition of the test material will be swept through the sample side
of the katharometer block. The differential thermal conductivity, between
the reference and sample sides of the katharometer, caused by the

decomposition gases will thus be detected. The resulting signal is

amplified and a hard copy given by the chart recorder.
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2.3.5.1 Conditions used for temperature

programmed decomposition tests

helium flow rate 30 em? min~!
weight of test material 0.1 g
temperature range ambient - 540°C
heating rate 20°¢ min~!
recorder sensitivity 20 mV

2.3.6 The cracking of hydrocarbons

2.3.6.1 'Jsing n-butane

During the initial stages of experimentation 100% butane was used as

3

the feed to the reactor. Howeyer, upon analysis of 0.5 cm” samples of
the effluent gas, it was found that the chromatographic column used

for product separation became overloaded. It thus proved necessary to
dilute the feed gas prior to entry into the reactor. After withdrawal
from their respective cylinders, both n-butane and helium were passec
through various flow controllers such that upon entry to the reactor

3

the respective flow rates were 2 and 8 cm min-l. The gases were mixed
by passing them through a 70cm length of pipe that had been packed with
glass wool. The glass reaction tube used had an internal Jiameter of
0.45 cm and was contained in a tube furnace of length 16.5 cm and
diameter 2.1 cm ., Having passed through the heated zone of the furnace
and been cooled to ambient temperature, the product gases were

3

sampled by withdrawing 0.5 cm” portions through a septum. The remainder

of the gas was then allowed to vent to the atmosphere.
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2.3.6.2 "'sine 2,2-Aimethylbutane

On using 2,2-dimethylbutane as the feed hydrocarbon, the equipment
described in Section 2.3.6.1 was modified such that after passare
through the flow controlling devices, helium gas was bubbled throuch
pure 2,2-dimethylbutane contained in a suitable vessel. A*ditionally,

a second tube furnace was incorporated in the line, before the furnace
used to heat the gas mixture to reaction temperature. This second furnace
was used as a preheater for the reaction mixture, being controlled at
about 30°C lower than the onset of thermal cracking of the reactant,
in order to make the temperature grafient in the gas mixture less steep
as it passed through the cracking furnace. All other proce’ures were
the same as detailed in Section 2.3.6.1.(2,2-1)0’\&"@2#\92@”025«

¢ = AMBIENT)

2.3.6.3 Cracking of 2,2-dimethylbutane under

the influence of supported phases

During the investigation of the influence of various supported
phases on the cracking of 2,2-dimethylbutane, the reactor was used as
a continuous'flow, fixed bed, catalytic reactor. 0.940 g of the alumina
supported phase or 0.380 g of the silica supportecd phase was packed
into a reaction tube so as to form a loose plug, positioned in the
centre of the heated section of the tube furnace, supported at either
end by glass wool. These weights of material produced a bed length of
2.4 cm in the reactor. All other procedures were the same as detailed

in Section 2.3.6.2.
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2.3.6.4 Chromatoeraphic separation of

hydrocarbon reaction products

3

Product gases were analysed by using 0.5 cm” injections into a Pye
Unicam 304 series ual FIN gas chromatograph linked to a Pye Unicanm
7P 101 integrator and a Phillips PM 8251 chart recorder. The chromato-

graph was operated under the following conditions depending upon the

feed material used.

Column used for all separations:-

6' x 1/4" 0.D. x 4 mm I.D. glass column packed with 60-120 mesh
silica gel. The silica gel was activated by heating to a temperature

of 120°C overnight prior to packing.

-

2.3.6.4,1 Chromatograph conditions when

n-butane feed was used

column temperature - 50°C for 6.5 min
léjB?C;miﬁélfforfézmin

hold at 150°C for 3 min

detector temperature $~ 200°¢C

injector temperature :- 70°C

nitrogen flow rate - 21 cm2 min~?

hydrogen flow rate - 131 en? min~ > (19.5 psig)

air flow rate = 53 cm® min ' (10.5 psig)
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2.3.6.4.2 Chromatographic conditions when

2,2-dimethylbutane feed was used

column temperature : - 50°C for 6.5 min

1

10°C min~" for 6 min

Hold at 110°C for 7.5 min

detector temperature $- 200°¢

injector temperature :- 100°¢

nitrogen flow rate s - 35 em’ min~t

hydrogen flow rate s 131 em” min~t (19.5 psig)

air flow rate ‘= 536 em® min> (10.5 psig)
2.3.7 Temperatfre programmed reduction

-

The equipment used to perform the various temperature programmed
reduction experiments was indentical to that used to determine the
cecomposition of metalloporphyrins through temperature programmed methods

(Section 2.3.5).

A gaseous mixture consisting of 5% hydrogen in 95% argon was passed
through a number of control devices in order to regulate flow, and then
through the reference side of the katharometer block. The gas flowed over
the sample under test, which was being heated in an air oven that was
controlled such that the temperature rise was linear with respect to

time, through the sample side of the katharometer block andiso to vent.

As the temperature increases any hydrogen retained by the sample
will change the composition of the gas being swept through the sample
side of the katharometer block. The Aifferential thermal conductivity,
between the reference and sample sides of the katharometer, caused by

the adsorption of hydrogen from the gas mixture will thus be Jetected.
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The resulting signal was amplified and a hard copy given by the chart

recorder.
2.3.7.1 Conditions used for temperature
programmed reduction tests
3 . -1

5%H2/95% Ar flow rate 30 cm” min
weight of material under test 0.020 g
temperature range ambient to 520°C
heating rate 20°C min~!
bridse current 100 mA
recorder sensitivity 100 mV

2.3.8 Hydrogen chémisorption

2.3.8.1 Hydrogen chemisorption on nickel etioporphyrin

Two samples of nickel etioporphyrin, one the purified synthetic
product and the other 5.0% (w/w) supported on silica, were submitted to
Brunel University and hydrogen chemisorption experiments were performed

in the Department of Chemistry.

Prior to chemisorption the samples were outgassed for 14 hours at
5x 10-5 torr at room temperature and then for 20 minutes at 5 x 10"5 torr
at 80°C. Mo sample decomposition was observed as a result of this pre-

treatment.

2.3.8.2 Hydrogen chemisorption on palladium etioporphyrin I

The equipment used to perform the hydrogen chemisorption experiments
was identical to that used to determine the decomposition of metallopor-

phyrins through temperature programmed methods (Section 2.3.5).



3

Gaseous hydrogen, flowing at a rate of 30 cm min-l, was passed throurch
a number of flow regulation devices and then throush the reference side of
the katharometer block. The gas flowed over the sample, comprising 0.2¢g

of 5.0% palladium etioporphyrin I on silica, which was heated to a temper-
ature of 150°C in an air oven, through the sample side of the katharometer
block and so to vent. At 15000 the gas was changed to 5% hydrogen in ar:on

and experimental conditions allowed to stabilise prior to cooling the sample

to ambient temperature.

As the temperature increases any hydrogen retained by the sample will
change the composition of the gas being swept through the sample side of
the katharometer block. The differential thermal conductivity, between
the reference and sample side§ of the katharometer, caused by the adsorption
of hydrogen from the gas mixture will thus be detected. The resulting signal
due to hydrogen chemisorption and subsequent desorption on cooling was

amplified and a hard copy given by the chart recorder.

2.3.9 The hydrogenation of l-hexene

Catalytic hydrogenation experiments, using 5% hydrogen/95% argon
as the supply of hydrogen/diluent gas, were undertaken using the tubular
reactor as described in Section 2.3.6.2. The reactor was operated in an
identical manner except that l-hexene was substituted for 2,2-dimethyl-
butane as the hydrocarbon feed material and 5% hydrogen/95% argon was

used instead of helium.

Gases being swept from the reactor were sampled and analysed by gas

chromatography as detailed in Section 2.3.6.4.
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3. RESULTS
3.1 Product yields - etioporphyrin synthesis
3.1.1 Synthesis of isomeric mixture of etioporphyrin
3.1.1.1 Yield of methyl trans-2-pentenocate
product - colourless liquid
boiling point - 142 - 143°C
yiel?d - 82 cm’

CH.CH,CH = CHCOOH + CH.OH — CH,CH,CH = CHCOOCH, + K,0

372 3 372 3772
R 100 32 114
vol (cm3) 92 166 82
d 0.989 0.731 0.913
wt (g) 90.988  131.306 75.358
moles 0.910 4,09 0.661

Trans-2-pentenoic acid is deficient

5oyield = 0.661 x 100 = 72.6%

0.910
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3.1.1.2 Yield of methyl 4-ethylpyrrole-3-carboxylate
product - brown liquid
yield - 32.5 cm3

0=S-0-CH,=-N=C

7)
0
. CHyCH,  C-OCH,
CHy / \
+
N
CH ,CH,,CH=CHCOOCH., __ Na H
R 195,24 114 ol 153
vol (cm) - 37.2 - 32.5
d - 0.919 - 1.1
wt (g) 58,09 34,2 8.568 35.75
moles 0.30 0.30 0.357 0.234

Ester and tosyl methyl isocyanide are equally deficient

yield = 0.234 x 100 = 77.9%
0.30
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3.1.1.3 Yield of 3-ethyl-4-methylpyrrole

product - colourless oil

boiling point 88-89°C (under 11 mm Hg)

melting point -~ -1 to -2°C
yield - 16.75 cn
N
CHyCH, C - OCH, CHCH,  CHg
N N
H H
RMM 153 38 109
vol {cm) 49.6 - 16.75
d N | - 0.9059
wt (g) 54.56 54, 264 15,174
moles 0.3566 1.428 0.1392

methyl 4-ethylpyrrele-3-carboxylate is cdeficient

. yield = 0.1392 x 100 = 39%
0.3566



3.1.1.4

RMM
vol (cm3)
d

% in so1™

wt (g)

moles

- 98 -

Yield of etioporphyrin

3-ethyl-4-methylpyrrole is deficient

e

yield = 6.6845 x 10-3/

2.805 x 10

product - purple microneedles
yield - 3.1952 ¢
CH..CH
CH,CH,  CH, o G ° 23
5CH CH,
4 / \ + 4 HCHO ;
N
H
CH, CH,CH.5
CH,,CH, CH,
109 30 478
13.5 122 -
0.3059 1.083 -
- 37 -
12.23 132.13 at- 37% 3,1952
=48,89 at 100%
0.1122/, 1.6297/),
2.805 x 1072 0.4074 6.6845 x 1075

-2 x 100 = 23.8%
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3.1.2 Synthesis of etioporphyrin I
3.,1.2.1 Yield of ethyl iodice
Product - homogeneous, colourless liquid

(turned to a light straw colour upon

being left to stand for 24 hours)

Boiling point - fraction 1 : 60-61°C

fraction 2 : 61-76°C

Yield - fraction I : 755 e’

fraction 2 : 1075 cm3

Thus total yield of the combined fractions (boiling range 60-76°¢C)

was 1830 cm3.

The infra red spectrum of the product collected (see Section 3.4.1.5)

indicated that it was actually a mixture of ethyl iodide and ethanol.

The suspected mixture was analysed using gas chromatography. The
conditions used for the separation are given in Section 2.3.1.2.1.3.

A calibration graph was constructed and this is shown in Fig 41.

iIsing this method the 60-61°C boiling fraction was shown to contain:-
. 70% ethyl iodide

30% ethanol

= - -

i Assuming;that no increase in volume (which would imply molecular
repulsion possibly leading to phase separation) or decrease in volume
(which would imply molecular association) takes place upon mixing ethyl

iodide and ethanol, then the algebraic manipulation of the two “ensities



should yield the relative amounts of each constituent in a mixture.

By using this technique the 60-61°C boiling fraction was shown
to contain:-
65% ethyl iodide

35% ethanol

By use of the chromatographic technique given above, the mixture
resulting from the combination of fractions 1 and 2 was shown to
contain:-

63% ethyl iodide

37% ethanol

10C_H_OH + 2P + 512 —— 10CH.I + 2H

2Hs oHs 3P04 + 2H20

RMY L6 31 127 156
vol (cm’) ~1800 - - i

a 0.783 - - 1.936
wt {(g) 1420 313 1600 1542
moles 3.09 5.05 2.52 0.988

jodine is deficient

“sTyield = 0.988 x 100 = 39.2%
2.52



- 101 -

3.1.2.2 Yield of 3-ethyl-2,4-pentandione
product - pale yellow liquid
boiling point - 178-182°¢
yield - 680 cn
0
CHBCCH3
ﬁ ﬂ acetone solvent ﬁ ﬁ
ZCH-BCCHZCCH3 + ZCHBCHZI + KZCO3 >ZCH3C?HCCH3
CHZCH3
(+2KI + H2C03)
RMM 100 156 138 128
vol (cm3) 1016 795 - 680
d 0.972 1.936 - 0.953
wt (g) 988 1539 1122 648
noles 9.88/2 9.86/2 8.13 5.06/2
= L.ok 4.93 8.13 2.53

Ethyl iodide is cdeficient

. yield = 2.53 x 100 = 51
.93

- 3%



3.1.2.3 Yiel? of t-butyl 4-ethyl-3,5-
dimethylpyrrole carboxylate
product - white needle crystals
yield - 133 g
I
CHBCCHZCOOC(CHB)B +
0 ¢
CHBCCIlHCCH3 +
CHZCH3
QCHBCOOH +
Na.NO2 +
2Zn ——) CH3 CHZCH3
)\ o
(CHB)BCOOC 3
N
H
(+ 2(CH3000)2 Zn + CHyCOONa + 3H,0)
RMM 158 128 60 69 65.4 223
vol (em°) 836 680 1128 - - -
a 0.9568 0.953 1.0491 - - -
wt (g) - 800 648 1183 24 659 - 13<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>