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CH.APTER 1

GENERAL INTRODUCTION

1 Current opinions on the generation of petroleum.

a, Introduction.
The origin of petroleum is still a matter for discussion. The
preponderance of available evidence supports the "organic" or "biogenic'' school, which adheres to the theory that petroleum has been
formed by conversion of plant and animal remains deposited together
with fine grained minerals at the bottom of the sea or a lake. Neverthe less, there are those who are not impressed by the arguments
advanced by the biogenic school and who adhere to the 11 inorganic"
or 11 abiogenic" theory, according to which petroleum was synthesised
in processes involving no living organisms. Some facts concerning
the generation of petroleum, however, have not found an explanation
by organic chemical arguments. This is the reason why several investigators show interest in a dual biogenic-abiogenic hypothesis
for the origin of petroleum.
The purpose of this chapter is to give a summary of the current
opinions on the origin and generation of crude oil. At the end of this
chapter a survey is given of the particular aspects found in literature
which lead us to our investigation: the generation of hydrocarbons
from a straight-chain fatty acid.
b. Abiogenic theories.
In 1866 BERTHELOT ( l) suggested that carbides are the primary source for petroleum. The reaction of alkali metals with carbonates resulted in carbides which would react with water to produce
acetylene. The generation of petroleum from acetylene was ascribed
to high pressure and temperature.
A similar theory was described by MENDELEJEFF (2) who
also proposed that acetylene was generated as a result of the reaction of carbides with water or acids and formed petroleum.
According to a recent suggestion by MARX (3) graphite is a
possible source for petroleum. Since graphite is a conductor it acts
as one electrode of a voltaic cell in which water will be decomposed.
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The generated hydrogen reacts with the graphite to form numerous
hydrocarbons. Marx suggests that ferrous sulfide could act as an anode
which will be oxidized into ferric oxide. The difficulty that the standard free energy change for the overall reaction is +41 Cal. is explained away by assuming the upward migration of the hydrocarbons,
which would reduce the concentration of the hydrocarbons in the cell
to such an extend that the reaction could proceed.
The similarity which exists between the low-molecular-weight
hydrocarbons in crude oil and those in Fischer- Tropsch catalytic
synthesis products prompted FRIEDEL and SHARKEY {4) to the
suggestion that· the volatile components of crude oils could have
originated from such synthesis reactions. They remark, however, that
this similarity is no evidence for an abiogenic origin of petroleum.
On the basis of astrophysical evidence of the presence of radicals, like CH 3 , in the sun, KUDRYAVTSEV (5) advanced the theory
that these radicals are also formed in deep-seated zones of the earth
by a direct synthesis of H and C.Penetrating into the cooler parts
of the mantle of the earth these radicals would combine with each
other and with H to form petroleum-like compounds.
Other authors who held t~~ view that petroleum hydrocarbons
are of abiogenic origin are CLOEZ {6), SABATIER and SENDERENS
(7),
TERSIL'YE (8) and PROSKURY AKOVA (9).
c. Dual biogenic-abiogenic theories.
WILSON (10) adapted the view that the primitive material from
which the earth was formed contained a small percentage of highmolecular-weight hydrocarbons, as do some meteorites falling on the
earth nowadays. These hydrocarbons underwent thermal cracking and
the cracked products would flow through porous strata, picking up,
by solvent extraction, small quantities of materials of biogenic origin.
Petroleum often contains large quantities of straight-chain
hydrocarbons and a basic part of Wilsons hypothesis is that straight
chain hydrocarbons can be produced by a non-biological mechanism.
Wilson assumed that the straight chain hydrocarbons can be produced
via a free radical mechanism from methyl radicals. The proposed
mechanism involves the assumption that the chains are crowded on
a surface so that only the ends are available for reaction, thus preventing branching. Laboratory experiments of WILSON and JOHNSON
(ll) demonstrated that palmitic acid can be build up stepwise to
n-nonadecanoic acid in a reaction from methyl radicals with palmitic
acid.
According to GLOGOCZOWSKI ( 12) there reigns deep in the
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earth a reducing environment, formed by gases like hydrogen and
carbonmonoxide. With certain inorganic minerals as catalyst these
gases are transformed under high pressure and temperature to hydrocarbons. When the pressure of the generated hydrocarbons surpasses the
overburden load, migration can start. During the transport biogenic
substances are dissolved.
An examination of the available evidence convinced ROBINSON
( 13) that petroleum hydrocarbons are both of biogenic and abiogenic
origin. He agrees that the evidence for the biogenesis is uncontrovertible, but only holds for a part of the material. He states that it cannot
be too strongly emphasized that petroleum does not represent the
picture expected about the composition of modified biogenic products
alone. The composition of ancient oils fits equally well with that of
a primordial hydrocarbon mixture to which bio-products have been
added. A possible explanation for the generation of the primordial
hydrocarbon mixture is that methane might have undergone the wellknown reaction with steam, producing hydrogen and carbonmonoxide.
The next step could have been a Fischer-Tropsch synthesis of hydrocarbons. It is supposed that the primordial oil was used as a source
of carbon by primitive organisms; these organisms contributed the
biogenic products to the crude oil.
Experimental evidence for a possible abiogenic origin of some
natural occurring hydrocarbons has been accumulated by PONNAMPERUMA and KATHERINE PERING ( 14). In their investigation they
compared the hydrocarbons from the Mountsorrel formation, near Leistershire, England,~laimed to be abiogenic, with the hydrocarbons synthesized by the action of a spark discharge through methane and the
hydrocarbons from the Liassic Posidonian shale near Lingen, Germany,
generally accepted to be of biological origin because of the presence
of marine fossils. Analyses of the hydrocarbons by gas-chromatography
and mass-spectrometry, show striking similarities as well as differences between the three samples. The striking feature is the contrast between the analytical results of the Posidonian shale and those
of the Mountsorrel or the spark discharge hydrocarbons. On the basis
of the chemical evidence presented by these authors one is led to
infer that the hydrocarbons in the Mountsorrel formation were produced
by a process very different to that which produced the hydrocarbons
in the Posidonian shale but very similar to that of the spark discharge.
This leads to the suggestion that the hydrocarbons in the Mountsorrel
formation are possibly abiogenic in origin.
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d. The biogenic theory.
The majority of the investigators accept that petroleum is derived
from the remains of livinq organisms deposited with fine grained
minerals. The following aspects of the origin and generation of petroleum will be considered:
l. the deposition and early diagenesis of the organic matter in the
sediment,
2. the generation of hydrocarbons from the original organic material,
3. the n,igration of the oil from the 11 source rock" into the "reservoir-rock11.
Dead organisms of the phyto- and zoo-plankton deposited together
with fine grained inorganic minerals supplied by rivers and wind. The
debris settled at the bottom of the sea or lake are subjected to a
bacterial attack and converted partly into a water soluble and into a
water insoluble matter. The latter remains and is buried by the increasing cover of sediments. Anaerobic bacterial decomposition
possibly continues until the temperature of the sediment exceeds
the temperature above which life is not longer possible. It is unlikely
that petroleum is the product of a bacterial action, since the great
majority of the components of crude oil can not be considered as metabolic or as degradation products of bacteria. It is more likely
that petroleum has been formed from the organic matter by 11 cracking"
reactions. The generation of hydrocarbons by 11 cracking" reactions
is discussed in more detail later in this chapter. There is a general
agreement about the fact that petroleum is not fon-..ad in the rocks
in which it is found nowadays (the reservoir rock), but that it has
migrated from .the source into the reservoir rock. Good reservoir rocks
are sands or porous limestones with a fairly high permeability. The
opinions concerning the distance and the direction over which oil
has migrated differ considerably. Several investigators believe that
petroleum migrated upwards for some kilometers, before it was trapped.
Others assume an extensive lateral or no long distance migration at
all. At this moment no satisfactory explanation for the mechanism of
migration can be given.
The opinions concerning the changes of oil in the reservoir are
divided. Some authors assume considerable changes others think that
only minor changes occur once the oil has reached the reservoir. The
question whether one type of oil can be formed from another is still
a subject for investigation.
The chemical arguments which have led us to accept the theory
of the biogenic origin of petroleum may be summarised as follows:
1. The optical activity of petroleum, synthesis of optical active com-
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pounds is assumed to take place only by living organisms, BlOT (15),
LOUIS (16) and HILL~ and WHITEHEAD (17).
2. The general structural similarity of some petroleum hydrocarbons
to the organic compounds synthesized by living organisms, e.g. petroleum contains porphyrins, whose structures are similar to chlorophylls
and hemins of living organisms, TREIBS ( 18). BENDORAITIS c.s.
( 19) reported the presence of pristane and phytane in many crudes.
These compounds have almost certainly been derived from phytol, an
important part of the chlorophyll molecule.
3. The C 1 3/ C 12 ratios in petroleum are more similar to those of living
organic matter than to those of atmospheric or carbonate carbon,
DEGENS (20).
Discussing the discovery of hydrocarbons in Recent sediments,
WHITEMORE (21) suggested that petroleum represents merely a physical accumulation of the hydrocarbons generated by living organisms.
This idea was supported by SMITH (22), SWAIN (23) and MEINSCHEIN
(24).

Later work by BRAY and EVANS ( 25) showed that in Recent
sediments high-molecular-weight n-alkanes of odd carbonnumber predominated over those with an even carbonnumber, in contrast to corresponding fractions of crude oil, which showed in general no predominance of odd or even carbonnumber. The inference is that although
Recent sedim~nts contain a relatively simple mixture of hydrocarbons,
they certainly do not contain the complex mixture as occurs in crude
oil.
e. Possible petroleum progenitors.
Living matter mainly consists of carbohydrates, proteins and
lipids.
The carbohydrates mainly occur as five and six carbon chains.
Conversion of these oxygen containing compounds into hydrocarbons
would involve considerable reduction. To build long chain hydrocarbons from such starting materials would require chemical reactions
which are unlikely to occur in nature. Similar arguments apply to the
proteins. Although it has been suggested by ERDMAN (26) that amino
acids might be converted into low-molecular-weight hydrocarbons,
the problem of the generation of long chain hydrocarbons from these
acids remains.
It is more likely that the long straight chain and the naphtenic
hydrocarbons are genetically related to the structurally much more
similar lipids of the living organisms. Another strong argument for
the relation between petroleum and the lipids has been given by
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SILVERMAN and EPSTEIN (27). The lower C 13 content of petroleum
relative to that of living organisms implies that not all available
biologic carbon is converted into petroleum. The apparent C 13 depletion can according to Silverman and Epstein be explained by the
generation of hydrocarbons from the lipid fraction of plants, since
this fraction is isotopically lighter than the fraction containing the
plant cellulose. The C 13/C 12 ratio in petroleum generally fits well
with the same ratio of the lipids of living organisms.
In view of the foregoing it is exceedingly probable that the
formation of petroleum involves the conversion of the lipid constituents
of the original source material,
f. The radio-activity theory.
Various authors believe that the radiation obtained from the
decay of the radioactive elements occurring in the geologic formations
could initiate the conversion of organic substances into petroleum.
LIND c.s (28) proved experimentally that gaseous hydrocarbons
on bombardment with alpha-particles split off ,hydrogen and give unsaturated oily products.
SHEPPARD and BURTON (29) found that such a bombardment
of fatty acids predominantly resulted in dehydrogenation and decarboxylation.
COLOMBO c.s. (30) have investigated the effect of iomzmg
radiation on some pure hydrocarbons and on two Italian oils. These
materials were irradiated alone and in the presence of water and
sedimentary rocks. Gas consisting of hydrogen and a mixture of
saturated and unsaturated hydrocarbons was obtained, together with
a liquid having a higher density and molecular weight than the oriqinal
material. Their conclusion is that radiation from naturally occurring
radio-active elements may cause, in nature, appreciable changes in
the composition and structure of organic material.
Since the principal result of the action of radioactivity on
hydrocarbons and fatty acids is the formation of hydrogen and unsaturated compounds, probably the most serious objection against
the radioactivity theory is the usual ctbsence of hydrogen in natural
gas.
Moreover, since each alpha-particle should have been converted into a helium atom, another objection against this theory is
the absence of helium in the vicinity of oil accumulations.
Last but not least there is no apparent relation between the
presence of radioactive)minerals and the abundance of petroleum.
FAN and KISTER (31) mentioned that in the sedimentary rocks of
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the Lower Mississippian-Kinderhookian, which is extremely rich in
organic material and which is also one of the most radioactive sedimentary rocks in the world, no apparent transformation into petroleum
has taken place.
g. The "cracking" hypothesis.
The hypothesis that low-temperature cracking reactions are
responsible for the hydrocarbon generation as advanced by ENGLER
(32), has been supported by BERL (33). Already in 1866 WARREN
and STORER (34) succeeded in obtaining a "hydrocarbon naphtha"
from the destructive distillation of lime soaps, Similar results have
been obtained by KRAMER (35) and HOFER (36).
SEYER (37) studying the kinetic constants for "thermal cracking" concluded that even within the geological times this type of
reaction could not have produced petroleum.
Assuming that the natural degradation of carotenoids would
take place in dilute solutions of other lipids, thermal degradations
of B-carotenoids in hydrocarbon solvents were carried out by DAY
and ERDMAN (38). The product was a pale straw-coloured oil in
which various aromatics were identified.
MONTGOMERY (39) suggested that natural catalysts e.g. clay
minerals can accelerate the natural hydrocarbon production in such
a way that the reaction time becomes geologically acceptable.
The catalysing effect of fine grained inorganic mineral matter
on the generation of hydrocarbons from the sedimentary organic matter
has been extensively discussed by BROOKS (40), he concluded that
the mechanism of 11 catalytic cracking" played an- important role in
the hydrocarbon production.
BOGOMOLOV and PANIMA (41} and BEDOV (42) studied the
influence of silica-alumina catalysts on the decomposition of unsaturated fatty acids. Bedov reported that in the reaction products
no n-alkanes could be identified.
By heating a sample of the Green River Oil, Shale, HUNT (43)
obtained several paraffinic and naphthenic hydrocarbons.
KLUBOV A (44) studied the influence of clay minerals on the
transformation of sedimentary organic matter into petroleum hydrocarbons. The conclusion was that the catalytic action of the clay
minerals is not due to their structure and chemical composition but
to their highly dispersed state.
On account of the above mentioned theories and experiments
it is generally accepted that the hydrocarbons of petroleum are generated from the source material by thermal reactions possibly catalysed by fine grained mineral matter.
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2 Background of the present investigation.
In such a wide field of study as the generation of petroleum
from sedimentary organic matter a limited objective for the present
investigation has been chosen, viz. the generation of hydrocarbons
from fatty acids. The following literature references are directly
related to this subject and form the incentive to the investigation.
COOPER and BRAY (45) investigated the distribution of the
n-alkcrnes in various Recent and ancient sediments and in petroleum.
Their results, some of which are presented in fig.l, show that the
predominance off odd-numbered n-alkanes decreases with increasing
age and depth of the sediments and that in petroleum the n-alkanes
are smoothly distributed.
Relative number of
n- paraffin molecules
300~~~-r-r~-o--r-~,--,

0

200
100
0

100

0

Fig.

t.
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32
34
Number of carbon atoms/ mol.
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AN ANCIENT SEDIMENT AND A CRUDE OIL
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Several authors, KVENVOLDEN (46), ABELSON (47) and BREGER
(48) suggest that fatty acids, important constituents of all living matter,
are the primary source of these n-alkanes. Fatty acids occurring in
living organisms have an even number of carbon atoms. After decarboxylation they can give odd numbered n-alkanes.
Cooper and Bray also investigated the distribution of the fatty
acids present in Recent and ancient sediments and in petroleum
reservoir waters. As shown in fig. 2 the predominance of fatty acids
with an even number of carbon atoms decreases with increasing depth
and age of the sediments.
The tendency for the odd-predominance of the n-alkanes and
the even-predominance of the fatty acids to decrease with increasing
age and depth of the sediments in which they are found and the smooth
di-stribution of these compounds in petroleum and in petroleum reservoir waters appear consistent with the generation in the course
of time of a petroleum-like mixture of n-alkanes and fatty acids in
the sediment.

RECENT SEOINIENT
( SANTA IAR8AitA BASIN )

J.1 mole

kg

1.1

mole
kg

1.1 mole
z
-L-xiO 20

Carbon atoms In ocid
Fig.2. COMPARISON OF THE DISTRIBUTIONS OF FATTY ACIDS
IN A RECENT

SEDIMENT ,

AN

ANCIENT

IN WATER FROM A PETROLEUM

SEDIMENT,
RESERVOIR

AND

14

Cooper and Bray proposed a mechanism by which odd-and evennumbered n-alkanes and fatty acids can be derived from even numbered fatty acids initially present in living organisms. According
to them the fatty acids lose C0 2 , by decarboxylation, to form an
intermediate which reacts to give two products, a n-alkane and a
fatty acid. Each of these products would have one carbon atom less
'than the original acid, The acid produced would undergo the same
reaction to form a new acid and a new n-alkane, and so on. The reaction of the intermediate towards a fatty acid involves an oxidation,
and it is not clear how such an oxidation of the intermediate can
take place under the conditions prevailing in the sedim~nt.
LAWLER and ROBINSON (49) suggested that even-numbered
fatty acids apparently produce odd-numbered fatty acids by two opposing reactions. In the low-molecular-weight range a gain of one carbon
atom, and in the high-molecular-weight range a loss of one carbon
atom, would produce odd-numbered fatty acids. These acids can,
after decarboxylation, yield n-alkanes.
The suggestions of Cooper and Bray and of Lawler and Robinson
are not supported by experimental evidence.
Another intriguing problem in the origin of petroleum is the
occurrence of gasoline.
ERDMAN (50) recently reported that in Recent sediments he
found' In the low-molecular-weight range only methane artd n-heptane,
whereas in ancient sediments he found in that range all types of
hydrocarbons.
Moreover, the first paraffin above methane to occur in appreciable amounts in living organisms is n-heptane, HUTCHINSON (51).
On these grounds a simple accumulation process, as proposed by
Whitemore and others seems unlikely.
A possible explanation for the appearance of the gasoline fractions of petroleum has been given by Erdman (26), who pointed out
that decarboxylation and deamination of the common natural amino acids
would yield all the possible saturated hydrocarbons up to and including those with 5 carbon atoms, with the exception of nee-pentane.
JURG and EISMA {52) reported the generation of low-molecularweight hydrocarbons and long chain n-alkanes as a result of heating
behenic acid in the presence of bentonite.
In such a wide field as the generation of petroleum a limited
objective, the disappearance of the odd-predominance of the n-alkanes
and of the even predominance of the fatty acids, has been chosen
for a further study. The aim of the investigation was to find a process
by which a petroleum-like mixture of n-alkanes and fatty acids is
generated, starting with an even numbered fatty acid.
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This thesis contains data on the generation of n-alkanes and
fatty acids as a result of the heating of behenic acid in the presence
of clay with or without water. The results of our investigation may
give a clue to the smooth distribution of n-alkanes and fatty acids
in petroleum accumulations and to the presence of the gasoline fraction of petroleum.
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CHAPTER 2

EXPERIMENTAL DETAILS

1 Introduction
Behenic acid (C 21 H43 COOH) was first purified by distillation
and several recrystallisations of the methylester. The fatty acid
recovered was recrystallised several times. Blank runs with the purified acid did not show the presence of either hydrocarbons or any
other fatty acid.
As the clay constituent of the mixture kaolinite from Geisenheim was selected, because of its high degree of purity. This clay
did not contain any detectable amounts of hydrocarbons or fatty acids.
The content of organic carbon was 0.04 %•.
Two and a half grammes of the clay(airdry) was thoroughly mixed
with one gramme of behenic acid; the mixture was then placed in
ampoules (volume ± 15 ml) sealed off under vacuum and heated.
2 Hydrocarbons
The method of isolating the generated hydrocarbons from the
reaction products is outlined in the following diagram: .

Low-molecularweight hydrocarbons

4
2
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1: The ampoules were opened in a closed porcelain vessel in an
atmosphere of hydrogen. The volqtile components were stripped off
with purified hydrogen and frozen out in a condensation tube placed
in liquid nitrogen.
2: Gaschromatographic conditions:
Apparatus:
Becker (1455 B 2 CDE)
Column:
Di-n-propyl Phthalate on Sil-0-Cel firebrick
50/80 mesh, 30/100 w/ w, lengths 900 em,
internal diameter 6mm.
Temperature:
30°C.
Carrier gas:
Hydrogen
2 atm.
Inlet pressure:
Flow rote:
5 1./ h.
Detection:
Heat conductivity in series with flame ionisation detection.
3: The residue was subjected to extraction with n-pentane. The saturated hydrocarbons were separated from the extract by means of
adsorption-chromatography.
Chromatographic conditions:
.
Length 55 em. Internal diameter 1 em. Filled
Column:
with 20 ml Si0 2 (28-200 mesh) and 20 ml
Al 2 0 3 (100-200 mesh). Both compounds have
· been acti voted during 1 hour at 150 ° C,
Eluent:
n-Pentane 75 ml.
4: The saturated hydrocarbons were separated into a n-alkane and an
isoalkane concentrate. Thts separation was brought about by the
urea-adduction method as described firstly by ZIMMERSCHIED (53).
5: The n-alkane concentrate was analysed by means of gaschromatography.
Gaschromatographic conditions:
Apparatus:
Becker twin flame detector (type 5003) and
Becker amplifier (type 2032-E)
Silicone
GE/SF 96 on Sil-0-Cel firebrick (80Column:
100 mesh), 20/100 w/w, length 70cm, internal
diameter 4 mm.
± 250°C,
Temperature:
Nitrogen.
Carrier gas:
0.75 atm.
Inlet pressure:
Flow rate:
3 I./h.
Flame ionisation detection.
Detection:
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3 Fatty acids
The method of isolating the generated fatty acids from the reaction products is outlined in the following diagram:

I

Behenic acid
clay

I

Reaction products
I I
I Soap fraction

I

r

I
I

I 2
Purified-acid I
I fraction

I

3

I Ester fraction

G.L.C.I

I 4
Methyl esters of fatty acids
with a molecular weight less
than that of behenic acid
I 5
!Urea adduction I

I

I 6
G.L.C.

I

1: The reaction products were refluxed with 10% alcoholic KOH, in
order to obtain the potassium salts of the fatty acids. The potassium
salts were acidified with HCl, to recover the fatty acids.
2: In order to remove a possible contamination of hydrocarbons the
fatty acids were purified by means of adsorbtion chromatography.
Chromatographic conditions:
Column:
Length 55 ern. Internal diameter 1 ern. Filled
. with 20 rnl Si02 (28-200 mesh) and 20 ml
A 12 0 3 (100-200 mesh). Both compounds have
been activated during 1 hour at 150°C,
Eluents:
n-Pentane 75 rnl
Benzene 75 ml
Methanol 75 ml
3: The purified fatty acids were esterified with BF 3 /CH 3 0H, according
to the method described by METCALF (54).
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4: Because the methyl ester of the behenic acid predominated very
strongly, the methyl esters of the other fatty acids were preconcentrated by means of preparative scale G.L.C.
Gaschromatographic conditions:
Column:
Silicone GE/SF 96 on Sil-0-Cel fire brick
(50-80 mesh), 30/100 w/w, length 100 em,
internal diameter 34 mm.
250°C.
Temperature:
Nitrogen.
Carrier gas:
Inlet pressure:
0.5 atm
Detection:
Flame ionisation detection parallel to the
condens tube.
Cold. trap:
The cold trap was placed in dry-ice acetone
and filled with Sil-0-Cel fire brick (50-80
mesh).
5: The content of the cold trap was subjected to extraction with methanol in order to recover the methyl esters different from that of
behenic acid. The methyl esters of these fatty acids were purified
by means of urea-adduction, in order to obtain the straight chain
fatty acids.
6: The straight chain methyl esters were analysed by means of
gas chromatography.
Gaschromatographic conditions:
Apparatus:
Becker twin flame detector (type 5003) and
Becker amplifier (type 2032-E)
Column:
Silicone GE/SF 96 on Sil-0-Cel fire brick
(80-100 mesh), 20/100 w/w, length 70 em,
internal diameter 4 mm.
Temperature:
"' 250 °C.
Carrier gas:
Nitrogen.
Inlet pressure:
0.75 atm.
Flow rate:
3 1./h.
Detection:
Flame ionisation detection.
Three gaschromatograms are given, one of the n-alkanes and
two of the fatty acids generated as a result of the decomposition of
behenic acid.
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CHAPTER 3
RESULTS

1 Low-molecular-weight hydrocarbons.
a. Experiments without water.
In the first series of experiments the influence of time on the
amounts and distribution of the various low-molecular-weight hydrocarbons generated during the heating of behenic acid in the presence
of clay at a temperature of 200 ° C was determined. The results of
these experiments are listed in table 1.
Table 1
Amounts of low-molecular-weight hydrocarbons (J.L mols) generated
by heating behenic acid at 200 ° C in the presence of clay.
Hydrocarbons

Time of heating

generated

94 h

283 h

330 h

976 h

1848 h

Ethane + Ethene
Propane
Propene
!so butane
n-Butane
Isobutene + 1-Butene
2•-Butene-trans
2 -Butene-cis
Isopentane
n-Pentane
1-Pentene
2-Me-1-Butene
2-P en tene-trans
2-Pentene-cis
2-Me-2-Butene
2-Me-Pentane
3-Me-Pentane
n-Hexane

0.03
0.32
0.58
3.04
0.08
0.13
0.08
0.05
1.45
0.17
0.01
0.03
0.06
0.02
0.15
0.66
0.21
0.08

0.07
0.84
0.75
4.28
0.19
0.09
0.12
0.06
2.62
0.14
0.01
0.06
0.02
0.11
0.10
1.23
0.43
0.12

----

0.14
1.97
0.41
5.94
0.45
0.04
0.09
0.05
4.62
0.36
0.01
0.02
0.04
0.02
0.07
3.69
1.31
0.31

0.14
2.95
0.34
10.14
0.93
0.05
0.10
0.07
8.27
0.51
0.01
0.01
0.04
0.01
0.05
4.16
1.47
0.39

Total

7.1

11.2

1.00
0.64
3.94
0.23
0.06
0.11
0.07
4.13
0.28
0.01
0.03
0,09
0.03
0.14
2.41
0.88
0.22

14.2

19.5

29.6
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Table 2 gives the amounts of the various low-molecular-weight
hydrocarbons generated after heating at 250° C.
Table 2
Amounts of low-molecular-weight hydrocarbons {JL-mols) generated
by heating behenic acid at 250 ° C in the presence of clay.
Hydrocarbons
generated

Time of

heatin~

283 h

336 h

I 0.26
Ethane + Ethene
Propane
3.08
Propene
0.70
Isobutane
10.35
n-8utane
1.19
Isobutene + 1-8utene 0.13
2-8 utene-trans
0.22
2-8 u tene-cis
0.14
Isopentane
9.37
n-Pentane
0.70
1-Pentene
0.02
2-Me-l-8utene
0.04
2-Pentene-trans
0.09
2-P entene-cis
0.04
2-Me-2-8utene
0.16
4.43
2-Me-Pentane
1. 71
3-Me-Pentane
n-Hexane
0.54

10.46
4.13
0.35
12.35
1.88
0.13
0.23
0.15
13.36
1.04
0.02
0.04
0.10
0.04
0.17
6.08
2.38
0.77

Total

42.8

33.2

These results show that:
1. The ratio of the branched-chain to the straight-chain hydrocarbons
is much higher than one.
2. Isobutane and isopentane predominates over all other compounds.
3. The amount of unsaturated compounds is fairly constant with time;
for some compounds it even decreases with increasing time.
4. The amount of various individual compounds generated after certain
times are plotted in fig. 3 against the total amount of low-molecularweight hydrocarbons generated after the same times. The straight
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lines resulting from these plots indicate that at 200 ° C and 250 ° C
the same type of reaction is taking place.
In another series of experiments the influence of temperature
was investigated on the amounts and distribution of the various lowmolecular-weight hydrocarbons generated during a heating time of
283 h. The results are listed in table 3.
Table 3
Amounts of low-molecular-weight hydrocarbons (J-L mols) generated
by heating behenic acid for 283 h at various temperatures
in the presence of clay.
200 °C 240 °C 250 °C
0.07
Ethane + Ethene
0.84
Propane
0.75
Propene
4.28
Isobutane
0,19
n-Butane
Isobutene + 1-Butene 0.09
0.12
2-Butene-trans
0.06
2-B utene-cis
2.62
I so pentane
0.14
n-Pentane
0.01
1-Pentene
0.02
2-Me-1-Butene
0.06
2-P en tene-trans
0.02
2-Pentene-cis
0.11
2-Me-2-Butene
1.23
2-Me-Pentane
0.43
3-Me-Pentane
0.12
n-Hexane
Cyclopentane
+
0.11
2-4-di-Me-Pentane
0.07
Me-Cyclopentane
0.82
2-Me-Hexane
0.14
2-3-di-Me-Pentane
0.40
3-Me-Hexane
0,02
Cyclohexane
0.02
3-E-Pentane
1-3-di-Me-Cyclopentane
-trans
0.03
0.13
n-Heptane

!

275 °C 300 °C

0.16
2.37
0.70
8.48
0.74
0.10
0.18
0.12
6.90
0.48
0.01
0.02
0.08
0.04
0.12
3.33
1.21
0.40
0.10
0.26
0.28
2.16
0.37
1.07
0.08
0.06

0.26
3.08
0. 70
10.35
1.19
0.13
0.22
0.14
9.37
0.70
0.02
0.04
0.09
0.04
0.16
4.43
l. 71
0.54
0.10
0.36
0.44
2.80
0.45
1.45
0.17
0.17

1.31
5.14
0.75
15.98
3.08
0.27
0.43
0.27
15.98
1.86
0.04
0.06
0.19
0.09
0.48
8.04
3.38
1.43
0.26
0.52
1.17
5.30
0.74
2.67
0.30
0.18

15.12
20.85
4.46
35.80
15.57
2.22
2.67
1.80
36.53
10.23
0.45
0.69
1.91
0.88
2.35
18.24
8.23
7.98
0.75
1.17
2.81
10.91
1.88
7.31
0.70
0.71

0.10
0.39

0.18
0,48

0.30
1.27

0.97
6.92
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The total amount of low-molecular-weight hydrocarbons (mg)
generated during the heating and the percentages of the sum of the
n-alkanes and of the unsaturates on total amount of hydrocarbons are
listed in table 4.
Table 4
Total amount of low-molecular-weight hydrocarbons (mg) and percentages of n-alkanes and unsaturates generated from behenic
acid after heating for 283 h at different temperatures in the presence of clay.

200°C
Total amount of lowmolecular-weight
hydrocarbons (mg)

0.9

240°C

250°C

275°C

300°C

2.15

2.84

5.15

15.13

Percentage of n-alkanes 11.0

14.5

15.1

17.9

28.0

9.6

4.5

3.9

3.6

7.,9

Percentage of unsaturates

The data on n-alkanes and unsaturates are also given in fig .4.
The total amount of low-molecular-weight hydrocarbons and the percentages of n-alkanes ir:crease as the temperature increases. The
percentage of the unsaturated compounds decreases up to 275 °C and
increases very rapidly above that temperature.
The relative amounts of the various hydrocarbons with the same
number of carbon atoms, with respect to C 4 , are given in table 5. It
is clear from these data that the relative increase of (ethane + ethene)
is very pronounced.
The total amount of hydrocarbons (mg) generated from C 2 up to
C 7 is plotted in fig. 5 against 10 3 IT. The slope of the line through
these points is steeper with increasing temperature. The shape of
this curve suggests that a second reaction comes to the fore above
275 °C. It is fully realised that in an Arrhenius plot such as that in
fig. 5, the kinetics of the reaction should be taken into account; if
this is not done, as in the present case, the indication given by the
curve is valid only if the relative amounts of low-molecular-weight
hydrocarbons are the same at different temperatures. Nevertheless,
the shape of the curve together with the other results, strongly indicates that above 275 °C the generation of low-molecular-weight
hydrocarbons is more complex than at lower temperatures.
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Fig. 5.
THE ARRHENIUS PLOT OF THE AMOUNTS OF
LOW- MOLECULAR- WEIGHT HYDROCARBONS GENERATED

Table 5
Relative amounts of the various groups of low-molecular-weight
hydrocarbons generated from behenic acid after heating for 283 h
at different temperatures in the presence of clay.

c2 +C2
c3
c4

200°C

240°C

1.6
19.

1.7

250°C
2.3

275°C

6.8

300°C

26.

27.

27.

29.
41.

100.

100.

100.

100.

100.

Cs

62.

81.

88.

94.

92.

c6
c7

42.

57.

63.

75.

74.

37.

49.

51.

57.

58.
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b. Experiments with water.
In table 6 are listed the amounts of low-molecular-weight hydrocarbons generated from behenic acid that was heated in the presence
of clay and water. Above 250 °C the glass ampoules lost their transparency, indicating that devitrification of the glass had taken place.

Table 6
Amounts of low-molecular-weight hydrocarbons (J.I mols) generated
from behenic acid in the presence of clay and water.

Heating-temperature

200°C

250°C

265°C

Heating-time

75 h

275 h

625 h

1300 h

330 h

Ethane + Ethene
Propane
Propene
Isobutane
n-Butane
Isobutene + 1-Butene
2-Butene-trans
2-Butene-cis
Isopentane
n-Pentane
1-Pentene

0.06
0.01
0.07

0.04
0.03
0.08
0.02
0.02
0,03
0.02
0.01
0.01
0.05
0.01

0.21
0.08

0.26
0.12
0.25
0.04
0.09
0.08
0.10
0.06
0.03
0.09
0.09

0.24
0.14
0.16
0.03
0.13
0.06
0.08
0.06
0.02
0.13

---0,01
0,01

---------0.02

----

----

0.03
0.07
0.06
0.07
0.05
0.01
0.06
0.01

265°C

275°C

----

The experiments in which water was added revealed some marked
differences from those in which the behenic acid was heated only in
the presence of clay, viz:
l. The total amount of low-molecular-weight hydrocarbons generated
during the heating is much less than in the experiments without
water.
2. The amount of (ethane + ethene) generated during the heating predominates over all other compounds, whereas in the experiments
without water the hydrocarbons with 3, 4 or 5 carbon atoms predominate.
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3. In the experiments with. water the ratios of isobutane to n-butane
and of isopentane to n-pentane are much smaller than 1, while in
the experiments without water these ratios were greater than 1.
Table 7 gives the ranges of the ratios of iso-C 4 /n-C 4 and iso-C 5 /
n-C 5 , for the 200°C experiments in the absence of water and the
corresponding ratios for the various experiments in the presence
of water.
Table 7
Ratio of the branched-chain to straight-chain hydrocarbons generated in the experiments carried out in the presence and absence
of water.
Experiments
without H 2 0

Experiments
with H 2 0

iso-C 4 / n-C 4

11-38

0.25-1.00

iso-C 5 /n-C 5

9-16

0.17-0.33

I

The amounts of low-molecular-weight hydrocarbons generated
from behenic acid heated for 330 hours at 275 °C in the presence of
clay and water, are compared in table 8 with those generated in an
experiment in which we omitted the clay •.
Table 8
Amounts of low-molecular-weight hydrocarbons (f.L mols) generated
from behenic acid heated for 330 hours at 275 °C in the presence
of water, with and without clay.

Ethane + Ethene
Propane
Propene
Isobutane
n-Butane
Isobutene + 1-Butene
2-Butene-trans
2-Butene-cis
Isopentane
n-Pentane

Experiments
without clay

Experiments
with clay

0.05
0.03
0.06

0.24
0.14
0.16
0.03
0.13
0.06
0.08
0.06
0.02
0.13

----

0.02
0.07
0.02
0.02

---0.03
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In the experiments with clay 3 to 4 times more low-molecularweight hydrocarbons were generated than in the experiments without
clay.
These experiments clearly show that the clay influences the
reaction, even when a large amount of water is present.
2 High-molecular-weight hydrocarbons.

The quantity of high-molecular-weight hydrocarbons generated
as a result of the heating of behenic acid in the presence of clay,
with or without water, amounted to only a few milligrammes. To concentrate the n-alkanes by urea adduction we need at least 4 mg. of
the saturated hydrocarbon fraction. When this quantity was not available the saturated hydrocarbon fraction itself was used for the gaschromatographic analyses. In both the experiments with and without
water, it was found that n-alkanes with longer and with shorter carbon
chains than the behenic acid were formed during the heating. There
was always a strong predominance of the c2l n-alkane, which can
be attributed to the decarboxylation of the behenic acid.
In table 9 the experimental conditions and the amounts of highmolecular-weight hydrocarbons generated are given.
Table 9
Amounts (mg) of high-molecular-weight hydrocarbons generated
during the heating of behenic acid under various experimental
conditions.

A

Behenic Clay Water Heating Heating mg sat. mg non mg
hydro- adduct adduct
acid
time
temp.
carbons
1g
2.5g 7.5 g
250°C
330 h
1
-

B

lg

2.5 g

-

400 h

200°C

2

-

-

c

1g

2.5 g

-

500 h

250°C

8

6

2

More detailed results of these experiments are given in fig. 6,
which shows the amounts of n-alkanes formed during the reaction
relative to the C 21 n-alkane of that experiment.
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No information could be obtained from the gas chromatogram of
the urea non-adduct since it was too complex to be unraveled.
The gaschromatograms for the. determination of the n-alkanes
in the urea-adduct or in the saturated hydrocarbon fraction itself,
showed a strong background indicating that other compounds were
also present. In any case, in addition to the higher n-alkanes a great
number of other hydrocarbons were generated. It is likely that small
amounts of aromatics (such as isopropylbenzene and tertiary butylbenzene) were also present.

3 Fatty acids.
Since in the fraction separated from the reaction mixture with
KOH and containing the fatty acids, the behenic acid predominated
strongly over all other compounds only qualitative results can be
given on the generation of fatty acids other than behenic acid.
By means of gas chromatography we identified in the various
experiments in which the behenic acid was heated in the presence of
clay, without water, fatty acids with carbon numbers ranging from
15 to 24.
From an experiment in which the behenic acid was heated for
600 hours at 300°C in the presence of clay, we calculated the amounts
of fatty acids generated relative to the amount of behenic acid. These
data are given in table 10.
Table 10
Relative amounts of fatty acids generated as a tesult of heating
behenic acid for 600 hours at 300 °C in the presence of clay.
Fatty acid

Relative amount

C-15
C-16

+
+

C-17
C-18

0.1

C-19

0.1

C-20

0.2

C-21
C-22

0.3
100.

C-23

1.0

C-24

0.5

0.1
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Fig. 7 shows a gaschromatogram of the preconcentrated methyl
esters from an experiment in which the behenic acid was heated for
120 hours at 300 °C in the presence of clay.
Analogous to the generation of long-chain n-alkanes in the
presence as well in the absence of water, it is assumed that also in
the presence of water long chain fatty acids are formed.
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CHAPTER 4

SOME ASPECTS OF THE CRACKING REACTIONS

Introduction
From the foregoing it is clear that the distribution of the various
hydrocarbons generated depends on the experimental conditions. A
similar phenomenon has been observed in cracking reactions. Before
proceeding to the interpretation of our data a few principles of the
theory of cracking shall be discussed.
The cracking of pure organic compounds has been studied in
terms of carbon-number distributions and structures of the cracked
fragments. On the basis of this work cracking systems are assigned
into two fundamental classes, each of which is described by a set
of characteristic reactions. Correspondingly, two types of reaction
mechanisms are proposed, one a radical mechanism (thermal cracking)
based on the RICE-KOSSIAKOFF (55) theory of cracking and the other
a carbonium-ion mechanism (catalytic cracking) based on the work
of GREENSFELDER, VOGE and GOOD (56) and THOMAS (57).

2 Thermal cracking (a radical mechanism).
As an example of this type, the cracking of a n-paraffin shall
be discussed.
The cracking of the n-paraffin is initiated by the loss of a hydrogen atom. The hydrogen loss may be caused, for example, by
collision. The resulting hydrocarbon radical may immediately crack
or it may first undergo radical isomerisation. Radical isomerisation
means that the position of a hydrogen atom changes, resulting in an
energetically more favourable radical. Cracking of either the original
or the isomerised radical takes place at a carbon-carbon bond located
in the /)-position of the carbon atom lacking one hydrogen. This cracking produces a primary radical and an a-f3 olefin. The product radical
can react in the following ways:
1. It cracks instantaneously, giving ethane and a new primary radical.
2. Radical isomerisation may take place prior to cracking.
3. The radical abstracts hydrogen from a neutral molecule, resulting
in a new radical and a new n-paraffin.
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Hence the major reaction products of a n-paraffin subjected to
thermal cracking are:
l. n-paraffins;
2. (a-,B) olefins;
3. ethene.

The reaction mechanism described is elucidated in the following
scheme:
HHHHHHHHHHHH
HHHHHHHHHHHH
"-C-C-C-C-C-C-C-C-C-C-C-C"-'--+ "'C-C-C-C-C-C-C-C-C-C-C-C"-'
HHHHHHHHHHHH
HHHHH. HHHHHH
/3-scission
HHHH
"'C-C-C-C'
HHHH

+

HHH
C=C-C""

H

H

,B-scission

HHHH

HH

"-'C-C-C-c·--~"'C-C·

HHHH

~-___.. radical-isomerisation

HH

+

HH
C=C

HH

HHHH
H. HH
"'-'C-C-C-C. ---t-"-'C:.C-C-C-H
HHHH
HHHH

HHHH
H
HHHH
H
hydrogen-abstraction""C-C-C-C.+"-' C"-'-"-'C-C-C-C-H +"-'C"-'
HHHH
H
HHHH
This type of cracking takes place at a relatively high temperature
as a homogeneous process. However, it has also been observed that
its rate may be increased by the presence of dispersed materials such
as pure alumina. It is somewhat uncertain whether the reaction is then
to be considered as a heterogeneous catalytic process.
For a discussion of this phenomenon we refer the reader to GREENSFELDER c.s. (56).
Where, in the following discussion, is referred to the radical
type of reaction it must be understood that these belong to the above
class of cracking reactions. It must be stressed that they have one
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characteristic in common with the genuine radical reaction viz. the
absence of skeletal isomerisation.

3 Catalytic cracking (a carbonium-ion mechanism).
In this type catalysts are essential participants in the cracking
process. The catalysts that are used to promote the cracking are of
the acidic type (e.g. clay and silica-alumina), in contrast to the nonacidic type of catalysts that are used in thermal cracking. The acidity
of the catalyst refers particularly to its ''proton availability". This
means that protons are available for reaction with the hydrocarbons
subjected to the cracking.
The reactions of the protons with the hydrocarbon subjected
to the cracking results in the abstraction of a hydride ion from it;
the result is a carbonium ion. Carbonium ions undergo several types
of rearrangement and reaction, the most important of which are:
l. ,&splitting, resulting in a new carbonium ion and an olefin.
2. The shift of a methyl group.
3. The shift of a hydrogen atom.
4. Hydride-ion abstraction from a neutral molecule.
The reactions are illustrated as follows:
Formation of a carbonium-ion
HHHHH
"-C-C-C-C-C"-'
HHHHH

+

HHHHH
"'C-C-C-C-C"'
HH+HH

H+

+

1. /:)-splitting
HHHHH
H
"-'C-C-C-C-C""----+ "-'C +
HH+HH
H

+

HHHH
C=C-C-C-H
H HH

2. Methyl-shift
HHHH
H
H
H
HHH
H-C-C-C-C-H --•H------C----- C=====:.C -----t-H- C-y-C +
H
~H
He~
H + HH
3. Hydrogen-shift
HHH
H
H
H
HHH
H-C-C-C + -----.,> H------C------ C =====C------H-----..H-C-C-C-H
HHH
H
~
H+H

H2
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4. Hydride ion-abstraction

H
+

R--+"'C-H

R+

+

H
GREENSFELDER c.s. (56) obtained data concerning the heats of
cracking of various carbonium ions.
For the reactions

A.
B.

HH

HH
R-C-C+
R+
HH
HH
R-C-C-H-----.. R+
+H

+

C=C

+

HH
C=C

~;t·ff

HH

the values of l\H 298 in KCal/mol are given as:
R+
CH 3 +
C2Hs+
n-C 3 H 7 +
sec-C 3 H7 +
tert-C 4 H9 +

Reaction A

Reaction B

69.5
35.0
22.5
8.5
-7.5

85.5
61.0
47.5
33.5
17.5

The most favourable reaction is thus one in which a primary
ion is cracked to yield a tertiary ion with a l\H 298 value of -7.5
KCal/mol. These data show also why it is unlikely that methyl or
ethyl ions will be obtained as fragments in catalytic cracking; reactions producing the secondary propyl and the tertiary butyl ions are
energetically more favourable.
In the light of these considerations of the various cracking mechanisms, the results of our experiments on the heating of behenic acid
in the presence of clay, with or without water, shall be discussed.
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CHAPTER 5

DISCUSSION OF THE RESULTS AND CONCLUSIONS

1 From the experiments without water.
The composition of the low~molecularweight hydrocarbons indicates that isomerisation is strongly favoured in these experiments. The
conclusion is therefore that carbonium ions are the intermediates in
the formation of the low-molecular-weight hydrocarbons.
From the Arrhenius plot of the amounts of low-molecularweight hydrocarbons generated at various temperatures it follows that
above 275 °C a second reaction comes to the fore. The experimental
results which lead us to the conclusion that in the second reaction
radicals acted as intermediates are:
1. The percentage of n-alkanes in the low-molecular-weight range
increases with temperature.
2. The relative amount of (ethane + ethene) increases very strongly
above 275 °C.
3. The amount of unsaturated hydrocarbons decreases with increasing
temperature up to about 275 °C and increases very strongly above
that temperature.

2 From the experiments with water.
The pronounced formation of (ethane + ethene), n-alkanes and
( q:- /3) ole fins indicates that when behenic acid is heated in the presence of clay and water radicals are likely to be the intermediates in

the formation of the low-molecular-weight hydrocarbons.
The most remarkable observation from both series of experiments
is the generation of n-alkanes and fatty acids with a carbon chain
longer than that of the behenic acid.
All these phenomena lead us to the conclusion that .radicals
play an important role in these processes. Therefore the following
reaction scheme for the generation of n-alkanes and fatty acids with
carbon chains longer and shorter than that of the original behenic
acid is suggested.

39
3 The mechanism of the formation of long chain n-alkanes and fatty
acids.

RCOOH--.,...R

Initiation:
Propagation: .R

+

RCOOH--.,...(R)COOH

+

RH

,8-scission:

Termination: .R
.R

.R 2 COQH__,. (R + R 2 )COOH
+ .R 3
____,..(R + R 3 )
+

This reaction scheme can be developed as described on page 40:

The initiation step of this mechanism is given by the decarboxylation of the fatty acid (l) resulting in an alkyl radical (2). This
intermediate will react with the original fatty acid, which is present
in the relative highest concentration, to give the n-alkane (3) and
the secondary radical of the fatty acid {4). Thi.s secondary radical
can split up by ,8-scission into four products:
A. an (o.r,B) olefin (5) and a primary radical of a fatty acid (6) or,
B. a primary alkyl radical (7) and an (w-tj;) unsaturated fatty acid (8).
The possibilities for the formation of the various compounds
from these intermediates are shown in table 11.
The reaction scheme proposed is supported by the following
arguments:
l. The C 21 n-alkane (corresponding to product (3) of reaction B) is
always the predominating n-alkane formed during the reaction.
This indicates that decarboxylation is an important step in this
reaction. That decarboxylation is essential for the generation of
the n-alkanes with a carbon chain lonqer than the original acid
follows from an experiment in which n-hexadecane was used instead of behenic acid. After heating n-hexadecane in the presence
of clay we were not able to find hydrocarbons with a carbon chain
longer than n-C 16 •
2. In general the absolute amount of unsaturated low-molecularweight hydrocarbons decreases with increasing heating time.

A.
B.

(2)

.R

c.

R=

+ C0 2 + .H
(3) + .(R)COOH (4)
(5) + .R 2 COOH (6)

.Ra

(7)

RCOOH

(1)-. R

+ RCOOH

(1)---+RH

.(R)COOH

(4)

<a.~ (3) olefin

(2)

+ R4COOH

(o-'/J)

D.
E.

.Ra

(7) + RCOOH

(1)---+R 3 H

.R

(2) + R i

(10)

(10) + RCOOH

+ R 1)
(1 )---+(R + R 1 )H

F.

+ .R 3

(7)___....,,(R 1 + R 3 )

(12)
(13)
(15)

+ .(R)COOH

(4)
A.
0

(4)

+ .(R)COOH

(4)

+ .(R)COOH

(4)

+ R4COOH (8)___....,,(R + R 4 )COOH (16)
.(R + R 4 )COOH(l6) + RCOOH 0)---+(R + R 4 )HCOOH (17) + .(R)COOH
(18)
(2) + .R 2 COOH (6)------tt- (R + R 2 )COOH
.R

(4)

R=1

(5)

+ Rs)

G. .R

(2)+.R 3

(1)---+(R 1 + R 3 )H
(7)---+(R + R 3 )

H.

.R 2 COOH

(6) + RCOOH

(l)---+R 2HCOOH

I.

.R

.(R 1

J.

unsat. acid

+ .(R)COOH

.(R

+ R 1)

{5)---+.(R

(9)

(8)

(12) + RCOOH

(11)

(14)

(2)

etcetera

etcetera
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Table 11
Review of the reactions by which the various
products can be formed.
Reaction

Products

n-Alkanes with a carbon chain shorter
than the decarboxylated fatty acid

D
F

13+)

n-Alkanes with a carbon chain longer
than the decarboxylated fatty acid

E
F
,....

9
11
13+)

\.:1

14

Fatty acids with a carbon chain shorter
than the original fatty acid

H

15

Fa tty acids with a carbon chain longer
than the original fatty acid

I
J

17
18
i

+l Depending on the values of R 1 and R 3•

3. In general a radical reaction can be controlled by adding either
an initiator or an inhibitor, to the reaction mixture. We have chosen
the initiator, and have used as such 2-2' azopropane

In table 12 are listed the relative amounts of the various nalkanes generated as a .result of heating one gram of behenic acid
for 300 hours at 200 °C;
a. In the presence of clay and water.
b. In the presence of 25 mg 2-2' azopropane.
The gas chromatograms pertaining to these experiments are
shown in figs. 8 and 9. In the experiment in which we used the 2-2'
azopropane, the C 24 n-alkane predominates. This can be attributed
to the combination of the c21 radical from the behenic acid and the
c3 radical from the 2-2' azopropane.
The analogy between the results of the experiments on behenic
acid, clay and water and the experiments on behenic acid and 2-2'
azopropane indicates that radicals are indeed intermediates in the
formation of the long chain n-alkanes and the fatty acids.

'

Cll

CD

+

ere•••)"
Cl4

•

c;t

FiQ. 8. GAS CHROMATOGRAM OF THE N-ALKANES GENERATED DURING THE HEATING OF BEHENIC ACID
IN THE PRESENCE Of 2-2' AZOPROPANE FOR 300 HOURS AT 200°C
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Fig.9. GAS CHROMATOGRAM OF THEN-ALKANES GENERATED DURING THE HEATING OF BEHENIC ACID
IN THE PRESENCE OF CLAY AND WATER FOR '300 HOURS AT 200° C
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Table 12
Relative amounts of the various long-chain n-alkanes generated
during the heating of behenic acid
(a). in the presence of clay and water
(b). in the presence of 2-2 1 azopropane
{a)

l'!-Cl7
n-Cla
n-Cl9
n-Czo
n-C21

n-Czz
n-C23
n-C24
n-Czs
n-Czs
n-C27
n-Cza
n-C29

2.7
3.4
3.6
3.2
100.
5.2
4.3
4.1
2.8
2.1
1. 7
1.7
1.7

(b)

1.9

2.4
3.2
5.8
100.
6.2
4.9
37.6
2.6
2.0
2.0
2.1
2.1

4 Geochemical consequences of the results.

In connection with the generation of petroleum as a result of
the diagenesis of the organic matter deposited with the clay minerals
and water in sediments, our experiments lead to the following conclusions:
1. The formation of n-alkanes and fatty acids with a carbon chain
longer than that of the behenic acid suggests that n-alkanes and
fatty acids present in oil accumulations are not necessarily derived
from fatty acids with a longer chain. From one fatty acid the homologeous series of n-alkanes and fatty acids can be formed. Although
the n-alkane directly resulting from the fatty acid by decarboxylation is still predominant, the generation of such a mixture in the

45
sediment may give a key to the explanation of the smooth distribution of n-alkanes and fatty acids in petroleum and in petroleum
reservoir waters, respectively.
2. The low-molecular-weight hydrocarbons generated during the transformation of the fatty acid may contribute to the gasoline fraction
of the petroleum.
3. From the previously described experiments it is clear that water
largely prevents the carbonium ion reaction. Consequently the
clay does not act as an "acid catalyst" as suggested by Brooks.
It seems more likely that the highly dispersed state of the clay
influences the reaction as proposed by Klubova.
There remains the question of whether the rate of the decomposition is sufficiently fast to have been measured in the laboratory at
temperatures between 200 ° and 300 °C and still be slow enough at
say 100 °C to need geological times for completion. Abelson (58) and
Me Nab (59) estimate that decomposition reactions in the gas phase
will have an activation energy of 58 Cal/Mo 1 and a frequency constant
of l0 14 sec- 1 • This would imply a half-time of 7xl0 7 second at 300°C,
hence a reaction of sufficient speed to account for our measured
conversions above 275 °C. In accordance with Seyer (37) it is found
however that at 100 °C the half time is of the order of 7x 10 19 seconds
hence far too slow and geologically inacceptable. To meet this difficulty Montgomery suggests that the reaction is accelerated by catalysts.
Indeed, most catalytic reactions possess an activation energy in the
range 10-20 Cal/Mol combined with a relatively low frequency factor.
Unfortunately, it is impossible to pronounce an opinion from
our data as to the probable kinetic parameters of our catalysed reaction. ·That it is catalysed seems certain since its rate is increased
by the presence of clay (see table 8, page 28). However, the homogeneous reaction predicted by Abelson and Me Nab should already be
of sufficient speed to "overshadow" it around 300 °C.
Therefore the temperature range in which one might expect to
encounter the catalytic reaction is too small to enable a measurement
of its kinetic parameters.
Although therefore the qualitative characteristics of the behenic
acid decomposition as measured by us are able to explain the disappearance of the odd-predominance of the n-alkanes and of the even
predominance for fatty acids and although it has also been shown
that it is a catalytic reaction it remains an open question whether
it possesses the correct kinetic parameters to explain the laboratory
rates at 275 °C and still be geologically acceptable.
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SUMMARY

It is generally accepted that petroleum is derived from organic
remains of plant and animal life, deposited together with clay and
carbonates in fine-grained sediments. The most important constituents,
as far as oil genesis is concerned, are the lipids, which include the
fatty acids. Very minor constituents of living organisms are the nalkanes with 27 to 37 carbon atoms. These n-alkanes show the peculiarity that the molecules with an odd number of carbon atoms predominate over th<?se with an even number.
In many young sediments that have never been buried to great
depths, there is a predominance of n-alkanes with an odd number of
carbon atoms over those with an even number, in the range of 27 to
37 carbon atoms. This" odd-predominance" of the n-alkanes depends,
among other things, on the depth of burial; with increasing depth it
tends to disappear and in petroleum accumulations the n-alkanes show
a smooth distribution.
Various authors have suggested that the n-alkanes are derived
from normal fatty acids. The fatty acids in living organisms have,
in general, an even number of carbon atoms. Mere decarboxylation of
these fatty acids would give n-alkanes with an odd number of carbon
atoms, whereas n-alkanes with both an odd anq an even number of
carbon atoms are found in deep sediments. If, therefore, the n-alkanes
are derived from fatty acids this cannot be as a result of simple
decarboxylation.
A similar phenomenon has been observed for the fatty acids
occurring in sediments, the "even-predominance" of the fatty acids
in Recent sediments disappears with increasing depth of the sediment,
and in petroleum reservoir waters the fatty acids have a smooth distribution.
The disappearance of the "odd-predominance" of the n-alkanes
and of the "even-predominance" of the fatty acids suggests that
related processes occur in the sediment which transform the original
even-numbered fatty acids into a mixture of n-alkanes and fatty acids
with no predominance of odd or even carbon number. The fact that
depth plays such an important role in these phenomena suggests that
temperature has a great influence on the formation of n-alkanes and
fatty acids from even-numbered fatty acids.
In order to get more insight into these processes, we have studied
the formation of n-alkanes and fatty acids from behenic acid, a straight
chain fatty acid with 22 carbon atoms that is present in some living
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organisms. As clay is nearly always present in sediments the behenic
acid was heated in a closed ampoule in the presence of clay.
A factor that may be significant in the generation of petroleum
is the presence of water in the sediments. In order to obtain information on its possible effect, additional experiments were carried out in
which behenic acid and the clay were mixed with enough water to
ensure its presence as a liquid at the temperature of heating.
Both in the presence and absence of water, behenic acid generates
hydrocarbons and fatty acids when it is mixed with clay and heated
at temperatures around 250 °C. The amounts of hydrocarbons ge_nerated
are· much less in the experiments with water than in those without
water.
In the absence of water the ratios of isobutane to normal butane
and of isopentane to normal pentane are much higher than in the
presence of water. In addition to C 2 1 and lower-n-alkanes, n-alkanes
with 22 to 34 carbon atoms and fatty acids with 15 to 25 carbon atoms
are formed.
We have concluded that because isomerisation is strong in the
experiments without water, carbor;>-ium ions act as intermediates in
the generation of low-molecular-weight hydrocarbons. Since isomerisation is much less pronounced in the experiments with water, radicals
are likely to be the intermediates in the formation of the low-molecularweight hydrocarbons.
In both series of experiments radicals were the intermediates
in the formation of the long-chain n-alkanes and the long-chain fatty
acids.
A mechanism for the generation of the homologous series of
n-alkanes and fatty acids from one even-numbered fatty acid is suggested.
The results of the experiments suggest that n-alkanes and fatty
acids in petroleum accumulations are not solely produced from fatty
acids with longer chains than the compounds in question.
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SAMENV AT TIN G

Algemeen wordt aangenomen dat aardolie is ontstaan uit de
overblijfselen van planten en overwegend kleine dieren die met fijnkorrelige mineralen, zoals bijvoorbeeld klei, op de bodem van de zee
zijn afgezet. De belangrijkste bestanddelen van het levend organisme
voor de olievorming zijn de lipiden. Een zeer klein deel hiervan bestoat uit normaal alkanen met 27 tot 37 koolstof atomen. Van deze
normaal alkanen zijn die welke een oneven aantal koolstof atomen
hebben in een grotere hoeveelheid aanwezig, dan die welke een even
aantal koolstof atomen hebben.
In vele reC":ente sedimenten overheersen eveneens de hogere
normaal a-lkanen met een oneven aantal koolstof atomen. Met toenernende diepte en ouderdom van het sediment neemt echter de overheersing van de hogere oneven normaal alkanen a£, In petroleum
is er nauwelijks meer sprake van enige voorkeur voor even of oneven
normaal alkanen.
Vele auteurs hebben gesuggereerd dat de normaal alkanen,
aanwezig in de diverse sedimenten en in petroleum, zijn ontstaan
uit de vetzuren van het levende organisme. Deze vetzuren, evenals
de vetzuren in de recente sedimenten, hebben in het algemeen een
even aantal koolstof atomen. Door decarboxylatie zouden hieruit
oneven normaal alkanen onstaan, hetgeen zou leiden tot eeri accurnulatie van oneven normaal alkanen in aardolie en in oudere sedimenten.
In oudere sedimenten en in aardolie komen echter even en oneven
normaal alkanen naast elkaar in ongeveer gelijke concentratie voor.
Als de normaal alkanen inderdaad uit vetzuren ontstaan kan decarboxylatie dus niet het enige mechanisme zijn.
Evenals het overheersen van hoge oneven normaal alkanen met
toenemende diepte of ouderdom van het sediment afneemt, neemt dat
van de even vetzuren eveneens met toenemende diepte of ouderdom
van het sediment af. In petroleum reservoirwater komen even en oneven vetzuren eveneens weer in ongeveer gelijke concentratie voor.
Het verdwijnen van de voorkeur voor oneven normaal alkanen
en voor even vetzuren suggereert dat even normaal alkanen en oneven vetzuren op overeenkomstige wijze ontstaan.
Om een beter inzicht te krijgen omtrent de vorming van deze
stoffen in het sediment, werd een in sommige organismen voorkomend
vetzuur, beheenzuur (C 21 H 43 COOH), onder verschillende omstandigheden verhit en werd het reactiemengsel geanalyseerd.
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Daar in alle sedimenten water en in vele sedimenten klei voorkomt werd de invloed hiervan op de reacties nagegaan. Na het verhitten van het beheenzuur met klei, met of zonder water, op temperaturen
rond 250 °C. konden diverse koolwaterstoffen en vetzuren in het reactiemengsel worden aangetoond. ·
Bij de analyse van de laag moleculaire koolwaterstoffen bleek
dot de verhouding van isobutaan tot n-butaan en van isopentaan tot
n-pentaan veel kleiner was in de proeven met als in de proeven zonder
water. Hieruit werd geconcludeerd dat in het eerste geval radicalen
en in het tweede geval carbonium ionen het reactie mechanisme bepaalden.
In het hoog moleculaire gebied werden bij beide series proeven
naast n-C 21 en lagere normaal alkanen, ook normaal alkanen met 22
tot 34 koolstof atomen en vetzuren met 15 tot 25 koolstof atomen
aangetoond. Het is waarschijnlijk dat bij de vorming van deze componenten in de proeven met zowel als in de proeven zonder water,
radicalen de tussenproducten waren.
De resultaten van dit onderzoek suggereren dot de normaal
alkanen en de vetzuren aanwezig in olie accumulaties niet noodzakelijkerwijs afkomstig zijn van vetzuren met koolstof ketens longer
dan die van de beschouwde component. Een mechanisme wordt voorgesteld, waarbij voor het ontstaan van de homologe reeks van vetzuren
en normaal alkanen in een sediment, wordt uitgegaan van een even vetzuur.
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doctoraal-examen op 1 October 1962 trod ik in dienst bij het Koninklijke/Shell Exploratie en Produktie Laboratorium in Rijswijk, waar ik
op de afdeling geochemie met het in dit proefschrift beschreven werk
begonnen ben.

STELLING EN

l. De afwezigheid van een "odd-predominance" voor n-alkanen in
petroleum is niet te wijten aan de overeenkomstige afwezigheid
van een 11 even-predominance'' voor vetzuren in oude sedimenten,
zoals gesuggereerd door DAVIS.
J .B. Davis, Petroleum Microbiology p.64
Elsevier Publishing Company 1967,

2. De aanwezigheid van 2-6-10-tri-methyl tetradecaan in ruwe olie
is te verklaren door het combineren van radicalen aan te nemen.
E.D. McCarthy & M. Calvin, Preprints Gen,Papers Div.Petr.
Chem.A.c.s. 11 nr. 3(1966}.

3. De argumenten die ROBINSON gebruikt ter ondersteuning van zijn
theorie dat petroleum zowel van biogene als van abiogene oarsprang is, zijn niet overtuigend.
Sir Robert Robinson, Nature 199 113 (1963}.

4. De verklaring die LEVEL T geeft voor de vermindering in intensiteit van de (0-0-l) reflectie van een op 500 °C verhit illiet preparaat, is onjuist.
Th. W.M. Levelt, Klei & Keramiek, 15 343. (1965).

5. De conclusies die GROBLER c.s. trekken uit hun waarnemingen
bij de oxydatie van tri-ethyl-aluminium zijn onvolledig en onjuist.
A. Grobler, A, Simon, T. Kade & L. Fazakas
Journal of Organometallic Chemistry 7 3 (1967).

6. Bepaling van de concentratie verhouding van een in de urine opgeloste stof t.o.v. creatinine heeft geen voordelen hoven de bepaling van het totaal per etmaal afgescheiden stof.
K. Cramer, H. Cramer & S. Silander
Clinica Chimica Acta 15 331 (1967).

7. De bewijsvoering van ROBERTS c.s. voor de omlegging van
Y-1 diphenylallylcarbinyl-lithium in diphenylcyclopropylcarbinyllithium is onvoldoende.
A. Maercker & J.D. Roberts, J.A.C.S. 88 1742 (1966).

8. Voor het berekenen van de dissociatie van MgSO 4 in oplossing
heeft GIESKES veronderstellingen gebruikt die door zijn eigen
werk onwaarschijnlijk worden gemaakt.
J.M.F.M. Gieskes, Zeitschrift fiir Physikalische Chemie,
Neue Folge 50 78 (1966).

9. De waarnemingen en experimenten van ELEORANTA en JOELA
leveren geen bewijs voor de juistheid van het door hen opgestelde
mechanisme voor de reactie van tetraceen en dihydrotetraceen
met alkali metaal.
J. Eleoranta & H. Joela, Acta Chemica Scandinavica
20 16 26 ( 1966).

10. De mededeling van DE SELMS en LIN, dat bij de reactie van
natrium trichlooracetaat met vinyl acetaat in 1-2-dimethoxyethaan
behalve 1-acetoxy-2-2-dichloorcyclopropaan en 1-trichloormethylethyl acetaat ook tetrachlooretheen ontstaat, is waarschijnlijk
onjuist.
R.C.

De Selms & T.W. Lin, Tetrahedron 23 1479 (1967}.

11. Het verdient aanbeveling het onderdeel 11 warenkennis 11 van het
examen leerling-analyst te vervangen door een test die meer gericht is op de hedendaagse laboratorium praktijk van de analyst.
12. VAN PRAAG's argumentatie, ter staving van zijn bewering "Humor
is de peiler van de democratie", doet onvoldoende recht wedervaren aan het feit dat het individu, dank zij de humor, zich onder
de tirannie kan handhaven.
H. van Praag
Humor het geheime wapen van de dernocratie.
N.V. De Arbeiderspers. Amsterdam 1967.

