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a b s t r a c t

Three sets of pyrolysis experiments were performed on extracted coal (Ro% 0.39), coal (initial bitumen
13.5 mg/g coal) and bitumen enriched coal (total bitumen 80.9 mg/g coal) at two heating rates of 2 �C/h
and 20 �C/h in confined systems (gold capsules). For all three experiments, the yields of bitumen,
Rn-C8+, aromatic components and RC2–5 at first increase and then decrease with increasing EASY%Ro

and reach the highest values within the EASY%Ro ranges of 0.67–1.08, 1.07–1.19, 1.46–1.79 and 1.46–
1.68, respectively. In contrast, C1/RC1–5 ratio at first decreases and then increases with EASY%Ro and
reaches a minimum value in EASY%Ro range of 0.86–1.08, closely corresponding to the maximum values
of the yields of bitumen and Rn-C8+. Methane yields increase consistently with EASY%Ro. Nearly half of
the maximum yield of methane from kerogen was generated at EASY%Ro > 2.2. The differences in meth-
ane yields among the three experiments at the same thermal stress are relatively minor at EASY%Ro < 2.2,
but are greater with thermal stress at EASY%Ro > 2.2. This demonstrates that the kerogen always retained
relatively more hydrogen and hydrocarbon generative potential at the postmature stage of bitumen rich
coal than the extracted coal or coal.

The maximum yield of ethane is 20–25% higher in the bitumen rich coal experiment than the extracted
coal or coal, while the maximum yields of C3, C4 and C5 in the former are double to triple those in the
latter. This result demonstrates that the added bitumen in bitumen rich coal substantially increased
the generation of these wet gases. However, the averaged values of activation energies (with the same
frequency factors) for both the generation and cracking of individual wet gases are similar and do not
show consistent trends among the three experiments. For all three experiments, activation energies for
the generation and cracking of wet gases are significantly lower than those in previously published oil
pyrolysis experiments with same frequency factors (Pan et al., 2012; Organic Geochemistry 45, 29–
47). Methane d13C values at the maximum temperature or EASY%Ro are close to those of initial wet gases,
especially C3, implying that the major part of methane shared a common initial precursor with wet gases,
i.e., free and bound liquid alkanes.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Coals are important source rocks for hydrocarbon gases in sed-
imentary basins. Dai et al. (2008) indicate that the hydrocarbon
gases in most giant gas fields discovered in China are dominantly
derived from coal source rocks. However, the generation of hydro-
carbon gases from humic coals is complex and poorly understood.
Numerous studies have documented the interaction between ker-
ogen and oil or bitumen (e.g., Boreham et al., 1999; Mansuy et al.,
1995; McNeil and BeMent, 1996). McNeil and BeMent (1996) pro-
posed a mechanism for the formation of hydrocarbon gases from
oil cracking in source rocks where alkane moieties attached to aro-
matic rings in kerogen cleave at the position between the first and
second carbon atoms. As a result, methane is the dominant hydro-
carbon gas. Boreham et al. (1999) suggested that the generation of
volatile hydrocarbons is accompanied by partial reincorporation of
the free hydrocarbons and bitumen into kerogen during natural
maturation of coal.

Mansuy et al. (1995) demonstrated that pyrolysates (hydrocar-
bons and polar components) released from kerogen react with each
other and with the kerogen and emphasized that the reaction med-
ium is important for hydrocarbon formation from kerogen in con-
fined pyrolysis experiments on coal. However, gas products were
not investigated in their study. Erdmann and Horsfield (2006) sug-
gested that the recombination reactions of liquid products released
from type III kerogen at low levels of maturation result in the for-
mation of a thermally stable bitumen, which is the major source of
methane at very high maturity based on non-isothermal closed
(microscale sealed vessel) and open pyrolysis studies. Vu et al.
(2008) observed that the yields and compositions of gas and liquid
hydrocarbons are significantly different between extracted and
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non-extracted New Zealand coals in open system pyrolysis using
Rock–Eval and pyrolysis–gas chromatography. They suggested that
second order reactions between kerogen and bitumen during pyro-
lysis reduce primary gas yield and enhance both oil and secondary
gas yield (Vu et al., 2008).

Previous studies suggested that humic coals with generative
potential < 200 mg/g TOC are capable of expelling gas/gas-conden-
sate only (e.g., Pepper, 1992; Sandvik et al., 1992; Pepper and
Dodd, 1995; Pepper and Corvi, 1995). Hydrocarbon generation
from humic coal and the interaction between bitumen or hydrocar-
bons and solid kerogen can be simulated using a confined pyrolysis
system (gold capsules) as developed by Monthioux et al. (1985,
1986). The purpose of this paper is to use non-isothermal closed
system pyrolysis on coal, extracted coal and bitumen enriched coal
(bitumen added) to evaluate (1) the influence of initial bitumen
content on liquid and gaseous hydrocarbon yields, (2) their chem-
ical and isotopic compositions, and (3) hydrocarbon gas kinetic
parameters for primary and secondary cracking.

2. Samples and experimental

2.1. Samples

The coal was collected from Jurassic strata in Jilin Province,
northeastern China. The coal was first ground to powder (about
200 mesh). The vitrinite reflectance (Ro%), organic elemental com-
positions (CHON), d13C value, Rock–Eval parameters and bitumen
content for this coal are listed in Table 1. A portion of coal powder
(51.61 g) was Soxhlet extracted with benzene:methanol (9:1 v:v)
for 72 h. After Soxhlet extraction, 139 ml of bitumen solution
was obtained. A small portion of this (2.0 ml) was dried using a
stream of N2 for bitumen quantification. The bitumen (10.0 mg)
was first diluted with about 0.1 ml dichloromethane and then
deasphaltened using 40� excess of hexane. The deasphaltened
sample was fractionated on a silica:alumina column using hexane,
benzene and methanol as eluants to yield the saturate, aromatic
and resin fractions, respectively. The remaining 137 ml of bitumen
solution was mixed with another portion of coal powder (9.33 g).
Most solvent in the mixed sample was removed by rotary evapora-
tion. The mixed sample was left open to the air for a week to re-
move the remaining solvent. Finally, three types of samples, i.e.
coal (primary bitumen = 13.5 mg/g coal), extracted coal (without
bitumen) and coal plus bitumen (total bitumen = 80.9 mg/g coal)
were prepared for pyrolysis experiments.

2.2. Confined pyrolysis experiments

2.2.1. Gold capsules and sample loading
All pyrolysis experiments on coal, extracted coal and bitumen

rich coal were conducted in flexible gold capsules (4 mm o.d.,
0.25 mm wall thickness and 40 mm length) contained within steel
pressure vessels. The capsules were welded at one end before
being loaded with samples. Each capsule was loaded with 10–
60 mg sample. Once loaded, the open end of each capsule was
purged with argon before being squeezed in a vise to create an ini-
tial seal, which was subsequently welded in the presence of argon.
During welding, the previously welded end was submerged in cold
water to prevent heating of reactants.
Table 1
Gross geochemical parameters for the coal.

Ro% C% H% O% N% d13C‰

0.391 69.94 5.20 16.88 0.83 �22.86

S1 and S2: in mg/g coal; HI and OI: in mg/g TOC; Tmax: in �C; Bit: bitumen: in mg/g coal,
2.2.2. Pyrolysis apparatus
Our experimental system permits 14 pressure vessels to be

placed in a single furnace. A fan at the bottom of the furnace keeps
the vessels at the same temperature during the experiment. The
vessels were previously filled with water. Three capsules contain-
ing coal, extracted coal and coal plus bitumen were placed together
in each vessel. The internal pressure of the vessels, connected to
each other with tubing, was adjusted to 50 MPa by pumping water
into the vessels before heating. This pressure was used in consider-
ation of both the geological conditions and safety. It was main-
tained automatically by pumping water into or out of the vessels
during pyrolysis experiments. The error of the pressure
is < ± 0.1 MPa.

Two heating programs were used for the pyrolysis experiments,
2 �C/h and 20 �C/h. The vessels were heated to 250 �C within 10 h,
and then from 250 �C to 600 �C at a rate of 2 �C/h or 20 �C/h. Two
thermocouples were used to measure the temperature of the pyro-
lysis experiments and to check each other. One thermocouple was
attached to the outside wall of a vessel to record oven tempera-
tures. The other thermocouple was placed inside this vessel to re-
cord the temperature of the samples. The former temperatures
were slightly higher than the latter with a difference < 0.5 �C. The
error of the recorded temperatures is < 1 �C. Vessels containing
gold capsules were removed from the oven at temperature inter-
vals of 12 �C or 24 �C between 336 �C and the final temperature.
Each vessel was quenched to room temperature in cold water
within 10 min.

After the first run of each heating experiment, the capsules were
cleaned, dried and weighed. Unfortunately, a large number of cap-
sules leaked because their weight before and after the heating
experiment differed by > 5 mg. For capsules without leakage,
weight differences were < 0.05 mg. Therefore, a second run of the
pyrolysis experiment was performed. The data obtained from the
second run are in Table 2.
2.3. Chemical and carbon isotopic analyses of gas components

After pyrolysis, the volatile components in the capsules were
collected in a special sampling device connected to an Agilent
6890 N GC modified by Wasson ECE Instrumentation as described
previously (Pan et al., 2006, 2008, 2010, 2012). Briefly, the whole
device was at first evacuated to < 1 � 10�2 Pa. The gold capsule
was then pierced with a needle, allowing the gases to escape into
the device. The valve connecting the device and the modified GC
was open to allow the gas to enter the GC. The GC analyses of both
the organic and inorganic gas components were performed in an
automatically controlled procedure. The oven temperature for
the hydrocarbon gas analysis was initially held at 70 �C for 6 min,
ramped from 70 to 130 �C at 15 �C/min, from 130–180 �C at
25 �C/min, and then held at 180 �C for 4 min. For the inorganic
gas analysis, the oven temperature was held at 90 �C. The analysis
of all gases was carried out from one injection. A test with external
standard gases indicated that the amounts of gas products mea-
sured using this device had < 0.5% relative error.

After GC analysis, the remaining gas components trapped with-
in the device (about 80% of the initial amount) were taken for gas
chromatography–isotope ratio mass spectrometry (GC–IRMS)
using a syringe to pierce the septum of the device. This analysis
S1 S2 HI OI Tmax Bit

4.27 121.80 174 11.18 427 13.5

obtained by Soxhlet extraction using dichloromethane:methanol (93:7 v:v) for 72 h.



Table 2
Amounts of bitumen, n-alkanes, aromatic components and gas components produced during coal pyrolysis experiments (mg/g coal).

T (�C) EASY%Ro Coal
(mg)

Bit Rn-C8+ Aro C1 C2H6 C2H4

� 10�3
C3H8 C3H6

� 10�3
i-C4

� 10�2
n-C4

� 10�2
i-C5

� 10�2
n-C5

� 10�2
H2

� 10�2
CO2 RC1–5 RC1–5 (ml/g

coal)
C1/
P

C1–5

(wt)

Extracted coal (20 �C/h)
335.6 0.57 59.25 29.54 0.357 0.605 0.11 0.020 0.32 0.009 0.50 0.13 0.10 – – 0.00 19.77 0.14 0.19 0.767
360.4a 0.68 60.08 34.80 0.497 0.828 0.69 0.159 1.65 0.066 1.77 0.93 – – – 0.36 36.06 0.93 1.23 0.744
383.7 0.79 50.59 55.54 1.955 2.381 0.74 0.341 1.00 0.167 2.21 2.03 1.56 0.23 0.12 0.33 34.45 1.29 1.52 0.573
407.3 0.95 46.09 50.12 4.130 3.160 1.94 1.105 3.01 0.575 7.90 6.81 7.00 0.98 0.46 1.30 45.23 3.78 4.26 0.512
420.2a 1.06 47.61 52.93 4.441 4.250 7.90 4.280 4.92 2.251 15.67 33.81 36.42 10.20 5.35 4.41 65.62 15.31 17.21 0.516
432.2a 1.19 45.03 51.74 4.458 5.256 11.08 5.557 4.73 2.770 15.84 37.11 41.65 9.84 5.22 5.60 70.00 20.37 23.45 0.544
455.2 1.46 37.17 31.48 1.100 7.070 16.48 7.043 5.30 3.396 22.18 46.57 53.68 9.97 5.74 5.36 59.86 28.11 33.38 0.586
468.1a 1.63 37.88 35.37 0.367 7.988 23.34 8.634 8.71 3.653 31.57 61.43 59.62 15.75 7.50 9.74 78.57 37.11 45.45 0.629
479.4 1.79 32.92 18.81 – 8.217 30.25 8.358 8.81 2.557 23.59 35.35 17.66 1.97 0.55 7.57 68.02 41.75 54.82 0.724
494.3a 2.03 32.77 16.99 – 8.471 36.19 8.857 15.92 2.425 28.13 43.36 18.93 2.67 0.77 13.10 85.03 48.17 64.30 0.751
503.4 2.18 28.33 ND ND ND 40.05 7.101 8.19 1.015 9.70 8.64 1.09 – – 14.26 71.11 48.28 67.74 0.829
504.5a 2.20 36.34 ND ND ND 41.36 7.773 11.14 1.382 149.46 20.96 4.06 – – 15.50 82.36 50.92 70.65 0.812
516.0a 2.40 28.25 ND ND ND 49.84 6.384 6.41 0.486 5.05 2.88 – – – 21.21 94.63 56.75 81.82 0.878
527.6 2.60 23.88 ND ND ND 62.09 4.897 9.23 0.172 2.90 1.30 – – – 25.75 88.75 67.18 99.18 0.924
527.9a 2.61 26.04 ND ND ND 55.78 4.381 8.59 0.231 3.50 2.27 – – – 25.77 94.55 60.42 89.14 0.923
551.5 3.05 19.74 ND ND ND 62.69 2.112 3.82 0.022 – – – – – 32.32 86.04 64.83 97.74 0.967
551.9a 3.06 20.76 ND ND ND 65.36 2.486 7.69 0.059 – – – – – 38.43 97.21 67.91 102.15 0.962
575.3 3.48 14.74 ND ND ND 71.35 1.372 3.07 0.012 – – – – – 39.13 99.54 72.74 110.39 0.981
599.2 3.86 10.39 ND ND ND 72.40 0.876 3.24 0.006 – – – – – 49.06 107.67 73.29 111.59 0.988

Extracted coal (2 �C/h)
335.8 0.72 59.64 31.35 1.351 1.260 0.11 0.031 0.12 0.012 0.14 0.12 0.08 – – – 29.74 0.16 0.20 0.710
359.8 0.86 56.56 42.96 2.326 1.756 2.23 1.259 1.12 0.662 2.30 9.63 7.23 1.44 0.46 0.08 42.16 4.34 4.89 0.513
384.4a 1.08 47.50 49.47 4.841 4.539 6.99 3.888 1.59 2.041 5.08 31.27 31.49 8.38 4.04 2.12 67.64 13.68 15.33 0.511
407.8 1.35 45.50 36.92 3.258 7.772 13.32 6.128 1.69 3.008 6.86 32.77 44.85 5.84 4.42 1.10 62.53 23.34 27.44 0.571
431.9 1.685 41.69 31.66 0.080 9.701 27.67 9.271 3.03 3.497 12.47 34.59 39.60 3.30 2.68 1.82 73.33 41.26 52.24 0.671
432.5a 1.694 45.26 26.51 0.085 7.391 27.65 8.893 2.14 3.054 8.49 25.99 30.11 2.16 2.08 6.71 84.28 40.21 51.56 0.688
455.8 2.08 37.57 30.88 – 5.307 33.12 7.473 2.22 1.601 5.19 14.54 6.65 0.27 0.13 4.55 70.48 42.42 57.81 0.781
468.6a 2.31 37.22 32.91 – 4.306 48.32 6.204 2.46 0.476 2.15 3.72 0.95 – – 12.82 89.79 55.05 79.34 0.878
479.8 2.52 32.64 24.42 – 4.252 51.90 4.759 2.86 0.180 5.97 0.57 – – – 11.07 82.83 56.85 83.46 0.913
480.7a 2.53 34.98 21.73 – 3.762 55.50 3.786 3.65 0.114 8.47 – – – – 16.88 90.44 59.41 88.15 0.934
492.7a 2.76 32.57 14.74 – 3.037 62.39 2.610 2.75 0.045 – – – – – 20.94 96.77 65.05 97.69 0.959
503.8 2.98 28.41 ND ND ND 59.13 2.022 1.91 0.031 – – – – – 23.29 82.54 61.19 92.22 0.966
504.8a 3.01 29.56 ND ND ND 66.52 1.736 1.73 0.069 – – – – – 25.65 92.55 68.33 103.32 0.974
516.7a 3.24 27.58 ND ND ND 70.35 1.361 1.78 0.046 – – – – – 28.22 96.73 71.76 108.87 0.980
527.8 3.45 23.00 ND ND ND 63.33 0.835 1.15 0.029 –– – – – – 33.44 83.90 64.19 97.67 0.987
551.8 3.86 19.87 ND ND ND 73.21 0.482 0.95 0.005 – – – – – 44.57 97.60 73.69 112.50 0.993
575.8 4.18 14.74 ND ND ND 86.06 0.386 12.84 – – – – – – 54.38 126.10 86.46 132.11 0.995
599.8 4.44 10.69 ND ND ND 86.48 0.237 0.00 – – – – – – 65.06 144.87 86.72 132.62 0.997

Coal (20 �C/h)
335.6 0.57 49.44 23.46 0.695 1.322 0.23 0.042 0.54 0.014 0.36 0.28 0.07 0.03 0.02 0.04 20.97 0.29 0.39 0.789
359.3 0.67 45.54 39.53 1.404 2.353 0.49 0.178 0.76 0.076 0.92 1.41 0.45 0.09 0.00 0.25 28.23 0.76 0.95 0.641
383.7 0.79 41.55 52.95 2.811 3.406 2.12 1.076 2.40 0.481 4.60 5.86 3.87 0.75 0.00 1.09 40.65 3.79 4.44 0.560
407.3 0.95 38.15 54.78 5.077 4.323 4.41 2.618 5.47 1.281 17.54 14.51 14.12 2.23 1.05 4.57 49.09 8.66 9.76 0.510
420.2a 1.06 40.13 56.00 5.159 5.012 7.53 3.998 4.51 1.963 13.40 32.17 27.28 10.35 3.58 4.49 52.34 14.25 16.21 0.529
432.2a 1.19 37.64 49.87 5.447 6.914 11.38 5.916 7.36 2.793 23.03 37.97 35.20 8.96 3.51 5.98 66.49 20.98 24.18 0.543
444.2a 1.33 36.26 38.67 4.129 7.116 14.44 6.872 7.05 3.211 23.30 47.04 44.86 11.29 4.60 6.79 67.08 25.63 29.97 0.563
455.2 1.46 31.25 31.68 1.326 10.491 18.90 7.529 5.57 2.858 14.53 40.87 35.36 6.06 3.03 7.17 56.69 30.17 37.05 0.627
468.1a 1.63 28.34 26.81 0.560 9.479 24.83 8.975 6.39 3.636 19.75 56.28 48.05 10.78 4.62 10.65 75.37 38.67 47.89 0.642
479.4 1.79 27.93 22.58 – 9.386 30.69 7.592 4.57 1.495 8.56 11.19 5.43 – – 8.66 62.99 39.96 54.10 0.768
494.3a 2.03 28.35 19.28 – 9.872 38.97 9.394 13.52 1.968 19.74 21.10 8.11 0.65 0.25 13.76 82.36 50.66 68.59 0.769
504.5a 2.20 26.76 ND ND ND 43.13 7.308 11.54 1.942 9.43 35.32 14.07 – – 16.59 72.57 52.89 73.31 0.815
516.0a 2.40 23.66 ND ND ND 55.40 6.957 7.20 0.396 4.31 1.52 0.45 – – 21.94 91.95 62.78 90.75 0.882
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527.9a 2.61 22.35 ND ND ND 61.81 4.653 14.29 0.140 – – – – – 26.64 96.59 66.62 98.53 0.928
527.9a 2.61 21.90 ND ND ND 60.09 4.714 18.96 0.175 – – – – – 25.03 94.99 65.00 95.98 0.924
551.5 3.05 17.36 ND ND ND 73.86 1.863 4.21 0.015 – – – – – 37.18 89.32 75.75 114.64 0.975
575.8a 3.49 14.72 ND ND ND 79.44 0.863 2.97 0.005 – – – – – 59.27 104.75 80.31 122.35 0.989
599.2 3.86 10.52 ND ND ND 78.70 0.752 2.65 0.005 – – – – – 52.82 106.07 79.46 121.13 0.990

Coal (2 �C/h)
335.8 0.72 48.82 48.75 1.803 2.555 0.68 0.304 0.50 0.158 0.46 2.24 0.82 0.19 0.04 0.14 30.83 1.17 1.39 0.577
359.8 0.86 45.58 50.68 4.018 3.692 1.29 0.735 0.33 0.343 1.18 5.34 2.75 0.74 0.14 0.65 39.69 2.46 2.81 0.525
383.8 1.07 41.54 42.13 7.118 7.149 6.38 3.532 1.03 1.546 2.33 27.65 16.51 6.23 1.26 1.00 48.20 11.98 13.73 0.533
407.8 1.35 38.51 25.97 3.460 9.196 15.11 6.088 1.02 2.170 3.72 52.20 27.05 16.58 2.91 2.84 52.93 24.36 29.73 0.620
420.4a 1.52 40.28 35.75 1.680 9.461 23.58 8.901 2.01 3.075 6.81 28.65 27.89 3.45 2.26 6.04 76.51 36.18 45.35 0.652
432.5a 1.694 38.41 27.34 0.138 8.859 30.19 9.005 3.05 2.371 8.00 30.79 17.11 2.68 1.06 7.25 74.87 42.10 55.13 0.717
444.6a 1.89 36.06 21.63 – 8.938 37.27 9.036 2.30 1.735 4.87 24.16 7.93 1.00 0.00 8.85 79.10 48.38 65.56 0.770
455.8 2.08 31.12 17.35 – 7.040 38.06 6.771 1.86 0.728 2.27 8.53 1.37 0.13 0.05 7.40 64.32 45.67 64.27 0.833
468.6a 2.31 30.36 15.24 – 5.159 54.85 6.804 3.44 0.379 2.24 1.46 0.38 – – 14.05 92.59 62.06 89.77 0.884
479.8 2.52 27.84 13.76 – 3.267 53.66 3.274 2.58 0.053 – – – – – 14.02 75.19 56.99 84.87 0.942
480.7a 2.53 30.18 15.67 – 4.374 60.60 3.501 4.23 0.087 14.54 – – – – 16.77 84.94 64.21 95.71 0.944
492.7a 2.76 28.31 16.98 – 2.665 67.38 2.252 2.41 0.026 – – – – – 20.95 92.50 69.66 105.03 0.967
504.8a 3.01 25.49 ND ND ND 70.56 1.360 1.21 0.014 – – – – – 23.72 96.56 71.94 109.17 0.981
516.7a 3.24 24.52 ND ND ND 80.64 1.083 1.30 0.011 – – – – – 34.06 111.63 81.74 124.37 0.987
528.7a 3.47 22.35 ND ND ND 77.57 0.848 1.43 0.007 – – – – – 30.71 109.01 78.43 119.48 0.989
551.8 3.86 17.70 ND ND ND 82.24 0.430 24.24 – – – – – – 49.52 112.81 82.70 126.31 0.995
575.8 4.18 13.68 ND ND ND 87.21 0.305 2.46 – – – – – – 49.91 120.57 87.52 133.79 0.996
599.8 4.44 10.17 ND ND ND 92.74 0.223 – – – – – – – 55.12 154.15 92.96 142.19 0.998

Bitumen rich coal (20 �C/h)
335.6 0.57 40.00 69.00 3.176 6.249 0.33 0.107 1.09 0.080 1.79 1.75 1.00 0.35 0.08 0.05 17.49 0.56 0.66 0.601
359.3 0.67 37.50 102.7 3.566 5.741 0.56 0.229 1.02 0.156 2.37 2.37 1.39 0.27 0.06 0.61 26.96 0.99 1.15 0.565
383.7 0.79 34.13 100.5 5.601 7.737 2.31 1.268 3.61 0.875 10.83 13.01 12.23 2.89 1.33 0.99 34.96 4.76 5.18 0.485
408.2a 0.96 34.33 92.05 6.243 ND 5.15 3.024 1.30 1.892 15.98 28.85 25.75 7.28 2.66 3.24 17.30 10.73 11.68 0.480
432.2a 1.19 31.37 59.61 8.478 10.812 12.06 6.565 7.47 4.020 28.68 60.06 68.06 18.39 8.46 6.38 13.89 24.23 26.73 0.498
444.2a 1.33 29.88 61.91 5.985 9.418 14.97 7.354 7.48 4.304 27.91 77.14 84.55 30.29 14.35 7.45 65.68 28.73 32.18 0.521
455.2 1.46 25.99 50.40 2.456 16.642 23.32 11.375 12.50 7.379 66.19 110.87 175.70 0.46 32.34 9.72 65.34 45.35 50.48 0.514
468.1a 1.63 27.14 56.37 0.887 16.388 25.62 10.860 25.50 5.788 107.14 88.11 105.72 21.30 12.63 9.51 58.46 44.67 52.33 0.573
479.4 1.79 23.43 57.62 – 17.465 33.39 10.966 7.65 4.586 26.61 52.11 44.96 2.22 1.27 9.79 72.21 49.98 63.08 0.668
494.3a 2.03 23.36 38.10 – 13.625 41.15 11.907 8.21 4.638 21.61 86.56 59.43 6.12 3.14 15.04 59.84 59.27 75.98 0.694
503.4 2.18 21.06 ND ND ND 44.44 9.792 11.71 2.122 18.64 18.71 3.74 0.20 0.14 16.86 73.21 56.61 77.34 0.785
516.0a 2.40 20.39 ND ND ND 58.51 9.892 10.97 1.071 10.22 6.73 1.03 0.15 0.13 23.99 65.98 69.57 98.31 0.841
527.6 2.60 18.52 ND ND ND 56.73 6.732 17.55 0.478 8.10 1.86 0.28 – – 24.93 83.59 63.99 92.66 0.887
551.5 3.05 15.93 ND ND ND 69.23 3.616 7.03 0.052 – – – – – 34.95 70.53 72.91 109.00 0.950
551.9a 3.06 16.37 ND ND ND 77.52 3.157 7.16 0.037 – – – – – 42.23 77.05 80.72 121.31 0.960
575.3 3.48 12.85 ND ND ND 75.87 1.862 4.71 0.016 – – – – – 41.44 88.61 77.75 117.70 0.976
599.2 3.86 10.26 ND ND ND 82.97 1.021 3.49 0.006 – – – – – 52.27 85.92 84.00 127.89 0.988

Bitumen rich coal (2 �C/h)
335.8 0.72 40.10 76.06 3.273 5.169 1.17 0.482 0.67 0.359 2.12 5.16 4.50 0.45 6.86 0.56 24.02 2.18 2.45 0.535
359.8 0.86 37.63 81.58 6.987 8.851 3.15 2.003 1.69 1.530 5.40 22.53 23.78 5.18 2.58 0.66 43.25 7.23 7.54 0.436
383.8 1.07 34.96 61.50 9.624 10.966 6.33 3.672 1.31 2.429 5.28 33.40 40.04 8.88 4.99 1.17 43.62 13.31 14.41 0.476
407.8 1.35 32.31 43.64 7.122 15.025 15.35 7.794 3.81 4.950 16.44 69.50 105.57 20.13 16.59 3.27 54.45 30.23 33.51 0.508
420.4a 1.52 32.91 50.44 4.299 19.099 23.60 10.345 2.82 5.503 14.67 66.51 86.38 12.06 9.59 6.39 75.25 41.21 48.38 0.573
431.9 1.685 29.18 44.55 0.394 14.133 28.75 11.472 5.76 6.035 33.24 77.41 111.00 11.31 11.95 6.48 62.04 48.42 57.66 0.594
432.5a 1.694 31.81 37.72 0.405 17.874 32.55 12.270 6.36 5.463 27.59 58.10 68.54 6.24 5.41 8.04 64.31 51.70 63.50 0.630
444.6a 1.89 28.65 42.93 – 17.133 39.03 12.115 3.05 4.090 11.11 43.45 31.63 2.19 1.35 9.92 79.54 56.04 72.28 0.697
455.8 2.08 26.64 31.16 – 15.693 37.60 10.900 13.88 3.932 45.51 47.21 35.92 1.75 1.04 7.48 78.51 53.35 69.07 0.705
456.6a 2.09 28.32 38.73 – 11.562 46.27 10.979 3.72 2.552 7.36 39.93 12.85 1.02 0.26 11.70 73.91 60.36 81.48 0.767
456.6a 2.09 28.42 33.69 – 10.988 46.75 11.913 7.49 2.755 14.67 19.52 11.32 – – 11.44 84.79 61.75 83.00 0.757
468.6a 2.31 26.56 36.69 – 8.165 56.43 9.823 3.97 1.053 4.54 4.96 1.47 – – 14.65 86.47 67.37 95.04 0.837
479.8 2.52 23.56 28.01 – 5.725 57.03 6.701 1.24 0.422 2.45 4.00 1.37 – – 19.58 65.46 64.22 93.07 0.888
480.7a 2.53 25.5 26.27 – 5.696 65.09 6.052 3.26 0.198 – 0.58 0.23 – – 17.76 74.25 71.35 104.73 0.912

(continued on next page)

E.Li
et

al./O
rganic

G
eochem

istry
64

(2013)
58–

75
61



Ta
bl

e
2

(c
on

ti
nu

ed
)

T
(�

C
)

EA
SY

%
R

o
C

oa
l

(m
g)

B
it

R
n-

C 8
+

A
ro

C
1

C
2
H

6
C

2
H

4

�
10
�

3
C

3
H

8
C

3
H

6

�
10
�

3
i-

C 4 �
10
�

2
n-

C 4
�

10
�

2
i-

C
5

�
10
�

2
n-

C
5

�
10
�

2
H

2

�
10
�

2
C

O
2

R
C

1
–

5
R

C
1

–
5

(m
l/

g
co

al
)

C
1
/P

C
1

–
5

(w
t)

49
2.

7a
2.

76
24

.0
7

29
.8

8
–

5.
01

3
71

.8
7

4.
14

4
4.

87
0.

06
9

–
–

–
–

–
21

.0
8

88
.7

4
76

.0
9

11
3.

48
0.

94
5

50
3.

8
2.

98
21

.0
2

N
D

N
D

N
D

68
.2

8
3.

09
7

0.
41

0.
06

1
–

–
–

–
–

22
.1

6
91

.2
6

71
.4

4
10

7.
12

0.
95

6
52

7.
8

3.
45

18
.5

4
N

D
N

D
N

D
80

.0
0

1.
20

0
3.

08
0.

02
0

–
–

–
–

–
31

.1
6

80
.9

1
81

.2
2

12
3.

49
0.

98
5

55
1.

8
3.

86
16

.1
8

N
D

N
D

N
D

87
.5

1
0.

52
0

1.
39

0.
00

3
–

–
–

–
–

39
.8

4
84

.5
3

88
.0

4
13

4.
43

0.
99

4
57

6.
5a

4.
19

13
.1

1
N

D
N

D
N

D
10

0.
02

0.
33

9
1.

95
0.

01
9

–
0.

35
0.

21
–

–
82

.2
3

12
4.

72
10

0.
39

15
3.

45
0.

99
6

59
9.

8
4.

44
9.

81
N

D
N

D
N

D
10

0.
69

0.
28

7
–

–
–

–
–

–
–

48
.7

0
11

8.
83

10
0.

98
15

4.
42

0.
99

7

B
it

:
bi

tu
m

en
;

A
ro

:
ar

om
at

ic
s;

–:
be

lo
w

de
te

ct
io

n
le

ve
l;

N
D

:
n

ot
de

te
rm

in
ed

.
a

D
at

a
ob

ta
in

ed
fr

om
th

e
se

co
n

d
ru

n
of

py
ro

ly
si

s
ex

pe
ri

m
en

ts
.

62 E. Li et al. / Organic Geochemistry 64 (2013) 58–75
was performed on a VG Isochrom II interfaced to an HP 5890 GC.
The HP 5890 GC was fitted with a Poraplot Q column
(30 m � 0.32 mm i.d.). Helium was used as the carrier gas. The col-
umn head pressure was 8.5 psi. The GC oven temperature was ini-
tially held at 40 �C for 3 min, ramped from 40–180 �C at 20 �C/min,
and held at 180 �C for 5 min. The carbon isotopic value of CO2 ref-
erence gas was calibrated by NBS-22 oil as a reference material
using elemental analysis (Thermo Quest Flash EA 1112 Series),
combined with the isotope ratio mass spectrum (Delta Plus XL).
Carbon isotope ratios for individual gaseous hydrocarbons were
calculated using CO2 as a reference gas that was automatically
introduced into the IRMS at the beginning and end of each analysis.
In addition, a standard mixture of gaseous hydrocarbons (C1–C4),
with known isotope compositions calibrated by our laboratory,
was used daily to test the performance of the instrument. The stan-
dard deviation for replicate analyses of this mixture is < 0.3‰ for
each compound.

2.4. Liquid hydrocarbon analysis

After analysis for gas components, the capsules that were
heated to < 500 �C were cut swiftly into several pieces in a vial,
which contained about 3 ml pentane. Two internal standards of
deuterated n-C22 and n-C24, each ranging from 0.04–0.05 mg were
added to each vial. Following five ultrasonic treatments of 5 min
per treatment, these vials were allowed to settle for 72 h until
the pentane solutions became clear. The pentane solutions (total
pentane extracts) in all the vials were directly injected into a
HP6890 GC fitted with a 30 m � 0.32 mm i.d. column coated with
a 0.25 lm film of HP-5, employing nitrogen as the carrier gas.
The oven temperature was programmed as follows: 50 �C for
5 min, from 50–150 �C at 2 �C/min, from 150–290 �C at 4 �C/min
and then held at 290 �C for 15 min.

The total pentane extracts of four selected vials were further
analyzed using gas chromatography–mass spectrometry (GC–MS)
to identify the compounds. The GC–MS analyses were carried out
using a Thermal Scientific DSQ II quadrupole mass spectrometer
interfaced to a Trace GC ULTRA fitted with a 30 m � 0.25 mm i.d.
DB-1MS column with a film thickness of 0.25 lm. Helium was used
as the carrier gas. The GC oven temperature was initially held at
50 �C for 5 min, raised from 50–180 �C at 2 �C/min, and from
180–290 �C at 4 �C/min, and then held at 290 �C for 15 min.

After GC and GC–MS analyses, samples in these vials were fil-
tered to separate the pentane solution and the solid residues. The
solid residues were Soxhlet extracted with dichloromethane:meth-
anol (93:7 vol:vol) for 72 h. The extracts were combined with the
initial pentane soluble fraction to obtain the heavy pyrolysates
(bitumen).

2.5. Kinetic modeling of the generation of hydrocarbon gases and
vitrinite reflectance

Kinetic parameters were determined for the generation of gas-
eous hydrocarbons using Kinetics 2000 software developed by
Braun and Burnham (1998). At first, we set a range 1 � 109/s–
1 � 1013/s for the A factor, referenced from the previous studies
(e.g., Behar et al., 1997; Dieckmann, 2005). After input of the data
from the two heating rates, i.e. time, temperature and conversion
value for methane generation, a value of the A factor and a discrete
distribution of activation energies were obtained. We optimized
the kinetic parameters by using a fixed value of A within the range
of the three A values obtained from the experiments of extracted
coal, coal and bitumen enriched coal. Finally, a fixed frequency fac-
tor of 4 � 1011/s was selected for methane generation in all three
experiments, and the activation energies corresponding to this A
value were obtained using this software.
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Frequency factors of 4 � 1011/s and 1 � 1014/s were used for the
generation and cracking, respectively, of all the individual wet
gases in the three experiments. We first modeled the generation
and cracking processes of the individual wet gases separately using
the Kinetics 2000 software. The overall process was modeled by
the difference between the generation and cracking results.

Sweeney and Burnham (1990) present a vitrinite maturation
model to calculate the vitrinite reflectance Ro%, using an Arrhenius
first order, parallel reaction approach with a distribution of activa-
tion energies (EASY%Ro). This model can be used for time and tem-
perature scales ranging from those in the laboratory to geological
processes (Sweeney and Burnham, 1990). However, these authors
mention in their paper that the agreement between calculated
EASY%Ro and measured Ro% in laboratory experiments with heat-
ing times of a few days or less is not adequate. Hill et al. (2003)
used EASY%Ro values as a maturity parameter in a series of isother-
mal oil pyrolysis experiments at temperatures of 350–450 �C and
heating times of 1–33.3 days in a confined system (gold capsules).
In the present study, two heating rates, i.e., 20 �C/h and 2 �C/h were
applied to obtain the kinetic parameters for gas generation and
cracking for all three experiments. EASY%Ro was used as a maturity
Fig. 1. The amounts of bitumen, Rn-C8+ and aromatic components versus temperature
Rn-C8+; (c) and (f): amount of aromatics.
parameter to indicate thermal stress achieved at two heating rates,
as in Hill et al. (2003).

3. Results

3.1. Amounts of bitumen, liquid n-alkanes (n-C8+) and aromatic
components

The C6 and C7 hydrocarbons were heavily evaporated during the
analysis of gas components. Therefore, only C8+ n-alkanes and aro-
matic components were measured for the amount of liquid n-al-
kanes and aromatic components. The amounts of bitumen, liquid
n-alkanes (Rn-C8+) and aromatic components are shown in Table 2
and Fig. 1. The gas chromatograms of liquid hydrocarbons for four
samples of bitumen rich coal from the 383.8–431.9 �C at 2 �C/h
experiment are shown in Fig. 2. The amounts of bitumen, Rn-C8+

and aromatic components at first increase and then decrease with
temperature and EASY%Ro (Fig. 1). EASY%Ro values for the maxi-
mum amounts of bitumen, Rn-C8+ and aromatic components are
shown in Table 3. The amounts of Rn-C8+ are below detection level
at EASY%Ro > 1.7 (Tables 2, Figs. 1e and 2).
and vitrinite reflectance. (a) and (d): amount of bitumen; (b) and (e): amount of



Fig. 2. Gas chromatograms of liquid hydrocarbons from the bitumen rich coal experiment within EASY%Ro 1.07–1.68 at a heating rate 2 �C/h.

Table 3
EASY%Ro values for the maximum amounts of bitumen, RnC8+, aromatic components and wet hydrocarbon gases, minimum C1/RC1–5 and methane d13C ratios and the conversion
10% of methane generation.

Bit RnC8+ Aro C1 C2 C3 C4 C5 RC2–5 C1/RC1–5 d13C1

Extracted coal (20 �C/h) 0.79 1.19 2.03 1.15 2.02 1.63 1.63 1.63 1.63 0.95 0.95
Extracted coal (2 �C/h) 1.08 1.08 1.68 1.21 1.68 1.68 1.35 1.08 1.68 1.08 1.08
Coal (20 �C/h) 1.06 1.19 1.46 1.15 2.02 1.63 1.63 1.33 1.63 0.95 1.19
Coal (2 �C/h) 0.86 1.07 1.52 1.21 1.88 1.52 1.35 1.35 1.52 0.86 1.07
Coal + bitumen (20 �C/h) 0.67 1.19 1.79 1.17 2.02 1.46 1.46 1.46 1.46 0.96 0.95
Coal + bitumen (2 �C/h) 0.86 1.07 1.52 1.24 1.69 1.52 1.68 1.35 1.68 0.86 1.07
Oil (20 �C/h)a 1.62 2.60 1.98 1.80 1.62 1.80 1.46 1.47
Oil (2 �C/h)a 1.75 2.54 2.10 1.89 1.69 2.10 1.52 1.71
Oil + pyrobitumen (20 �C/h)a 1.50 2.18 1.80 1.62 1.46 1.80 1.46
Oil + pyrobitumen (2 �C/h)a 1.68 2.32 1.89 1.89 1.69 1.89 1.52

Bit: bitumen; Aro: aromatic components; d13C1: methane d13C values.
a Data from Pan et al. (2010, 2012).
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The gross composition of the bitumen fraction extracted from
the unheated coal is 11.4% saturates, 19.2% aromatics, 23.7% resins
and 45.7% asphaltenes. The bitumen fractions obtained after pyro-
lysis were not analyzed for gross composition due to low amounts.
3.2. Amounts of gas components

3.2.1. Methane
The amounts and ratios of gas components are shown in Table 2.

For all three sets of experiments, the amounts of methane increase
consistently with temperature and EASY%Ro. At the highest tem-
perature of about 600 �C, the amounts of methane are 72.40,
78.70 and 82.97 mg/g of coal at a heating rate 20 �C/h, and 86.48,
92.74 and 100.69 mg/g of coal at a heating rate 2 �C/h for the
experiments on extracted coal, coal and bitumen rich coal, respec-
tively (Table 2).
3.2.2. Ethane, propane, butanes and pentanes
The amounts of ethane, propane, butane, pentane and the total

of these gases (RC2–5) at first increase to maximum values and
then decrease with temperature and EASY%Ro at both heating rates
in all three sets of experiments (Table 2). EASY%Ro values for the
maximum amounts of these components are shown in Table 3.
3.2.3. Total gaseous hydrocarbons (RC1–5)
The amounts of total gaseous hydrocarbons increase consis-

tently with temperature and EASY%Ro for all three sets of experi-
ments (Table 2). The maximum amounts are 73.29, 79.46 and
84.00 mg/g of coal at a heating rate of 20 �C/h, and 86.72, 92.96
and 100.98 mg/g of coal at a heating rate of 2 �C/h for the experi-
ments on extracted coal, coal and bitumen rich coal, respectively
(Table 2).

3.2.4. H2 and CO2

The amounts of H2 and CO2 generally increase with temperature
and EASY%Ro at both heating rates for all three sets of experiments
(Table 2). There is no clear difference in H2 yield among these three
sets of experiments (Table 2). However, the amount of CO2 is lower
for the experiment on bitumen rich coal than the other two sets of
experiments under the same experimental conditions (Table 2).

3.3. Ratio C1/RC1–5

For all three sets of experiments, the C1/RC1–5 ratio at first
decreases and then increases with temperature and EASY%Ro

(Table 2). The minimum values are 0.512, 0.510 and 0.480 at a
heating rate of 20 �C/h, and 0.511, 0.525 and 0.435 at a heating rate
of 2 �C/h for the experiments on extracted coal, coal and bitumen



Table 4
Carbon isotopic compositions (d13C ‰ PDB) for gas components.

T C1 C2 C3 CO2 T C1 C2 C3 CO2 T C1 C2 C3 CO2

Extracted coal (20 �C/h) Coal (20 �C/h) Bitume rich coal (20 �C/h)
335.6 �28.4 �24.3 �24.0 �22.3 335.6 �27.3 �24.7 �24.5 �23.5 335.6 �29.7 �24.7 �22.8 �22.8
360.4 �30.0 �25.7 �26.2 �23.3 359.3 �30.1 �25.8 �24.4 �22.6 359.3 �31.3 �25.2 �24.3 �21.8
383.7 �31.6 �25.6 �23.9 �21.9 383.7 �32.4 �26.4 �24.3 �22.7 383.7 �32.4 �25.7 �23.5 �21.3
407.3 �33.2 �24.9 �23.0 �21.9 407.3 �34.2 �25.7 �23.5 �21.6 407.3 �32.9 �25.8 �25.3 �22.3
431.4 �32.4 �24.9 �23.9 �21.2 431.4 �34.7 �26.0 �23.4 �21.8 431.4 �32.5 �26.0 �24.4 �21.3
455.2 �31.8 �22.5 �21.4 �21.4 455.2 �33.6 �23.4 �21.7 �21.5 455.2 �32.4 �23.7 �23.0 �22.0
479.4 �29.9 �19.8 �17.5 �21.2 479.4 �30.8 �20.1 �21.3 479.4 �31.7 �22.1 �18.6 �21.6
503.4 �28.3 �16.8 �10.9 �21.1 503.4 �28.4 �16.5 �20.2 503.4 �29.8 �17.7 �10.6 �20.2
527.6 �27.1 �11.8 �21.1 527.9 �26.1 �12.6 �20.9 527.6 �28.0 �13.2 �20.6
551.5 �26.0 �7.9 �21.5 551.5 �26.5 �8.3 �21.5 551.5 �26.7 �9.4 �19.2
575.3 �25.8 �21.4 575.8 �23.0 �21.5 575.3 �26.4 �7.6 �19.6
599.2 �24.3 �21.4 599.2 �24.6 �20.8 599.2 �25.9 �21.6

Extracted coal (2 �C/h) Coal (2 �C/h) Bitumen rich coal (2 �C/h)
335.8 �29.7 �25.1 �24.5 �21.8 335.8 �31.1 �26.9 �25.7 �22.2 335.8 �29.6 �25.5 �21.7
359.8 �32.7 �25.1 �22.9 �21.4 359.8 �34.1 �25.7 �23.1 �21.8 359.8 �34.6 �26.5 �23.7 �22.1
384.4 �33.8 �24.8 �23.0 �22.7 383.8 �34.5 �24.2 �21.5 �21.2 383.8 �34.8 �24.4 �22.4 �21.4
407.8 �33.2 �23.1 �21.2 �21.1 407.8 �33.9 �22.6 �20.2 �21.2 407.8 �34.6 �23.4 �22.2 �20.6
431.9 �31.2 �21.7 �18.5 �21.4 432.5 �32.6 �21.9 �19.2 �21.9 431.9 �31.3 �20.6 �18.0 �22.2
455.8 �29.4 �18.5 �13.9 �21.2 455.8 �29.9 �17.9 �12.6 �22.1 456.6 �28.5 �20.3 �14.6 �22.4
479.8 �27.1 �10.9 �20.3 479.8 �27.9 �11.1 �22.3 479.8 �28.3 �13.6 �20.2
503.8 �25.6 �6.7 �20.5 503.8 �26.4 �8.3 �21.5 503.8 �28.1 �8.7 �20.2
527.8 �25.3 �21.3 527.8 �26.0 �21.7 527.8 �26.0 �20.6
551.8 �24.4 �21.0 551.8 �25.4 �22.1 551.8 �25.4 �21.7
575.8 �23.4 �21.6 575.8 �25.0 �23.3 576.5 �23.1 �21.9
599.8 �23.1 �22.1 599.8 �23.4 �20.2 599.8 �24.6 �21.3
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rich coal, respectively (Table 2). For the three sets of experiments,
this ratio reaches the minimum value in the EASY%Ro range of
0.86–1.08 (Table 3). At high temperature and EASY%Ro, this ratio
increases to 1.0 (Table 2).
3.4. Carbon isotope compositions of gas components

Carbon isotope compositions of methane, ethane, propane and
CO2 are shown in Table 4. Methane d13C values at first become
more negative and then become less negative with increasing tem-
perature and EASY%Ro for all three experiments. The minimum val-
ues are �33.2‰, �34.7‰ and �32.9‰ at a heating rate of 20 �C/h,
and �33.8‰, �34.5‰ and �34.8‰ at a heating rate of 2 �C/h for
the experiments on extracted coal, coal and bitumen rich coal,
respectively (Table 4). For the three sets of experiments, methane
d13C value reaches the lowest point within the EASY%Ro range of
0.95–1.19 (Table 3).

The d13C values of ethane and propane became less negative
with increasing temperature for all three experiments. They are
generally similar at the same temperature among the three exper-
iments. The reversal for the d13C values of ethane and propane is
minor or negligible with temperature or EASY%Ro (Table 4).

The d13C values of CO2 for all three sets of experiments are in
the range �19.2‰ to �23.5‰, mostly �21.0‰ to �22.0‰. They
are very similar among the three experiments and do not show
clear trends with temperature or EASY%Ro (Table 4).
4. Discussion

4.1. Mass balance

4.1.1. Bitumen
For the experiment on extracted coal, all bitumen is newly gen-

erated. The other two experiments include the initial and newly
generated bitumen. At lower maturity (EASY%Ro < 1.0), the bitu-
men yield from the bitumen rich coal experiment could be the ini-
tial value (80.9 mg/g coal) plus the yield from the extracted coal
experiment if we suppose that the yield of the newly generated
bitumen is the same between these two experiments and that
the initial bitumen remains unchanged. However, the yields of
bitumen from the experiment on bitumen rich coal at the starting
temperature of 336 �C are substantially lower than the sum and
even lower than the initial value. The yields of bitumen for bitu-
men rich coal remain substantially lower than the sum from the
starting temperature to those for EASY%Ro of about 1.0 (Table 2,
Fig. 1a and d). Furthermore, they decrease rapidly from maximum
values at EASY%Ro from 0.67–1.19 at a heating rate of 20 �C/h and
0.86–1.07 at a heating rate of 2 �C/h (Table 2, Fig. 1c). This result
suggests that for the bitumen rich coal experiment from the start-
ing temperature to the temperature for EASY%Ro 1.0, bitumen gen-
eration was suppressed and/or the initial and newly generated
bitumen were partially incorporated into the solid organic residue,
as suggested by previous studies (Dieckmann et al., 2006; Erdmann
and Horsfield, 2006).

4.1.2. Liquid n-alkanes (n-C8+)
The bitumen rich coal contains an initial amount of saturated

components of 9.14 mg/g of coal. The difference in the yield of total
Rn-C8+ is 2.82 mg/g of coal between the two experiments of ex-
tracted coal and bitumen rich coal for the starting temperature
(336 �C) at a heating rate of 20 �C/h (Table 2). The differences of
the maximum yield of Rn-C8+ between these two experiments
are 4.02 mg/g of coal with EASY%Ro 1.19 at a heating rate 20 �C/h
and 4.78 mg/g of coal with EASY%Ro 1.08 at a heating rate 2 �C/h.
The differences in the yield of Rn-C8+ increase from the starting
temperature to the temperatures of maximum yield. This result
can be mainly ascribed to cracking of the initial bitumen, especially
the aromatic and polar components. It can be deduced that only a
minor part of these initial bitumen components cracked, resulting
in the formation of 1.20–1.96 mg/g coal of Rn-C8+ prior to EASY%Ro

of 1.19, assuming that the yields of Rn-C8+ from kerogen cracking
are the same for these two experiments.

Dieckmann et al. (2000, 2004) documented the heating rate
dependence for oil and gas compositions in laboratory pyrolysis.
For all three experiments, the maximum yields of bitumen are



Fig. 3. Activation energy distributions and frequency factors of methane generation (left), and the fit of calculated cumulative amounts of methane with measured results
(right).
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relatively higher at 20 �C/h than at 2 �C/h, while the maximum
yields of Rn-C8+ are opposite (Table 2, Fig. 1), indicating a heating
rate dependence. This result is consistent with the study of Dieck-
mann et al. (2000).

4.1.3. Wet hydrocarbon gases (C2–C5)
The maximum yield of ethane is 20–25% higher in the bitumen

rich coal than the extracted coal and coal experiments, while the
maximum yields of C3, C4 and C5 in the former are double or triple
those in the latter (Table 2). This result demonstrates that the ini-
tial bitumen from bitumen rich coal substantially increased the
generation of these wet gases. For the present experiments, the
generated gases included both primary and secondary compo-
nents. The primary gases were generated directly from macromo-
lecular precursors (kerogen, resins and asphaltenes) while the
secondary gases were generated from oil or liquid hydrocarbons
(e.g., Behar et al., 1992; Prinzhofer and Huc, 1995; Erdmann and
Horsfield, 2006). As indicated by the yields of Rn-C8+, the yields
of liquid hydrocarbons are substantially higher in the bitumen rich
coal than in the extracted coal and coal experiments. The higher
yields of wet gases in the former can be mainly ascribed to second-
ary cracking of liquid hydrocarbons. In other words, the wet gases
mainly originate by secondary cracking. It can be further deduced
that in the bitumen rich coal experiment the proportions of gas
from secondary cracking increase with carbon number because
the yield differences for the wet gases are increasingly greater with
carbon number between the bitumen rich coal and the other two
coals.

The maximum ethane yields are similar at both heating rates
and do not show consistent trends with heating rate for the three
experiments (Table 2). For propane to pentanes, the measured
maximum yields between the two heating rates differ significantly
(Table 2, Fig. 3). Both the maximum yields of propane and butanes
increase with heating rate for the three experiments, in contrast to
Dieckmann et al. (2004). The maximum yields of pentanes vary
with heating rate for the three experiments. The discrepancy of
the measured maximum yields for propane to pentanes between
the two heating rates in the present study can be mainly ascribed
to the relatively low yields and few data points.

4.1.4. Methane
The yields of methane are about 13, 15 and 16 mg/g of coal at

EASY%Ro 1.35 and 41, 43 and 48 mg/g of coal at EASY%Ro 2.20 for
the experiments of extracted coal, coal and bitumen rich coal,
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respectively (Table 2, Fig. 3i). At EASY%Ro 2.20, the yields of Rn-C8+

are below the detection level, while those of aromatic components
are decreasing and lower than 10 mg/g of coal (Table 2, Fig. 1). In
addition, the yields of the total wet gases (RC2–5) are decreasing
and lower than 9.56, 9.76 and 12.00 mg/g coal in the extracted
coal, coal and bitumen rich coal experiments, respectively (Table 2).
Therefore, nearly half of the maximum yield of methane was gen-
erated at EASY%Ro > 2.2 from kerogen. The differences in methane
yields among the three experiments at same temperature are rela-
tively minor at EASY%Ro < 2.2, but greater with temperature at
EASY%Ro > 2.2 (Table 2). This result demonstrates that the solid or-
ganic residue always retained more hydrogen and higher hydrocar-
bon generative potential at the postmature stage in the bitumen
rich coal than the extracted coal and coal experiments, consistent
with previous studies (Dieckmann et al., 2006; Erdmann and Hors-
field, 2006).

4.1.5. Ratio C1/RC1–5

For all three experiments, the decrease in C1/RC1–5 to minimum
values closely corresponds to the increase in yields of bitumen and
Rn-C8+ to maximum values with temperature and EASY%Ro (Tables
2 and 3). This phenomenon was also observed in experimental
studies on type I and II kerogens (e.g., Lorant et al., 1998; Pan
et al., 2008). One possible interpretation is that the initial gases
were mainly generated from reactive moieties (mainly methyl
groups) with labile bonds attached to kerogen or polar compo-
nents, while the later gases were partially generated from alkyl
groups attached to aromatic rings. The initial gases contained rel-
atively more methane than later gases. The ratio of gases from
the cracking of stable bonds to those of labile bonds increases with
temperature and maturity. EASY%Ro values for the minimum C1/
RC1–5 are significantly lower than those for the highest RC2–5

yields, i.e. about 1.0 and 1.5, respectively (Table 3). It appears that
C1/RC1–5 is simply controlled by the amount of Rn-C8+ relative to
kerogen in all the three experiments, although the actual mecha-
nism is unknown. This ratio is lower in the bitumen rich coal than
the extracted coal and coal experiments because of higher yields of
Rn-C8+ for the former than the latter, especially at EASY%Ro < 2.0
(Table 2).

Pan et al. (2012) demonstrated that pyrobitumen significantly
accelerated the generation of methane relative to wet gases and
therefore C1/RC1–5 was higher in the pyrolysis experiment of oil
plus pyrobitumen than oil alone. Minimum C1/RC1–5 values occur
at EASY%Ro 1.46–1.52 in their study (Table 3). This reversal might
be related to the compositional variation of residual oil.

4.2. Stabilities of alkanes and wet gases

There is considerable overlap between the generation and
cracking of the liquid n-alkanes and wet gases (e.g., Dieckmann
et al., 2000; Hill et al., 2003; Pan et al., 2012). When the yields of
liquid n-alkanes and wet gases reach maximum values, the gener-
ation rates equal the removal rates by cracking of these compo-
nents. The variation of the yield of Rn-C8+ demonstrates that
significant cracking of these compounds began at least at EASY%Ro

1.0 in all three experiments, which is substantially lower than that
in oil pyrolysis experiments (e.g., Horsfield et al., 1992; Hill et al.,
2003; Pan et al., 2010, 2012). However, this result is consistent
with the conventional observation that the residual yields of
hydrocarbons in source rocks generally reach the highest values
at Ro% around 1.0 based on field data (e.g., Tissot and Welte,
1984). In sedimentary basins, the residual hydrocarbon yield from
source rock is the overall result of hydrocarbon generation, crack-
ing and expulsion within this rock. Previous studies suggest that a
value of 200 mg/g TOC is an approximate minimum initial hydro-
gen index required for oil expulsion (e.g., Pepper, 1992; Pepper
and Dodd, 1995; Pepper and Corvi, 1995). Oil cracking is substan-
tially faster in source rocks than conventional reservoir rocks pos-
sibly due to catalysis by kerogen and minerals in source rocks (e.g.,
Pepper and Dodd, 1995; Schenk et al., 1997; Dieckmann et al.,
1998; Hill et al., 2007). Pan et al. (2010) demonstrated that neither
montmorillonite nor calcite significantly influence the primary
cracking of oil components (C6+) to gaseous hydrocarbons (C1–C5).
However, they found later that pyrobitumen significantly promotes
the generation of methane while both inhibiting the generation
and accelerating the cracking of wet gases (Pan et al., 2012).

The values of EASY%Ro for the highest yields of wet gases are
significantly lower in all three experiments than in the pyrolysis
experiments of oil alone or oil plus pyrobitumen performed by
Pan et al. (2012, Table 3), demonstrating that the cracking rates
of wet gases are greater in the former versus the latter experi-
ments. The coal, or kerogen, apparently plays an important role
in catalyzing the cracking of wet gases, as well as liquid n-alkanes.

Activated carbon was found to accelerate the cracking of hydro-
carbons in an early study (Greensfelder et al., 1949). Smith et al.
(1989) used hydrous pyrolysis experiments to show that brown
coal accelerates the transformation of model compounds into n-al-
kanes and transformation rates increase with the ratios of the
added coal to model compounds, including long chain n-alkyl con-
stituents, such as n-alcohol, di-n-ketone, di-n-ether, n-acid and al-
kyl aromatics. Recently, Alexander et al. (2011) demonstrated that
activated carbon and coal substantially accelerate the transforma-
tions of 1-octadecene and 2,3,6-trimethyphenol into gaseous and
liquid products. They suggested that surface reactions of hydrocar-
bons on solid carbonaceous material in sediments (e.g., coal, kero-
gen, pyrobitumen and black carbon) play an important role in the
formation of crude oil and natural gas. The results of the present
study are consistent with previous studies.

4.3. Kinetic parameters

4.3.1. Kinetic parameters for the generation of methane
Hydrocarbon generation from kerogen is generally described

using a set of parallel first order reactions with a single frequency
factor and a distribution of activation energies (e.g., Ungerer and
Pelet, 1987; Schenk and Horsfield, 1993; Tang et al., 1996; Behar
et al., 1997). For coal samples, simplified kinetic models with a sin-
gle frequency factor are not sufficient to correctly predict hydro-
carbon generation under geological conditions (e.g., Dieckmann,
2005). The main purpose for the kinetic modeling in the present
study is to characterize the differences in kinetic properties for
the generation of gas hydrocarbons among the three experiments
of extracted coal, coal and bitumen rich coal. Previous studies dem-
onstrated the compensation effect between the frequency factor
(A) and the activation energies for hydrocarbon generation and
destruction (e.g., Pelet, 1994; Waples, 2000; Pan et al., 2012). In or-
der to avoid this compensation effect, we used a fixed frequency
factor of 4 � 1011/s for methane generation in all three experi-
ments. This frequency factor is suitable for early methane genera-
tion, but lower for late methane generation from coal samples (e.g.,
Behar et al., 1997; Dieckmann, 2005). The kinetic parameters for
the generation of methane are listed in Table 5. The activation en-
ergy distributions and the fit of the cumulative amounts of meth-
ane calculated from the kinetic parameters and measured from the
experiments are shown in Fig. 3.

4.3.2. Kinetic parameters for the generation and cracking of wet gases
Few publications have reported or noted the kinetic parameters

for the generation and cracking of wet gases (e.g., Tsang, 1989;
Behar et al., 1992; Pepper and Dodd, 1995; McNeil and BeMent,
1996; Lorant et al., 1998; Dieckmann et al., 2004; Shuai et al.,
2006), in contrast to the enormous amounts of kinetic data for



Table 5
Kinetic parameters for hydrocarbon gases.

Extracted coal Coal Bitumen rich coal

Ea (kcal/mol) Fraction (%) Ea (kcal/mol) Fraction (%) Ea (kcal/mol) Fraction (%)

Methane generation A = 4 � 1011 s�1

47 3.43 42 0.10 44 0.05
48 3.10 43 0.14 45 1.68
51 22.50 48 7.31 48 0.33
54 9.27 50 1.88 49 7.88
55 27.05 51 17.52 51 16.16
57 3.16 54 19.90 54 17.52
58 13.54 55 17.51 55 23.43
61 6.01 56 3.45 59 17.66
63 10.51 57 6.24 63 13.11
64 1.43 59 10.65 64 2.18

62 10.11
63 2.23
65 2.97

Ethane generation Ag = 4 � 1011 s�1

47 8.36 41 0.10 45 6.59
48 39.72 48 56.00 46 3.30
51 50.21 50 1.43 49 49.28
55 1.70 51 42.47 51 37.30

52 2.19
56 1.34

Ethane cracking Ac = 1 � 1014 s�1

63 37.12 60 2.80 60 5.00
64 38.78 63 22.28 63 8.58
67 12.84 64 57.18 64 57.69
68 1.91 67 2.43 67 9.88
72 9.35 68 9.49 68 11.60

73 5.82 71 3.92
73 3.33

Propane generation Ag = 4 � 1011 s�1

47 3.70 41 0.27 45 6.53
48 75.93 42 0.31 46 5.89
51 20.07 48 66.44 48 22.26
55 0.30 51 23.50 49 36.18

52 8.33 51 22.50
55 1.14 52 6.63

Propane cracking Ac = 1 � 1014 s�1

61 38.59 60 88.87 60 47.30
62 58.98 63 9.02 62 18.18
66 1.42 64 2.11 63 34.20
68 1.02 68 0.31

Butane generation Ag = 4 � 1011 s�1

47 0.76 48 50.62 41 0.24
48 48.77 49 28.79 44 2.97
51 47.94 51 8.43 45 0.73
52 0.78 52 11.78 48 54.52
56 1.75 56 0.38 51 40.27

52 0.41
55 0.87

Butane cracking Ac = 1 � 1014 s�1

59 56.03 59 82.63 59 48.34
61 30.93 62 17.37 61 13.44
62 11.74 62 38.22
67 1.30

Pentane generation Ag = 4 � 1011 s�1

48 85.02 48 11.86 45 6.30
49 13.95 49 72.64 46 6.35
54 1.04 51 15.47 49 56.44

54 0.04 50 30.70
53 0.21

Pentane cracking Ac = 1 � 1014 s�1

58 0.78 58 77.44 59 82.32
59 90.15 61 14.19 60 16.99
63 7.92 62 8.37 65 0.69
67 1.16
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the generation and cracking of oil components. Pan et al. (2012)
determined the kinetic parameters for the generation and cracking
of individual wet gases from pyrolysis experiments on oil and oil
plus pyrobitumen. However, the amounts of oil relative to solid
organic residue were excessive in the previous study (> 50%),
unlike the present study (< 5%). Therefore, kinetic properties for
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the generation and cracking of wet gas hydrocarbons differ in the
previous and present studies.

Dieckmann et al. (2000) evaluated the overlap of primary and
secondary reactions of oil components by a combination of closed
and open system pyrolysis experiments of marine kerogen. They
suggested that the overlap of primary and secondary reactions only
affects the overall composition of the C6+ fraction in the closed sys-
tem but not the timing of secondary gas formation. In principle, the
extent of overlap for the generation and cracking of individual
alkanes increases with carbon number because the cracking temper-
ature decreases with carbon number, especially for light alkanes.

In the present study, we assume that the maximum amount of
the individual wet gases represents 95% conversion, and then, the
individual wet gases begin to crack. For C3 to C5 gases, the mea-
sured maximum yields differ significantly between the two heat-
ing rates. We used the higher yield results to calculate the
kinetic parameters for the generation and cracking of individual
wet gases (Table 5). The activation energy distributions and the
Fig. 4. Activation energy distributions and frequency factors of ethane generation and cr
results (right).
fit of the cumulative amounts calculated from the kinetic parame-
ters and measured from the experiments for the individual wet
gases are shown in Figs. 4–7. The differences in peak or averaged
activation energies are only 9–14 kcal/mol between the generation
and cracking for wet gases using the different frequency factors. If
the same frequency factor is used, i.e., 1 � 1014/s, for both genera-
tion and cracking, the differences in peak or averaged activation
energies are only 2–7 kcal/mol between the generation and crack-
ing of these gases.

Pan et al. (2012) demonstrated that the activation energies for
the generation and cracking of wet gases decrease with carbon
number and are lower in the experiments of oil plus pyrobitumen
than oil alone. In the present study, the averaged values of activa-
tion energies for the generation of individual wet gases do not vary
significantly with carbon number. However, activation energies for
cracking of these gases decrease with carbon number, reflecting
decreased thermal stabilities of these components with carbon
number, consistent with the previous study (Pan et al., 2012).
acking (left), and the fit of calculated cumulative amounts of ethane with measured
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It can be deduced that primary cracking gas is generated at low-
er thermal stress than secondary cracking gas, and therefore, acti-
vation energies for the generation of primary cracking gas are
lower than those of secondary cracking gas from previous studies
on kerogen and oil pyrolysis (e.g., Behar et al., 1992; Horsfield
et al., 1992; Hill et al., 2003; Erdmann and Horsfield, 2006). The
wet gases have higher ratios of the secondary cracking components
from liquid hydrocarbons to the primary cracking components
from kerogen in the bitumen rich coal experiment compared to
the other two experiments. Furthermore, in principle, kerogen cat-
alytic capability likely decreases with oil/kerogen ratio. It might be
deduced that activation energies are higher for the generation and
cracking of wet gases in the bitumen rich coal experiment than the
other two experiments. However, the averaged values of activation
energies for both the generation and cracking of individual wet
gases are similar and lack consistent trends among the three exper-
iments (Table 5, Figs. 4–7). This result can be interpreted as
Fig. 5. Activation energy distributions and frequency factors of propane generation a
measured results (right).
follows. First, there may be no substantial difference in kinetic
properties between the generation of primary and secondary wet
gases in the experiments because the stability of oil components
is substantially reduced in the presence of excess coal. Second,
the oil/kerogen ratio was very low for all three experiments (<
5%). Therefore, the differences for this ratio may not significantly
influence the catalytic activity of kerogen.

The activation energies for the generation and cracking of indi-
vidual wet gases (C2–C5) are substantially lower in the three exper-
iments compared with the previous oil and oil plus pyrobitumen
pyrolysis experiments (Pan et al., 2012). The averaged activation
energies for the generation of these components are about 8–
11 kcal/mol lower with frequency factor 4 � 1011/s and 2–4 kcal/
mol lower with frequency factor 1 � 1014/s in the present experi-
ments compared to the previous oil and oil plus pyrobitumen pyro-
lysis experiments with frequency factor 1 � 1014/s. Averaged
activation energies for the cracking of these gases are about
nd cracking (left), and the fit of calculated cumulative amounts of propane with
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5–10 kcal/mol lower with frequency factor 1 � 1014/s and 2–7 kcal/
mol lower with frequency factor 1 � 1015/s in the present
experiments compared to the previous oil and oil plus pyrobitumen
pyrolysis experiments with frequency factor 1 � 1015/s.

4.4. Precursors of hydrocarbon gases implied from carbon isotopes

Previous studies demonstrated that methane d13C values at first
decrease to a minimum value, and then increase with temperature
or Ro% in confined pyrolysis experiments on kerogen and coal sam-
ples (Lorant et al., 1998; Tang et al., 2000; Liu et al., 2004; Xiong
et al., 2004; Xiao et al., 2005, 2006, 2009; Tian et al., 2012), as ob-
served in the present study (Table 4). Using the method of Tang
et al. (2000), this trend for methane d13C values can be modeled
mathematically (e.g., Xiao et al., 2005, 2006, 2009; Tian et al.,
2012). The reversal in methane d13C values with temperature and
Ro% can be interpreted to be the result of two precursors for
Fig. 6. Activation energy distributions and frequency factors of butane generation and cr
results (right).
methane. First, methane can be generated from methyl groups by
cracking labile bonds between carbon and heteroatoms. Second,
methane can be generated from methyl or alkyl groups by cracking
of C–C bonds. The first precursor is characterized by either heavier
initial isotopes (higher d13C value; Cramer, 2004) or minor isotope
fractionation (lower DEa) during methane generation (Tang et al.,
2000) or both. In contrast, the second precursor is characterized
by either lighter initial isotopes (lower d13C value, Cramer, 2004),
or major isotope fractionation (higher DEa) during methane gener-
ation (Tang et al., 2000) or both. The initial methane is largely from
the first precursor while later methane is increasingly from the
second precursor. At high temperatures or EASY%Ro values in our
experiments, the accumulated methane was dominantly from the
second precursor with very minor contribution from the first pre-
cursor. In addition, during methane generation from the first pre-
cursor, no or very little wet gas is generated, while during
methane generation from the second precursor, high amounts of
acking (left), and the fit of calculated cumulative amounts of butane with measured



Fig. 7. Activation energy distributions and frequency factors of pentane generation and cracking (left), and the fit of calculated cumulative amounts of pentane with
measured results (right).
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wet gas were generated, especially at lower temperatures or
EASY%Ro < 1.0. Therefore, methane d13C values co-varied with the
C1/RC1–5 ratio (Tables 2–4).

Another interesting phenomenon is that methane d13C values at
the maximum temperature or EASY%Ro are similar to those of ini-
tial wet gases, especially C3, i.e., about �24‰ for all three experi-
ments (Table 4). These d13C values are lower (lighter) than the
d13C value of the initial coal sample, i.e. �22.86‰ (Table 1). This
phenomenon was also observed in previous confined pyrolysis
studies on type II kerogen (Lorant et al., 1998), purified vitrinite
from three different coals (Liu et al., 2004) and asphaltenes sepa-
rated from crude oil (Tian et al., 2012). This result may indicate
that most methane shared a common precursor with wet gases
in confined pyrolysis experiments. During confined pyrolysis of
kerogen or asphaltenes, the formation of wet gases, especially
C3–C5, created very minor carbon isotopic fractionation. Therefore,
the d13C values of the initial wet gases could be very similar to the
d13C values of the initial precursor and the accumulated methane
at the final generation stage. It can be deduced that for all three
experiments both methane and wet gases were mainly generated
from free alkanes and the alkyl groups bound to macromolecules,
including aromatics, resins, asphaltenes and kerogen. As docu-
mented earlier, the maximum yields of Rn-C8+ are substantially
lower than the maximum yields of methane and lower than the
maximum yields of ethane (Table 2). This result suggests that the
yields of free Rn-C8+ only represent a small part of the total mass
of the free liquid alkanes and bound alkyl groups. For coal and type
III kerogen, only a small part of the bound alkyl groups can be re-
leased as liquid alkanes. In addition, the released alkanes can reat-
tach to the kerogen (McNeil and BeMent, 1996; Boreham et al.,
1999; Erdmann and Horsfield, 2006). Erdmann and Horsfield
(2006) suggested that the recombination reactions of liquid prod-
ucts released from type III kerogen at low levels of maturation re-
sult in formation of a thermally stable bitumen, which generates
methane at higher maturity. Pan et al. (2012) suggested that some
oil and wet gas components were combined into pyrobitumen and
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released later, mainly as methane at higher temperatures and
maturities during pyrolysis of oil plus pyrobitumen.

According to the reaction model of McNeil and BeMent (1996),
the alkyl group cleaves from aromatic rings in the kerogen to form
an alkyl radical having one less carbon than the original alkyl
group. Within oil generation window, this released radical may
capture a hydrogen radical and form an alkane. Within the gas
window, this released radical may immediately reattach to aro-
matic rings in the kerogen. The increase in d13C values of wet gases
with temperature and EASY%Ro can be interpreted as the result of
their cracking, as well as the increase of the d13C value of the resid-
ual free alkanes and bound alkyl groups due to methane
generation.

In summary, methyl groups which form methane can be classi-
fied into two types: those attached to the macromolecules by labile
bonds, and those attached by more stable C–C bonds. These two
types can have different origins. The first type is present in the ini-
tial coal while the second type is most likely absent in the initial
coal, but forms later from the free and bound alkanes via a reaction
mechanism suggested by McNeil and BeMent (1996). At high mat-
uration, the amount of methane formed from the first type of
methyl group represents only a minor portion, while that from
the second type of methyl group represents the major portion of
the total methane yield.

For all three experiments, the d13C values of CO2 vary within
�19‰ to �23‰, mostly in the range �20‰ to �22‰, and do not
show a clear trend with temperature and maturity, possibly imply-
ing that CO2 formation did not induce significant carbon isotopic
fractionation.

4.5. Implications

Coal measures are the most important source rocks for hydro-
carbon gases in Chinese gas reservoirs, especially the giant gas
fields (e.g., Dai et al., 1997, 2003, 2005, 2008). Several studies of
the Kela 2 gas field, the largest in the Tarim Basin, China, demon-
strated that hydrocarbon gases in this field were generated from
Jurassic coal source rocks at the postmature stage (Ro% > 1.3, Zhao
et al., 2002; Liang et al., 2003; Zhao et al., 2005). Hydrocarbon
gases in this field have very high C1/RC1–5 ratios ranging from
0.99–1.0, and heavy carbon isotopic composition, i.e., d13C values
of methane and ethane in the range �26.2‰ to �28.2‰ and
�16.6‰ to �19.4‰, respectively (e.g., Liang et al., 2003; Zhao
et al., 2005). In addition, the present maturities of the Jurassic coals
in the source kitchen for this gas field are very high with Ro% > 2.0
(Zhao et al., 2002; Liang et al., 2003; Zhao et al., 2005). For the
three experiments in the present study, methane yields at EASY%Ro

1.35 and 2.20 are about 15% and 45–47% of the maximum values
for the coal samples, respectively. The weights of the total hydro-
carbon gases (RC1–5) at EASY%Ro 1.35 and 2.20 are 26–30% and
56–62% of the maximum values for the coal samples, respectively.
Furthermore, coals having higher initial HI values and hydrogen
contents generate higher amounts of bitumen and oils at the matu-
rity of oil generative window. Most bitumen and oils are retained
in the coals except that minor excessive oils are expelled from
the coals (Pepper, 1992; Sandvik et al., 1992). These coals are more
favorable for late methane generation due to the re-incorporation
of bitumen and oils into the kerogen, compared with those having
lower initial HI values and hydrogen contents. This result is consis-
tent to the previous studies emphasizing the importance of deep
methane (Dieckmann et al., 2006; Erdmann and Horsfield, 2006).

The observation that C1/RC1–4 ratios are substantially higher for
hydrocarbon gases in natural reservoirs than those generated in oil
and kerogen pyrolysis experiments has been documented in previ-
ous studies (e.g. Mango et al., 1994; Mango, 1997, 2001). Transition
metal catalysis has been suggested as the formation mechanism for
hydrocarbon gases in sedimentary basins based on the results of
pyrolysis experiments on artificial samples (e.g., Mango, 1992,
1997, 2001). According to this mechanism, lower activation ener-
gies for the cracking of wet gases in the three experiments in this
study compared to oil cracking experiments in previous studies
may be ascribed to catalysis of transition metals in the coal. How-
ever, transition metal catalytic processes have been questioned
(e.g., McNeil and BeMent, 1996; Snowdon, 2001; Lewan et al.,
2008). In particular, the result of hydrous pyrolysis experiments
on source rocks rich in transition metals demonstrates that transi-
tion metals have no effect on methane yields (Lewan et al., 2008).

Kerogen and solid organic matter (pyrobitumen) in source and
reservoir rocks substantially reduce the stabilities of oil and wet
gases, as demonstrated in the present and previous studies (e.g.,
Alexander et al., 2011; Pan et al., 2012). Due to the catalysis of ker-
ogen, oil cracking occurs at lower thermal stress in source rocks
compared to reservoir rocks. In addition, stabilities of oils and
wet gases can differ substantially in reservoir rocks in the presence
and absence of pyrobitumen. For example, reservoir rocks of gas
fields in the Sichuan basin contain abundant of pyrobitumen and
very dry hydrocarbon gases with C1/RC1–4 ratios ranging 0.975–
1.0 (e.g., Hao et al., 2008; Liu et al., 2013). In these reservoirs, pyr-
obitumen accelerated the cracking of oil components and wet
gases. In contrast, oil components remain stable in two condensate
reservoirs under high temperature (175–200 �C), as reported by
McNeil and BeMent (1996), possibly due to the lack of solid organic
matter (pyrobitumen) in the reservoir rocks.
5. Summary

For all three experiments, nearly half of the maximum amount
of methane was generated from kerogen at EASY%Ro > 2.2. The dif-
ferences in the methane yields among the three experiments are
minor at EASY%Ro < 2.0, but they are increasingly greater with tem-
perature and maturity, indicating the solid residue always retained
relatively higher amount of hydrogen and higher hydrocarbon gen-
erative potential at postmature stage in the bitumen rich coal com-
pared to the extracted coal and coal experiments. The maximum
yields of wet gases are substantially higher for bitumen rich coal
than extracted coal and coal. It can be deduced that a larger portion
of wet gases were generated from secondary cracking of liquid
hydrocarbons in the bitumen rich coal. However, the averaged val-
ues of activation energies for both the generation and cracking of
individual wet gases are similar and do not show consistent trends
among the three experiments with the same frequency factors. For
all three experiments, the activation energies for the generation
and cracking of wet gases are significantly lower than those in
oil pyrolysis experiments with same frequency factors. In addition,
lower EASY%Ro values for the maximum yields of total liquid n-al-
kanes for the three experiments compared with oil pyrolysis
experiments demonstrates that the stability of these components
is greatly reduced in the presence of coal.

Methane d13C values correlate positively with C1/RC1–5 ratios.
Methane d13C values at the maximum temperature or EASY%Ro

are very similar to those of initial wet gases, especially C3, implying
that the major part of methane shared a common precursor with
wet gases. Both methane and wet gases were mainly generated
from the free and bound alkanes, while methyl groups with labile
bonds attached to kerogen in the initial coal samples are minor
compared with the free and bound alkanes.
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