PERGAMON

Available online at www.sciencedirect.com

SGIENCE(dOIRECT'

Organic Geochemistry 34 (2003) 319-326

Organic
Geochemistry

www.elsevier.com/locate/orggeochem

Solubility of petroleum compounds in kerogen:
implications for petroleum expulsion

Ulrich Ritter*

Basin Modelling Department, SINTEF Petroleum Research, N-7034 Trondheim, S.P. Andersens v. 15 B, Norway

Received 17 May 2002; accepted 19 November 2002
(returned to author for revision 21 August 2002)

Abstract

Hildebrand solubility parameters, &, have been calculated for the most common petroleum compounds, thus estab-
lishing a relative solubility scale of petroleum compounds in kerogen. The scale predicts that aromatics as a group are
better retained in kerogen than saturates and that there exist large solubility differences within the aromatics. Within
saturates, cycloalkanes are better retained than normal alkanes. In order to obtain a picture of direction and magnitude
of fractionation, a polymer solution model was coupled with a petroleum generation model. Model results suggest
fractionation in the expected direction but not the expected magnitude.

© 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Petroleum has long been known to undergo fractio-
nation during migration (e.g. Tissot and Pelet, 1971).
Processes that may affect different compound classes
and compounds to a different extent during migration
are adsorption on mineral surfaces (Barrer, 1989; Carl-
son and Chamberlain, 1986; Brothers et al., 1991), size
exclusion in pelitic rocks (Krooss et al., 1991a), adsorp-
tion on organic matter (Lamberson and Busting, 1993),
partitioning with the gas phase (Meculbroek et al., 1998,
evaporative fractionation), partitioning with water
(Lafargue and Barker, 1988, water washing), diffusion
through organic matter and water (Krooss et al., 1991b;
Thomas and Clouse, 1990a,b).

There seems to be broad agreement (e.g. Pepper and
Corvi, 1995) that fractionation of petroleum compo-
nents occurs in the sequence: asphaltenes> polars,
resins > aromatics > branched alkanes > n-alkanes, the

* Tel.: +47-73-591100 or +47-73-591219; fax: +47-73-
591102.
E-mail address: ulrich.ritter@iku.sintef.no (U. Ritter).

latter being preferentially expelled with respect to the
former compound groups.

A critical review of the literature suggests that there is
unequivocal evidence of fractionation of saturates and
aromatics from a large number of field (summarised in
Ritter, 2000), sequential extraction (Price and Wenger,
1992; Ropertz, 1994) and experimental studies (Lafar-
gue et al., 1994; Ropertz, 1994; Rudkiewicz et al., 1994;
Mishra et al., 1996. ). One experimental study (Lafargue
et al., 1994) yields saturate—aromatic fractionation only
at high pressure and low temperature.

In addition, field and experimental evidence suggests
either preferred expulsion of light n-alkanes (Sajgo et
al., 1983; Leythaeuser et al., 1984; Price and Clayton,
1992), or preferred expulsion of heavier n-alkanes or
their ambiguous behaviour (Mackenzie et al., 1987;
Leythacuser et al., 1988). The latter authors explain
their observations with re-diffusion of light hydro-
carbons into the source rock. Empirical evidence of
fractionation of pristane and phytane with respect to
n-C17 and n-C18 is even less strong (e.g. Lafargue et al.,
1994; Leythaeuser et al., 1988; Price and Clayton, 1992).

It has been shown in recent years that coals are macro-
molecular systems which can be studied by techniques
developed in polymer science (e.g. Takanohashi et al.,

0146-6380/03/$ - see front matter © 2002 Elsevier Science Ltd. All rights reserved.

PII: S0146-6380(02)00245-0


http://www.sciencedirect.com
http://www.sciencedirect.com
http://www.sciencedirect.com
http://www.elsevier.com/locate/orggeochem/a4.3d
mailto:ulrich.ritter@iku.sintef.no

320 U. Ritter | Organic Geochemistry 34 (2003) 319-326

1996, 2000; Cody and Painter, 1997; Otake and Suu-
berg, 1997). Application of these techniques to primary
migration (Sandvik et al., 1992) and kerogen (Larsen
and Li, 1997a,b) has only recently been attempted.

The purpose of this paper is therefore to draw attention
to polymer solution theory (Hildebrand, 1936; Hansen,
1967) as one possible process of differential retention of
petroleum compounds in kerogen, and to demonstrate its
effects by means of some simple applications.

2. The concept

The solubility of a compound in a polymer can be
defined by a solubility parameter, §, which in the litera-
ture is frequently referred to as the Hildebrand para-
meter (Hildebrand, 1936). The general rule is that the
closer 8§ of two compounds the better their mutual solu-
bility. As a first approach kerogen appears to have a §
between 9.5 and 10 (cal cm?)!/? (Larsen and Li, 1997b).
Hence hydrocarbon compounds closest to this value will
be best retained by the kerogen.

The Hildebrand solubility parameter, &, is defined as:

_ . 1/2
5= [% (cal/ cm®)'/? (1)

where AE is the energy of vaporisation, R is the gas
constant, 7 is absolute temperature; and ¥, the molar
volume. The energy of vaporisation is the energy neces-
sary to vaporise a liquid, i.e. it is the energy corre-
sponding to the van der Waals forces that hold the
molecules of the liquid together. The same inter-
molecular attractive forces have to be overcome when
dissolving a liquid since the molecules of a liquid are
physically separated by the molecules of the solvent.
Fig. 1 shows the Hildebrand solubility parameters for a
number of individual petroleum compounds calculated
using Eq. (1). Here the energy of vaporisation has been
approximated according to Gallant (1984). Also indi-
cated is the range of the most likely § values for kerogen.
This diagram suggests that

1. Aromatics as a group are better retained in
kerogen than saturates.

2. Within aromatics, benzene, phenol, cresol, tol-
uene, are better retained in kerogen than ethyl-
benzene and xylenes.

3. Methylnaphthalene and diphenyl are better
retained than anthracene, methylphenanthrene
and phenanthrene.

4. Within saturates, cycloalkanes tend to be better
retained than the respective normal alkanes.

5. Heavy n-alkanes are less well retained than
intermediate n-alkanes (n-C6-n-C9).

6. There is no difference in retention capacity
between iso- and n-alkanes.

7. Dry gas is more easily expelled than wet gas at
temperatures around 150 °C.

8. The solubility differences of pristane, phytane,
n-C17 and n-Cl18 are small.

Most polymers exhibit smaller or larger amounts of
swelling in response to the uptake of solvents. The
swelling process results from the incorporation of sol-
vent molecules in the polymer structure. The swelling
ratio, Qy, is defined as

Oy =Vs/Vi 2

where V is the volume of the swollen sample and V; the
volume of the initial sample.

Generally, the swelling ratio of a polymer is related to
the solubility of its structural units (polymer chains) in a
given solvent. Thus, measuring the swelling ratios of a
polymer with different solvents provides a means to
assess its solubility parameter 8. This procedure can also
be applied to kerogens.

A plot of the measured Q,-values over the § values of
the corresponding solvents yields a distribution that can
usually be matched by a bell-shaped curve, the max-
imum of which represents the solubility parameter of
the kerogen.

Published Q, values range from about 1.0 to 2.4 for
Argonne coals (Otake and Suuberg, 1997; Yun and Suu-
berg, 1998; Takanohashi et al., 2000), and from 1.5 to 3
for Green River and Rundle oil shale (Larsen and Li,
1997a,b). There are indications that Q, decreases with
increasing maturity (Larsen and Li, 1997b).

3. Modelling of expulsion

In order to test their impact on petroleum expulsion,
Hildebrand parameters for individual compound classes
(Table 1) were combined with a petroleum generation
model and an empirical relationship between Q, and &
for specific kerogen types. The computations were per-
formed for two source rocks with high, and intermediate
to low initial generation potentials respectively. Kinetic
parameters for petroleum generation were the same for
both source rocks. No secondary cracking has been
modelled since it was the objective of this paper to
investigate compositional changes caused by expulsion.
The generation model is derived from confidential data
and comprises the compound groups Cl, C2-CS5, C6—
Cl14 saturates and aromatics, C15-C35 saturates and
aromatics and NSO compounds. All results are given
for a modelled maturity of 0.69% Ro, using the vitrinite
reflectance model of Burnham and Sweeney (1989).

An empirical Q, can be modelled using the fact that
the relationship usually approaches a bell-shaped curve.
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The following equation is therefore used to match a
curve to available Q, and § couples:

s o] s (B0
QV_SC.mdexp[ 0.5( ] >:| 3)

where d is a distribution factor that corresponds to the
standard deviation of the curve. §. and §; are the Hil-
debrand parameters for the hydrocarbon compounds

and the kerogen respectively, and S is a scaling factor.
Once calibrated by adjusting S. and d, this function
assigns a retention threshold to each compound group.
In this paper, d is set at 15% of 8, [9.5 (cal/cm?)!/?] and
S, is varied according to the Q, required. Modelling was
conducted in order to explore the general sensitivity of
the parameters § and Q,. All results are shown in terms
of expulsion efficiency (EEF) and expulsion gas/oil ratio
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Fig. 1. Solubility parameter § calculated for typical petroleum compounds using Eq. (1). The average § of kerogen is between 9.5 and
10. Aromatics tend to be closer to § of the kerogen and thus more soluble than aliphatics. § In (cal cm?)!/2. Delta values are calculated

for a temperature of 0 K.



322 U. Ritter | Organic Geochemistry 34 (2003) 319-326

(GOR, Figs. 2 and 3). The delta values used for model-
ling (Table 1) have been calculated for 150 °C and an
unweighted average of the compound groups. The
effects of temperature on delta are moderate [0.5 to 1.0
(cal/cm?)?3] for a temperature between 0 and 673 K,
except for light n-alkanes, where the difference is up to 2
(cal/cm?)?3. Note that most delta values in the literature
seem to be given for a temperature of 0 K. Q, is calcu-
lated from § in Eq. (3). The model allows for calibration
of this curve [(3), Fig. 4] to experimental data (2) such
that the calculated Q, corresponds to the observed Q, in
the best possible way. By convention, polymer chemists
regard the delta of the peak of the distribution (1) as the
delta of the polymer to be investigated. Q, defines an
expulsion threshold for each compound group. Expul-
sion occurs once cumulative generation is higher than
the respective retention capacity. No compound group

Table 1

8 Values (cal cm?)!/2 used for modelling

Compound group 8
Kerogen 9.50
Cl1 6.00
Gw 7.00
SATI 7.20
AROI 7.80
SATh 7.00
AROhK 8.00
NSO 7.00

Explanations: Cl: methane; G, wet gas; C2-C5, SAT: satu-
rates, C6-C14; AROI: aromatics, C6-C14; SATh: saturates,
C15+; AROh: aromatics, C15+; NSO: C15+ non-hydro-
carbons. § Values shown here are calculated for a temperature
of 150 °C.

may occupy possibly unused retention capacity of
another compound group. A more detailed description
of the numerical model is beyond the scope of this
paper.

Model results are shown for two source rocks that
have different initial generation potential. Source Rock
1 provides 538 mg petroleum/g TOC and source
Rock 2 215 mg petroleum/g TOC. All other modelling
parameters are the same.

Fig. 3 shows gas/oil ratios and expulsion efficiencies
against the swelling ratio, Q,. The expulsion efficiency
is:

EEF,; = Xn:Pe/in o
=0 i=0

where P, is expelled-and P, generated petroleum, and i
is time step.

Qv
— o e e e e )

O—_DNODNMNOWON
ID
|
5]

»
\'
[o0]

9 10 11 12 13
delta

Fig. 2. Relationship of delta and swelling ratio. A normal dis-
tribution (3) is fitted to measured Q.8 couples of different
compounds (2). The maximum of the curve represents the § of
the polymer.
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Fig. 3. Gas/oil ratios and expulsion efficiencies (EEF) for two source rocks with different initial potentials. Modelled at vitrinite
reflectance 0.69%. Initial potential Source Rock 1: 538 mg/g TOC. Source Rock 2: 215 mg/g TOC.
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The expelled gas/oil ratio is:

Cl + Gw
GOR =——— 5
Cor (g/g) (%)

where CI is expelled methane, G, is wet gas (C2-C5)
and C6+ all petroleum compounds with C numbers of
6 and higher.

For Source Rock 1, which corresponds to a good type
II kerogen, EEF is high even at very high Q, values. For
Source Rock 2, which corresponds to a relatively poor
source rock, EEF is also high at low Q,. values but
becomes much poorer at high Q.. values. If we assume a
Q,. of about 1.6 for both source rocks, EEF is 0.7 and
0.9 respectively.

The expelled gas/oil ratio is hardly affected in Source
Rock 1, and only to a minor extent in Source Rock 2.
All other parameters being the same, the expelled gas/oil
ratio is a function of EEF. This is easily explained. Since
the § values of aromatics and NSO compounds are clo-
ser to 9.5 (cal cm?)!/? than the ones for aliphatic hydro-
carbons, more of the latter will be expelled than of the
former. Since all dry and wet gas compounds are ali-
phatic, more gas will be expelled than heavier com-
pounds. At the same time a smaller proportion of the
total generated petroleum, for any give Q,, will be
retained of a rich rock than of a poor one. Hence low
EEF entails a higher expulsion gas/oil ratio. This is
what we observe in Fig. 3.

—e— W EXPELLED A GENERATED

The model may also explain the triangular SAT-
ARO-NSO trend frequently observed when comparing
source rock extracts and reservoired petroleum derived
from these source rocks (Fig. 4). The exact trend-direc-
tion will depend on the relative magnitude of the Hil-
debrand parameters of aromatics and NSO compounds.
In the present case (Table 1) § NSO is somewhat smaller
than § ARO, and aromatics are therefore more strongly
depleted than NSO compounds. The overall trend is,
however, one of saturate-enrichment.

4. Discussion and conclusions

Polymer solution theory seems to provide a viable
basis to model retention and fractionation of petroleum
compounds in a kerogen. The calculated Hildebrand
parameters largely confirm the observed sequence of
fractionation observed in nature with the exception of
branched alkanes, which do not show any é values dif-
ferent from the respective n-alkanes (Fig. 1). On the
other hand cycloalkanes seem to have a higher § value
than the respective n-alkanes, yet no systematic fractio-
nation effects seem to have been reported in the literature.

Some uncertainty exists with respect to the delta value
of NSO compounds. Published § values of asphaltenes
reaches about 6-9 (cal/cm?)®>, with larger aggregates
having lower delta values than smaller aggregates (see

= RETAINED

Fig. 4. SAT-ARO-NSO fractionation caused by differential retention in kerogen, and by maturation. Apices denote 100%. Dashed
arrow denotes fractionation trend. Solid arrow denotes direction of increasing maturity. R indicates the general composition of

reservoired petroleum.
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Rogel, 1995, and references therein). Which of these
values are the most “‘realistic” is difficult to say. To get
the trend in Fig. 4 pointing to the saturate apex, the
delta values of NSO compounds have to be slightly
lower than those of heavy aromatics, the absolute mag-
nitude of the values depending on the composition of
the compound group and temperature. On the other
hand, aggregation of asphaltenes seems to be primarily
an effect of the interaction of asphaltenes, resins and
aromatic hydrocarbons in the fluid phase. In the kero-
gen structure, where it is restricted by the average cross
link density, one would expect asphaltenes to display the
smallest possible aggregate size, and hence the higher
range of possible delta values to be effective.

Fig. 4 was calibrated to simulate the trend observed in
the Brae Field by Leythaeuser et al. (1988) between
strongly depleted and less depleted source rock as well
as reservoir extracts. Other field relationships may
require somewhat different relationships between delta
aromatic and delta NSO which would all be in agree-
ment with the possible delta values.

To be consistent, all other delta values used for mod-
elling, and in Fig. 1, are calculated using an empirical
relationship between the energy of vaporisation and
critical temperature, critical pressure and boiling tem-
perature (Gallant, 1984). His equation is supposed to
have an error of +1-2%. For some compounds, differ-
ent publications or data bases quote different values of
the critical parameters due to different experimental
settings and methods. Most of these deviations are small
and do not affect the results significantly.

Used in a proper way the theory may aid the petro-
leum geochemists to interpret extraction data, and
explorationists to use appropriately calibrated models to
estimate the amount and composition of expelled pet-
roleum. More research seems to be necessary regarding
the retention capacity of different kerogens and/or
maceral types. Ideally this research should concentrate
on swelling by representative petroleum compounds,
and compare this with extraction by different methods:

e what are the §- and Q, values of different kero-
gen types at different maturities?

e to what extent are different extraction methods
representative of the total absorbed petroleum?

Today’s swelling experiments are mainly carried out
in order to obtain structural information on kerogen.
Alkylbenzenes appear to make up about 80% of the
C6—Cl14 aromatics of generated petroleum in experi-
ments (SINTEF Petroleum Research, internal informa-
tion, 2001). Hence xylenes or toluene for example would
be a more representative measure of the absorption
capacity of a kerogen for petroleum.

Polymer solution theory and the present model do not
explain the magnitude of fractionation between source

rock and reservoir that has been observed in known
petroleum systems such as in the North Sea (e.g. Hors-
field, 1997, his Fig. 6.15). It also fails to explain the
presence of large accumulations of aliphatic petroleum
sourced from coals (Petersen and Brekke, 2001) as
heating experiments do not indicate that Jurassic coals
generate less aromatics than other Jurassic source rocks of
the North Sea (e.g. Monin et al., 1990; Behar et al., 1997).

Apart from fractionation during secondary migra-
tion, there are a variety of processes that could com-
plement or enhance the effects of polymer retention:
Strongly hydrogen-bonding solvents enhance the
uptake of non-hydrogen bonding solvents (Yun and
Suuberg, 1998). Organic acids have high hydrogen-
bonding capacity and frequently precede the generation
of petroleum. If present in large amounts, they could
strongly enhance sorption capacity for the subsequently
generated petroleum.

Another process arises from the nature of vitrinite,
which usually has a high proportion of nano-pores (e.g.
Parkash and Chakrabartty, 1986). This would con-
tribute much to the internal surface area at which
adsorption occurs, and may act as sites for capillary
condensation and molecular sieving. Preliminary mod-
elling of adsorption in vitrinite suggests a retention
capacity several times that of polymer solution.

In conclusion, petroleum retention in source rocks
based on polymer solution theory is probably one con-
tributing factor to petroleum fractionation during
expulsion. In kerogen containing no or few land plant-
derived macerals, it may even be the dominant process.
Adsorption and capillary condensation will also mainly
affect asphaltenes, resins and aromatics and thus
enhance the effects caused by polymer solution.
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