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Abstract

A reaction kinetic model is presented to differentiate individual complexes of reactions of the thermal decomposition
of sedimentary organic matter during pyrolysis experiments. This model is applied to methane generation from coal
during open system pyrolysis experiments with linear heating. The reaction kinetic model is based on the concept of a
certain number of reaction complexes contributing to the generation of the product methane, each reaction complex
distinguished by an initial pool of precursor sites with a defined stable carbon isotope signature and a common reaction
rate determining step. For each reaction the mathematical model defines Gaussian distributed activation energies, a
single pre-exponential factor, an initial isotope ratio of the precursor and a single difference in activation energy
between the heavy and the light isotope species. Based on this concept, stable carbon isotopes and the dynamics of
thermal methane generation from a Carboniferous coal with 0.72% vitrinite reflectance are explained with a set of four
independent reactions. It is suggested that these reactions represent the following pathways (listed in the order of
occurrence): (I) reactions involving the cleavage of thermally unstable C—O and C-S bonds, (II) demethylation, (IIT)
release of groups which cross link ring structures and/or secondary cracking of long chain hydrocarbons within the
molecular network of the coal, and (IV) polymerisation and condensation reactions. Reactions II and III contribute the
major part to total methane potential. However, the addition of the minor reactions I and IV has significant influence
on the stable carbon isotope trend of methane.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

The stable isotope distribution of carbon and hydro-
gen in methane and its homologues are the most
important chemical characteristics of natural gas. They
can be used to decipher the processes of gas generation,
for example thermal or microbial gas generation
(Schoell, 1980), to distinguish between microbial gas
from CO,-reduction and that from fermentation
(Whiticar et al., 1986), to deduce the type and maturity
of thermally generated gas (Stahl and Carey, 1975;
Faber, 1987; Berner and Faber, 1996), and to investigate
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migrational processes during the passage of the gas from
its origin through the rocks of the Earth’s crust (Prinz-
hofer and Pernaton, 1997). These widely applied classi-
fication schemes are based mostly on empirical
relationships where certain ranges of isotopic patterns
or isotope effects were attributed to specific gas gen-
erating processes or specific source rocks and maturities.
Whilst it is obvious that isotopic distribution of natural
gas components is governed by processes during gas
generation, none of the empirical classification schemes
relates the isotopic pattern directly to the progress of
hydrocarbon generation.

First attempts to link the isotopic composition of
individual gas components to the process of hydro-
carbon generation were focused on Rayleigh distillation
equations (Berner et al., 1995; Clayton, 1991; Galimov,
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1988; Rooney et al., 1995). Because Rayleigh distillation
equations do not consider the temperature dependence
of isotope fractionation, the applicability of most of
these models is limited (Lorant et al., 1998). According
to Bigeleisen (1949) the effect of isotope partitioning
during chemical reactions usually is caused by differ-
ences between the reaction velocities of the individual
isotope species. In consequence, isotope specific reaction
kinetic parameters were used to describe gas generation
and associated isotope fractionation during pyrolysis
experiments (Gaveau et al., 1987; Cramer et al., 1998).

Rooney et al. (1995) pointed out that a major limitation
in developing isotopic models for natural gas is uncertainty
about the mechanisms of gas generation. Recent work
has used theoretical calculations of model parameters to
predict gas generation from sedimentary organic matter
(Payne and Ortoleva, 2001) and stable carbon isotopes
of methane in natural gas (Tang et al., 2000).

Another approach uses the generation dynamics of
individual gas components during pyrolysis experiments
to differentiate individual reaction mechanisms. From
these measurements it was evident that the generation of
gas components from coaly organic matter could not
easily be explained with single first order reactions.
Methane generation from coal during pyrolysis experi-
ments was either related to three individual reactions
(Kroger and Briicker, 1961; Jintgen and van Heek,
1970; Campbell, 1978; van Heek at al., 1986) or to four
reactions (Jiintgen, 1964; Hanbaba et al., 1968).

Measured stable carbon isotope trends of the gener-
ated methane during pyrolysis experiments gave addi-
tional evidence for the contribution of distinct reactions
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to bulk generation (Fig. 1). From the data shown in
Fig. 1 Friedrich and Jiintgen (1973) suggested that two
reactions are responsible for methane generation from
coal. Inflexions in the 8'3C trend and inverse isotope
trends of methane (Fig. 1) were thought to be due to
these reactions being overwhelmed by individual, sub-
sequent reactions. Other investigations based on the
isotope composition of methane proposed three reac-
tions (Rohrback et al., 1984; Gaveau et al., 1987).

In this context, the main objective of this paper is to
investigate the reactions of methane generation during
thermal decomposition of coal based on high resolution
stable carbon isotope data on methane generated during
dry, open system pyrolysis. These data are taken from a
previous publication which was focussed on the applic-
ability of reaction kinetic isotope modelling to geologi-
cal systems (Cramer et al. 2001). After an introduction
into the mathematics of first order reaction Kkinetics,
isotope dynamics of single reactions as well as of dis-
tributed reaction complexes are derived theoretically.
Finally, after application of a multi-reaction approach,
reaction mechanisms of methane generation during the
pyrolysis experiments will be suggested.

2. Reaction kinetic concept of gas generation and
stable isotope fractionation
2.1. Single first-order reactions

The mathematics of reaction kinetics recently have
been reviewed comprehensively by Schenk et al. (1997)
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Fig. 1. Published trends of stable carbon isotope ratios of methane thermally generated from coal during dry, open system pyrolysis

with 2 K/min heating.
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and Burnham and Braun (1999). The basis of the reac-
tion kinetic concept usually applied is the temperature
dependence of the rate coefficient k(7), which is
assumed to have the Arrhenius form, including a pre-
exponential factor 4 (s~') (frequently termed frequency
factor or Arrhenius factor), the activation energy E
(J/mol) and the gas constant G (8.3145 J/K/mol):

E
) = a-exp(~ ) n

Applying this, the rate of product generation r, the
amount of reaction product ¢ and the amount of residual
reactant f can be calculated as functions of temperature
T and time f. A brief summary of the underlying
mathematics is given in Appendix Al.

A heavy isotope species of a given molecule in a given
chemical bond usually has a slightly lower zero-point
energy and higher activation energy than the corres-
ponding light isotope species. This difference in bond
energy will affect the kinetics of the thermal cleavage of
the bond. Considering that this cleavage is the rate
determining step of the reaction, the two isotope species
of the product will be generated at different rates. This
leads to an isotope separation between the reactant and
the product. The factor by which isotopes are separated
during kinetic chemical reactions usually is termed the
kinetic isotope effect KIE. According to Bigeleisen
(1949) the KIE can be defined as the ratio of the rate
constants of the formation of the two isotopic mole-
cules. With the Arrhenius-type temperature dependence
of the reaction rates of the first-order reaction given in
Eq. (1), the kinetic isotope effect is defined by the ratio
of the pre-exponential factors R, as well as the differ-
ence in activation energy AE between the heavy isotope
species H and the light isotope species L:

ki(T) AL p(EH - EL)

AE
= RA exp<ﬁ) (2)

The temperature dependence of the KIE in Eq. (2)
must be considered as an ideal approximation because
much more complex temperature dependencies with
minimum and maximum values and K7/E-values below 1
(so called crossovers) have been described (Stern et al.,
1968; Spindel et al., 1970). Nevertheless, Eq. (2) repre-
sents the most common form of KIE(T) and was
appropriate to model isotope fractionation associated
with light hydrocarbon generation from coal during
pyrolysis experiments (Cramer et al., 1998).

For isotope calculations a certain isotope ratio R
(Appendix A2) of the initial precursor at the beginning
of the reaction Rpeco 18 assumed. During the process of

reaction the product is generated and the precursor is
subsequently exhausted. Due to the slight differences in
the reaction rates of the isotope species, isotope ratios of
the residual reactant Ry, of the instantaneous product
Rinst, as well as of the cumulative product Ry, will
change. By defining specific amounts of the initial
and the residual reactant (fzo and f70, fi7 and f7) as well
as specific amounts of the reaction product (c¢y and
cr) these isotope ratios can be defined for single first-
order reactions as functions of time and temperature
(Appendix A2).

These definitions provide the basis for calculating the
isotope ratios of the precursor, of the instantaneous
product as well as of the cumulative product at any
stage of the reaction (Fig. 2). As indicated in Fig. 2, at
the beginning of the reaction the precursor isotope sig-
nature does not change significantly. Although isotope
fractionation at low temperatures is much more sig-
nificant, the pool of precursor groups is not sufficiently
altered due to product generation to result in significant
changes in 8'3Cpec(T). Accordingly, product isotope
ratios do not change rapidly either. Nevertheless, start-
ing from the lowest temperature the product is enriched
in the light isotope species in comparison to the pre-
cursor. During this early phase of the reaction the dif-
ference in isotope ratios between the precursor and the
product slightly decreases with increasing temperature
(Fig. 2) mirroring mainly the temperature dependence of
the KIE [Eq. (2)].

At the temperature of maximum generation of the
light isotope species (7Tnax) the instantaneous isotope
ratio of the product passes the initial isotope ratio of the
precursor. At the end of the main phase of product
generation the isotope ratio of the cumulative product
approaches the initial isotope ratio of the precursor,
indicating that the majority of the precursor groups
have undergone reaction. With further reaction the K/E
causes a strong enrichment in the heavy isotope species
finally resulting in infinitely high 8'3C values of pre-
cursor and instantaneous product (Fig. 2).

2.2. Distributed first-order reactions

Kerogen is a complex material and in most cases its
thermal decomposition cannot be described adequately
with a single reaction model (Hanbaba et al., 1968). To
handle this situation it is assumed that the complexity of
such a reaction can be expressed by a number of inde-
pendent, parallel first-order reactions. In principle, each
of these reactions is characterized by distinct values of
activation energy and pre-exponential factor. In prac-
tise, it can be assumed that the pre-exponential factor is
identical for the whole set of reactions, therefore the rate
coefficients differ only in activation energy. The fact that
such models with constant pre-exponential factors have
been applied successfully in many cases, indicates that
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Fig. 2. Generation rate r, of the dominating '>-species and §'3C-values of the product and the precursor as function of temperature
of a first-order reaction with £; =200 kJ/mol, 4=10" s~!, and f;,= 1, constantly heated at 2 K/min. The initial 3'3C-value of the
precursor is —25 %o. Isotope fractionation is caused by a difference in activation energy of 100 J/mol with equal pre-exponential factors.

the entropies of formation of activated complexes lead-
ing to the release of particular species are in fact quite
similar (Suuberg, 1983).

One approach to describe an activation energy dis-
tribution of a reaction divides the energy spectrum into
a certain number of discrete activation energies with
individual reaction probabilities, or in other words, with
individual initial generation potentials (Tissot, 1969).
Another approach treats the reaction with an infinite
number of parallel first-order reactions (Hanbaba et al.,
1968). The activation energies of these reactions are then
represented by a continuous probability function D(E)
(““density function”). This model of a distributed reac-
tion is still a simplification because real probability
functions are not known in general. In petroleum gen-
eration studies different types of distribution functions
have been applied successfully (Burnham and Braun,
1999), but for practical use Gaussian distributions are
used most frequently (Anthony and Howard, 1976,
Braun and Burnham, 1987; Burnham et al., 1987; Han-
baba et al., 1968; Jiintgen and van Heek, 1970; Laksh-
manan et al., 1991; Sundararaman et al., 1992; Suuberg,
1983). Compared to other continuous probability func-
tions applied to thermal decomposition experiments, the

Gaussian distribution is the simplest. With the Gaussian
distribution parameter o (standard deviation) only one
additional variable number is involved compared to the
single reaction model (Appendix B1). Because of their
symmetry, Gaussian activation energy distributions in
many cases were not appropriate to account for asym-
metric generation dynamics. These asymmetric genera-
tion trends were then modelled applying Weibull energy
distributions or pseudo n-th order models (Burnham
and Braun, 1999). For the mathematical modelling of
methane generation from coal presented here, observed
asymmetric generation trends are simulated by introdu-
cing a set of independent Gaussian reaction complexes
contributing to the product methane.

For the development of a model of isotope specific
reaction continuums, additional prerequisites have to be
defined. In accordance with the simplification that the
pre-exponential factor is identical over the entire reac-
tion spectrum, it is furthermore assumed that the ratio
of the isotope specific pre-exponential factors R4 is also
constant. In addition, the ratio of the reaction prob-
abilities of the heavy to the light isotope species is set to
be distributed uniformly. So, an equal initial isotope
ratio of the pseudo-precursors at each point of the
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probability function D(E) is defined which is identical
to the overall initial isotope ratio of the precursor Rpeco.
Isotope fractionation is then caused by differences in the
activation energy spectrum between the density func-
tions of both isotope species which is defined to be con-
stant over the entire probability function. Considering
these prerequisites, for distributed first-order reactions
the isotope ratios of the precursor Rprec(7), of the
cumulative product R.,,(7T), and of the instantaneous
product R, (T ) can be expressed according to Appendix
B2.

For a Gaussian distributed reaction the influence of
the distribution parameter o on the generation rate and
on the isotope ratio of the instantaneous product is
shown in Fig. 3. Starting with the reaction given in Fig. 2
the o-value is increased up to 12% of E,. This increase
of o causes obvious changes in the isotope trend of the
instantaneous product 8'*Ci,(T). At higher tempera-
tures, the model of Gaussian distributed reactions
results in an almost linear increase of the isotope ratios
with increasing temperature (Fig. 3). At o values above
about 5% the instantaneous isotope trends show a
pseudo-linear increase with temperature over the entire

displayed range of conversion. In common with single
first-order reactions, the isotope trends of the instanta-
neously generated product for all distributed reactions
pass the initial isotope ratio of the precursor at the
temperature of the maximum generation rate Ty«
(Fig. 3).

All reactions in Fig. 3 were calculated applying an
identical KIE(T) with R,=1 and AE=100 J/mol
according to Eq. (2). Nevertheless, the slopes of the
pseudo-linear trends decrease with increasing o. A wide
distribution of activation energies seems to suppress
isotope fractionation. This effect was first described by
Galimov (1974) who stated that the degree of isotope
fractionation in a distributed reaction is significantly
lower than in a single reaction. In fact, isotope frac-
tionation as defined with a kinetic isotope effect [Eq. (2)]
is not lower. For distributed reactions at each temper-
ature a wide range of activation energies contributes to
the bulk process, each of them with the same KI/E(T).
The bulk isotope trends (Fig. 3) represent a smoothed
mixture of this wide spectrum of individual reaction
sites. With increasing width of the activation energy
distribution a wider energy spectrum contributes to the
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Fig. 3. Generation of the light carbon isotope species r; and stable carbon isotope ratios of the instantaneous product (8'3Cjng)
generated from Gaussian distributed reactions heated at 2 K/min. The bold solid line indicates the trend for the reaction shown in
Fig. 2 based on reaction kinetic parameters defined there. The thin solid lines display the influence of increasing o-values of a Gaussian
distributed reaction complex on these trends. The corresponding values of o are given in% of the mean activation energy Ey (200 kJ/mol).
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bulk reaction. In consequence, the spectrum of isotope
values contributing to the bulk isotope trend increases
and the bulk trend becomes flatter. So, an increasing o-
value may have the same effect on the trend of §'3Cj,
as a decreasing K/E(T) and vice versa.

Examples of this “isotope compensation effect” are
shown in Fig. 4. The reactions displayed differ only in
AE and o. Three pairs of isotope trends are shown
where one reaction with a comparatively high o-value
and a high AE has a very similar §'3Cj,-trend as a
reaction with low o-value and low AE.

2.3. Combined reaction systems

To describe thermal methane generation from coal
and the associated stable carbon isotope distribution, a
reaction system of i/ independent Gaussian distributed
reaction complexes is assumed. These individual reac-
tions reflect independent reactant pools, each of them
contributing to the product generated. In accordance
with the models of single and distributed reactions pre-
sented above, each reactant pool is characterised by an
individual isotopic inventory and individual reaction
kinetic parameters. The generation of the overall pro-
duct as well as its isotope composition can be calculated
by summing up the contributions of i individual reac-
tions (Appendix C).

In Fig. 5, the differential generation curve and the
instantaneous isotope trend are displayed for a reaction
system consisting of two independent Gaussian dis-
tributed reactions. The two reactions differ in all reac-
tion kinetic parameters, except for the initial isotope
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ratio of the precursors (8'3Cpreco = —25 %o) (Fig. 5). The
minor first reaction I (f,=6%) precedes a widely dis-
tributed dominating reaction II (f=94%). In the dif-
ferential bulk generation curve the minor reaction can
be distinguished only as a weak shoulder.

In contrast, the instantaneous isotope trend is sig-
nificantly altered by the admixture of the minor reac-
tion. At lower temperature the minor reaction (I)
contributes enough isotopically distinct product to
cause a significant shift in the bulk isotope trend (Fig. 5).
During main product generation the bulk isotope trend
is identical to the trend of the dominating reaction
because reaction I does not generate sufficient amounts
of the product to have significant influence. The reaction
system in Fig. 5 is only one possibility of mixing indivi-
dual reaction complexes. However, from the example in
Fig. 5 it is obvious how valuable detailed information
on the stable isotope distribution can be to elucidate
reaction mechanisms.

3. Modelling of methane generated from coal

Methane generation and associated stable carbon
isotope fractionation from coal was investigated in an
open system pyrolysis unit, designed for dry, non-iso-
thermal experiments at variable heating rates, online
coupled to an isotope ratio mass spectrometer. This
method provides high resolution insight into the
dynamics of the generation and isotope fractionation of
individual gas components from sedimentary organic
matter. As gaseous products are permanently flushed

25
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Fig. 4. Three examples to show how the width of a distributed reaction compensates for the kinetic isotope effect. The distributed
reaction complexes differ only in AE and o-values. The basic reaction is the same as displayed in Fig. 2. The parameters of the three

pairs of isotope trends are shown in the plot.
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out of the heated reactor with an inert carrier gas, pri-
mary cracking reactions are believed to be the dominat-
ing process of gas generation. Detailed descriptions of
the pyrolysis method applied as well as the analytical
procedures of gas separation and quantification are
given in Cramer et al. (2001).

For reaction kinetic modelling only methane, as the
most important component of natural gas, is taken into
account. Cramer et al. (2001) investigated gas genera-
tion from three different coals. Isotope patterns of
methane displayed very similar trends for the three
coals. So, only the methane data of coal A (Cramer et
al., 2001) are used as an example. Coal A is a humic coal
from Germany of Upper Carboniferous age, character-
ized by a vitrinite reflectance of 0.72 R, and a 8'3C value
of bulk organic carbon of —24.6 %.. Detailed geochem-
ical information as well as the original gas and isotope
data from the pyrolysis experiments are provided in
Cramer et al. (2001).

Fig. 6 displays the generation dynamics and the iso-
tope trend of methane from coal A during a pyrolysis
experiment with 0.2 K/min heating. Measured stable
carbon isotope ratios of methane during pyrolysis
experiments of coal A show one minimum value at the
beginning of bulk generation (350 °C), one maximum
(560 °C) and a second minimum value (660 °C) at the
end of the reaction (Fig. 6). According to the reaction
systems presented in Fig. 5, methane from coal A might
be interpreted as the result of the mixing of three indi-
vidual reaction complexes. From the measured isotope
trend there is a single indication that three reactions are
not sufficient to explain the data. Around the temper-
ature of maximum methane generation (440 °C) a weak
inflexion in the trend of 8'3Cj, occurs resulting in a
slightly convex line (Fig. 6). Using a multi-reaction-
model (Fig. 5) neither one single reaction nor a dis-
tributed reaction system as defined above can produce
such a convex isotope trend. Consequently, it is inferred

— indiv. reactions

— bulk reaction

20+

8"°C. (%o0)

+ +

400 500 600

T (°C)

Fig. 5. Generation of the light carbon isotope species r; and stable carbon isotope ratios of the instantaneous product (8'3Ci,) for a
reaction system consisting of two independent Gaussian distributed reaction complexes (thin solid lines I and II) contributing to
one common product (bold solid line, “bulk reaction’). The heating rate is 2 K/min. The reaction kinetic characteristics of the two

individual distributed reactions are:

I—fo=6%, Ey=175 kJ/mol, A, =105 s71, §13Cpreco=—25 %o, R4=1, AE=65 J/mol, 5 =5%.
1 — fo=94%, Ey=225 kJ/mol, A, =10'5 s, §13Cpreco =—25 %o, Ry=1, AE=200 J/mol, c=10%.



386 B. Cramer | Organic Geochemistry 35 (2004) 379-392

that this convex occurrence is the result of mixing two
parallel reaction complexes. The total isotope trend of
methane reflects a system of four independent reaction
complexes. As mentioned above, this model of four
independent methane generating reactions is in accor-
dance with other published investigations on gas gen-
eration from coal during laboratory pyrolysis
experiments which did not consider stable carbon iso-
tope evolution (Hanbaba et al., 1968; Jiintgen, 1964).
In order to reduce the number of unknown parameters
in the model, the pre-exponential factors of the four
reactions were assumed to be identical. A common pre-
exponential factor of 2.4 - 10'* s~! was calculated by
applying the method introduced by van Heek and Jiint-
gen (1968) where the change in the temperature of
maximum product generation Tp,,, With heating rate is
used. The data for this procedure were taken from
additional pyrolysis experiments with 0.7 and 2.0 K/min
heating rates (Cramer et al., 2001). The reaction specific
mean activation energies Ey,, the generation potentials
foi» and the distribution parameters o; of the four reac-
tions were then calculated by fitting the mixed bulk
generation curve to the measured methane generation.
With this procedure, the width of activation energy

distribution was defined from the dynamics of methane
generation. Therefore, one of the parameters influencing
apparent isotope fractionation (Fig. 4) was revealed
independently from measured isotope dynamics.

The difference in activation energy together with the
initial stable carbon isotope ratio of the precursor was
calculated by matching the modelled bulk isotope trend
of all reactions to the measured values. As an additional
simplification, pre-exponential factors of both isotope
species were set to be identical (R4;=1). Thus, the dif-
ference in activation energy AE; remains as the only
parameter in the model defining the KIE;(T) [Eq. (2)].
Tang et al. (2000) calculated R, values mostly in the
range between 1.02 and 1.04. The underestimation of
isotope fractionation with a R, value of 1 in the model
presented here is mainly compensated by higher AFE
values. The modelled and measured generation and iso-
tope curves and the characteristics of the four individual
reaction complexes are shown in Fig. 6. The accom-
panying reaction kinetic parameters are listed in Table 1.

The four reaction complexes almost perfectly match
the measured generation and isotopic pattern of meth-
ane from coal A (Fig. 6). With an identical pre-expo-
nential factor the mean activation energies lie between

250
o CH, from coal A
o B - A " reaction |
% —- reaction 11
o) - - reaction III
Q[B 1501 — reaction IV
o] — bulk reaction
3. 100 +
A
i
;—1 5() 4
0 T
0 4
10
e\i
3-20
£
& 304
o
-40 +
-50 — ' ' . .
200 300 400 500 600 700
T (°C)

Fig. 6. Generation of '?CHy (r;) and 8'3Cj, of methane from coal A measured during dry, open-system pyrolysis with 0.2 K/min
heating. Measured data are taken from Cramer et al. (2001). Reaction kinetic characteristics of the four model reactions are listed in

Table 1.
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Table 1

Reaction kinetic characteristics of the Gaussian distributed first-order reactions describing methane generation and stable carbon
isotope distribution of methane pyrolytically derived from coal (Fig. 6). The coal pyrolysed is of Upper Westphalian age from

Germany (Cramer et al., 2001).

Reaction | Reaction II Reaction III Reaction IV
Egy; (kJ/mol) 230 247.5 270 310
A (/) 2.4 .10 2.4 .10 2.4 .10 2.4 .10
Jfoi (%) 53 43.4 44.7 6.6
o, (%) 7 6 7
8" Cprecor (%o) —16 -30 =25 -31.5
SE; (J/mol) 110 100 100 30

230 and 310 kJ/mol (Table 1). Interestingly, the reac-
tions with lowest and highest mean activation energy (I
and IV) have the most pronounced effect on the trend of
813Cipst Whereas together they contribute only about
12% to the total methane generation potential (Table 1).
The two dominating reactions (II and III) with mean
activation energies of 247.5 and 270 kJ/mol have the
same initial generation potential of about 44%. Together
they cause the continuous increase in 8'3Ci,y during
main methane generation (Fig. 6).

The observation that reaction III results in a
smoothed continuation of the isotope trend of reaction
II must be realised in the model by a significant differ-
ence in 8 Cpreco; Of 5 %o (Table 1). Whereas isotopic
fractionation is identical for both reactions (AEa=100
J/mol), this shift of 5 %o towards an isotopically heavier
precursor of reaction III compensates for the isotopic
off-set caused by the temperature effect of the higher
mean activation energy of reaction III. As a con-
sequence, the isotopic transition between reactions II
and IIT does not occur as a step in the isotope trend but
as smoothed convex transition to a flatter slope in the
813Cypet trend.

4. Proposed reaction pathways

Reaction complex I. It is suggested that reaction
complex I generates methane by breaking bonds
between carbon and hetero atoms, especially sulphur
and oxygen. These bonds are known to be weaker than
C-C bonds and release methyl groups at lower temper-
ature (van Krevelen et al., 1951; Smith et al., 1985; Tang
et al., 2000). The demethylation of methoxyl groups is
often considered one of the most important first steps of
early coalification (Gaveau, et al. 1987, del Rio et al.,
1994).

With an O/C ratio of 0.15 and S/C ratio of 0.012
(Cramer et al., 2001) large portions of its oxygen and
sulphur have already been removed from coal A during
diagenesis and early coalification. So the occurrence of
reaction I (Fig. 6) can be interpreted as a final stage of

the chemical process. Consequently, the set of modelling
parameters for reaction I (Table 1) does not reflect the
real reaction kinetic parameters of the reaction. It is
probable that the calculated mean activation energy of
230 kJ/mol has undergone a shift to higher values due to
natural pre-maturation. This effect may also be respon-
sible for the slight overestimation of methane generation
with reaction I at temperatures below 350 °C. Probably,
a truncated activation energy distribution would have
been more appropriate to describe reaction complex I.
Another indication for the effect of pre-maturation is
the modelled heavy isotope signature of the methane
precursor of reaction I with a §'3C of —16 %o (Table 1).
Methane generation during burial preferentially removed
the light isotope species of reaction I from the system
leaving the remaining precursor relatively enriched in
the heavy isotope.

Reaction complex II. Reactions II and III are
characterized by about the same generation potential,
together contributing the main part of methane genera-
tion with about 88% of the total potential (Table 1).
The isotopic contribution of these reactions to the
overall 83C trend of methane is responsible for the
steady increase of the §'3C during main methane gen-
eration (Fig. 6). This is in accordance with published
data on maturity trends of the 8'3C of methane in
natural gas from humic organic matter (e.g. Stahl and
Carey, 1975; Faber, 1987).

The overall occurrence of both reactions in the reac-
tion kinetic model (Table 1) is similar with a small dif-
ference in o of 1% and identical AEa values of 100 J/
mol. Differences between the modelled reaction com-
plexes (II and III) are the lower mean activation energy
of reaction II and the initial isotope signatures of its
precursors (Table 1).

For the pyrolysis experiment, the temperature range
of methane generation due to reaction II is between 300
and 500 °C (Fig. 6) which coincides with the temper-
ature range of ethane and propane generation (Cramer
et al. 2001). Within the same temperature interval,
Campbell (1978) detected the maximum generation rates
of other low molecular weight condensable hydro-
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carbons, mainly light aromatics, from subbituminous
coal. This indicates that the modelled reaction II is
related to the release of methyl groups by breaking of
C-C bonds. These bond breaking reactions within the
network structure of coal begin at temperatures of
about 350 to 400 °C during gradual heating (Poutsma,
1990). This type of reaction is the most important pro-
cess of alkane generation from humic organic matter in
the catagenesis stage (Tissot and Welte, 1984).

Interestingly, the apparent stable carbon isotope sig-
nature of the initial methane precursor of reaction II
(8'3C=—30 %o, Table 1) differs significantly from that
of the bulk organic carbon of the coal (§'3C = —24.6 %o).
This finding suggests that methyl carbon is isotopically
lighter (about 5 %o) than the average of carbon within
the coal. These light isotope signatures of methane pre-
cursors possibly reflect isotopic effects during biosynthesis
of the organic molecules (Clayton, 1991). Stepwise
chemical degradation experiments of biogeochemical
molecules showed that each carbon site of a hydro-
carbon molecule can be distinguished by an individual
stable carbon isotope signature, with differences in §'3C
values in some cases exceeding 5 %o (Monson and
Hayes, 1982; Rossmann et al., 1991; Huang et al., 1999).

Reaction complex III: The identical AEa values of
reactions II and III (Table 1) point to a similar reaction
mechanism. Consequently, it is suggested that decom-
position by cleavage of C—C bonds is the rate determin-
ing step also responsible for methane generation in
reaction III.

With an apparent §'3C of —25 %o the methane pre-
cursor of reaction III is close to the 8'3C of the bulk
coal (—24.6 %o), but significantly heavier than the pre-
cursor of reaction II. The same isotope pattern of
methane precursors in kerogen as described for reaction
complexes II and III (Table 1) was modelled by
Clayton (1991). It was suggested, that methane from the
reaction at higher temperature (reaction III) originates
from the gas prone part of the kerogen which was
termed refractory kerogen (Clayton, 1991). The simi-
larity of the isotope signature between bulk kerogen
and this precursor was interpreted to result due to the
origin of the methane’s carbon from alkyl groups
which cross link aromatic and naphthenic structures
(Jintgen, 1985). Galimov (1985) expected these methane
precursor groups to be slightly isotopically lighter
than the mean isotope ratio of the macromolecular
network.

Another possible source for methane from reaction
IIT is the conversion of C, . -hydrocarbons which were
previously generated at lower temperatures (Cypres,
1976). Coal is a three-dimensional cross-linked mole-
cular network in which pore openings are considered to
be less than 5 A (van Krevelen, 1961). Larger molecules
are believed to be retained within the network. When
a certain temperature is reached secondary cracking

reactions are initiated. As a result, methane as the end
product of this secondary cracking is released from the
coal. Horsfield et al. (1992) showed that the spectrum of
activation energies for cracking oil to gas has its
maximum potential at approximately 270-285 kJ/mol
(pre-exponential factor of 1.1 - 10'® s=1). This is in good
agreement with the mean activation energy of reaction
IIT of 270 kJ/mol (Table 1), supporting the idea of sec-
ondary cracking reactions within the coal as an impor-
tant source of methane from reaction III. In addition,
the precursor isotope signature of reaction III is close to
the bulk isotope ratio and this is also consistent with
secondary cracking, because long chain hydrocarbons
are known to be isotopically similar to bulk organic
matter (Chung et al., 1988; Mycke et al., 1994; Rooney
et al., 1995).

Reaction complex IV: Reaction complex IV sig-
nificantly influences the instantaneous isotopic compo-
sition of methane although the generation potential
contributes only 6.6% to the total potential. Above
560 °C the §'3C of methane starts to decrease indicating
an admixture of isotopically light methane (Fig. 6). In
the reaction kinetic model this isotopically light meth-
ane is realized by a §'3C of the precursor of —31.5 %o
(Table 1). With a AE of 30 J/mol reaction complex IV is
characterized by the lowest difference in activation
energy suggesting a significantly different reaction
mechanism from all the other reactions. Friedrich and
Juntgen (1973) observed the same reversal in the meth-
ane isotope trend during open system pyrolysis experi-
ments (Fig. 1) and assumed that reactions between
aromatic substances in the coal might be responsible for
the release of this late methane. This is in agreement
with observations of peak benzene generation during
late stage coal conversion which was interpreted to be
due to pyrolysis of the remaining char residue rather
than original low temperature coal depolymerization
(Campbell, 1978). In this context, the low AE value of
reaction IV can be interpreted to be caused by low iso-
tope fractionation during the release of carbon from
ring structures.

The observation of a light isotope signature of the
methane precursor of reaction IV can be related directly
to the reaction mechanism suggested. Aromatisation
reactions release carbon from the macromolecular net-
work which, as emphasized earlier, is expected to have
the bulk isotope signature. However, only a small num-
ber of carbon sites must be released to reach a very high
degree of aromatisation. So at the end of the reaction
most of the carbon sites in the molecular structure were
not involved in the reaction although they initially
belonged to the group of possible precursor sites. Since
the reaction preferentially removes the light isotope
species first, the small group of carbon molecules
released by the reaction is in fact significantly lighter
than the entire group of possible precursor sites.
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5. Concluding remarks

A mathematical model is presented which describes
product generation and stable isotope fractionation in
complexes of distributed first-order reactions. While
Gaussian distributions were applied, the model can be
calculated also with other probability functions. The
model can be used to interpret isotope trends of natural
gas components generated during laboratory pyrolysis
experiments. In this context it enables the inference of
reaction mechanisms for the generation of hydro-
carbons and other products during the thermal decom-
position of kerogen. Four reaction complexes were
needed to model the generation of methane from coal.
The underlying process of all reactions is believed to be
the thermally induced unimolecular decomposition of
macromolecules with free radical processes as the dom-
inating reaction mechanism. However, differences
between the respective modelled reaction complexes in
the activation energy distributions, in the kinetic isotope
effect and in the initial isotope inventory of the pre-
cursor suggest that the four reaction complexes differ in
bond strength and in the type of precursor molecules.
Nevertheless, it should be kept in mind that the mathe-
matical model presented here is still a simplification of
the complex processes during thermal decomposition
of coal.

Applying the isotope specific reaction kinetic model-
ling to other gas species generated from coal (like eth-
ane, ethene, propane, propene, carbon dioxide and
carbon monoxide) a more detailed mass and isotope
balance of the decomposition reactions will be possible.

Appendix A. First-order reaction kinetics of a single
reaction

A 1. Single reaction—generation kinetics

Considering a system with a single first-order reaction
where the reverse reaction is insignificant, the rate of
product generation r(¢) for an arbitrary non-isothermal
time-temperature history can be given as function of the
rate coefficient k(7(¢)) [Eq. (1)] and of the remaining
reactant f(r) at time

_de  df

H=—= = k(T(1)) - f(t Al
i) = 5o == = K(T(0) - 1) (A1)

Here the amount of reaction product ¢(7) at time 7 is
the difference between the initial amount of reactant f;

and the concentration of the remaining reactant:
o(n) = fo —f0) (A2)

Considering only systems with a constant heating rate
m (K/sec), for example non-isothermal pyrolysis experi-
ments, the reaction rate can be related to temperature:

r(t)y=m-r(T) (A3)

Applying this and integrating Eq. (A1) the amount of
residual reactant f{(7) at temperature 7(¢) can be
obtained:

T
AT =fo- exp(—% Jokde) (Ad)

To calculate this reaction the evaluation of the temp-
erature integral /(7) of the rate coefficient [Eq. (A4)] is
necessary:

T

RHZLMDM’ (A5)

While numerical methods like the Simpson algorithm
can be used, different approximations have been pro-
vided (e.g. Suuberg, 1983; Braun and Burnham, 1987).
A manageable approximation of I(7) for large values of
E/(G - T) as well as initial temperatures low enough and
final temperatures high enough that insignificant reaction
rates occur was developed based on the Arrhenius type
temperature dependence (van Heek and Jiintgen, 1968):

) =G-

2 K(T)

A 2. Single reaction—isotope kinetics

Isotope ratios are usually expressed as ratio of the
heavy isotope species H to the light isotope species L:

The calculations presented are performed in terms of
these isotope ratios whereas the figures display isotope
ratios in the more common A-notation. A-values relate
the isotope ratio to a fixed standard ratio (R,,,):

R
8[%o] = (R

— 1) - 1000 (A8)
std

For calculations of stable carbon isotope ratios as
performed in this study the standard value is repre-
sented by the PDB-standard (Craig, 1957).

By relating the initial amounts of isotopic reactant
species (fgo and f7o) according to Eq. (A7) the initial
isotope ratio of the reactant or, in other words, the
initial isotope ratio of the product precursor Rpreco can
be defined:

JHo

RprecO = E (A9)
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In accordance with Eq. (A4) the isotope ratio of the
precursor Rp.o(7) at an arbitrary temperature is the
ratio of the remaining amounts of both isotope species
of the reactant (fz(7T) and f7(7))

Bl —exp( - (1u(n = 11 (A10)
prec0 m

By combining isotope specific versions of Egs. (Al)-
(A4) in a similar manner two isotope ratios of the pro-
duct of a reaction can be defined which are the isotope
ratio of the cumulative product R.,n(7) as well as the
isotope ratio of the instantaneously generated product
Rins(T) at a given temperature 7:

In(T)
me(n:l_exp<_ )

(A11)
Rl’recO 1— exp (_ #)
R rec(T) _

Appendix B. First-order reaction kinetics of a
distributed reaction

B 1. Distributed reaction—generation kinetics

Assuming a continuous probability function D(E) of
the activation energy the total fraction of reactant
remaining f(7) at temperature 7' for the distributed
reaction is given with:

Ooexp (M> - D(E)dE (B1)
0

0=

m

The amount of the generated product and the genera-

tion rate of the distributed reaction complex can be cal-

culated by substituting this form into Egs. (A1) and (A2).

The density function D(E) applied in this study is a
Gaussian distribution:

1 1 (E— Ey\’

Here the density function is defined with E, denoting
the mean activation energy of the distribution. o is the
Gaussian distribution parameter (standard deviation).

B 2. Distributed reaction—isotope kinetics

For a distributed reaction the isotope ratios of the
precursor Rpeo(T), of the cumulative product Reym(7),

and of the instantaneous product R, (7) can be
expressed by substituting Eq. (B2) into Egs. (A10),
(A11) and (A12). Eliminating the constant difference in
activation energy AE, as well as the isotope specific pre-
exponential factors from the integral, and combining
these numbers to the KIE(T) results for R (7) in a
similar equation as Eq. (A12) with the K/E(T) involved:

00 IH(T’ E)
Ry _ 0 P (‘ T) DB

(B3)
Rprec() J‘goexp <_ IL(Z;;’ E)) ~D(E)dE

T B e ) R
oD o

precO 1— f?exp(— L(mv E)) -D(E)dE

R recO
Ru(1) ~ PD)
00 E 1.(T,

K L e T R .

ren(—gop =) D

Appendix C. First-order reaction kinetics of combined
reaction complexes

Considering a combined reaction complex in which i
independent reactant pools contribute to the overall
reaction, the fraction of the initial product precursor is
the sum of the precursors of the individual reaction
systems:

i

fo=Y o (€1

n=1

According to Eq. (A9) the overall instantaneous
isotope inventory Rpco contributing to the product can
be defined as:

Z,ﬁ'H 0
RprecO = ”:-1 (Cz)

1

> firo

n=1

The overall isotope ratios of the precursor, the
instantaneous product, as well as the cumulative
product at a certain temperature can then be expressed
in a similar way considering Egs. (A10), (All), and
(A12).
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Appendix D. Table of abbreviations

temperature

time

rate coefficient

pre-exponential factor

activation energy

gas constant [8.3145 J/K/mol]

index light isotope species

index heavy isotope species

rate of product generation

amount of cumulative reaction product
initial amount of reactant

amount of reactant

heating rate

I(T) temperature integral

R isotope ratio

prec index for the precursor of the reaction

SR N QM AF TN

—5

3

inst index for the instantaneous product of the
reaction

cum index for the cumulative product of the reaction

8 standard isotope ratio [%o]

D distribution function

o Gaussian distribution parameter
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