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Abstract The pyrolysis behavior of bitumen was inves-
tigated using a thermogravimetric analyzer—mass spec-
trometer system (TG-MS) and a differential scanning
calorimeter (DSC) as well as a pyrolysis-gas chromato-
graph/mass spectrometer system (Py-GC/MS). TG results
showed that there were three stages of weight loss during
pyrolysis—Iess than 110, 110-380, and 380-600 °C. Using
distributed activation energy model, the average activation
energy of the thermal decomposition of bitumen was cal-
culated at 79 kJ mol~". The evolved gas from the pyrolysis
showed that organic species, such as alkane and alkene
fragments had a peak maximum temperature of 130 and
480 °C, respectively. Benzene, toluene, and styrene
released at 100 and 420 °C. Most of the inorganic com-
pounds, such as H,, H,S, COS, and SO,, released at about
380 °C while the CO, had the maximum temperature peaks
at 400 and 540 °C, respectively. FTIR spectra were taken
of the residues of the different stages, and the results
showed that the C—H bond intensity decreased dramatically
at 380 °C. Py-GC/MS confirmed the composition of the
evolved gas. The DSC revealed the endothermic nature of
the bitumen pyrolysis.

Keywords
DSC

Bitumen - TG-MS - DAEM - Py-GCMS -

H. Zhao - Y. Cao - Q. Lineberry - W. Pan (D<)

Institute for Combustion Science & Environmental Technology,
Western Kentucky University, Bowling Green, KY 42101, USA
e-mail: wei-ping.pan@wku.edu

S. P. Sit
Oil Sands Operations, Cenovus Energy Inc, 421 7th Ave SW,
Calgary, AB T2POMS, Canada

Introduction

With an ever decreasing amount of conventional light oil
and increasing global demand for energy and environ-
mental concerns, such as global warming, research into
alternative sources of liquid and solid hydrocarbons has
increased. Bitumen extracted from oil sands is getting more
and more attention [1, 2]. It is a semi-solid material which
is mainly obtained from surface mining and thermal in situ
extraction of oil sands. Currently, it is either upgraded to
synthetic sweet crude before marketed to conventional
refineries, or sold directly to coking refineries equipped
with cokers and hydrotreaters, where either the sweet
synthetic crude or bitumen is refined into transportation
fuels. Research has shown that bitumen is a more envi-
ronmentally friendly and less toxic fuel than coal [3].
Relatively, bitumen produces less particulate, toxic metal
and CO, emission when combusted. Since pyrolysis is the
first step of bitumen conversion processes, such as com-
bustion, hydrotreatment, carbonization, and gasification, it
is important to know the characteristics of bitumen pyro-
lysis at high temperature. Many researchers have studied
the characteristics of bitumen at high temperature [4-6].
Schlepp et al. [4] observed that when the temperature was
above 300 °C, the bitumen generated light hydrocarbons
and an insoluble residue regardless of the presence of
water. Benbouzid and Hafsi [5] used the differential
method to study the kinetic parameters of pure and oxi-
dized bitumens. Phillips et al. [6] studied the kinetic
parameters of the bitumen pyrolysis at 360, 400 and
420 °C, respectively. Bitumen is a heterogeneous material,
so it is more suitable to consider the heterogeneous reac-
tions when trying to understand bitumen pyrolysis. Dis-
tributed activation energy model (DAEM) is a simplified
model for determining kinetic parameters for complex
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reactions, which assumes a set of irreversible first-order
reactions that have different activation energies, and it does
not require a prior assumption or a mathematical model
fitting to obtain the kinetic parameters [7-10]. It has been
widely used to analyze such complex reactions as pyrolysis
of fossil fuels [7], biomass [8—10], and dried sewage sludge
[11]. However, it has not been applied to the study of
bitumen pyrolysis. The coupling of TG with a Fourier
transform infrared (FTIR) spectrometer and/or a mass
spectrometer (MS) has been used for the study of coal
pyrolysis and biomass pyrolysis [11, 12], but a literature
survey shows no application of evolved gas analysis to
assist in the understanding of the bitumen pyrolysis
mechanism. So in this study, proper kinetic parameters,
which can predict the devolatilization behavior of bitumen
pyrolysis, were obtained using DAEM. Also, the produc-
tion of gaseous species during the pyrolysis was examined
using thermogravimetric analyzer—mass spectrometer sys-
tem (TG-MS) and pyrolysis-gas chromatograph/mass
spectrometer system (Py-GC/MS). A better understanding
of the pyrolysis behavior of bitumen will be beneficial to
bench-scale experiments and industrial applications.

Experimental
Materials

Cenovus Energy Inc. provided dry bitumen for this study,
which was extracted from Alberta surface mineable oil
sands. The proximate and ultimate analysis of the bitumen
as received is shown in Table 1. It can be seen that the
bitumen is mainly composed of carbon and hydrogen with
an atomic ratio of H/C = 1.5, which is less than the H/C
ratio of conventional oil of 2.

Table 1 Proximate analysis and ultimate analysis for bitumen

Component Content/wt%
Proximate analysis
Moisture 3.1
Volatiles 85.1
Ash 0.1
Heat value/btu 1o~ 17792
Ultimate analysis
C 82.2
H 10.1
o 2.9
N 0.5
S 4.2
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FTIR technique

The sample was analyzed by a Perkin Elmer Spectrum One
FTIR with a universal attenuated total reflectance attach-

ment. The IR detection range was 650-4000 cm™".

TG and TG-MS technique

The thermal analysis was carried on a TA 2950 TG ana-
lyzer. About 20 mg of the sample was heated from 30 to
600 °C at a rate of 20, 30, 50, or 80 °C min~!, respec-
tively. The experiments took place under a nitrogen
atmosphere (purity > 99.999%) with a flow rate of
100 mL min~".

The TG-MS system consisted of Dupont 951 TG ana-
lyzer and a Fisons instruments Thermolab mass spec-
trometer interfaced via a heated capillary transfer line. The
capillary transfer line was heated to 200 °C and the inlet
port on the mass spectrometer was heated to 150 °C. The
Fisons unit is based on a quadrupole design and the scan-
ned mass range was from 1 to 200 m/z. It uses an electron
impact ionization energy of 70 eV. The system is operated
at a pressure of 1 x 107> torr. 10 mg of the sample was
heated from 30 to 600 °C at a rate of 20 °C min~"'. The
experiments took place under a nitrogen atmosphere (pur-

ity > 99.999%) with a flow rate of 50 mL min~".

DSC technique

Differential scanning calorimeter (DSC) was performed
with a TA 2920 DSC analyzer. About 3-6 mg of the
sample was placed in an aluminum pan with a pinhole lid
and was heated to 600 °C at a rate of 10 °C min~"' under a
nitrogen flow (purity > 99.999%) of 40 mL min~".

Py-GC/MS technique

The Py-GC/MS experiments were performed using a CDS
5200 pyrolyzer and a Varian 2200 GC/MS instrument in a
helium atmosphere. For the Py-GC/MS experiments, three
temperature ranges were examined, which corresponded to
the stages seen in the TG experiments. The first stage was
from 30 to 110 °C, the second stage was from 110 to
380 °C, and the third stage was from 380 to 600 °C.
During the trapping portions of the experiment, the Tenax
TA was held at about 40 °C. At the end of each stage, the
Tenax TA trap was desorbed at 300 °C and the GC chro-
matogram was obtained.

In the GC/MS system, helium was the carrier gas and
the capillary column used was DB-5: 30 m x 0.25 mm
x 0.25 um. The split ratio was 1:20. The temperature of
the transfer line was 300 °C. The temperature program was
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as follows: initial temperature of 35 °C for 5 min, ramped
to 300 °C at 8 °C min~ ', holding for 10 min.

Results and discussion
TG and DSC results

The weight loss data show that there are three stages of
thermal decomposition during heating of the sample
(Fig. 1). The first stage is from 30 to 110 °C with a weight
loss of 1.8%, which may be due to evaporation of water
and other small molecular weight compounds. The second
stage is from 110 to 380 °C with a weight loss of 43.7%
and the third stage is from 380 to 600 °C with a weight loss
of 44.3%. Actually the sample continues to decompose
after 600 °C, but the weight loss is very small.

The heating rate is one of the most important parameters
influencing the thermal decomposition of bitumen. Figure 2
shows that with increasing heating rate, the maximum
decomposition rate and the temperature corresponding to the
peak decomposition rate increased. When the heating rate
increased from 20 to 80 °C min~', the maximum decom-
position rate increased from 10.6 to 36.2% min~ ' as did the
corresponding peak temperature from 476 to 522 °C. This is
because with increasing heating rates, the time to reach a
given temperature becomes shorter. As a result, more time
has to elapse before the reaction is complete, which causes
the entire curve to shift to higher temperatures.

From the DSC curve (Fig. 3), we can clearly see
endothermic transitions at 290 and 445 °C with the
enthalpy of 14 and 83 J g™, respectively, which are due to
the pyrolysis of bitumen.
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Fig. 1 TGA/DTG curve of bitumen versus temperature under
nitrogen flow
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Fig. 3 DSC curve for bitumen versus temperature under nitrogen
flow

TG-MS analysis of gas products and FTIR analysis
of residue

TG-MS is a very useful technique for studying thermal
degradation mechanisms. From TG-MS results, the mass
evolution of species with respect to time and temperature
can be obtained and these peaks can be matched with the
weight loss stages. The mass peaks for bitumen pyrolysis
are given in Fig. 4. The major products for the thermal
decomposition of bitumen include alkene fragments (m/
741, 55, 69, and 83), alkane fragments (m/z 43, 57, 71, and
85), aromatic compounds (m/z 78, 91, and 105), and
inorganic compounds such as H, (m/z 2), H,O (m/z 18),
H,S (m/z 34), CO, (m/z 44), SO, (m/z 64), and COS (m/
z 60). The evolution of hydrogen began at 420 °C and
reached a maximum at 520 °C (Fig. 4b). Water evolution
can be identified using m/z 18, 17, and 16 with a certain
ratio (10:6:4) due to the fragmentation pattern. However,
the major methane (CH,) peak also occurs at m/z 16 with a
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fragment of CO, also contributing depending on its con-
centration. Thus, the identification of methane will be
based on the additional intensity of the peak at m/z 16, or a
differing peak maximum temperature between m/z 16 and
18. Water evolving during the first thermal decomposition
stage below 150 °C may be due to moisture present in the
sample (Fig. 4a). Water continued to release until its peak
maximum at 480 °C, which may come from cross linking
of hydrocarbons. Hydrogen sulfide was released at 380 °C
with a maximum temperature peak at 420 °C (Fig. 4b).
Carbonyl sulfide evolved at 380 °C and the release of SO,
started at 400 °C with a peak maximum temperature at
480 °C (Fig. 4b), which may be due to the thermal
decomposition of organic sulfur in the bitumen. Carbon
dioxide was observed between 300 and 600 °C and had the
maximum temperature peak at 400 and 540 °C, respec-
tively (Fig. 4c). Benzene, toluene, and styrene released at
100 and 420 °C (Fig. 4d). Alkane fragments and alkene
fragments had a peak maximum temperature of 130 and
480 °C, respectively (Fig. 4e, f). There is a little delay

between DTG curve and evolved gas curve, which is due to
the time it takes for the evolved gas to reach the detector.

Based on the total area (arbitrary unit), CO,, H,O,
alkane, and alkene compounds are the major products of
the evolved gas, while SO,, H,S, and COS accounts for
approximately one-hundredth of the main composition. So
the removal of SO,, H,S, and COS is an important issue for
utilization of bitumen.

The original bitumen and the residue at the end of each
stage were analyzed by FTIR (Fig. 5). Table 2 shows that
the bitumen is mainly composed of aromatic hydrocarbons,
alkanes, and alkenes and a small amount of nitro and sul-
fide compounds, which is consistent with other researcher
[13]. The overall intensity of the FTIR signal at 110 °C
decreased slightly compared to the unreacted bitumen. The
intensity of the spectrum decreased dramatically as the
temperature increased to 380 °C, especially the C-H
stretching of alkanes (2921-2853 cm™') and C—H bending
of alkanes (1455 cm™'). By 600 °C, the spectrum was
essentially featureless.
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Fig. 5 Overlay of FTIR spectra for original bitumen and residue at
110, 380, and 600 °C

Kinetics analysis

In this study, DAEM was used to obtain the proper kinetic
parameters to predict the thermal decomposition of bitu-
men pyrolysis. According to this method, at least three sets
of experimental data obtained under different heating rates
are required. When the model is used to analyze bitumen
pyrolysis, the DAEM is expressed as [9]:

oo t

1-V/V = / exp | —ko / e /R 4r | f(E)dE (1)

0 0

where V is the volatile against time #, V* is the total volatile
in the bitumen, f(E) is the distribution function of
activation energy E, and k, is the pre-exponent factor
corresponding to E value. The function f{E) satisfies

[ rere=1 @)
0
Equation 1 was simplified to Eq. 3 by Miura [14, 15]:

VIVE =1 / F(E)AE = / F(E)E 3)
Es 0

In the simplified model, the Arrhenius equation can be
described as follows:

a k()R E
In (ﬁ) = In (7) +0.6075 — 4)

where a = dT/dt, the heating rate of pyrolysis. By using
Eq. 4, Arrhenius plots can be drawn for In(a/T”) versus 1/T
at the selected V/V* values for different a values. If two
heating rates are used, a series of E values can be calcu-
lated from the slopes of the straight lines at different V/V*
levels. In this study, four heating rates (@ = 20, 30, 50, and
80 °C min_l) were chosen to reduce error. The Arrhenius

Table 2 FTIR results for bitumen

Wave number Attribution of the FTIR main absorption bands

2921, 2853 H-C-H asymmetric and symmetric stretch of alkanes
1705, 1601 C=C stretching of alkenes

1455 C-H bending of alkanes

1376 N-O stretching of nitro groups

1306 C=S stretching

<1300 C—C stretching of alkanes

plot of alT? versus 1/T that was used to obtain the activa-
tion energy, E, at selected level of V/V* is given in Fig. 6.
From the linear slope and intercept of the plot, the acti-
vation energy, E, and pre-exponent factor, kj;, can be
obtained. Figure 7 shows the relationship between activa-
tion energy, E, and bitumen conversion, V/V*. It can be
seen that with increasing temperature and conversion,
E increases. In the first stage, the conversion is about 1.8%,
and the average activation energy is 57 kJ mol~'. While
the conversion increases to 20%, the average activation
energy remains constant at 57 kJ mol~". This is because, in
the beginning, the breaking of the weakest links in the
chain, for example heteroatom chemical bonds and active
group as well as the evaporation of small molecular weight
compounds are in priority. As the conversion increases to
50% in the second stage, the activation energy increases to
70 kJ mol ™", which may be due to the cracking of the side
chain chemical bonds. When the conversion is more than
50%, the activation energy dramatically increases from 75
to 115 kJ mol~'. This is because at this stage, the back-
bone chains are broken.

The ko value corresponding to E can be calculated by
using Eq. 4. The relationship between k; and E are shown
in Fig. 8. It can be seen that the k value increased from an
order of 10 to an order of 10* s~! while the E increased
from 50 to 115 kJ mol~'. With increasing of E, the kg
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Fig. 6 Arrhenius plot of ln(a/Tz) versus 1/T at selected V/V* value
for the bitumen
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Fig. 7 Relationship between activation energy E and conversion V/
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exponentially increased, which would compensate for the
decrease of reaction rate constant caused by increasing
activation energy. This relationship is compensation effect
[16].

Pyrolysis-GC/MS analysis

Figure 9 shows an overlay of the total ion chromatograms
for the different stages of the Py-GC/MS experiment. It can
be seen that the composition shifted from low molecular
weight compounds (C6-C10) and mid molecular weight
compounds (C11-C15) to high molecular weight com-
pounds (>C15) when the temperature increased from 110
to 380 °C, while at 600 °C, not only were low and mid
molecular weight compounds still present, but also high
molecular weight compounds were evolved.

In the first stage (less than 110 °C), highly volatile
compounds (high vapor pressure or low boiling point
compounds) and mid molecular weight compounds (C10—
C15) were evolved. In this stage, low molecular weight

3.0 x 10*1
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Fig. 8 Relationship between pre-exponential factor k, and activation
energy E
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Fig. 9 Overlay of total ion chromatogram for bitumen at different
temperatures

compounds such as 4-dimethyl-hexane and 3-ethyl-hexane
evaporated and small fragments resulting from the cleav-
age of heteroatom bonds evolved, so the average activation
energy at this stage is small (57 kJ mol™"), which is less
than that of the second and the third stages. Also in this
stage, the existence of thiophene compounds indicates the
presence of organic sulfur in the sample.

According to the mechanism of thermal degradation of
polymeric materials, after the side-group elimination in the
first stage, the decomposition is mainly composed of ran-
dom scission [17], so in the second stage (110-380 °C),
with increasing temperature, small fragments of varying
chain lengths are produced as the side chains are cleaved
from the main chain. As a result, high molecular weight
compounds (>C15) predominated over low and mid
molecular weight compounds.

In the third stage (380-600 °C), the pyrolysis was very
complex. From Fig. 5 we can see that after the second
stage, the intensity of all functional groups has decreased
dramatically, so in the third stage unimolecular or quasi
unimolecular reactions dominate. These processes result in
the release of low molecular weight compounds (C6-C10),
mid molecular weight compounds (C10-C15), and high
molecular weight compounds (>C15). So the average
activation energy is the highest in this stage, 109 kJ mol .
In this stage, a regular series of peaks appears resulting
from the release of a series of hydrocarbons (C10-C44),

Table 3 Composition of bitumen pyrolysis at 110, 380, and 600 °C
(area of total peaks)

Carbon number 110 °C area/% 380 °C area/% 600 °C area/%

C6-C10 63.5 11.3 27.6
CI11-C15 36.5 8.4 26.2
C15-C44 - 80.3 46.2
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each one carbon larger than the peak before. The peaks
actually appear as doublets—one for the alkane and the
other for the alkene form of the hydrocarbon. Table 3
shows that the low and mid molecular weight compounds
account for about 53% of the emission while the high
molecular weight compounds account for 46%.

Conclusions

The thermal behavior of bitumen pyrolysis has been
investigated using TG, Py-GC/MS as well as DSC. The
kinetic parameters were determined using DAEM. Also the
evolution of gaseous species was monitored with respect to
temperature using TG-MS. The following conclusions
have been drawn:

e TG results showed that there were three stages of
thermal decomposition during heating of the sample—
less than 110, 110-380, and 380-600 °C.

e When the V/V* < 0.20, the average activation energy
was 57 kI mol~' and when the V/V*>0.50, the
average action energy was 104 kJ mol™'. The pre-
exponent factor changed from 10 to 10* s™".

e The evolved gas is composed of organic compounds
such as alkene and alkane fragments and inorganic
compounds such as H,O, CO,, and SO,. Most of the
organic compounds had a peak maximum temperature
of 130 and 480 °C and inorganic compounds released
at about 380 °C.

e The Py-GC/MS results showed that the composition of
bitumen pyrolysis was mainly composed of n-alkanes,
n-alkenes, and oxidized compounds. During the first
stage, it was mainly composed of low and mid
molecular weight compounds while during the second
stage, the comparative amount of compounds larger
than C15 was about 80%. In the third stage, low and
mid molecular weight compounds comprised about
53% while the high molecular weight compounds
accounted for 46%.

Since H,S, SO,, and COS evolved during bitumen pyro-
lysis, the next step is to find useful catalysts to decrease the
SOx content and improve the CO, concentration.
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