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ABSTRACT: Crude tall oil (CTO) is a cost-competitive biomaterial available from the Kraft pulping process that contains
approximately 50% fatty acids, 30% resin acids and 20% neutral polycyclic oxygenated species such as sterols. Although CTO
diﬀers drastically from conventional fossil-derived feedstocks, it proves to be an interesting drop-in alternative to produce
renewable base chemicals. The proposed two-step process in which, ﬁrst, CTO is converted into a highly paraﬃnic/naphthenic
feedstock through hydrodeoxygenation (HDO) over a NiMo catalyst, followed by steam cracking, produces up to 34 wt % of
ethylene, 15 wt % of propylene and 5 wt % of 1,3-butadiene. A dedicated kinetic model was developed for HDO-CTO steam
cracking containing over 500 species to further optimize its industrial potential. Reaction path analysis shows that the HDO
severity must be optimized to remove all oxygen but dehydrogenation should be avoided so that valuable light oleﬁns and
aromatic production are maximized instead of low value fuel-oil.
separation section of conventional steam cracking plants.8
Catalytic upgrading via hydrodeoxygenation (HDO) has been
proposed for many biofeedstocks to reduce their oxygen
content. HDO requires hydrogen pressures up to 20 MPa and,
as such, the oxygen content in the raw bioderived feedstock will
have a signiﬁcant impact on the overall costs because of the use
of expensive hydrogen. For example, bio-oils produced from
fast pyrolysis of lignocellulosic biomass typically have a high
oxygen content of over 40%.9 Hence, HDO of these bio-oils is
not economically feasible or sustainable for steam crackers
considering the low margins per tonne ethylene produced.
Furthermore, bio-oil’s chemical composition diﬀers greatly
from conventional naphtha and additional ﬁnishing steps would
be required.
The use of fatty acids and/or glycerides, derived from
vegetable oils, waste fats/greases or algae, is an attractive
alternative. Their low oxygen content, solely situated in the
glycerol/acid functionality, makes HDO more viable, for
example through the Bio-SynﬁningTM process.7 Saudi Basic
Industries Corp., or SABIC, plans to use cooking oil and fat
waste for the production of renewable oleﬁns which will be
situated next to a naphtha-fed unit in Geerlen, The Netherlands.10
Tall oil, a byproduct of the Kraft pulping process11 and, thus,
derived from nonfood sources, is a promising bioderived
feedstock with a low oxygen content.12,13 Bioethylene may be

1. INTRODUCTION
Ethylene and propylene, the platform chemicals used for the
production of plastics and base chemicals, are regarded as one
of the few petrochemical building blocks that could be
produced from biomass using existing petrochemical technology. Currently, most of the worldwide production of ethylene is
still based on various fossil-fuel based feedstocks. For instance,
in Europe and Asia, ethylene is mainly produced from cracking
of naphtha, gas oil and condensate; whereas in the US, Canada
and Middle East, in addition to naphtha cracking, ethylene is
also produced by cracking of ethane and propane.1−3 Especially
in the US, the shale gas boom has caused chemical companies
to expand/build facilities focused on ethane cracking.2
In 2013, over 143 million ton of ethylene was produced
entirely from feedstocks of fossil origin.4 As the demand for
ethylene increases, along with concerns over the excessive use
of fossil feedstocks,2 alternative pathways for the production of
ethylene from biobased feedstocks, such as bioethanol,5 are
being investigated and commercialized. Biobased ethylene can
act as a monomer for the production of bioanalogues of
petroleum-derived plastics, the so-called bioplastics. Today, the
bioplastics market is growing, especially in the United States
and Europe, and an increase in bioplastics demand from 890
000 ton in 2012 to 2.9 million ton by 2017 is projected.6
Steam cracking of bioderived feedstocks is one possible
method to produce bioethylene and other valuable chemicals,7
next to catalytic dehydration of bioethanol. The main advantage
of using steam cracking technology for production of oleﬁns is
that existing facilities can be used without billion dollar
investment costs. However, the oxygen content in typical raw
bio-oils can give rise to substantial operation problems in the
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produced through hydrodeoxygenation and steam cracking,
similar to vegetable oils and waste fats. Tall oil is derived from
woody biomass that is typically grown in nonarable land.
Therefore, the use of land is minimal in the case of tall oil
production from any woody starting material. The greenhouse
gas emissions related to land use changes, which are signiﬁcant
during the cultivation and harvesting of feed crops for vegetable
oil production,14 are negligible for tall oil production.
Allocation of tall oil for the production of bio-oleﬁns requires
substitute chemicals that replace their current use. The
associated cost is expected to be lower for tall oil compared
to vegetable oil, given the lower economic value of tall oil
compared to vegetable oil.12,14 This creates a prospect in terms
of economic and environmental perspective for utilizing tall oil
as a low carbon footprint bioreﬁnery feedstock in countries
where ample production capacity of tall oil is available from
Kraft pulping such as Finland, Sweden and the US.12 A
thorough life cycle assessment should asses and compare the
greenhouse emissions for production of bioethylene and
bioplastics from various bioderived feedstocks, including
HDO and steam cracking of vegetable oils, HDO and steam
cracking of tall oil and dehydration of ethanol.5 Such studies are
currently unavailable, to the best of our knowledge.
HDO of fractionated tall oil such as HDO-TOFA, i.e., tall oil
fatty acids, and HDO-DTO, i.e., distilled tall oil, followed by
their use as a steam cracker feedstock has been studied
previously by Pyl et al.15 It has been reported that pure HDOTOFA gives rise to a high yield of ethylene (>30 wt %) in a
conventional steam cracker.15 Direct use of crude tall oil
(CTO), which is produced by skimming oﬀ and acidiﬁcation of
tall oil soap from the black liquor obtained from pulping, is
more cost competitive compared to TOFA and DTO, which
are produced through distillation of CTO. It is thus of interest
to utilize this material, readily available from pulp and paper
mills, for steam cracking via catalytic upgrading. Hydrotreating
of CTO over a sulﬁded NiMo catalyst produces a hydrocarbon
mixture comprising of mainly paraﬃns and naphthenes, as
reported by Anthonykutty et al.16 The aforementioned study
also mentions that steam cracking of product streams from
HDO-CTO is not obvious due to the signiﬁcant amounts of
polycyclic structures that are not available in classical fossil
based feedstocks. These molecules have a higher selectivity
toward (poly)aromatic species compared to simple alkanes,17
reducing the oleﬁn yield and potentially increased coking/
fouling.18
Nowadays, operating conditions of steam crackers are
selected based on advanced simulation tools, maximizing the
overall proﬁt based on the detailed composition coming out of
the gas-ﬁred furnaces.19,20 As such, development of accurate
kinetic models describing the pyrolysis of polycyclic molecules
is indispensable for the optimal use of HDO-CTO in steam
crackers considering their large quantities present in these
renewable feedstock. Several studies regarding the kinetics of
decalin pyrolysis, i.e., the simplest polycyclic hydrocarbon, have
been published recently.21,22 However, according to the
authors’ knowledge, there are no reported studies regarding
the thermal decomposition of norabietane, one of the main
compounds in HDO-CTO, see Figure 1. Hence, this issue
needs to be resolved to assess the economic viability of HDOCTO steam cracking or cocracking it as drop-in with other
(fossil) feedstocks.
This research reports a two-step process for the production
of oleﬁns from CTO. In the ﬁrst step, CTO was hydro-

Figure 1. Structure and molecular formula of abietic acid, 18norabietane, methyl-cyclohexane (MCH) and octadecane.

deoxygenated over a commercial NiMo catalyst under 5 MPa
hydrogen pressure and at 623 K in a continuous down ﬂow,
ﬁxed bed reactor. In the second step, steam cracking of HDOCTO was investigated in a dedicated bench-scale setup. The
eﬀect of temperature on product yield distribution was
evaluated and compared to conventional steam cracking
feedstocks. Furthermore, a detailed kinetic modeling of the
pyrolysis of polycyclic hydrocarbons is presented in this work
with speciﬁc attention to the compounds present in HDOCTO. The proposed modeling methodology has been validated
earlier for n-alkanes23 and rate rules are derived from pyrolysis
of mononaphthenes.

2. EXPERIMENTAL SECTION
2.1. Feedstock Preparation. The feedstock for steam
cracking was prepared by hydrodeoxygenation of CTO
obtained from the Stora Enso Oyj pulp mill in Finland. CTO
is a very viscous mixture.12 Volatilization is diﬃcult without
causing decomposing of fatty acids and resin acids.24 In this
work, CTO analysis through standard GC and advanced
GC×GC methods25−27 proved to be insuﬃcient. Therefore,
CTO was analyzed by Nablabs laboratories (Espoo, Finland)
using the dedicated ASTM 5974-00 method.16,24 In the ASTM
D 5974-00 method, acids are converted to more volatile and
more stable methyl esters prior to gas chromatography.24 The
group composition and major components present in CTO are
listed in Table 1. The full detailed composition can be found in
the Supporting Information.
CTO was preheated to approximately 340 K and
subsequently fed to the reactor using a Lewa, Sarl FC-1
model pump. HDO was carried out in a continuous down ﬂow,
ﬁxed bed reactor at VTT Technical Research Centre of Finland
(Espoo, Finland). The reactor tube (500 mm long, 20 mm
internal diameter stainless steel tube) was placed coaxially in an
oven (Oy Meyer Vastus) and the catalyst bed temperature was
monitored by a temperature controller (TTM-339 series). A
commercial NiMo catalyst was used for HDO, which was
sulﬁded with a H2S/H2 gas mixture for 12 h at 673 K before the
start of the experiment. The reactor was operated at a
temperature of 623 K and 5 MPa hydrogen pressure. In total
4 kg of liquid product was produced from CTO. This was
carefully separated into an aqueous and an organic phase using
a separating funnel as aqueous phase was clearly settled at the
bottom level. The organic phase (HDO-CTO) was collected in
airtight glass bottles (Schott) and sent to Ghent University
(Ghent, Belgium) by road transport for steam cracking
experiments. The oxygen content of HDO-CTO, determined
by elemental analysis, was 0.1 wt %, before and after transport.
This corresponds to an oxygen conversion of 99% during
HDO.
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The
on the composition, which has been discussed earlier.
vast majority of n-alkanes comprises of octadecane and
heptadecane which are produced from oleic (C18:1) and
linoleic (C18:2) acid present in the virgin crude tall oil.13 The
high fraction of heptadecane reﬂects the high degree of
decarboxylation under the applied HDO conditions.13 In
comparison, iso-alkanes only comprise a small fraction of
HDO-CTO. The majority of this fraction consists of branched
C18H38 and C17H36 alkanes formed by isomerization of their
normal analogues during HDO.13 Smaller iso-alkanes can also
be formed through cracking of the naphthenic hydrocarbons.16
The high fraction of naphthenic hydrocarbons in HDO-CTO is
no surprise, given the large amount of resin acids and sterols in
the virgin crude tall oil. HDO of abietic acid (C20H30O2), the
most abundant resin acid in CTO, results in formation of 18norabietane (C19H34).16 The chemical structures of these
molecules, as well as other uncommon species mentioned in
this work, can be found in Supporting Information. Under the
applied HDO conditions 18-norabietane can crack with
formation of mononaphthenic and dinaphthenic hydrocarbons
as observed in the experiments.16 HDO of sterols leads to tetranaphthenic hydrocarbons, such a stigmastane (C29H52) in the
case of β-sitosterol (C29H50O). Obviously, these structures can
breakdown further as well. The fraction of tetra-naphthenic
hydrocarbons in HDO-CTO was found to be 2.3 wt %. Note
that the high fraction of cyclo-alkanes and the presence of tetranaphthenic hydrocarbons makes the feedstock substantially
more challenging compared to previously investigated hydrodeoxygenated tall oil fractions,15 i.e., distilled tall oil and tall oil
fatty acids, both from an experimental (increased fouling18,28)
and kinetic modeling22 standpoint. Aromatics, the last group of
hydrocarbons observed, comprise about 5.6 wt % of the
feedstock. The majority of this group consists of octahydrophenanthrene with a variety of alkyl side groups. 19-norabieta8, 11, 13-triene is the main constituent and is mainly formed
during HDO through decarboxylation and dehydrogenation of
abietic acid.13,16

Table 1. Group Type Composition of CTO and HDO-CTO
CTO
group type composition (wt %)
fatty acids
palmitic acid (C16H32O2)
margaric acid (C17H34O2)
stearic acid (C18H36O2)
oleic acid (C18H34O2)
linoleic acid (C18H32O2)
pinolenic acid (C18H30O2)
resin acids (tricyclic acids)
abietic acid (C20H30O2)
palustric acid (C20H30O2)
neoabietic acid (C20H30O2)
pimaric acid (C20H30O2)
dehydroabietic acid (C20H28O2)
other (including sterols)
sitosterol (C29H50O)
24-methylenecycloartenol
(C31H50O)

48.1
2.1
0.4
0.8
9.1
27.6
1.6
28.5
9.2
3.9
3.3
2.6
2.4
23.0
3.6
2.5

HDOCTO
group type composition (wt %)
n-alkanes
55.1
C16
2.6
C17
16.0
C18
27.0
iso-alkanes
2.7
mononaphthenes
6.8
dinaphthenes
8.5
C18
4.1
C19
2.2
trinaphthenes
18.9
C18
6.2
C19
9.5
tetra-naphthenes
2.3
aromatics
5.6
C18
1.6
dinapthenoaromatics
C19
1.7
dinapthenoaromatics

2.2. Feedstock Analysis. HDO-CTO was analyzed using a
2D-gas chromatograph equipped with both a ﬂame ionization
detector and time-of-ﬂight mass spectrometer (GC×GC-FID/
TOF-MS). Figure 2 shows a GC×GC-FID chromatogram with
indication of the most important species detected. Over 300
components have been identiﬁed that can be divided in
approximately four groups, i.e. n-alkanes (55.1 wt %), isoalkanes (2.7 wt %), naphthenes (36.5 wt %) and aromatics (5.6
wt %), see Table 1. Traces of oxygenated molecules were
identiﬁed in HDO-CTO using TOF-MS. Quantiﬁcation of this
residual fraction was not possible because of the very small
quantities given the high conversion during HDO and overlap
with the complex product spectrum after HDO, e.g., linoleic
acid with tricyclic hydrocarbons having between 19 and 20
carbon atoms. HDO operating conditions have a direct eﬀect

Figure 2. GC×GC-FID chromatogram of HDO-CTO with indication of the most important components.
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Figure 3. (A) Schematic overview of the experimental steam cracking setup indicating temperature and pressure measurements. (1, electronic
balance; 2, hydrocarbon reservoir; 3, water reservoir; 4, peristaltic pump; 5, water pump; 6, valve; 7, evaporators; 8, mixer; 9, reactor; 10, internal
standard, 11 coriolis mass ﬂow controller, 12 heated sampling oven, 13, GC×GC-FID/TOF-MS; 14, outlet pressure restriction valve; 15, water
cooled heat exchanger; 16, gas/liquid separator; 17:, dehydrator; 18:, reﬁnery gas analyzer; 19:, condensate drum). (B) Process gas temperature
proﬁle along the axial reactor coordinate measured by the eight thermocouples for steam cracking of HDO-CTO, corresponding to a set coil outlet
temperature of, respectively, 1053, 1093 and 1133 K.

Table 2. Summary of the Measured Product Distribution (wt %) for Steam Cracking of Naphtha, Natural Gas Condensate,
Naphtha/HDO-CTO Blend and HDO-CTO at Diﬀerent Coil Outlet Temperatures (COT)a
feedstock
COT (K)
1093
C3H6/C2H4
0.71
permanent gases
0.98
H2
14.36
CH4
CO
0.07
0.06
CO2
light alkanes
4.08
C2H6
0.49
C3H8
light alkenes
24.80
C2H4
17.67
C3H6
1.95
1-C4H8
3.49
iso-C4H8
4.35
1,3-C4H6
aromatics
benzene
6.42
toluene
3.01
styrene
0.57
xylenes
0.20
other
0.30
C2H2
CPD
1.40
a

naphtha

naphta (50 wt %)/ HDOCTO (50 wt %)

NGC

HDO-CTO

1113
0.57

1133
0.45

1093
0.58

1113
0.47

1133
0.35

1093
0.59

1113
0.46

1133
0.33

1053
0.59

1073
0.53

1093
0.43

1113
0.34

1133
0.24

1.13
17.76
0.07
0.03

1.23
19.30
0.12
0.02

0.86
14.57
0.05
0.02

0.95
16.88
0.06
0.02

1.10
19.53
0.09
0.01

0.87
14.30
0.09
0.05

0.95
15.82
0.08
0.03

1.12
18.36
0.14
0.03

0.59
10.84
0.03
0.01

0.70
12.81
0.07
0.05

0.78
14.11
0.08
0.03

0.92
15.83
0.09
0.03

0.93
16.39
0.09
0.02

4.25
0.44

3.85
0.35

4.34
0.52

4.22
0.43

3.96
0.31

4.49
0.52

4.06
0.41

3.77
0.30

4.69
0.64

4.90
0.62

4.55
0.50

4.33
0.40

3.81
0.28

28.19
15.96
1.20
2.76
3.93

30.07
13.60
0.72
1.94
3.34

28.75
16.58
1.83
2.82
4.01

30.54
14.36
0.93
2.02
3.64

31.99
11.07
0.36
1.15
2.91

26.98
15.82
1.47
2.23
4.54

29.31
13.51
0.76
1.68
4.02

32.68
10.67
0.42
1.01
2.94

25.82
15.24
2.40
1.01
5.32

27.60
14.57
1.78
0.97
5.53

29.29
12.71
0.89
0.77
5.12

32.07
10.98
0.43
0.59
4.32

33.95
8.18
0.23
0.40
2.86

9.08
3.49
0.99
0.29

10.40
3.58
1.25
0.31

7.99
3.40
1.02
0.91

9.24
3.41
1.15
0.82

10.99
3.66
1.46
0.78

7.53
3.79
1.07
0.65

8.54
3.64
1.22
0.56

10.37
3.67
1.44
0.50

5.41
4.03
1.13
1.27

6.04
4.43
1.35
1.25

8.34
4.62
1.56
1.14

9.34
5.24
2.01
1.16

11.90
5.95
2.36
1.11

0.50
1.68

0.70
1.79

0.37
1.20

0.53
1.37

0.70
1.43

0.31
1.44

0.44
1.72

0.62
1.48

0.17
0.94

0.23
1.60

0.29
1.86

0.43
1.91

0.48
1.46

Fhydrocarbons = 2.8 × 10−2 g s−1, FH2O = 1.4 × 10−2 g s−1.

2.3. Bench Scale Setup for Steam Cracking. To evaluate
the potential of HDO-CTO as a renewable source of oleﬁns
and aromatics, steam cracking of HDO-CTO, as well as a
naphtha and a natural gas condensate, was performed in a
bench scale steam cracking setup which has been described
extensively in the past.30,31,79 A schematic overview is presented
in Figure 3A and only a brief discussion is given here.
The hydrocarbon feedstock is fed to an evaporator kept at
673 K using a peristaltic pump. In a similar way, water gets

The detailed composition of the HDO-CTO feedstock can
be found in the Supporting Information. Although it is possible
to diﬀerentiate molecules based on carbon number and
functional groups, e.g., alkanes, mononaphthenes, dinaphthenes, trinaphthenes, identiﬁcation of single isomers is
diﬃcult, even with advanced analysis equipment.29 Hence, in
this work, molecules with the same carbon number and the
same chemical functionalities are grouped.
18433
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evaporated. Both hydrocarbon and steam are mixed prior to
entering the reactor. The reactor is 1.475 m long and has an
internal diameter of 6 mm. It is made of Incoloy 800HT with
following elemental composition: Ni 30−35 wt %, Cr 19−23
wt % and Fe > 39.5 wt %. The process gas temperature is
measured through eight thermocouples which are positioned
along the axial reactor coordinate. The reactor is positioned
vertically in an electrically heated furnace that consists of four
separate sections, controlled by four thermocouples. The
temperature in the last section of the furnace was set at the
desired coil outlet temperature (COT). The other sections
have set temperatures that allow for a constant temperature
increase over the length of the reactor in line with industrial
practice. The resulting measured temperature proﬁle hence
consisted of a steep temperature increase at the inlet of the
reactor up to the ﬁrst set temperature, followed by the set linear
temperature increase to the coil outlet temperature, and ﬁnally
a steep temperature decrease at the outlet of the reactor, see
Figure 3B.
A ﬁxed ﬂow of N2, controlled using a Coriolis mass ﬂow
controller, was added to the reactor eﬄuent for further
quenching and as internal standard. The resulting mixture
was sent to a heated sampling system kept at 573 K to avoid
condensation.29 A part of the mixture is injected on a reﬁnery
gas analyzer (RGA) after removal of the condensable fraction.
This chromatograph is able to calculate the ﬂow rate of all
permanent gases using two thermal conductivity detectors
(TCD), of which one is dedicated to H2 quantiﬁcation, and C4‑
hydrocarbons using a FID based on the ﬁxed ﬂow rate of N2.
The response factors were determined using a calibration
mixture provided by Air Liquide, Belgium. Furthermore, the
eﬄuent is injected on a GC×GC-FID through transfer lines,
kept at 573 K which is above the dew point of the reactor
eﬄuent.32 The ﬂow rates of the detected molecules were
calculated using CH4, identiﬁed and quantiﬁed on the RGA, as
secondary internal standard. Response factors were calculated
using the eﬀective carbon number approach.33 A more detailed
description of data quantiﬁcation has been described
previously.34 The followed experimental procedure allows
online analysis of the complete product spectrum and avoids
separate gas-phase and condensate analysis.
The obtained results had good repeatability and the error for
the major species is estimated to be 5%, mainly caused by
uncertainties in ﬂow rate, calibration factors and temperature.
Elemental balances typically closed within 5%.

Figure 4. P/E-ratio (kg kg−1) for naphtha, HDO-CTO and a 50 wt
%/50 wt % blend thereof as a function of coil outlet temperature
(COT).

Compared to the investigated fossil liquid feedstocks, i.e.,
naphtha and NGC, the cracking eﬄuent of HDO-CTO has a
lower fraction of permanent gases although all feedstocks have
comparable ethylene and propylene yield. H2 and CH4 are
mainly formed by hydrogen abstraction of H and CH3 from the
feed and other molecules under steam cracking conditions.35
HDO-CTO comprises for the vast majority of molecules with
16 or more carbon atoms. According to the so-called μhypothesis,36 decomposition of the accompanying large
radicals, formed by hydrogen abstraction, will result in the
formation of a high number of light oleﬁns and one small
radical. Hence, the low permanent gases to small oleﬁns ratio
for HDO-CTO is mainly a consequence of the higher average
molecular weight of the feedstock. Small amounts of carbon
oxides are formed through steam reforming of carbonaceous
deposits, catalyzed by Ni present in the reactor wall material.37
Furthermore, the thermal decomposition of residual oxygenated molecules in the feedstock can contribute as well.15
The HDO-CTO feedstock consists of 58 wt % alkanes and
42 wt % polycyclic hydrocarbons. Steam cracking of the former
components is known to lead to a high fraction of ethylene in
the reactor eﬄuent by subsequent beta scission of alkyl radicals,
as stated previously.7,38,39 Although polynaphthenic hydrocarbons have a relatively high yield toward small oleﬁns, the
selectivity is lower compared to n-alkanes.17,21,40 Decomposition of large naphthenic radicals leads to the formation of
unsaturated cyclic intermediates, see paragraph 3.2, which can
further dehydrogenate to aromatics, resulting in a relatively
high yield for benzene, toluene, styrene and xylenes.21 This was
observed experimentally, see Table 2.
The above discussion illustrates the high dependence of
product distribution on the considered feedstock. Although the
experimental ethylene yield during steam cracking of HDOCTO is only 4 wt % higher compared to steam cracking of
naphtha, this can have a big eﬀect on the overall economics of
an industrial plant, given the low proﬁt margins on ethylene.41
Nowadays, steam crackers of liquid feeds have a reasonable
ﬂexibility regarding feedstock composition. The extent to which
cracking has occurred is tracked through so-called severity
indices, of which the propylene-to-ethylene ratio (P/E-ratio)
[kg kg−1] is often favored.42,43 Mostly, this ratio is kept between
0.5 and 0.4 in industry. Higher ratios (above 0.5) indicate a low

3. RESULTS AND DISCUSSION
3.1. Experimental Results. Steam cracking of HDO-CTO
was investigated at a constant pressure of 0.17 MPa and a
constant inlet ﬂow rate of 2.8 × 10−2 g s−1 hydrocarbon
feedstock and 1.4 × 10−2 g s−1 steam. The coil outlet
temperature (COT) was varied between 1053 and 1133 K.
Furthermore, steam cracking of three other hydrocarbon
feedstocks, i.e., a naphtha, a natural gas condensate (NGC)
and a naphtha (50 wt %) − HDO-CTO (50 wt %) blend, has
been investigated at comparable operating conditions as fossil
references. Online analysis allowed identifying and quantifying
over 100 products present in the reactor eﬄuent. A summary of
the obtained results is given in Table 1. The product
distribution can be divided in permanent gases, light alkanes,
light alkenes, aromatics and a residual fraction. At a COT of
1053 K, 2 wt % of HDO-CTO is unconverted, which is in line
with other comparable studies.15,23
18434
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Scheme 1. Hydrogen Abstraction from Methyl-Cyclohexane (MCH) and Subsequent Decomposition Reactions

a

a

The formal representation of this reaction set is obtained after elimination of the concentration of μ-radicals using the pseudo steady state
approximation, considering all the elementary reactions. The mathematical derivation can be found in the Supporting Information.

yield, vital for optimal use of any new feedstock such as HDOCTO.
The followed kinetic modeling approach has been discussed
extensively in the past20,23,45,46 and only a brief discussion will
be given here. Steam cracking proceeds through a free radical
mechanism. Given the high average molecular weight of HDOCTO, taking into account every possible elementary step, every
radical and every isomer would render the kinetic model to be
impractically large47,48 and the solution of the resulting set of
diﬀerential equations extremely slow, even using advanced
solution techniques such as using a GPU.49 In line with the
earlier observations, the μ-hypothesis is applied to reduce the
size of the kinetic model. The mechanism can be further
reduced by combining the μ-hypothesis with the pseudo steady
state approximation (PSSA) for radicals having 6 or more
carbon atoms.50 The μ-hypothesis assumes that bimolecular
reactions for large radicals, μ-radicals, can be neglected and as
such only isomerize or decompose to smaller molecules and
radicals.36,51 Combined with the PSSA, these radicals can be
eliminated from the model equations. As example, the

degree of cracking and a large amount of liquid byproducts
while lower ratios (below 0.5) indicate a high degree of
secondary cracking, which correlates with increased coke
formation and, thus, decreased run lengths.44 Figure 4
illustrates that a given P/E-ratio, and thus a similar extent of
cracking, is reached at lower temperatures for HDO-CTO
compared to conventional feedstocks such as naphtha. The
desired ratio of 0.5 is reached at a COT of 1070, 1130 and 1100
K for HDO-CTO, naphtha and a 50 wt %/50 wt % blend
thereof, respectively, demonstrating that a comparably lower
heat input is required for the considered renewable feedstock.
This result is similar to earlier observations for hydrodeoxygenated tall oil fatty acids15 and hydrodeoxygenated
waste oils,7 both primarily consisting of large n-alkanes in
contrast to the naphthenic/paraﬃnic mixture investigated here.
3.2. Kinetic Modeling of Steam Cracking of HDO-CTO.
Better understanding the eﬀect of operating conditions and
feedstock composition on product distribution requires
fundamental understanding of the underlying chemistry. Only
then can operating conditions be selected that maximize oleﬁn
18435
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Figure 5. Selected experimental results61 (symbols), model predictions
using the developed kinetic model (full lines) and model predictions
using the kinetic model by Wang et al.61 (dashed lines) as a function of
Tmax, i.e., the maximum temperature in the ﬂow reactor, for the
pyrolysis of methyl-cyclohexane (MCH). (A) MCH, H2 and CH4, (B)
C2H4, C3H6 and 1,3-C4H6 (1,3-butadiene) and (C) benzene and
toluene.

hydrogen abstraction from methyl-cyclohexane (MCH)
followed by carbon-centered β-scission is given in Scheme 1.
Radical reactions such as hydrogen shifts and hydrogencentered β-scission are not included to keep the scheme
representable. Five possible methyl-cyclohexane radicals can be
formed. Subsequent ring opening forms heptenyl radicals.
These radicals are μ-radicals and, as such, they will, dominantly,
react through monomolecular reactions. Only carbon centered
β-scissions are considered for illustrative reasons, hence,
decomposition leads to formation of ethylene, propylene,
butenyl and pentenyl radicals only. Butenyl and pentenyl
radicals are C5− radicals for which bimolecular reactions, such
as hydrogen abstraction from the feed molecule, cannot be
neglected. Hence, they are not eliminated from the model
equations and appear as ﬁnal products in the presented scheme.

Figure 6. Experimental results (symbols) and model predictions
(lines) as a function of coil outlet temperature (COT) for steam
cracking of HDO-CTO. (A) H2, CH4 and C2H4, (B) C2H6, C3H6 and
C3H8, (C) 1-C4H8, iso-C4H8 (isobutene) and 1,3-C4H6 (1,3butadiene) and (D) 1,3-cyclopentadiene, benzene and toluene. Error
bars represent an estimated 5% error on the experimental data.

Their further decomposition reactions are considered in the βnetwork of the complete kinetic model. Besides ring opening,
the 1-methyl-cyclohex-2-yl radical can react further and form
methyl and cyclohexene (cC6H10). The μ-radicals, in this
18436
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Scheme 2. Selected Decomposition Paths for Norabietane Following Hydrogen Abstraction

evaluated using Benson’s group additivity method.53,54 Kinetic
data for the elementary steps required for generation of
reactions in the μ-network were calculated using group
additivity values derived by Sabbe et al.55−57 who applied
Benson’s group additivity concept to transition state theory.
Details regarding the calculation of kinetic and thermodynamic
parameters can be found in the Supporting Information. The βnetwork consists of an ethane steam cracking reaction
network35 appended with several polycyclic aromatic hydrocarbon pathways.58,59
This methodology has been validated for the thermal
decomposition of n-alkanes23 but not for substituted naphthenic hydrocarbons present in HDO-CTO. Hence, in the next
paragraph, the methodology and rate rules will ﬁrst be validated
for methyl-cyclohexane (MCH), i.e., the most simple and the
most investigated substituted cyclo-alkane for which several
extensive datasets are available in the literature,60,61 before
extension to polycyclic hydrocarbons such as 18-norabietane.
Describing the pyrolysis of naphthenes required implementation of several new reaction families compared to n-alkane
pyrolysis, i.e., cyclo-alkyl decomposition,62 retro Diels−Alder

example methyl-cyclohexane radicals and heptenyl radicals, can
now be eliminated from the model equations using the pseudo
steady state approximation. This allows to represent the
hydrogen abstraction of methyl-cyclohexane and subsequent
monomolecular decomposition of μ-radicals by a single
reaction where the rate constant is the sum of the individual
hydrogen abstraction rate constants and where the stoichiometric coeﬃcients depend on the rate constants of the various
elementary steps.45 The mathematical derivation can be found
in Supporting Information.
The kinetic model consists of two parts: (i) a μ-reaction
network containing reactions of large molecules where μradicals (C6+) have been eliminated using the pseudo steady
state approximation and (ii) a β-reaction network containing
elementary reactions of generally small molecules that do not
form μ-radicals. For example, the formal representation of
hydrogen abstraction of methyl-cyclohexane, where μ-radicals
have been eliminated using the pseudo steady state
approximation, is part of the μ-network while the unimolecular
decomposition reactions of butenyl and pentenyl radicals are
part of the β-network. Thermodynamic data was taken from
extensive databases whenever possible.52 Otherwise, they were
18437
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Scheme 3. Selected Reaction Paths of 19-Norabieta-8,11,13-triene with Radicals

a

a

Numbers indicate relative consumption rate.

reactions of unsaturated napthenes63 and ipso-addition on
substituted aromatics.64
The use of formal representations for reactions, by
eliminating μ-radicals using the pseudo steady state approximation, should not be considered a simpliﬁcation. One such
reaction can contain information on over 100 elementary
reactions, e.g., hydrogen abstractions, isomerizations, cyclizations, β-scissions, also see Scheme 1. Both assumptions made,
i.e., pseudo steady state approximation and μ-hypothesis, allow
writing the model more comprehensively without losing
accuracy.65,66 Moreover, the elimination of μ-radicals has a
computational advantage as the reduced number of species
facilitates the use of the kinetic model in large-scale
computations.65,67 This model in particular can be used in
3D simulations of steam cracking reactors, which helps in
understanding coke formation and aids in reactor design.68
Reactor simulations were performed using the ideal plug ﬂow
reactor model of CHEMKIN-PRO. 69 The plug ﬂow
assumption has been validated earlier for the setup discussed
in section 2.3.30 The measured temperature proﬁles and
pressure proﬁles were given as input to the simulations. For
HDO-CTO, each group of feed molecules with the same
carbon number and the same chemical functionalities, see
section 2.2, was assigned a representative molecule. Such a
molecule is typically the molecule with the highest weight
fraction belonging to that group, e.g., 18-norabietane represents
trinaphthenes with 19 carbon atoms. These representative
molecules with weight fractions corresponding to their
respective groups were given as inlet composition to the
simulations. Given the structure of the developed kinetic

model, the USRPROD routine was used to couple the kinetic
model with the CHEMKIN framework. This option enables the
user to deﬁne a subroutine that calculates the rate of
production of all species for certain reactor conditions.
3.2.1. Thermal Decomposition of the Simplest Alkylated
Cyclo-Alkane, Methyl-Cyclohexane. Most studies regarding
the thermal decomposition of methyl-cyclohexane aim at
improving the current understanding of its oxidation characteristics.60,61,70 Some datasets available in the literature thus
consider an experimental operating range that is diﬀerent than
what has been applied here such as high pressure (>0.3 MPa),
high temperature (>1200 K) or short residence times (<100
ms). Wang et al. studied the pyrolysis of methyl-cyclohexane in
an alumina ﬂow reactor at 0.1 MPa and residence times around
0.2 s.61 A complete description of the pyrolysis experiments of
methyl-cyclohexane falls outside the scope of this study and,
thus, only the model performance will be presented in this
work. A selected number of experimentally recorded mole
percentages below 1200 K together with simulations using the
generated model and the Wang et al. model61 are displayed in
Figure 5 as a function of the maximum temperature (Tmax),
the maximum temperature of the temperature proﬁle
corresponding to the experiment, as stated previously. The
developed kinetic model is able to accurately predict conversion
and trends in species proﬁles. The main discrepancies can be
observed for ethylene, which is overpredicted, and 1,3butadiene, which is underpredicted. The model by Wang et
al. has been added for comparison.
The major diﬀerence between both models is methylcyclohexane conversion that is overpredicted by Wang et al.
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three possible pathways, i.e., dealkylation, dehydrogenation and
ring opening. The generated model predicts that C−C βscission of an alkyl side chain, so-called dealkylation, is favored
compared to other reaction pathways. A similar result has been
reported earlier in the theoretical work of Sirjean et al. on 1methyl-cylopent-2-yl decomposition.62 Note that not all cyclic
radicals can undergo dealkylation as this requires a carbon atom
with an alkyl chain in position α to the radical site. Sirjean et al.
reported that the formation of cyclopentene and methyl is
approximately a factor 10 faster than ring opening in the
considered temperature range.62 The rates of the C−H βscission and ring opening are competitive, with the latter being
favored.62 Each 18-norabietane radical (C19H33) can decompose through C−H β-scission forming an unsaturated tricyclic
hydrocarbon with 19 carbon atoms (C19H32) and a hydrogen
radical. In contrast, the product distribution following ring
opening and subsequent decomposition is diﬀerent for each 18norabietane radical. The global hydrogen abstraction reaction
of 18-norabietane has a relatively high selectivity toward C19H32
isomers as such an isomer can be formed through all 19
hydrogen abstraction channels.
Ring opening of 18-norabietane radicals and subsequent
decomposition results in the formation of a wide spectrum of
species. Although ethylene and propylene can be formed
directly, there is a high selectivity to polyunsaturated hydrocarbons, unsaturated naphthenes and resonantly stabilized
radicals. These species can form aromatics through stepwise
dehydrogenation and/or dealkylation steps. Aromatics can thus
be postulated to be primary products of 18-norabietane,
directly originating from the feed structure and, as such, they
are not solely formed through secondary chemistry such as
propargyl recombination73 or vinyl addition on butadiene
followed by cyclization.35,74 This explains the high experimental
yield for the latter species. Billaud et al. obtained a similar result
for pyrolysis of decalin and described its initial decomposition
as a sum of aromatics, light alkenes and permanent gases.40
Reaction path analysis shows that secondary reactions of
primary products formed following hydrogen abstraction from
18-norabietane are important sources of ethylene during steam
cracking of HDO-CTO, e.g., retro Diels−Alder of unsaturated
cyclic molecules. This is diﬀerent compared to steam cracking
of the conventional feedstocks and n-alkanes in HDO-CTO
where ethylene is mainly formed through primary reactions of
the hydrocarbons present in the feedstock, i.e., hydrogen
abstraction followed by (repeated) β-scission.
Naphthenoaromatics comprise about 5 wt % of the HDOCTO feedstock and are products of polycyclic alkanes through
dehydrogenation of one of the rings. 19-Norabieta-8,11,13triene has a rather diﬀerent reactivity compared to its
hydrogenated counterpart, 18-norabietane. Its unimolecular
decomposition through scission of a methyl group is
signiﬁcantly faster due to formation of a resonantly stabilized
radical. The majority of naphthenoaromatics is however
consumed through reactions with radicals. Besides hydrogen
abstraction, ipso-addition on the aromatic ring, causing either
dealkylation or ring opening, is possible.75 The latter pathway is
responsible for about 10% of naphthenoaromatic consumption
in the investigated temperature range. Hydrogen abstraction on
positions rendering a benzylic radical will dominate over
hydrogen abstractions from other carbon atoms. Subsequent
decomposition routes, dehydrogenation and ring opening, are
presented in Scheme 3. The former reaction pathway leads to
formation of substituted hexahydrophenanthrene that will react

This has an eﬀect on all other product yields, which are
typically higher for the Wang et al. model. The unimolecular
decomposition of methyl-cyclohexane forming methyl and
cyclohexyl has the biggest eﬀect on the conversion proﬁle.61
The rate coeﬃcient used by Wang et al., from a theoretical
study by Zhang et al.,71 is approximately a factor of 5 higher
than the one used in this work, from Klippenstein et al.,72 see
the Supporting Information.
The applied kinetic data, which can be found in the
Supporting Information, was ﬁrst validated for acyclic hydrocarbons.23 The extension to cyclic hydrocarbons, by extrapolating existing reaction families and introducing new reaction
families discussed above, can be considered successful given the
good agreement between experiment and simulation for
methyl-cyclohexane pyrolysis without any adjustments of the
reaction coeﬃcients, i.e. tuning. This good agreement is a
prerequisite before extending to polycyclic hydrocarbons what
will be discussed in the section 3.2.2.
3.2.2. Modeling the Steam Cracking of Polynaphthenic
Substituted Hydrocarbons. The proposed modeling methodology has been extended to polynaphthenic hydrocarbons and
the ﬁnal kinetic model is able to describe the pyrolysis of the
complete HDO-CTO feedstock. The β-network of the kinetic
model comprises 113 species and 1585 reactions whereas the μnetwork comprises the reactions of an additional 413 species.
The kinetic model is presented in the Supporting Information.
Figure 6 presents a selection of experimental results with model
predictions for the steam cracking of HDO-CTO as a function
of COT. The simulated species proﬁles match the experimental
yields, both quantitatively and qualitatively, also given the
complexity of the feedstock. The main discrepancies can be
observed for methane which is underpredicted. Simulated
results for steam cracking of the other investigated feedstocks
can be found in the Supporting Information. Note that some
group additive values applied in this work were originally
derived for acyclic hydrocarbons, e.g., isomerization. The eﬀect
of a cyclic structure on the kinetic parameters, as is the case for
isomerization in Scheme 2 is, thus, not accounted for. Possibly,
this can explain some of the model discrepancies observed in
Figure 6. Further experimental and kinetic modeling work
regarding thermal decomposition of polycyclic model components can help in this respect. Model discrepancies can also be
related with feedstock characterization, see sections 2.2 and 3.2,
as molecules with the same carbon number and chemical
functionalities were grouped and a representative molecule was
selected for each group. As steam cracking of n-alkanes has
been discussed earlier,7 the remainder of this section will focus
on understanding the pyrolysis of polycyclic hydrocarbons.
Resin acids present in crude tall oil form hydrogenated
phenanthrene structures with various alkyl groups following
hydrodexoygenation.13 As mentioned in section 2.2, 18norabietane is the most abundant polycyclic hydrocarbon in
HDO-CTO. Unimolecular decomposition occurs primarily
through scission of an alkyl group from the naphthenic
structure, similar to methyl-cyclohexane.61 The majority of 18norabietane is, however, consumed by hydrogen abstraction in
the investigated temperature range. Hydrogen abstraction from
18-noarbietane leads to approximately 10% primary radicals,
40% secondary radicals and 50% tertiary radicals at 1073 K,
calculated using reaction path analysis. This distribution is a
weak function of temperature.66
Some examples of possible decomposition paths following
hydrogen abstraction are presented in Scheme 2. There are
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structure of uncommon species in CTO and HDO-CTO and
(v) kinetic model. This material is available free of charge via
the Internet at http://pubs.acs.org.

to substituted tetrahydrophenanthrene following hydrogen
abstraction and dehydrogenation or dealkylation. Thermal
decomposition of unsaturated naphthenoaromatics have a high
selectivity toward polyaromatics at typical pyrolysis conditions
(T = 1000 K, P = 0.1 MPa) as observed during pyrolysis of
tetralin.76,77 The thermal decomposition of 19-norabieta8,11,13-triene will, thus, have a high selectivity for pyrolysis
fuel-oil (C10+) and permanent gases but a low selectivity for
light oleﬁns.
The selected operating conditions for HDO have an
important eﬀect on the product distribution obtained during
steam cracking of HDO-CTO. These HDO conditions should
be severe enough that no residual oxygen remains to avoid
formation of small oxygenated molecules such as formaldehyde
or methanol, which can lead to downstream fouling and oﬀspec ethylene/propylene streams.8 On the other hand, HDO of
CTO at high temperatures will yield a large amount of
(poly)aromatics.13,16 Dehydrogenation of cyclo-alkanes, such as
norabietane, is an endothermic reaction, hence, favoring
formation of aromatics at these conditions.78 As discussed
earlier, polycyclic hydrocarbons with unsaturated rings have a
high selectivity for low-value chemicals.
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(44) Muñoz Gandarillas, A. E.; Van Geem, K. M.; Reyniers, M.-F.;
Marin, G. B. Coking resistance of specialized coil materials during
steam cracking of sulfur-free naphtha. Ind. Eng. Chem. Res. 2014, 53,
13644−13655.
(45) Clymans, P. J.; Froment, G. F. Computer generation of the
reaction paths and rate equations in the thermal cracking of normal
and branched paraffins. Comput. Chem. Eng. 1984, 8, 137−142.
(46) Ranzi, E.; Dente, M.; Plerucci, S.; Biardi, G. Initial product
distributions from pyrolysis of normal and branched paraffins. Ind. Eng.
Chem. Fundam. 1983, 22, 132−139.
(47) Fake, D. M.; Nigam, A.; Klein, M. T. Mechanism based lumping
of pyrolysis reactions: Lumping by reactive intermediates. Appl. Catal.,
A 1997, 160, 191−221.
(48) Mehl, M.; Pitz, W. J.; Sarathy, S. M.; Westbrook, C. K. Modeling
the combustion of high molecular weight fuels by a functional group
approach. Int. J. Chem. Kinet. 2012, 44, 257−276.
(49) Dijkmans, T.; Schietekat, C. M.; Van Geem, K. M.; Marin, G. B.
GPU based simulation of reactive mixtures with detailed chemistry in
combination with tabulation and an analytical Jacobian. Comput. Chem.
Eng. 2014, 71, 521−531.
(50) Dente, M.; Bozzano, G.; Faravelli, T.; Marongiu, A.; Pierucci, S.;
Ranzi, E. Kinetic modelling of pyrolysis processes in gas and
condensed phase. In Advances in Chemical Engineering; Marin, G. B.,
Ed.; Academic Press: Waltham, MA, 2007; Vol. 32, pp 51−166.
(51) Nigam, A.; Fake, D. M.; Klein, M. T. Simple approximate rate
law for both short-chain and long-chain Rice-Herzfeld kinetics. AlChE
J. 1994, 40, 908−910.
(52) Ruscic, B.; Pinzon, R. E.; von Laszewski, G.; Kodeboyina, D.;
Burcat, A.; Leahy, D.; Montoya, D.; Wagner, A. F. Active
thermochemical tables: Thermochemistry for the 21st century. In
SciDAC 2005: Scientiﬁc Discovery Through Advanced Computing;
Mezzacappa, A., Ed.; Iop Publishing Ltd., Bristol, 2005; Vol. 16, pp
561−570.
18441

V/12

dx.doi.org/10.1021/ie503505f | Ind. Eng. Chem. Res. 2014, 53, 18430−18442

Industrial & Engineering Chemistry Research

Article

(53) Benson, S. W. Thermochemical Kinetics: Methods for the
Estimation of Thermochemical Data and Rate Parameters; John Wiley
& Sons: New York, 1976.
(54) Sabbe, M. K.; De Vleeschouwer, F.; Reyniers, M. F.; Waroquier,
M.; Marin, G. B. First principles based group additive values for the gas
phase standard entropy and heat capacity of hydrocarbons and
hydrocarbon radicals. J. Phys. Chem. A 2008, 112, 12235−12251.
(55) Sabbe, M. K.; Vandeputte, A. G.; Reyniers, M. F.; Waroquier,
M.; Marin, G. B. Modeling the influence of resonance stabilization on
the kinetics of hydrogen abstractions. Phys. Chem. Chem. Phys. 2010,
12, 1278−1298.
(56) Sabbe, M. K.; Reyniers, M. F.; Waroquier, M.; Marin, G. B.
Hydrogen radical additions to unsaturated hydrocarbons and the
reverse beta-scission reactions: Modeling of activation energies and
pre-exponential factors. ChemPhysChem 2010, 11, 195−210.
(57) Sabbe, M. K.; Reyniers, M. F.; Van Speybroeck, V.; Waroquier,
M.; Marin, G. B. Carbon-centered radical addition and beta-scission
reactions: Modeling of activation energies and pre-exponential factors.
ChemPhysChem 2008, 9, 124−140.
(58) Cavallotti, C.; Polino, D.; Frassoldati, A.; Ranzi, E. Analysis of
some reaction pathways active during cyclopentadiene pyrolysis. J.
Phys. Chem. A 2012, 116, 3313−3324.
(59) Cavallotti, C.; Polino, D. On the kinetics of the C5H5 + C5H5
reaction. Proc. Combust. Inst. 2013, 34, 557−564.
(60) Zeppieri, S.; Brezinsky, K.; Glassman, I. Pyrolysis studies of
methylcyclohexane and oxidation studies of methylcyclohexane and
methylcyclohexane/toluene blends. Combust. Flame 1997, 108, 266−
286.
(61) Wang, Z.; Ye, L.; Yuan, W.; Zhang, L.; Wang, Y.; Cheng, Z.;
Zhang, F.; Qi, F. Experimental and kinetic modeling study on
methylcyclohexane pyrolysis and combustion. Combust. Flame 2014,
161, 84−100.
(62) Sirjean, B.; Glaude, P. A.; Ruiz-Lopez, M. F.; Fournet, R.
Theoretical kinetic study of thermal unimolecular decomposition of
cyclic alkyl radicals. J. Phys. Chem. A 2008, 112, 11598−11610.
(63) Kiefer, J. H.; Shah, J. N. Unimolecular dissociation of
cyclohexene at extremely high temperatures: Behavior of the energytransfer collision efficiency. J. Phys. Chem. 1987, 91, 3024−3030.
(64) Ellis, C.; Scott, M. S.; Walker, R. W. Addition of toluene and
ethylbenzene to mixtures of H2 and O2 at 772 K: Part 2: Formation of
products and determination of kinetic data for H+ additive and for
other elementary reactions involved. Combust. Flame 2003, 132, 291−
304.
(65) Stagni, A.; Cuoci, A.; Frassoldati, A.; Faravelli, T.; Ranzi, E.
Lumping and reduction of detailed kinetic schemes: An effective
coupling. Ind. Eng. Chem. Res. 2013, 53, 9004−9016.
(66) Ranzi, E.; Dente, M.; Goldaniga, A.; Bozzano, G.; Faravelli, T.
Lumping procedures in detailed kinetic modeling of gasification,
pyrolysis, partial oxidation and combustion of hydrocarbon mixtures.
Prog. Energy Combust. Sci. 2001, 27, 99−139.
(67) Lu, T. F.; Law, C. K. Toward accommodating realistic fuel
chemistry in large-scale computations. Prog. Energy Combust. Sci. 2009,
35, 192−215.
(68) Schietekat, C. M.; van Goethem, M. W. M.; Van Geem, K. M.;
Marin, G. B. Swirl flow tube reactor technology: An experimental and
computational fluid dynamics study. Chem. Eng. J. 2014, 238, 56−65.
(69) Kee, R. J.; Rupley, F. M.; Miller, J. A.; Coltrin, M. E.; Grcar, J. F.;
Meeks, E.; Moﬀat, H. K.; Lutz, A. E.; Dixon-Lewis, G.; Smooke, M. D.;
Warnatz, J.; Evans, G. H.; S., L. R.; Mitchell, R. E.; Petzold, L. R.;
Reynolds, W. C.; Caracotsios, M.; Stewart, W. E.; Glarborg, P.; Wang,
C.; Adigun, O. CHEMKIN-PRO, Release 15101; Reaction Design,
Inc.: San Diego, CA, 2010.
(70) Orme, J. P.; Curran, H. J.; Simmie, J. M. Experimental and
modeling study of methyl cyclohexane pyrolysis and oxidation. J. Phys.
Chem. A 2006, 110, 114−131.
(71) Zhang, F.; Wang, Z.; Wang, Z.; Zhang, L.; Li, Y.; Qi, F. Kinetics
of decomposition and isomerization of methylcyclohexane: Starting
point for studying monoalkylated cyclohexanes combustion. Energy
Fuels 2013, 27, 1679−1687.

(72) Klippenstein, S. J.; Georgievskii, Y.; Harding, L. B. Predictive
theory for the combination kinetics of two alkyl radicals. Phys. Chem.
Chem. Phys. 2006, 8, 1133−1147.
(73) Harding, L. B.; Klippenstein, S. J.; Georgievskii, Y. On the
combination reactions of hydrogen atoms with resonance-stabilized
hydrocarbon radicals. J. Phys. Chem. A 2007, 111, 3789−3801.
(74) Cavallotti, C.; Rota, R.; Carrà, S. Quantum chemistry
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