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Kerogen-like material was generated during a laboratory heating experiment with asphaltenes in the presence of air oxygen. Asphaltenes
were extracted from a Heimar (A recent seep) and IPRG sandstones (Dead Sea Basin, Israel) impregnated by heavy/asphaltic crudes and
heated at 100-200 °C for 1-12 d. The (pseudo*-)activation energy (E) is calculated to be ca. 10 kcal mol* K'. Therefore, half-life b
(i.e.) the time of conversion of 50per cent of Heimar A asphaltene into artificial kerogen is estimated to be ca. 2000 d (0 °C); 700 d (15
°C); 400 d (25 °C); 150 d (35 °C); and, 100 d (50 °C). These results suggest the possible occurrence of low temperature (€100 °C)
kerogenization by air oxygen of the Dead Sea asphaltenes as one of the formation pathways of kerogen-like material associated with the
Heimar sandstone (Bold petroleum seepage location) impregnated with a heavy crude.

Introduction

It is generally concluded that kerogen and associated
asphaltenes originate from the same precursor(s).
Asphaltenes are smaller molecules containing fewer
crosslinkages than kerogen. Hence, kerogen is always
solid and insoluble in organic solvents but asphaltenes
can be brought into (colloidal) solution. Structurally,
asphaltenes are similar to kerogen.'”

Crude oil generation from a source rock is probably a
two-step process. Kerogen in a source rock can be thought
of as several asphaltene molecules held together by weak
bonds. At low temperatures these bonds in kerogen are
ruptured, producing asphaltenes. With increasing tem-
peratures, these disintegrate further to produce
petroleums. In addition, asphaltenes may arise as a result
of alteration of petroleum caused by water-washing, in-
cipient biodegradation or physical loss of volatile com-
ponents (devolatilization).®

Surprisingly, hardly any consideration has been given
to asphaltenes as a potential source of coexisting amor-
phous kerogen. Recent work by Premoviz ef al.” on ther-
mal stability of vanadyl (VO**) porphyrins (P) in the
asphaltene fraction extracted from Dead Sea (DS) float-
ing asphalt has indicated that amorphous kerogen-like

*i.e. the energy of the overall reaction pertaining to the intense
generation of artificial kerogen

material can be isolated from this asphaltene material
when heated at 100-200 °C in air. For this reason,
asphaltenes were extracted from the Heimar (A recent
seep) and IPRG sandstones and heated up to 200 °C in
air.

The present work aims at carring out the oxygenic
kerogenization of the Heimar A and IPRG asphaltic
crudes and to evaluate the probability that kerogen within
the Heimar B (old seep) is derived for surficial heating
of the asphalt in air atmosphere.

Experimental

Samples

Petroleums of various forms have been found in a small
area around the DS. Extra-heavy crudes (asphalts) occur
in the DS area on the surface as well as in depth (up to
3600 m).* A detailed description of the samples and their
locations are given elsewhere.”'* Geological map (the
various samples considered are marked) is presented in
Figurel.

Extraction and Separation

Powdered (to pass 100 mesh) bituminous sandstones
were treated with boiling HCI (6M) to remove most of
the carbonates. The insoluble residue was demineralized
further by a repeated treatment with an HF/HCI mixture
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Figure 1 — Geological map indicating sample locations
(after Bentor et al.?)

(22M and 0.25M, respectively). This acid mixture re-
moves silica. The insoluble residue (organic fraction +
insoluble inorganic minerals) was treated with benzene
(Soxlet) for 48h. The soluble fraction was centrifuged
for 2h and the supernate was filtered. After removal of
benzene by vacuum evaporation, the residue was weighed
in a 150ml polyethylene bottle. 100ml n-hexane was then
added and the bottle shaken for 4h at room temperature
to precipitate the asphaltene fraction. The solution was
centrifuged and asphaltenes were washed several times
with n-hexane until the wash solution was clear.
Asphaltenes were then dried under nitrogen at 45 °C to
remove the solvent and the precipitation with n-hexane
was repeated. The small amount of asphaltenes precipi-
tated was combined with the bulk of asphaltenes. The
maltene fraction was recovered by evaporation of n-
hexane and was then extracted with 35ml of anhydrous
methanol for 8h. The solution was centrifuged and the
precipitated resins extracted twice with methanol. The
methanol was evaporated to obtain the methanol (solu-
ble) fraction. Kerogen like material was separated from
acid-resistant mineral grains in the residue by the chlo-
roform sink-float technique.'* The kerogen, asphaltene,
resin and methanol fractions were weighted and the
proportions of the three fractions were determined,
Table 1a.

Heating Experiments

Heating experiments of extracted asphaltenes were
conducted as follows: Sets of 50-100 mg of asphaltenes
were put into glass tubes (4 mm i.d.,15 cm long) at room
temperature. Each tube was heated in an electric furnace
at temperatures ranging from 50 to 200 °C, for 1 to 30 d.
For the experiments in the absence of air the glass tubes
were evacuated (ca 10 mm Hg) and then flushed with N,
and sealed. It is important to emphasize that the trace
(about 10 ppm) of O, left in the sealed sample tubes after
their evacuation was quickly and thoroughly exhausted
by oxidation of carbonaceous material during laboratory
heating. After heating, the reaction products were sepa-
rated into a fraction soluble in a benzene:methanol (3:1
v/v) mixture (asphaltenes) and insoluble part (kerogen).
The amount of soluble material was determined by the
weight difference by solvent extraction, and the amount
of kerogen was determined by weighing the residue ob-
tained after solvent extraction.

Fourier Transform (FT) Infrared (IR) Spectrometry
Carbonaceous samples were powdered finely and dis-
persed evenly in anhydrous potassium bromide (KBr)
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Table1—(a) Organic fractions (per cent) of asphaltic crudes and (b) elemental analysis (wt per cent) of asphaltic crudes

Sediment
Methanol-soluble Resin

Heimar 64 13
IPRG 10 25

Sample

' c H

Heimar 76.0 8.0

IPRG 78.0 9.0

(a)

(b)

Fraction

Asphaltene
22
65

Element

2.0 9.0 5.0

8.0 4.0

pellets (1.5mg/150mg KBr). Spectra were taken at room
temperature using a Perkin-Elmer 1600 FTIR
spectrometer. The spectrum of KBr was subtracted from
the sample spectrum by an on-line computer.

Elemental Analysis

The samples were subjected to microanalysis in a
Perkin-Elmer Model 240 elemental analyzer. In Table 1b
the elemental analysis data for the organic components
of the sediments studied are presented .

Results and Discussion

Thermal Kerogenization of Asphaltenes

The Heimar A asphaltenes (HAA) and IPRG
asphaltenes (IA) are solid at room temperature but these
materials begin to behave like a semisolid/viscous liquid
at 70 °C. For this reason laboratory thermal treatment of
HAA/IA in this work is performed between 100 °C to
200 °C. Figure 2a shows the percentage of asphaltenes
with increasing time of heating (t=1 to 12 d) in air at 100,
150, 175, and 200 °C, respectively ((HAA]=100 when
heating time is t=0). Because of its behaviour towards
inorganic/organic solvents the insoluble product can be
considered as similar to kerogen. At <70 °C (i.e. when
asphaltenes is solid) and in the accessible period of time,
generation of kerogen-like product did not occur to any
measurable extent. It can be seen from Figure 2a that
these ratios remain constant (within experimental error)

and close to those of the parent asphaltenes. In fact, H/C
and O/C values (Figure 3a and b, respectively) of the
material in question are typical for kerogen as defined.'*
Similar results were obtained for IA. Hereafter, kerogen
produced from heat-treated asphaltenes (up to 200 °C) in
the presence of air will be refered to as “asphaltene-de-
rived kerogen” (AK). We shall use throughout this paper
the term *kerogenization” for thermal conversion of
HAA/IA (or similar asphaltenes) into kerogen-like ma-
terial,

Role of O, in Kerogenization of HAA/IA

Having no internal physical structure, it is reasonable
to assume that (amorphous) AK is derived through
oxidative polycondensation/polymerization processes of
a random nature. On the other hand, kinetic results sug-
gest that air may play an important role in laboratory ther-
mal conversion of asphaltenes into AK. In separate ex-
periments, it was also demonstrated that the active com-
ponent of air is O,, since pure O, at a pressure corre-
sponding to the partial pressure in air was equally effec-
tive.

Bulky asphaltenes are immobile from room tempera-
ture to 200 °C(ref. 16 ). Consequently, the physical state
of asphaltenes within this temperature range has no/little
effect on the kinetic parameters of the asphaltenes
kerogenization which depend on molecular motion, but
it does affect the diffusion of atmospheric O, through the
asphaltenes matrix. However, the diffusion rate of O, into
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Figure 2 — The amount of HAA ([HAA]) on heating at 100, 150,
175 and 200 °C for | to 12 d: (a) in the presence of the air
atmosphere; (b) plots of decreasing rates of HAA according
to first-order reaction; (c) The Arrhenius plot of decreasing
rates of HAA .

the interior of liquid asphaltene is relatively high (¢, ,<

100ms) 7, thus we may safely postulate that this process

1s not a rate-determining step in the oxygenic

kerogenization of asphaltenes.

The FTIR spectrum of AK obtained through heating
in the presence of O, of HAA/IA either at 100 °C (Figure
4a) or at higher temperatures shows principal bands at
750 to 850 cm! (a succession of weak bands related to
various aromatic CH); 1380 cm™' (a moderate band as-
cribed to CH,); 1460cm! (a strong band related to linear/
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Figure 3 — (a) The atomic H/C and (b) O/C ratios of HAA/AK ob-
tained on heating at various temperature for 1 to 12 d in the
presence of air O,; (c) mass variation of the HAA sample vs.
heating time on 100 °C

cyclic CH, groups); moderate bands (1600 to1200 cm™);
associated with oxygenated groups; 2850cm’' and
2920cm™! (two strong bands attributed to aliphatic CH,/
CH, functions) with a shoulder near 2960 cm'! characte-
ristic of ample chain branching. Assignments for FTIR
bands are based on the work of Rouxhet and Robin'® on
kerogen. Qualitatively, this spectrum (Figure 4a) is simi-
lar to the spectrum of IA (i.e. HAA) (Figure 4b) or HAA
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(not shown) suggesting that there is no substantial change
in composition during the transformation of asphaltenes
into AK.

The most compelling feature of the FTIR spectrum of
AK (e.g. obtained during oxygenic kerogenization of 1A
for 12 h at 100 °C, Figure 4a) is the presence of rela-
tively strong bands (1600-1700 cm™) which can be at-
tributed to oxygenated (carbonyl/carboxyl) moieties (ac-
ids, esters, ketones and anhydrides) compared to rela-
tively weak signals due to aliphatic groups (1460, 2850,
and 2929 cm). Thus the FTIR results suggest that: (a)
during oxygenic kerogenization the most dramatic
changes occur in the aliphatic part of the asphaltenes or-
ganic structure and (b) there is an increase of oxygen-
ated groups following oxygenic kerogenization even at
100 °C (compare Figure 4a and 4b). Unless O, behaves
unusually in these particular circumstances, it would ap-
pear that most of oxidizable aliphatic carbons in the
asphaltene polymer is of a type which leads, after oxy-
genic kerogenization, to oxygenated (carbonyl/carboxyl)
structures.

The mechanism of oxygenic kerogenization of HAA/
IA (and other related asphaltenes) is uncertain although
it is interesting to hypothesize that carbon-centered radi-
cals (already present and/or formed during this process)
within the asphaltene polymer may react with air O,, form-
ing various oxy-radicals which may further facilitate
crosslinking and consequent kerogenization. The mecha-
nism of oxygenic conversion of HAA (through oxy-free
radicals) is similar to the mechanism of autooxidation.
This is pertinent to many different classes of oxidizable
organic compounds at ambient temperature and at the O,
pressure equal/greater than that of normal air.'® It is likely
that the oxygenic kerogenization of HAA takes place by
an initial radical mechanism leading to formation of or-
ganic (hydro)peroxides and changes occuring during this
process may be interpreted in terms of autooxidation re-
actions with subsequent formation of AK as a final prod-
uct. It may, however, be noted that the rate of oxygenic
kerogenization of asphaltenes depends on the oxygen
pressure. In principal, this could be due to the initiation
of kerogenization chains by air O,, but this source of
initiation is generally insignificant. On the other hand, it
is likely that oxygen atoms are the main crosslinking fac-
tor between the asphaltene molecules in the oxygenic
kerogenization.

The most intriguing result of this study is that almost
the entire HAA/IA is kerogenizable under suitable physi-
cochemical conditions, i.e., it is possible to convert HA A/
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Figure 4—(a) FTIR spectra of: AK obtained through the heating of
IA at 100 °C in air for 12 h IA and (b)

IA completely into artificial AK even during laboratory
heating under relatively mild thermal conditions (e. g.100
°C, Figure 2a) in an air atmosphere . We reason from the
thermally caused oxygenic kerogenization of HAA/IA
(and other related asphaltenes) at low temperatures that
they are similar in chemical reactivity to plant lipids (gen-
erally polyunsaturated fatty acid moieties). Many chemi-
cal studies indicate that these compounds have the capa-
bility to polymerize into kerogen-like matter under mild
thermal conditions in either absence? or the presence?!
of atmospheric oxygen.

In general, petroleum asphaltenes are thought to be
heterogeneous polymeric material containing varying
proportions of the saturate/unsaturate moieties, with av-
erage molecular weight of up to several thousands 2223
(and references cited therein).?* It may be tentatively sug-
gested that the unsaturated structures play an essential
role in oxygenic kerogenization of asphaltenes. Evidently,
the number of these structures of HAA/IA is too low to
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be detected by FTIR approach. Strausz et al.>* have sug-
gested (from the available data reported to date) that a
very substantial proportion of the mass of the petroleum
asphaltenes, in general, originated from n-alcanoic (prob-
ably fatty acids) precursors by thermocatalytic
cyclization/aromatization.

The Kerogenization Kinetics of HAA

Figure 3c shows that the weight of the HAA sample is
constant (within experimental error) during laboratory
oxygenic kerogenization at 100°C for 12 d. It is argued
that: (a) reaction pathways leading to evolution of CO,
CO, and water are not important during oxygenic
kerogenization at <100 °C and (b) oxygenic
kerogenization at <100 °C is, chemically speaking, rather
a mild chemical process.

To estimate the rate of kerogenization of HAA, we
model this process by a first order reaction and obtain

Eq. (1).
-In [HAA] =kt - In 100, (D)

where k is a rate constant. Therefore, the plot of the loga-
rithmic amount of HAA (In [HAA]) against ¢ gives a
straight line. Figure 2b shows the experimental results.
Although experimental values are delimitated, a straight
line can be approximated at different temperatures from
100 to 200 °C. The rate constants (calculated from the
slope of the lines in Figure 2b) are plotted vs tempera-
ture (1/77T10° K'']) as shown in Figure 2c. The points ap-
proximately conform to Eq. (2).

nk=05E, I/T-122, (D)

where k is a rate constant (d'"). The (pseudo-)activation
energy (E) is calculated to be ca.10k cal mol' K!. There-
fore, half-life tin (i.e, the time of conversion of 50per
cent of HAA into AK) is estimated to be ca. 2000 d

(0°C); 700 d (15 °C); 400 d (25 °C); 150d (35 °C); and,

100 d (50 °C).

It may, however, be emphasized that all kinetic data
presented here are approximate estimates and cannot be
directly applied to geological situation because in vitro
kerogenization of asphaltenes could be into different from
that in the natural DS environment. We should, however,
evaluate the roles of heating rate, water and other (than
asphaltenes) geoorganic materials on the kerogenization
of asphaltenes in order to approach the conclusion of the
timing of the asphaltenes conversion into AK in a geo-
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logical environment. Similarly, the use of demineralized
samples prevents catalytic influence or decomposition
of clay minerals, though catalytic clay effects could be
negligible in bituminous rocks where large polymeric
molecules, such as asphaltenes, may not be in intimate
(molecular) contact with active clay sites. It may be stated
that the kerogenization rate of HAA/IA is so high that
we may regard its thermal conversion (at £100 °C) into
AK to be instantaneous in a natural aerated milieu.

Oxygenic kerogenization of asphaltenes in a crude,
however, cannot be attained to completion (i.e. to the to-
tal kerogenization of asphaltene). This is supported by
the fact that the rate of kerogenization of the asphaltene
in the light/mature (Iraq) petroleum is practically insig-
nificant due to a relatively low concentration of this
asphaltic component. Thus, the data for the HAA/IA
petroleums reveals that the asphaltene kerogenization data
are not pertinent to heavy/asphaltic crudes, in general.

In the second part of the experiments, we heated HAA/
IA in the absence of O, Initial results indicated that tem-
peratures below about 150 °C were not sufficient to bring
about an appreciable reaction within reasonable time.
Consequently, this part of the study was carried out at
150 to 200 °C. Insoluble material (the atomic H/C=1:4)
generated at < 200 °C indicates that it may also be char-
acterized AK. Kinetic data show that the amount of AK
produced during heating in air (Figure 2a) is significantly
higher than that generated in the absence of air for tem-
perature ranges administered.

The kerogenization rate of HAA/IA in the absence of
O, is much slower than in the presence of O,. Unfortu-
nately, the difference in rates of anaerobic kerogenization
at 150°C to 200 °C was not much, making the determina-
tion of k practically impossible. Our kinetic considera-
tions indicate that the anaerobic AK generation reaction
has complex high-order reaction kinetics, i.e., the major
extent of the reaction occurs initially(< 10 d). Depend-
ing on experiment no/barely discernible reaction extent
occurs much longer duration (> 15 d), even for reaction
times of month(s). If this reaction is first-order then even
at very slow reaction rates, given geologic time, it can
proceed to high degree of completion.

Geochemical Implications

Origin of the DS Kerogen in the Heimar B Location

Our kinetic data infer that for a sufficiently long time
aerobic kerogenization of asphaltenes in a heavy/asphaltic
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crude could be effectively fast especially at/near the sur-
face if it was subjected to common surficial temperatures
(<60 °C) "', This is evident from the high kerogen con-
tent ( 19per cent) of organic fraction of the surficial
Triassic sandstone (impregnated mostly by heavy crude)
at the Heimar B (old seep location) in spite of (geologi-
cally speaking) short duration (less than thousand years
and possibly only several hundreds of years) spent at the
surface.?® By contrast, organic material (mostly asphaltic
crude which is also incorporated into the sandstone struc-
tures) of the Heimar A (recent seep location) contains
less than 1 per cent of kerogen.?® Most plausible expla-
nation is that the aerobic kerogenization of HAA at the
Heimar A site has advanced very little as this material
has been exposed to the air at/near the surface for short
duration (i.e less than ten years). According to
Nissenbaum and Goldberg?’, both these materials did
migrate from a deep bitumen-bearing zone to the sur-
face.

Conclusions

It is evident from the above results that asphaltenes
extracted from the Heimar (A recent seep)/IPRG
sandstones generated an insoluble product on laboratory
heating in the presence of air O, in, geological terms,
short duration. This material resembles kerogen isolated
from the Heimar B sandstone rocks and it is termed
“asphaltene-derived kerogen”.
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