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The aim of this work was to apply a kinetic scheme proposed by Behar et al. [2008, Organic Geochemistry
39, 1-22] to a Type I kerogen of lacustrine origin. There it was demonstrated, based on experiments per-
formed in closed pyrolysis system on a kerogen of marine source (Type II) and lignite (Type III), that the
major proportion of generated hydrocarbons (Hcs) does not originate from the initial kerogen. Indeed,
kerogen decomposes mainly into heavy NSO compounds. Subsequently, these NSOs rapidly undergo sec-
ondary cracking to generate hydrocarbons and a new NSO fraction. Consequently, HCs have multiple
sources: a minor part comes from the kerogen itself, whereas the major part is derived from secondary
cracking of the two types of NSOs. In the present work, an immature Type I kerogen was pyrolysed in a
closed pyrolysis system from 275 to 350 °C with residence time between 1 h and 27 days. The kinetic
scheme was optimised on the basis of the same framework as that proposed in our previous study and
an excellent fit was obtained between experimental and optimised data. This kinetic scheme was used
to compare our results with those obtained in open system pyrolysis and on an aliquot of the same sam-
ple matured in a closed pyrolysis system under hydrous conditions [Ruble et al., 2001, American Associ-
ation of Petroleum Geologists Bulletin 85, 1333-1371]. In hydrous experiments, the results demonstrate
very good prediction of the total HC fraction, which is recovered in both the tarry bitumen and the
expelled oil. This means that, as far as the generation process is concerned, the rate and total amount
of generated HCs are similar in both hydrous and non-hydrous closed systems. In an open system, the
total HC yield is similar to that obtained in a closed system but the generation rate is significantly lower.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Kerogen is formed during sediment diagenesis and is progres-
sively thermally cracked to petroleum fluids during sediment bur-
ial. Kerogen degradation rates, amount and chemical composition
of the generated products are determined under laboratory condi-
tions by performing experiments generally above 300 °C with short
residence time (less than one year). By assuming a first order ki-
netic law to calculate the rate constants and using the Arrhenius
equation, it is possible to extrapolate laboratory results to geolog-
ical conditions in which oil generation requires exposure to tem-
peratures lower than 150 °C for millions of years.

Three types of pyrolysis systems are generally used for these
experiments: open system, anhydrous closed system and hydrous
closed system (Tissot and Espitalié, 1975; Monthioux et al., 1985;
Serio et al., 1987; Ungerer and Pelet, 1987; Horsfield et al., 1989;
Burnham and Braun, 1990; Braun and Burnham, 1990; Ungerer,
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1990; Lewan, 1993, 1997; Tegelaar and Noble, 1994; Michels and
Landais, 1994; Tang and Stauffer, 1994; Behar and Hatcher, 1995;
Behar et al., 1997; Dieckmann et al., 2000; Schenk and Dieckmann,
2004, among others). In the three systems, it was observed that the
pyrolysis products from kerogen or lignite degradation are domi-
nated by heteroatomic compounds, called ‘NSOs’, of very high
molecular weight (Tissot et al., 1971; Ishiwatari et al., 1977; Tissot
and Welte, 1984; Teerman and Hwang, 1991; Lewan, 1993; Behar
et al.,, 1997, 2003; Lewan and Ruble, 2002).

Behar et al. (2008a) proposed an integrated compositional ki-
netic schema for describing primary cracking of kerogen and sec-
ondary cracking of generated products. Artificial maturation was
performed in a closed system under non-hydrous conditions. Pyro-
lysis products were extracted using two successive solvents: first
with n-pentane in order to recover an extract containing saturates,
aromatics and a fraction of the resins, but free of asphaltenes; then,
a second extraction with dichloromethane (DCM) to recover a sec-
ond fraction containing both resins and asphaltenes. The analytical
distinction between these two types of NSOs is that the heavier
NSOs, i.e. those only soluble in DCM, are more unstable than those
soluble in n-pentane. This new kinetic scheme demonstrated that
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only a small proportion of hydrocarbons HCs are generated from
kerogen itself; most are derived from cracking of generated NSOs.
These results confirm previous models from Fitzgerald and van
Krevelen (1959) for coal and Tissot (1969) and Ishiwatari et al.
(1977) for kerogen, in which the NSOs (termed ‘mesophase’ by
Fitzgerald and van Krevelen, 1959) are primary products of kero-
gen decomposition and that HCs are, in fact, generated from sec-
ondary cracking of NSOs. This kinetic scheme was also proposed
by Lewan (1997), in which kerogen first decomposes into a tarry
bitumen enriched in polar compounds. Then, this bitumen under-
goes secondary cracking and generates the main part of HCs.

The objective of the present work was to apply this successive
kinetic scheme to a typical kerogen from a lacustrine source (Type
I). Thus, by adding this sample, it should be possible to determine if
the same model for primary cracking can be applied to the three
main types of organic matter as defined by Tissot et al. (1974).

2. Sample selection

A Type I kerogen from the Green River Formation, Uinta Basin,
USA was selected. The sample is an aliquot of an immature Mahog-
any Shale (sample 930923-8; Ruble et al., 2001) that forms part of
the Parachute Creek Member of the formation. It is thermally
immature as indicated by both the Rock-Eval parameters and ele-
mental analysis (Table 1). Prior to pyrolysis, the kerogen was iso-
lated by dissolution of minerals in the rock with non-oxidizing
acids under a nitrogen atmosphere (Durand and Nicaise, 1980).
Any extractable organic matter (EOM) was removed from the ker-
ogen by two successive extractions with DCM. The extracted kero-
gen was dried and stored in a glove box under a nitrogen
atmosphere. Bulk pyrolysis data were acquired for the isolated ker-
ogen using multiple heating rates with a Rock-Eval 6 instrument
(Behar et al., 2001) and the resulting data files utilized to compute
bulk kinetic parameters using the GeoKin software. The results
show a typical mono energetic profile. The mean value of the acti-
vation energy at 56 kcal/mol (Table 2) is higher than that generally
found at 54 kcal/mol (Ungerer and Pelet, 1987; Braun et al., 1992;
Sundararaman et al., 1992) and corresponds to the optimised A va-
lue at 5.64 x 10'*s~! during error function minimisation. How-
ever, a slightly higher error function was observed for a
frequency factor at 1.00 x 10" s~! corresponding to an average E
at 54 kcal/mol.

3. Experimental simulation in a closed pyrolysis system
3.1. Reactor description

Gold tube reactors (6 cm x 1 cm) were used to perform experi-
ments on 250 mg aliquots of kerogen. For kerogen conversion be-
low 5%, duplicate or triplicate experiments were carried out. For
specific experiments with DCM and n-pentane NSOs, a mother
DCM solution was prepared with a concentrate ranging between
80 and 100 mg/ml. One milliliter of the solution was deposited
on a soft gold foil, previously curved and evaporated under nitro-
gen in a glove box for 3 days. Successive weights were measured
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inside the glove box until the sample reached a constant mass.
The foil was then folded and transferred to a gold tube reactor.

Gold tube filling and welding were carried out under nitrogen
inside a glove box. The sealed tubes were placed into an oven for
isothermal heating. The pyrolysis time was initiated when the de-
sired isothermal temperature was reached, i.e. ca. 15-20 min after
placing the autoclaves in the oven. At the end of the desired reac-
tion time, the autoclaves were cooled in a water bath and slowly
depressurized so as to not rupture the gold tubes. Two tubes were
used for each temperature/time condition, one for gaseous product
and the other for liquid product analysis.

3.2. Mass balance

For gas analysis, gold tubes were pierced in a vacuum line
equipped with a Toepler pump to isolate and measure the total
quantity of gas (Behar et al., 1989). Condensable gases (CO,, H,S
and C,-C4 alkanes) and permanent gases (H,, N, and C;) were
recovered in a glass ampoule for a molecular characterization via
gas chromatography (GC). For liquid fraction recovery, gold tube
opening was carried out at room temperature under atmospheric
pressure. Pyrolysis products were successively extracted first with
n-pentane and DCM. First, the gold tube was pierced, cut into small
pieces and transferred to a flask filled with n-pentane, which was
refluxed for 1 h with constant magnetic stirring. After filtration,
the n-pentane solution was concentrated to 10 ml and weighed
for volume quantification. An aliquot of ~2 ml was weighed and
used to quantify the Cg—Cy4 compounds using GC. The Cs com-
pounds that co-eluted with the solvent were not quantified. A sec-
ond aliquot of 3ml was evaporated and weighed before
fractionation by way of liquid chromatography into saturates
(Sat), aromatics (Aro) and n-pentane NSOs, which corresponded
to resin compounds because asphaltenes are not soluble in n-pen-
tane. After n-pentane extraction, the insoluble fraction left on the
filter was extracted with DCM. This extract was verified to con-
tained <1 wt.% of saturates and aromatics; therefore, >98% were
polar compounds, which included the total asphaltene fraction
and resins not soluble in n-pentane. After solvent evaporation, this
second extract was dried and weighed. Finally, the insoluble resi-
due, together with the gold pieces, was dried and weighed. The
complete analytical procedure is summarized in Fig. 1.

The total mass balance is the following:

Total (%) = CO, + HyS + C;—C4 + Cg—Cy4 + Cygp Sat + C14+ Aro
+ n-Cs NSOs + DCM NSOs + solid residue.

In this mass balance, water generated during artificial matura-
tion was not quantified.

3.3. Kinetic modelling

For kinetic modelling, it is assumed that thermally unstable
chemical classes decompose through first order processes and rate
constants depending on temperature according to the Arrhenius
law. The average rate of decomposition of a chemical class can
be accounted for by a set of independent, parallel reactions. Kinetic
(Ea and A for each reaction in the model) and stoichiometric

Table 1
Rock-Eval data for initial Type I source rock and kerogen and elemental composition.
Whole rock Kerogen
TOC S1 S2 S3 Tmax HI Ol S2 Tmax HI Ol C H (0] N S Fe Total Atomic ratio
(%) (mg/ (mg/ (mg/ (°C) (mg/ (mg (mg/ (°C) (mg (mg/ (wt¥) (wt%) (wt%) (wt%) (Wt%) (wt%)
H/C O/C
g) g) g) g0 g0 9 g0 g0
145 54 1192 1.7 435 822 12 524 434 734 10 714 8.6 71 3.0 4.9 3.8 988 145 0.075
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Table 2
Bulk kinetic parameters for initial kerogen using the
Rock-Eval technique.

Ea (kcal/mol) P (%)
48 11
50 0.7
52 5.7
54 12.6
56 71.8
58 49
60 1.8
62 0.2
64 0.5
66 0.7
Total 100.0
A(s™h) 5.64E+14

parameters were numerically calibrated according to pyrolysis
mass balances. Optimisation was achieved with GeoKin Composi-
tional software, an IFP kinetic simulator that allows rate parame-
ters to be adjusted by finding the minimum of an error function,
F, corresponding to the sum of squared differences between mea-
sured and computed amounts. The minimisation of F was per-
formed using a modified Levenberg-Marquardt algorithm
constrained by mass conservation: the sum of the stoichiometric
coefficients for each reaction must equal 100%.

4. Results and discussion
4.1. Mass balance for initial kerogen

Mass balances are given in Table 3 for the total HC fraction (To-
tal HC), which is defined as follows:

Total HC fraction = C;—C4 + Cg—Cy4 + C144 Sat + Cy4. Aro

Gas analysis was performed on all experiments except at 275
and 300 °C for 3 and 9 h due to the low gas yields. In each experi-
ment, the n-pentane extract was successfully recovered. However,
the filtration of the DCM extract was difficult and problematic in
seven experiments. Thus, both the DCM extract and insoluble
residue quantifications were not completed for these experiments.
For the other experiments, results indicate that in most cases the
total recovery was between 98% and 100%, but was lower for
experiments at 350 °C. For comparison, the evaluation of the insol-
uble residue as determined by difference was indicated as solid
residue 2.

Using bulk kinetic parameters, it was possible to determine the
equivalent kerogen transformation ratio (TR) whatever pyrolysis
conditions were used in the closed system. Although, this does

not mean that kerogen conversion in closed system is the same
as in an open system, it is a way to segregate the experimental re-
sults with increasing maturity and to determine the main succes-
sive steps of primary and secondary cracking processes in a
closed system. The general trends with increasing kerogen TR for
the solid residue, the n-Cs and DCM NSOs and the total HC fraction
are shown in Fig. 2.

The amount of insoluble residue (Fig. 2) shows a sharp decrease
initially, reaching a minimum between 25% and 70% of kerogen
transformation as defined from extrapolation of open system
kinetics to these conditions. It corresponds to the thermal decom-
position of the initial kerogen. Although experimental points are
missing around this minimum region, it appears that a minimum
of 10% insoluble residue may be reached. This indicates that almost
90% of the initial kerogen is decomposed and converted. Under the
most severe conditions, the amount of insoluble residue increases,
indicating that there is another source of solid residue that is being
added from secondary cracking reactions. This additional source
may begin adding to the residue amount before the minimum va-
lue is reached and thereby suggests that more than 90% of the ini-
tial kerogen can be thermally decomposed.

The data show that DCM NSOs are generated as soon as kerogen
starts to crack, following a trend with a very steep slope for kero-
gen TR below 15%. In this low maturity range, the yield of the DCM
NSOs reaches about 30%. However, there is insufficient experimen-
tal data to determine when the maximum yield of DCM NSOs is
reached. Nonetheless, an estimation may be made. In the kerogen
TR range of 35-45%, the non-HC gas yield is 3%, insoluble yield 10—
0%, n-Cs NSOs around 25% and total HC fraction around 20%. Thus,
the maximum DCM NSO product is between 32% and 43%, i.e. a
mean of about 37%. After this maximum, a sharp decrease in
DCM NSOs is observed. These observations suggests that rapid
and significant generation of the DCM NSOs occur as soon as initial
kerogen begins to crack and further suggests that these com-
pounds are likely to be primary products of kerogen decomposi-
tion, having a maximum yield higher than the estimated of 32-
43%.

The n-pentane NSOs also are generated as soon as kerogen
cracks, but the yield slope is less than that of the DCM NSOs. In
our previous work, it was observed that n-pentane NSO com-
pounds originated mainly from the secondary cracking of DCM
NSOs. In order to verify that they are indeed not primary products,
specific experiments were completed on the thermal decomposi-
tion of DCM NSOs and are described in Section 4.2.

The generation curve of the total hydrocarbon yield also starts
at very early stages of kerogen cracking (TR below 3-4%) with a lin-
ear upward trend extending to a kerogen TR near 100%. The max-
imum HC yield is 35% of the total organic matter and is reached
when kerogen conversion is complete. The relative distributions

W — Gases (vacuum line)
| | —
N

— light HC : GC Pentane NSOs = soluble in n-C;
— C,4. recove = resins 1
14+ f ry DCM NSOs = soluble in DCM
= resins 2 + asphaltenes
n-pentane
extraction
Cuv |  L_,| nc5
Extract residue
! ¥
SAR bcm Kerogen
extraction weight loss
Cise DCM
Saturat Extract residue
aturates
Aromatics — forl; egt

Pentane NSOs | DCM NSOs |

Fig. 1. Analytical procedure used in closed pyrolysis experiments for calculating total mass balance.
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Table 3
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Mass balance (%) for Type I kerogen matured in a closed pyrolysis system. The kerogen TR corresponds to that derived using bulk kinetics in an open system for the temperature/
time conditions. Solid residue 1 is the amount recovered in the experiments, whereas solid residue 2 is calculated by difference (100-total yield). The total HC fraction = C;-

C4+ C—Cqgq + Cyygs Sat + Cyye Aro.

Experimental Open Gas fraction HC fraction NSOs Solid residue 1 Totals Solid residue 2
conditions system (by weight) (%) (by diff.) (%)
T(°C) t(h) Cal. TR Non-HC HC Ce- Ciar DCM  n-Cs All HC
(%) Cia (%) (%) fractions fractions
CO, HSS G G G Co (%) Sat  Aro (%) (%)
(%) @) (%) (%) (%) (%) (%) (%)
275 3 0.5 - - - - - - - 02 03 7.8 1.2 - - 0.5 90.5
275 9 13 - - - - - - - 06 09 108 33 823 97.9 1.5 84.4
275 24 2.2 1.6 0.0 02 00 00 01 - 09 14 143 53 731 96.9 2.6 76.2
275 72 4.0 1.7 0.0 02 01 01 01 1.1 1.2 20 - 6.7 - - 48 -
275 216 7.9 1.9 0.0 03 01 01 01 1.5 1.7 27 - 95 - - 6.5 -
275 648 153 33 0.1 01 02 02 03 27 3.0 43 273 122 471 100.8 10.8 46.3
300 3 2.2 - - - - - - 1.0 09 13 15.6 54 737 97.9 3.2 75.8
300 9 4.1 - - - - - - 1.2 1.1 19 18.7 6.8 68.5 98.2 4.2 70.3
300 24 7.7 1.8 0.0 03 01 01 01 15 16 25 241 94 59.7 101.2 6.2 58.5
300 72 15.2 2.2 0.1 02 02 02 02 21 29 44 278 120 479 100.2 10.2 47.7
300 216 28.6 2.7 0.2 01 04 04 03 45 53 6.9 - 214 - - 179 -
300 648 51.5 2.8 0.3 1.1 08 08 05 6.2 74 8.7 - 232 - - 255 -
325 3 7.2 1.7 0.1 03 01 01 01 1.0 1.5 25 204 73 63.6 98.7 5.6 64.9
325 9 146 2.0 0.1 04 02 01 01 24 29 46 257 125 4738 98.8 10.7 49.0
325 24 26.1 2.7 0.0 07 02 02 02 37 44 6.1 - 192 - - 15.5 -
325 72 479 2.8 0.2 09 06 05 04 65 72 84 - 231 - - 245 -
325 216 77.0 2.8 0.3 14 10 10 06 86 102 9.0 134 208 259 95.0 31.8 30.9
350 1 11.6 1.9 0.1 04 01 01 01 1.5 19 3.1 273 104 435 90.4 7.2 53.1
350 3 230 23 0.1 06 03 03 02 30 3.6 6.0 30.1 181 217 86.3 14.0 354
350 9 432 2.7 0.2 07 03 05 04 48 6.1 7.8 - 239 - - 20.6 -
350 24 69.0 2.7 0.2 09 06 07 06 7.1 8.4 19.7 233 152 88.2 271 27.0
350 72 918 2.8 0.2 14 09 09 12 108 115 82 184 285 935 354 35.0
Solid residue DCM NSOs
801 364
o
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60—+ 2718
< . < Re -
© 40 - 18
o s B R
= . * = o
20 * " 94 03
0 T T T ] 0 T T T ]
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*
3
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< ¢ . g o .
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o) * ° o
= . = .
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Fig. 2. Evolution of solid residue, n-pentane and DCM NSOs and total hydrocarbon fractions with increasing kerogen TR determined from open system kinetics.

of the hydrocarbons generated above a TR of 4% are reported in Ta-
ble 4. There are no significant changes over a TR range of 4% to 23%:
the Cq4. aromatics predominate with a relative proportion of 40—
44%, the light and heavy saturates in similar proportions of 19-
25% and 26-29%, respectively, and hydrocarbon gases represent
7-10%. Above a kerogen TR of 30%, the relative proportion of the
Cy4+ aromatics decreases continuously from 40-44% to 26%, while

there is a relative increase of all other hydrocarbon classes. A max-
imum yield is observed for the C;4. aromatics whereas, for all other
classes, no decrease in yield was observed. These observations sug-
gest that, among the Cq4. HC fraction, the aromatics are likely the
most unstable class. However, a part of the Cy4. saturates cannot be
excluded from thermal cracking under these temperature/time
conditions.
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Table 4
Relative chemical distribution of total hydrocarbon fraction under the selected T/t conditions.
Experimental conditions Open system Relative hydrocarbon distribution
C1-C4 (%) Ce—C14 (%) Cias Total (%)

T (°C) t(h) Cal. TR (%) Sat (%) Aro (%)

275 72 4.0 8.8 23.0 25.6 42.6 100.0
275 216 7.9 8.7 23.6 26.2 41.4 99.9
275 648 15.3 7.3 24.9 27.7 40.1 100.0
300 24 7.7 9.4 25.1 25.2 40.3 100.0
300 72 15.2 8.2 20.8 28.1 429 100.0
300 216 28.6 6.1 25.2 30.0 38.7 100.0
300 648 51.5 124 244 29.0 34.2 100.0
325 3 7.2 10.1 18.4 27.0 44.5 100.0
325 9 14.6 8.1 223 26.6 43.0 100.0
325 24 26.1 8.2 23.9 28.5 394 100.0
325 72 479 9.8 26.4 294 34.4 100.0
325 216 77.0 12.2 271 32.2 28.5 100.0
350 1 11.6 10.3 213 255 429 100.0
350 3 23.0 9.4 21.8 259 42.9 100.0
350 9 43.2 9.2 23.2 29.6 38.0 100.0
350 24 69.0 104 26.2 309 325 100.0
350 72 91.8 124 30.5 325 24.6 100.0

Indeed, based on kinetic parameters for saturated (Tilicheev,
1939; Ford, 1986; Dominé, 1989; Khorasheh and Gray, 1993; Song
et al., 1994; Jackson et al., 1995; Behar and Vandenbroucke, 1996;
Burnham et al., 1998a,b; Dominé et al., 1998) and aromatic (Savage
and Klein, 1987; Freund and Olsmtead, 1989; Smith and Savage,
1991, 1994; Burnham et al., 1998a,b; Behar et al., 1999, 2002;;
Yu and Eser, 1998; Lorant et al.,, 2000; Domke et al., 2001; Bur-
klé-Vitzthum et al., 2003; Leininger et al., 2006, among others)
model compounds or hydrocarbon mixtures (Tsuzuki et al., 1999;
Behar et al., 2008b; Hill et al., 2003), it has been shown that alkyl-
ated aromatics are sensitive to thermal cracking under laboratory
conditions and that Cq4. saturates may be affected at 325 and
350 °C with times >72 h. Consequently, it is important to include
these two chemical classes in the overall kinetic schema and deter-
mine the extent of their contribution to secondary cracking prod-
ucts under the selected T/t conditions.

In conclusion, based on the differences in thermal reactivity,
two chemical types of NSOs and the total HC fractions, it is possible
to propose a general kinetic scheme in which:

- The total loss of insoluble solid could reach 90% and may be
more if the contribution of insoluble residue derived from
DCM NSOs secondary cracking is subtracted.

— DCM NSOs are primary products from kerogen cracking and are
comparatively unstable compounds.

- n-Pentane NSOs are generated as soon as kerogen starts to crack
and it is fully necessary to determine if they are primary or sec-
ondary products.

- C1-Cy4 hydrocarbons are stable under the selected T/t condi-
tions, whereas the C;4. aromatics appear to undergo significant
conversion under the most severe conditions; the thermal sta-
bility of the Cy4+ saturates needs to be checked.

- Total hydrocarbon production is observed over the entire matu-
rity range; it can be generated from the four different sources
including kerogen, DCM and n-pentane NSOs, and Ci4+
aromatics.

4.2. Artificial maturation of DCM NSOs

In order to better constrain the overall kinetic scheme, specific
experiments were carried out on isolated DCM NSOs. For this, a
large amount of the initial kerogen was pyrolysed at 275 °C for
9h in order to generate DCM NSOs. The kerogen was then ex-
tracted with n-pentane followed by DCM. The recovered DCM
NSOs were pyrolysed at 275, 300, 325 and 350 °C with heating
times between 1 and 648 h. Mass balances are reported in Table 5.
Even at the lowest temperature exposure (275 °C for 24 h or 300 °C
for 9 h), 26-32% of the initial DCM NSOs were converted. This con-
firms the thermal instability of the DCM NSOs, as previously ob-
served during kerogen cracking.

Table 5

Mass balances obtained for DCM NSOs generated at 275 °C/9 h and pyrolysed in closed pyrolysis system at greater severity.
Experimental conditions Open system  Gas fraction Cy4+ HC fraction NSOs Solid residue (%) Total

Non-HC HC Sat (%) Aro (%) DCM n-Cs

T (°C) t (h) Cal. TR (%) CO> (%) HS(%) Ci(%) G (%) GC(%) Ca(%)
275 24 2.2 1.2 0.1 0.1 0.1 0.1 0.0 1.6 14 73.7 12.2 4.1 94.6
275 72 4.0 - - - - - - 1.8 2.2 644 157 5.9 90.0
275 648 153 - - - - - - 5.4 6.2 40.1 169 147 833
300 9 41 1.0 0.1 0.2 0.1 0.1 0.1 23 2.6 68.0 15.5 5.3 95.3
300 24 7.7 14 0.2 0.3 0.2 0.2 0.2 3.2 4.1 60.0 16.7 7.8 943
300 216 28.6 1.9 0.2 0.7 0.5 0.5 0.4 7.4 7.7 28.5 16.0 27.7 91.5
300 648 51.5 2.2 0.4 1.0 1.0 0.9 0.8 9.7 9.0 16.9 140 36.2 92.1
325 9 14.6 1.7 0.2 0.5 0.3 0.3 0.3 3.4 5.6 55.6 18.8 8.8 95.5
325 648 94.1 23 0.4 2.2 1.8 1.6 1.5 10.3 6.5 6.6 9.8 38.0 81.0
350 1 11.6 0.9 0.1 03 0.2 0.1 0.1 2.5 4.7 60.2 18.4 6.4 93.9
350 24 69.0 2.2 0.4 15 1.2 1.1 13 9.0 8.5 113 13.1 34.2 83.8
350 216 96.8 2.4 0.4 29 23 2.1 2.2 8.6 4.8 4.8 63 512 88.0
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Table 6

Bulk kinetics for DCM NSOs cracking in closed pyrolysis system.
Model A Model B
Ea (kcal/mol) P (%) Ea (kcal/mol) P (%)
46 0.0 46 18.0
48 25.2 48 12.2
50 33 50 0.0
52 10.3 52 46.1
54 44.8 54 121
56 5.1 56 6.9
58 6.0 58 0.0
60 5.3 60 4.7
Total 100.0 Total 100.0
A(s™h 5.64E+14 A(s™) 1.55E+14

Based on the residual amounts of recovered DCM NSOs, bulk
kinetics were calculated assuming two different initial constraints:
the first (Model A) imposes the same frequency factor as deter-
mined for kerogen cracking in an open system (Table 2); the sec-
ond (Model B) allows the frequency factor to be optimised
between 10'° and 10%°s~!. The two sets of kinetic parameters
are given in Table 6, with the resulting fit between measured and
computed data shown in Fig. 3. The results show that the two mod-
els predict a very early thermal decomposition of the DCM NSOs,
with approximately 30% cracked at activation energy below
50 kcal/mol. The main phase of thermal cracking occurs in the Ea
range of 52-54 kcal/mol. When these values are compared with
kerogen kinetics obtained in an open system, they are clearly
shifted to lower values for the same frequency factor. It is worth
noting that the optimised frequency factor obtained in Model B
with a value of 1.55 x 10's™! is very close to that imposed in
Model A at 5.64 x 10'*s~!, Moreover, the accuracy of the two
models is very similar, with a correlation factor (R?) of 0.9811
and 0.9879, respectively, due to their very similar rate constants.

In terms of pyrolysis products, the insoluble residue or prechar
represents 6-8% when 30-40% of the DCM NSOs are cracked. Thus,
for total conversion between 15% and 20% of prechar is expected.
The yield of the n-pentane NSOs reaches a maximum value of
18.8% at 325°C/9 h or 18.4% at 350 °C/1 h, which corresponds to
a global DCM NSO conversion of 44% and 40%, respectively. This
means that, for 100% conversion, the maximum yield will be
around 45%. This value is considered as a minimum value since
above 45% conversion, secondary cracking of the n-pentane NSOs
is observed at 300, 325 and 350 °C. At conversion below 30% at
275°C[24 h or 300°C/9 h, the total hydrocarbon fraction repre-
sents between 4% and 5%. For a total conversion, this yield will
be between 12% and 15%.

In conclusion, specific experiments carried out on isolated DCM
NSOs generated from kerogen, demonstrate that they are compar-
atively very unstable compounds. Indeed, based on the decrease in
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their residual amount, bulk kinetics were derived that indicate a
third of these compounds begin to decompose at activation energy
as low as 46-48 kcal/mol. The optimised frequency factor at
1.55 x 10" s~ is very similar to that found at 5.64 x 10'*s~! for
kerogen cracking in open system pyrolysis. This validates the deci-
sion to impose this A factor value for kerogen and NSO cracking
equations. In terms of stoichiometric coefficients, the following ini-
tial constrains may be proposed: between 10% and 15% for the total
hydrocarbon fraction and more than 45% for the n-pentane NSOs
and between 15% and 20% for the prechar.

4.3. Artificial maturation of n-pentane NSOs

The total n-pentane extract recovered from kerogen pyrolysis at
275°C/9h was fractionated into saturates, aromatics and NSOs.
The n-pentane NSOs were pyrolysed at 350 °C for times between
1 and 216 h. The total mass balances are shown in Table 7. A con-
stant decrease in the initial amount of the n-pentane NSOs was ob-
served from 63.6% down to 14.5%. The rapid decrease in these
compounds at 1h indicates that there are quite unstable. By
assuming the same frequency factor as for the DCM NSO decompo-
sition, it is possible to derive an estimation of the activation energy
distribution. The fit between computed and experimental conver-
sion is shown in Fig 4. Results reported in Table 8 indicate that al-
most 60% of the n-pentane NSOs are decomposed, with activation
energy between 52 and 56 kcal/mol. An equal part of 20% is much
less stable, whereas 20% is more refractory.

In terms of pyrolysis product distribution, at around 50% con-
version (350 °C, 3 h and 9 h), the sum of the HC gas and the Cg-
C4 fraction is between 4% and 7%. The corresponding amount of
the Cy4+ saturates is between 5% and 7%. It is interesting to note
that around 15% DCM NSOs are produced, the decomposition of
which lead to prechar formation. These DCM NSOs cannot be com-
pared to those generated from the initial kerogen heated at 275 °C/9 h.
Indeed, when recovered during kerogen maturation, they were
mainly composed of asphaltenic compounds, whereas when gener-
ated from n-pentane NSO decomposition, they constitute light yel-
low compounds and are mainly polynuclear aromatic structures.
Thus, they can be considered prechar precursors.

In conclusion, n-pentane NSOs are more stable than their DCM
homologs. They generate at least 12% of the C;-Cq4 and Cy4+ satu-
rates. The sum of both prechar precursor and prechar representing
around 30-0%, the amount of generated aromatics can be esti-
mated between 30% and 40%

4.4. Elaboration of overall kinetic scheme

In order to reduce the number of free parameters and obtain an
optimised kinetic scheme that was chemically consistent, the fol-
lowing constraints were also imposed:
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Fig. 3. Comparison between measured and computed data for global conversion of the DCM NSOs using the two sets of kinetic parameters in Table 6.
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Table 7
Mass balances for n-pentane NSOs generated at 275 °C/9 h and pyrolysed in closed pyrolysis system at greater severity.
T(°C) t(h) OpensystemTR(%) Gas fraction Co—Cia n-Cs extract DCM Insol. residue Total n-Cs Aro
(%) (%) NSOs
Non-HC HC (%) total(%) Sat(%) Aro(%) NSOs NSOs conv. (%)  conv.
(%) (%) (%) (%)
350 1 116 1.3 0.6 1.4 3.3 8.4 63.6 13.6 0.0 92.3 36.4 2.3
350 2 18 1.6 1.0 1.7 3.8 8.7 55.4 15.8 0.0 88.0 44.6 44
350 3 23 1.8 14 2.3 46 10.1 53.1 17.3 2.9 93.4 46.9 6.5
350 9 432 2.3 2.8 4.0 6.6 11.9 44.1 14.1 6.4 92.2 55.9 17.4
350 24 69 2.9 4.4 4.8 8.2 10.9 30.1 14.8 73 83.4 69.9 36.7
350 72 918 2.6 5.6 6.1 9.7 10.5 21.0 8.0 19.5 83.1 79.0 67.5
350 216 96.8 3.6 7.3 7.1 7.3 6.8 14.5 5.5 35.0 86.9 85.5 94.6
y = 0.9998x - The relative distribution of the three hydrocarbon classes gener-
R? = 0.9992 ated from kerogen and DCM NSOs was determined by averaging
1004 the distribution observed when the cracking of the C;4, aromat-
2 45 »* ics is not yet significant, i.e. at 275 °C between 72 and 648 h and
E 50 / at 300 °C for 24 h and 72 h (Table 4). The resulting average com-
3 / position is 30-33% for the C;-Cy4 hydrocarbons, 26-28% for Cy4+
g 25 saturates and 39-44% for the C;4. aromatics.
° . . . , - For the n-pentane NSOs decomposition, the optimised distribu-
0 25 50 75 100 tion of activation energy given in Table 8 was used as an initial

observed (%)

Fig. 4. Comparison between measured and computed data for n-pentane NSO
conversion using optimised kinetic parameters in Table 8.

Table 8
Bulk kinetics for n-pentane NSO cracking in closed
pyrolysis system.

E (kcal/mol) P (%)
46 0.0
48 179
50 0.0
52 23.8
54 4.2
56 32.6
58 0.0
60 21.0
62 0.5
Total 100.0
A(s™) 5.64 x 10'*

- Mass balances in Table 3 were split into the following nine
chemical classes: non-hydrocarbon compounds (non-HC gas)
including CO, and H,S, stable C;-Cy4 hydrocarbon class, Cy4+
saturates, Cq4+ aromatics, DCM NSOs, n-pentane NSOs, initial
kerogen, residual kerogen or kerogen 2 and prechar, the solid
fraction generated during the thermal cracking of the NSOs.

- The same frequency factor as determined from bulk kinetics for
kerogen cracking in an open system (Table 2) was assumed for
both kerogen and NSO cracking. The activation energy distribu-
tion was ascribed every 2 kcal/mol between 40 and 60 kcal/mol.
Kinetic parameters for the C;4. aromatics and saturates thermal
cracking were taken to be equal to that obtained on the same
chemical classes from crude oil (Behar et al., 2008b). For the
Cy4+ aromatics equation, a fourth hydrocarbon class was intro-
duced and termed Cq4+ Aro 2, which corresponds to the new
aromatics generated during their thermal cracking (Behar
et al., 2008b).
For kerogen cracking, initial estimates for stoichiometric coeffi-
cients were >80% of DCM NSOs, <10% for the kerogen 2, <5% of
both n-pentane NSOs and hydrocarbon fractions. For DCM NSO
cracking, it was anticipated that n-pentane NSOs are major
products with a yield >50%, together with 5-15% of total HC
and 20-30% of prechar.

guess. In terms of stoichiometric coefficients, the DCM NSOs,
being considered prechar precursors, were lumped together
with the prechar and the corresponding total yield is proposed
between 30% and 40%. The same range was applied for the C;4+
aromatics. For the C;-Cy4 and Cy4. saturates, values between
15% and 20% were assigned.

The optimised kinetic scheme is shown in Table 9. Results show
that the initial kerogen decomposes completely to 97% DCM NSOs
and 2% hydrocarbons. This means that the main result of kerogen
cracking is the generation of a very viscous liquid predominated
by polar compounds. As in our previous work, there is no genera-
tion of the n-pentane NSOs from kerogen, implying that they are
secondary products. The distribution activation energy ranges from
46 to 54 kcal/mol, significantly lower than the range obtained from
an open pyrolysis system of 54-56 kcal/mol. Again, the results con-
firm our previous results that kerogen decomposes much earlier in
closed than in open system pyrolysis. As demonstrated by the
experimental data, >60% of n-pentane NSOs are generated during
the thermal cracking of the DCM NSOs with 20% prechar (solid
formed from NSO and C;4. aromatic cracking) and 13% hydrocar-
bons. In terms of thermal reactivity, at least 37% of the DCM NSOs
are very unstable and decompose at a very early stage of kerogen
cracking. This thermal instability explains why the maximum yield
of the generated DCM NSOs does not exceed 30% before decreasing,
whereas the predicted yield is 97%. However, as the kinetic distri-
bution is bimodal, a second fraction of the DCM NSOs is more sta-
ble, with activation energy between 56 and 60 kcal/mol.

The n-pentane NSOs generate 65% hydrocarbons and the range
of the distribution energy is shifted to higher values vs. that of the
DCM NSOs. The Cq4+ aromatics are slighter more unstable than
those studied by Behar et al. (2008b), who proposed a partition
of 21% and 79% at 52 and 54 kcal/mol. In contrast, the initial con-
straints for the Cy4+ saturates were not changed. In terms of rela-
tive contribution to hydrocarbon potential, 2% come from the
initial kerogen, 13% from the DCM NSOs and 42% from the n-pen-
tane NSOs.

The correlation between experimental and computed data for
the six main classes (DCM NSOs, n-pentane NSOs, total HC fraction,
C;1-Cy4, Cq4+ saturates and aromatics) is shown in Fig. 5. An excel-
lent fit is observed for all chemical classes, with almost no
deviation. Indeed, the slope is very close to one, meaning that
not only is the rate accurately predicted, but so the stoichiometric
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Table 9

Overall kinetic schema for thermal cracking of initial kerogen together with generated unstable chemical classes and prediction of absolute yield of hydrocarbons from the

different sources.

Non-HC HC fraction NSOs fraction Solid fraction Total Total HC  E; (kcal/mol) P; (%) A(sh
Gas C1-Cig Cia DCM n-Cs Kero 2 Prechar
Sat Aro 1 Aro 2
Kerogen 0.6 0.6 0.6 0.8 97.4 100.0 2.0 46 2.0
48 23.2
52 28.9
54 459
Total 1000 5.64 x 10
DCM NSOs 2.4 4.2 3.6 52 64.9 19.7 100.0 13.0 44 6.0
46 30.6
48 6.2
50 6.8
52 6.0
56 35.0
58 55
60 4.0
Total 100.0 5.64 x 10™
n-Cs NSOs 2.3 19.9 175 277 32.6 100.0 65.1 46 4.0
48 244
52 10.2
56 20.6
58 20.7
60 18.1
62 2.0
Total 100.0  5.64 x 10
Ci4+ Aro 1 13 243 30.0 204 24.0 100.0 54.3 52 25.8
54 74.2
Total 1000  3.05x 10"
Ci4+ Sat 85.6 14.4 100.0  100.0 64 55.4
66 25.2
68 17.2
70 2.2
Total 100.0  3.85 x 10'°

coefficients. The fit for the two NSO classes is less accurate than for
the other chemical classes. This can be explained by the experi-
mental methodology. During the DCM extraction, the filtration
procedure was not as easy as for the samples in our previous work
(Behar et al., 2008a) and a part of the DCM NSOs may have been
lost. During the medium pressure liquid chromatography (MPLC)
fractionation of the n-pentane extract, a portion of the resins
may be retained on the column during the back flushing procedure.
For the other chemical classes, the correlation factor, R?, is system-
atically between 0.98 and 0.99.

Respective conversions of the kerogen, DCM and n-pentane
NSOs under geological conditions are shown in Fig. 6 assuming a
heating rate of 2 °C/Ma. According to the kinetic scheme in Table 9,
a significant part of the DCM NSOs is cracked earlier than the ker-
ogen. Most of the n-pentane NSOs are more stable than both the
kerogen and the DCM NSOs.

4.5. Comparison with experiments in an open system

The chemical composition of the S2 peak is given in Table 10.
The pyrolysis products were quantified using the same analytical
procedure as that described in Behar et al. (2008a).The calculated
S2 obtained by summing the amount of both the hydrocarbons
and the NSOs is larger than that directly measured by Rock-Eval
6. This can be explained by a more efficient transfer of the gener-
ated NSOs to the liquid nitrogen trap directly connected to the
pyrolysis chamber. Results show that the recovered amount of

NSOs (42.7%) is much lower than that predicted by the kinetic
scheme for the closed system pyrolysis. On the other hand, the
hydrocarbon yield at 23.3% is higher than that generated in closed
system from both the kerogen and the DCM NSOs. This means that,
in an open system, part of the NSOs generated from kerogen is not
swept away by the carrier gas and consequently undergoes sec-
ondary cracking in the pyrolysis chamber. This observation con-
firmed our previous results obtained with both the Type II
kerogen and Type III lignite and validated the kinetic scheme pro-
posed for open system pyrolysis. In this kinetic scheme, the reac-
tant is a mixture of both the initial kerogen and a part of the
generated NSOs to which a complementary reaction with the same
stoichiometric coefficients was added to describe the secondary
cracking of the NSOs recovered in the S2 peak. This kinetic scheme
was applied to the Green River Shale kerogen according to data in
Table 10:

kerogen + (1-o0 NSO1) — 3.8% non-HC gas + 23.3 HC
+42.7% aNSO1 + 30.2% kerogen 2

42.7 NSO1 — 1.6% non-HC gas + 10.0% HC + 18.2% NSO2
+12.9% prechar

The scheme can be used for simulating kerogen cracking under
conditions of a closed system pyrolysis in order to compare both
rate and amounts of generated HCs. As in our previous study (Be-
har et al., 2008a), the thermal cracking of the NSO2 was simulated
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Fig. 5. Comparison between measured and computed data using overall kinetic scheme described in Table 9.
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Fig. 6. Conversion of the kerogen, DCM and n-pentane NSOs under geological
conditions (2 °C/Ma).

by considering these compounds as n-pentane NSOs. The different
HC generations under laboratory conditions (2 °C/min) are shown
in Fig. 7. Results show that the maximum HC yield is very similar
in a closed system and an open system using the new kinetic
scheme whereas the HC yield obtained with one reaction is signif-
icantly underestimated. Moreover, the HC rate in an open system
with one or two reactions is delayed vs. to that observed in a closed
system.

4.6. Comparison with hydrous experiments in a closed system

As indicated previously, the same sample selected for use in the
present study was also submitted to hydrous pyrolysis in a previ-
ous study (Ruble et al., 2001). The total mass balance is given in Ta-

ble 11. The amounts of each chemical class in the initial extract are
higher than those obtained under less severe conditions, which ex-
hibit constant composition at both 160 and 180 °C. Between 200
and 255 °C, the amounts of resins and asphaltenes slowly increase,
indicating the very onset of kerogen cracking. Consequently, we
have taken the average amounts recovered between 160 and
180 °C for the initial composition of the extract instead of those
proposed by Ruble et al. (2001). Thus, the initial composition to
be simulated comprises 35, 29, 51 and 13 mg/g C for the Cy4. sat-
urates, aromatics, resins and asphaltenes, respectively. The amount
of resins was considered to be the n-pentane NSOs and that of
asphaltenes as the DCM NSOs. For mass balance, the value ob-
tained at 315 °C/72 h was discarded because it was out of the gen-
eral trend observed for the other experiments. This initial
composition was taken for predicting the experimental data using
the overall kinetic scheme in Table 9. The total hydrocarbon yield
estimated from the data of Ruble et al. (2001) was not easy to cal-
culate. Indeed, in the hydrous pyrolysis workflow, the Cg-Cq4
hydrocarbons are recovered in the expelled oil, equipment and
rock rinses, and tarry bitumen. The expelled oil was recovered as
such and thus includes the total C¢-C;4 hydrocarbons. During the
chip drying and solvent evaporation of the equipment rinse, Ruble
(1996) estimated the losses of the light fraction and added them to
the total mass balances. The yield of C¢-C;4 hydrocarbons associ-
ated with the tarry bitumen was not determined. As the specific
amount of Cg-Cy4 is not given, the MPLC fractionation done on
the Cy4. fraction was applied to the total oil. This type of calcula-

Table 10
Chemical composition of S2 peak during kerogen cracking in an open system.
Non-HC gas (%) C1-Cy1 (%) Cigs NSOs (%) Total
Sat (%) Aro (%) HC (%) S2 (mg/g)
Kerogen 3.8 115 6.4 5.4 42.7 233 659
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Fig. 7. comparison of HC generation under laboratory conditions (2 °C/min) in
closed and open pyrolysis systems.

tion may underestimate the total hydrocarbon yield since no NSOs
are present in the Cg-Cy4 fraction. The fit between the observed
and computed data for the total hydrocarbon generation is given
in Fig. 8a. It does not pass through the origin as the initial amount
of hydrocarbons is equal to 64 mg/g C. This means that both the
generation rate and the absolute yields obtained under hydrous
conditions in a closed system are accurately predicted using the ki-
netic scheme optimised from closed system experiments under
non-hydrous conditions. The correlation equation in Fig. 8a indi-
cates that the hydrocarbon potential is slightly higher in non-
hydrous conditions vs. hydrous ones. This is not surprising since
the Cg—Cy4 fraction associated with the tarry bitumen was missing
in the hydrous experiments and that there is not a direct estimate
of the Cg-Cy4 fraction in the expelled oil. Finally, the present kinetic
scheme predicts <1% kerogen conversion between 160 and 200 °C.
This is in excellent agreement with experimental data in Table 11,
where it is apparent that both hydrocarbons and polar compounds
begin to be generated above 200 °C.

When these data are compared with those proposed by Lewan
and Ruble (2002) for the hydrocarbon generation of expelled oil,
there is a strong discrepancy as shown in Fig. 8b. These data in-
clude the total hydrocarbons recovered in the total mass balance
and the expelled oil and tarry bitumen. Between 225 and
307.5 °C, the total generation curve matches very accurately that
of the tarry bitumen. At this thermal maturity, corresponding to
a kerogen conversion of 76%, the absolute hydrocarbon yield is
29 mg/g C for the expelled oil and 144 mg/g C for the tarry bitumen
after subtraction of the contribution from the initial source rock
extract. It is only under the most severe conditions above 345 °C
that the contribution of the expelled oil becomes dominant. These
observations demonstrate that in the first stage of kerogen crack-
ing, most of the generated hydrocarbons are recovered in the tarry
bitumen and then, the expelled oil. This confirms the overall ki-
netic scheme proposed in the present study. Indeed, it predicts that
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the total hydrocarbon yield for both the kerogen and the DCM
NSOs is 164 mg/g C, a value very close to the maximum yield ob-
served in Fig. 8b for the tarry bitumen, with a value at around
185 mg/g C after subtracting the initial contribution of the source
rock extract. This amount represents a third of the total hydrocar-
bon potential and is generated much earlier than those recovered
in the expelled oil. In contrast, hydrocarbon generation of the ex-
pelled oil occurs mainly when the initial kerogen has already been
converted 90%. These results explain the lower rate constants pro-
posed by Lewan and Ruble (2002). Consequently, it is not possible
to take either the expelled oil or the tarry bitumen alone for com-
paring data with other experimental data, such as for an open sys-
tem or an anhydrous system in which there is no distinction
between the tarry bitumen and the expelled oil.

When this comparison is extrapolated to geological conditions
(Fig. 9), the hydrocarbon generation window is larger and shifted
to lower temperature using the kinetic scheme of the present
study. Hydrocarbons begin to be generated around 100-125 °C
and the main phase of generation occurs between 125 and
170 °C. The end of generation is observed above 175 °C, coinciding
with the onset of hydrocarbon generation predicted by Lewan and
Ruble (2002).

5. Conclusions

Artificial maturation of a Type I kerogen was performed under
isothermal closed system pyrolysis conditions without water in
the temperature range of 275-350 °C with times from 1 to 648 h.
The recovery of the liquid effluents was completed by two succes-
sive extractions in order to separate the hydrocarbon fraction,
NSOs soluble in n-pentane, and NSOs soluble in DCM. Results show
that almost 90% of the initial kerogen is decomposed from thermal
cracking under these condition, indicating that the insoluble resi-
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Fig. 9. Comparison of predicted hydrocarbon yield (mg/g) under geological
conditions (2 °C/Ma) using the kinetic parameters proposed in Table 9 and those
of Lewan and Ruble (2002).
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Mass balances obtained for Type I source rock artificially matured in a closed system under hydrous conditions (after Ruble et al., 2001). Kerogen conversion was determined
using the kinetic scheme proposed in Table 9.

Ruble et al. Closed system Cal. SARA yields HC gas yield Total hydrocarbon yield Proportion by

(2001) TR (%) (mg/g C) type

Experimental

conditions

T (°C) t Sat (mg/ Aro(mg/ Res(mg/ Asph Total Total (mg/ Oil (mg/ Bitumen oil Bitumen

(h) g0 g0 g0 g0 g0 (mg/g )

Initial yields 46 32 68 35 181 78 0.00 1.00

160 72 0.0 37 29 52 14 132

180 72 0.0 33 28 50 12 123

Average 35 29 51 13 128

200 72 0.4 37 33 61 15 146

220 72 2.7 36 31 61 21 149 0 67 0 67 0.00 1.00

240 72 11.7 35 32 63 18 148 0 67 0 67 0.00 1.00

255 72 23.5 35 33 70 25 163 0 68 0 68 0.00 1.00

270 72 31.0 42 38 80 45 205 2 82 0 82 0.00 1.00

285 72 432 59 54 112 65 290 3 116 8 108 0.07 0.93

300 72 64.9 94 80 143 113 430 5 179 23 156 0.13 0.87

307.5 72 76.2 109 92 147 120 468 8 209 29 180 0.14 0.86

322.5 72 94.9 169 119 168 159 615 14 302 74 228 025 0.75

330 72 99.0 197 133 174 181 685 18 348 99 249 028 0.72

337.5 72 99.9 210 137 178 169 694 22 369 114 255 031 0.69

345 72 100.0 303 167 199 116 785 33 503 246 257 049 0.51

350 72 100.0 372 188 205 95 860 48 608 357 251 059 041

355 72 100.0 365 176 188 86 815 50 591 359 232 0.61 0.39

360 72 100.0 397 174 182 86 839 51 622 424 198 0.68 0.32

365 72 100.0 387 179 175 86 827 57 623 415 208 0.67 0.33
Table 12

Example of conversion for Cy4. saturates and aromatics using the kinetic parameters
indicated in Table 9.

Experimental conditions Cy4+ HC conversion

T (°C) t (h) Sat (%) Aro (%)
275 72 0.0 05
275 648 02 47
300 72 02 43
300 648 2.1 28.9
325 9 03 37
325 24 08 94
325 72 2.5 24.0
325 216 7.2 495
350 3 0.9 7.2
350 9 2.7 19.0
350 24 7.0 393
350 72 189 69.5

due recovered under the most severe conditions originates mainly
from secondary cracking reactions. The DCM NSOs are the predom-
inant compounds generated during kerogen cracking, with a max-
imum yield near 30%. These compounds are very unstable, as
shown from their specific pyrolysis experiments. Consequently,
the products from DCM NSO thermal cracking largely overlaps that
of the initial reactant, proving that the maximum yield of DCM
NSOs is significantly higher than the observed one. The n-pentane
NSOs appear to be more stable, with a maximum yield around 21%.
The total hydrocarbon fraction begins to be generated at the onset
of kerogen cracking and yields increase continuously with matu-
rity. All these observations confirm the general framework of the
integrated kinetic scheme we proposed in our previous work on
a Type II kerogen and on a Type III lignite (Behar et al., 2008a).
As such, the same sequence of successive reactions was used for
elaborating the overall kinetic scheme for this Type I kerogen.
The excellent fit observed between experimental and computed
data for the different hydrocarbon classes and for the two types
of NSOs validate this kinetic scheme. It was also shown that the

Cy4+ aromatics may undergo significant secondary cracking under
the T/t conditions, in contrast to the Cq4. saturates, which only
begin to be degraded under the most severe conditions. A compar-
ison of computed conversion for these two chemical classes is
shown in Table 12.

In terms of respective contributions to hydrocarbon potential,
the initial kerogen generates only 2% and the total DCM NSOs adds
an additional 13%. The main part originates from the thermal
cracking of the n-pentane NSOs, which afford at 100% conversion
42%. The total hydrocarbon generation potential is 57% when the
initial kerogen and the total NSO compounds are degraded.

As discussed in our previous work, this successive hydrocar-
bon generation during primary cracking was initially observed
in oil shale retorting experiments in the early 1900s (McKee
and Lyder, 1921; Franks and Goodier, 1922; Maier and Zimmer-
ly, 1924) through the mid-1900s (Hubbaed and Robinson, 1950;
Allred, 1966; Cummins and Robinson, 1972). Tissot (1969) sug-
gested that in source rocks hydrocarbons are mainly generated
from secondary cracking of NSOs. Lewan (1997) also proposed
a successive kinetic scheme in which the main phase of hydro-
carbon generation is due to the secondary cracking of the tarry
bitumen, which is the primary product during kerogen cracking.
Thus, the concept of successive steps is valid for the two types of
experiments carried out in closed pyrolysis system conditions
and may explain the kinetic scheme obtained for open pyrolysis
system conditions. Indeed, in open system conditions, pyrolysis
products are swept away from the pyrolysis chamber by the car-
rier gas. Thus, most of the NSOs generated from kerogen are
likely to remain in the pyrolysis chamber instead of being evac-
uated. Consequently, the hydrocarbon generation is the result of
both primary and secondary cracking reactions. In our previous
work (Behar et al., 2008a), we proposed a two reaction scheme
for simulating hydrocarbon generation in open system condi-
tions. When this kinetic scheme is applied to the Green River
Shale kerogen, the total HC yield is similar to that obtained in
closed system conditions but the generation rate is significantly
lower.
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Finally, this kinetic scheme was used to simulate the experi-
mental data obtained for hydrocarbon generation on the same
Type I sample utilized by Ruble et al. (2001) but under hydrous
conditions. An excellent fit was observed, meaning that water
plays a minimum role on both the generation rate and the total
hydrocarbon yield. Moreover, for hydrocarbon generation, those
in the tarry bitumen are produced much earlier than those in the
expelled oil. This difference explains why the kinetic parameters
proposed by Lewan and Ruble (2002) retard hydrocarbon genera-
tion significantly over the values reported in this study.
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