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A tool for the generation of decomposition schemes of large molecules has been developed. These decomposition
schemes contain radicals which can be eliminated from the model equations if both the p-hypothesis and the
pseudosteady-state approximation are valid. The reaction rate coefficients and thermodynamic parameters have been
calculated by incorporating a comprehensive group additive framework. A microkinetic model for the pyrolysis of
methyl esters with a carbon number of up to 19 has been generated using this tool. It is validated by comparing calcu-
lated and experimental yields of the pyrolysis of methyl decanoate and novel rapeseed methyl ester pyrolysis data in the
temperature range from 800 to 1100 K and methyl ester partial pressure range from 1 X 1 077 to 1 X 1072 MPa. This
modeling frame work allows to not only assess the use of methyl ester mixtures as potential feedstock for olefin produc-
tion but also their effect as blend-in or trace impurity. © 2015 American Institute of Chemical Engineers AIChE J, 61:
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Introduction

Pyrolysis of alkanes, cycloalkanes, alkenes, aromatics, alco-
hols, and methyl esters, mainly proceeds through a free-
radical mechanism.'” This process is characterized by a vast
number of species and reactions which increases dramatically
with the molecular mass of the feed.'® Developing microki-
netic models which describe the thermal decomposition of
large molecules thus requires the use of automatic reaction
network generation software. Most of these tools require the
input of the feed as well as a set of reaction families. The reac-
tion generator subsequently matches molecules and reaction
families to add new reactions and molecules to the reaction
network. Examples of such tools are Genesys,4 RING,5
RMG,® EXGAS,” NETGEN,*? REACTION.'® The output of
these network generators is generally a CHEMKIN readable
file containing thermodynamic data, derived from the group
additivity method originally developed by Benson,'" and ele-
mentary reactions, with kinetic parameters often derived from
rate rules such as the Evans—Polanyi relationship.'? Despite
being general, the aforementioned tools require constrains to
limit the number of species and reactions. Thus, automated
reaction network generation has mainly been used for rela-
tively small molecules.

The need for reaction networks of heavy feeds will, how-
ever, increase. Notable examples are the steam cracking of
vacuum gas oils and the fast pyrolysis of biomass. MAMA' is
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a reaction network generator that has been used to create
kinetic models for molecules with a high molecular mass. This
program decomposes large radicals, for example, formed by
hydrogen abstraction of large molecules, until a distribution of
primary products remains. The obtained product spectrum is
retained in such reactions, rather than the large radical itself.
MAMA makes use of a library of kinetic parameters and the
temperature dependence of the stoichiometric coefficients of
the various products in the final equivalent reactions is
neglected.

In this work, a new automated network generation code is
presented called PRIM-O, based on the earlier version called
PRIM,13 that can be used for large hydrocarbons, large
oxygen-containing compounds, and mixtures thereof. The
main differences compared to previous version is (1) the use
of group additivity for both kinetics and thermodynamics,
based on the work by Benson,'! and (2) the extension toward
oxygenated components.

The pyrolysis of methyl esters has been chosen to assess its
capabilities and limitations. Methyl esters have received a lot
of interest in the past few decades given their potential to be a
sustainable alternative to fossil fuels. Engine studies showed
that these oxygenated fuels have the tendency to reduce soot
formation'*'® but result in increased NO, formation com-
pared to traditional diesel fuels.!> 1710 Methyl esters are gen-
erally produced through the transesterfication of vegetable oils
with methanol®?" which can be used as an alternative feed-
stock for olefin production.”* >

A kinetic model for the thermal decomposition of methyl
esters has been generated. In order to validate this model,
experimental pyrolysis data with detailed product distribution
is required. To the best of our knowledge, such data is cur-
rently unavailable for real rapeseed methyl ester (RME)
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mixtures. Therefore, pyrolysis experiments have been per-
formed using a continuous flow tubular reactor setup with
dedicated online analysis section for product identification and
quantification. Furthermore, commonly used assumptions such
as the p-hypothesis26 and the pseudosteady-state approxima-
tion’’° (PSSA), also known as the quasisteady-state-
approximation, are verified.

Experimental

The experimental reactor setup has been described in detail
elsewhere,mf32 and therefore, only a brief description based
on Djokic et al.®! and Pyl et al.> will be given here. A sche-
matic overview of the experimental setup is given in the Sup-
porting Information.

The RME feed was provided by CARGILL* and was used
without further treatment. The mixture comprises methyl
esters with alkyl chains up to 24 carbon atoms and up to 3 dou-
ble bonds. The major constituents are methyl palmitate
(21 mol %), methyl stearate (2.5 mol %), methyl oleate
(53 mol %), methyl linoeate (15 mol %), and methyl linolenate
(5 mol %). A detailed composition can be found in Supporting
Information. The (liquid) methyl ester feedstock was fed using
a mass flow controlled pump (LIQUI-FLOW Bronkhorst) into
a vaporizer. The mass flow of the diluent, that is, nitrogen (Air
Liquide, purity + 99.999 mol %), was controlled using a Cori-
olis mass flow controller (CORI-FLOW Bronkhorst). A heated
quartz pellet-filled mixer upstream of the reactor ensures a
homogeneous nitrogen—methyl ester gas mixture.

This mixture enters a 1.475-m-long reactor with an internal
diameter of 6 mm made out of Incoloy 800HT. The reactor is
placed vertically in an electrically heated rectangular furnace
and the pressure is kept constant by a valve downstream of the
reactor. In all experiments, the reactor is operated nearly iso-
thermally with a steep temperature increase at the inlet and a
steep temperature drop at the reactor outlet. Eight thermocou-
ples along the reactor monitor the process gas temperature at
different positions. The measured temperature profiles are pro-
vided in Supporting Information. Two manometers, positioned
at the inlet and outlet of the reactor, record the coil inlet pres-
sure and the coil outlet pressure, respectively. The pressure
drop over the reactor was found to be negligible.

The analysis section of the pyrolysis setup has been dis-
cussed previously.>? In short, it consists of several dedicated
gas chromatographs, that is, a refinery gas analyzer (RGA), a
light oxygenates analyzer (LOA) and a two-dimensional (2-
D)-gas chromatograph (GCXGC) equipped with a flame ioni-
zation detector (FID) and time of flight mass spectrometer
(TOF-MS). The RGA quantifies hydrogen and other perma-
nent gases using two thermal conductivity detectors (TCD)
and the C,_ hydrocarbon fraction using a FID. Nitrogen, the
diluent used in this work, was used as primary internal stand-
ard. The LOA detects small oxygenates such as formaldehyde,
methanol, and water using a TCD. Propene was used as sec-
ondary internal standard for this chromatogram. The GCXGC
is able to identify (TOF-MS) and quantify (FID) the complete
effluent stream ranging from methane to pyrene. Methane was
used as secondary internal standard. For each studied condi-
tion, at least three repeat analyses were performed. For all
runs, the mass balances were within the range of 95-105%.
Deviations are attributed to uncertainties in the mass flow rates
of the feed and the internal standard (N,). After normalization
of the total mass balance, elemental balances (C, H, O) were
verified. The estimated experimental error of the measured
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product yields is 5% rel. in line with previous work.>’ The
experimental error is lower for components with higher mole
fractions.

Modeling Methodology

Radicals, formed during the pyrolysis of methyl esters, can
react further through various channels such as f-scission,
intermolecular/intramolecular hydrogen abstraction, and inter-
molecular/intramolecular radical addition. As long as the feed
molecules are sufficiently small, it is possible to account for
each individual reaction, which leads to an accurate kinetic
model. A higher number of heavy atoms, that is, nonhydrogen
atom, in the feed molecules leads to a dramatic increase in
species and reactions.®**?> The strategies followed to over-
come the aforementioned issue will be discussed in the subse-
quent sections.

In line with earlier work the kinetic network has
been split up into two subnetworks, that is, a f-network con-
taining all thermodynamic and kinetic data of small molecules
(typically Cs.), and a p-network containing decomposition
schemes for larger molecules (typically Cg4). The proposed
separation originates from the p-radical hypothesis,”® which
proposes that radicals with a high number of heavy atoms pri-
marily react via monomolecular reactions, u-reactions, while
bimolecular reactions, ff-reactions, can be neglected.

Every reaction which forms a p-radical is present in the p-
network. These p-radicals react by intramolecular hydrogen
abstraction and f-scission, that is, monomolecular reactions,
until only nonradical species and Cs. radicals remain. Rather
than incorporating the p-radicals explicitly in the p-network,
they can be substituted by their decomposition product spec-
trum. This is possible by combining the p-radical hypothesis
with the PSSA."? Reactions in the uw-network are collections of
elementary reactions appearing as an equivalent single-step
reaction.''?%

In the following paragraphs, the various parts of the kinetic
model are discussed in detail. First, the origin of the f-
network is discussed. This is followed by details regarding the
generation of the pu-network using PRIM-O. Special attention
is dedicated to validation of the p-hypothesis and PSSA for
ester radicals. Finally, the coupling of the complete kinetic
model with CHEMKIN, a software tool for solving complex
chemical kinetics problems, is discussed. The kinetic model
can be found in Supporting Information.

13,34,36-38
>

B-network

The f-network mainly contains thermodynamic data of
small molecules (Cs.) and an appropriate set of elementary
reactions. Three classes of molecules are present in the f-
network, that is, nonradical species, radicals that are solely
involved in bimolecular reactions (such as H" and CH}) and
radicals that are involved in mono and bimolecular reactions.
In this work, the f-network describes thermal decomposition
of methyl butanoate (MB), pyrolysis of Cs. hydrocarbons,
reactions of small oxygenates and polycyclic aromatic hydro-
carbon (PAH) formation through cyclopentadienyl chemistry.

The primary decomposition reactions of MB were taken
from an ab initio study by Huynh and Violi.*® Their results
were successfully applied to predict ignition delays as well as
the formation of CO, CO,, CH3, and C,H, during MB pyroly-
sis in a shock tube.*' ™3

A hydrocarbon pyrolysis mechanism developed by Sabbe
et al.** and validated for steam cracking of small alkanes was
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Figure 1. Hydrogen addition on methyl hept-6-enoate and subsequent decomposition reactions.

The equivalent single-step reaction is obtained after elimination of the concentration of the u-radicals, that is, methyl heptanoate-
6-yl, methyl heptanoate-7-yl, and methyl pentanoate-5-yl, considering all the elementary reactions using the pseudosteady-state

approximation (PSSA).

also added to the f-network. The kinetics of the referred
mechanism are obtained from the same CBS-QB3-based
group additive models as applied in the p-network, see subse-
quent paragraph. Thermodynamic data were determined using
accurate quantum chemical CBS-QB3 calculations.

Reactions and thermochemistry of small oxygenated species
were taken from the mechanism by Li et al.,* which includes
decomposition of formaldehyde and methanol. While this
reaction network was developed for combustion, it has been
validated for pyrolysis conditions as well.*

Finally, reaction paths for formation of PAH through cyclo-
pentaigiglyl radicals were based on the work of Cavallotti
etal.™

Generation of the p-network using PRIM-O

Each reaction in the pu-network was generated using PRIM-
O. As input, PRIM-O requires the structure of the molecule
and the desired reaction. The algorithm searches for possible
reactive moieties corresponding to that specific reaction and
calculates the kinetic parameters associated with each elemen-
tary step. Subsequently, p-radicals are identified. For these
species, all possible monomolecular reaction routes are gener-
ated, for example, p-scission, intramolecular hydrogen
abstraction, intramolecular radical addition. PRIM-O reiterates
this procedure until all generated u-radicals have decomposi-
tion paths. Finally, the p-radicals can be eliminated from the
model equations using the PSSA.*® The p-radicals are
replaced by their complex product spectrum, comprising of
nonradical species and small (Cs.) radicals, which leads to the
so-called equivalent single-step reactions. All feed molecules
and accompanying Cg; products were given as input to
PRIM-O together with the possible reaction types, for exam-
ple, hydrogen abstraction scission, radical addition.

As example, the hydrogen addition on methyl hept-6-enoate
and its subsequent decomposition in PRIM-O is presented in
Figure 1. Intramolecular hydrogen abstraction and hydrogen-
centered f3-scission are not included to reduce the complexity
of the figure. Two possible reactive centra are recognized
forming methyl heptanoate-6-yl and methyl heptanoate-7-yl.
For both radicals, bimolecular reactions can be neglected and
they are further decomposed in PRIM-O. Methyl heptanoate-
6-yl reacts with formation of propene and MB-4-yl. The latter
radical is assumed to be the largest radical for which bimolec-
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ular reactions cannot be neglected, hence, it is not further
decomposed. Methyl heptanoate-7-yl forms ethene and methyl
pentanoate-5-yl. The latter radical is a p-radical and reacts fur-
ther through carbon centered pf-scission forming methyl
propanoate-3-yl and, again, ethene. The complete hydrogen
addition can be written as an equivalent single-step reaction
where the stoichiometric coefficients are a function of the
kinetic parameters of the various elementary steps. Note that
the stoichiometric coefficients are temperature dependent and
reflect the importance of the reaction path(s) leading to that
specific species. In the presented example, these are function
of the ratio of the kinetic parameters of both possible hydrogen
additions. Hence, if a certain reaction path is favored, this will
lead to a higher stoichiometric coefficient for the resulting
species.

The validity of the p-hypothesis and the PSSA will be
assessed in the next paragraph. Subsequently, the calculation
of kinetic and thermodynamic parameters in PRIM-O is
discussed.

Network reduction strategies

Validation of the u-Hypothesis. The ,u—hypothesis% is a
common assumption used to model pyrolysis and steam crack-
ing of hydrocarbons.®* This assumption allows to drastically
reduce the number of differential equations that need to be
solved without losing accuracy. The latter is of particular
importance if these detailed kinetic models need to be applied
in Computational Fluid Dynamics simulation.**** Bimolecu-
lar reactions can be neglected when aliphatic radicals have
more than five carbon atoms.®'*** Given the alkyl chain in
esters, the p-hypothesis may be used for methyl ester-derived
radicals.

To test this assumption and evaluate the effect of the pres-
ence of the ester function, a detailed kinetic model for thermal
decomposition of methyl decanoate (MD), a moderately large
methyl ester, has been constructed using Genesys.* Genesys
uses group additivity models to estimate thermodynamic and
kinetic data. The Cg part of this mechanism is not a set of
equivalent single-step reactions which would be the case if it
would be generated by PRIM-O but, instead, all large radicals
and all elementary reactions are explicitly taken into account.
Furthermore, the Cgq part of the Genesys-generated mecha-
nism contains several reactions which are neglected in the p-
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Figure 2. Possible consumption reactions for the p-
radical MD-7e.

Numbers indicate the relative contribution of the corre-
sponding reaction path to the total consumption of MD-
7+ at 873 K (bold—black) and1073 K (italic—red),
which were calculated with CHEMKIN using the plug
flow reactor model and the Genesys-generated model,
with ;=6 x 107> m, z=2 x 107> m, P=0.1 MPa,
FYp =5.4 X 10~ mol/s. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]

network generated using PRIM-O, for example, hydrogen
abstraction by large radicals, addition of small olefins on MD
radicals. The Genesys-generated mechanism comprises of 446
species and 2272 reactions and can be used to validate the p-
hypothesis by analyzing the fate of large radicals.

For example, in Figure 2, the various possible reaction
routes of a MD radical and the corresponding relative con-
sumption rates, calculated using the Genesys-generated mech-
anism, are presented. Note that the naming of radicals in this
work reflect the name of the corresponding molecule and the
position of the unpaired electron. The label of the radical posi-
tion is consistent with the work by Fisher et al.," that is, “M”
if the radical is on the primary carbon atom of the methyl ester
group, “2” if the radical is on the carbon o to the ester group,
“3” if the radical is on the carbon f to the ester group, and so
forth. Reaction paths of the radical can be divided in two
groups, that is, monomolecular and bimolecular reactions.
Under the operating conditions investigated in this work,’>>
monomolecular reactions such as intramolecular hydrogen
abstraction and f-scission reactions comprise the vast majority
of the MD-7+ consumption. Bimolecular reactions, for exam-
ple, addition of small olefins on MD-7¢ and hydrogen abstrac-
tion of MD-7¢ forming MD, are negligible over the entire
temperature range. MD-7¢ can thus be considered a p-radical
and the use of PRIM-O is justified for this species.

The p-hypothesis has been tested for alkyl and ester radicals
in the reaction system. The decomposition of MD radicals
leads to formation of primary alkyl and methyl ester radicals.
Hence, the following discussion will be restricted to these
species.
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The ratio of monomolecular reaction rate divided by bimo-
lecular reaction rate as a function of carbon atoms for primary
alkyl and methyl ester radicals, calculated using the Genesys-
generated model, is presented in Figure 3. Reaction conditions
correspond to the most severe conditions for the validity of the
u-hypothesis, that is, undiluted and low temperature. High rad-
ical partial pressures increase the importance of bimolecular
reactions. Unimolecular radical reactions, such as C—C f[-
scission, often have higher activation energies compared to
bimolecular radical reactions, such as hydrogen abstraction,
see Table 2. Hence, the former are more affected by a decrease
in temperature.®* Note that only radicals containing three or
more carbon atoms are displayed in Figure 3. Methyl and
hydrogen radicals are only involved in bimolecular reactions.
The ethyl radical cannot decompose through carbon centered
p-scission compared to the other molecules displayed. As
such, ethyl follows a different trend regarding u to f§ reaction
rate ratio. Ethyl has a u to f§ reaction ratio of approximately 5
at the operation conditions of Figure 3.

Opverall, small ester radicals appear to have a lower u to f§
reaction ratio than alkyl radicals with the same number of car-
bon atoms. Obviously, their reactivity is influenced by the
change in bond dissociation energies due to the ester function-
ality compared to alkyl radicals.®® The most important bimo-
lecular reaction for the n-alkyl and ester radicals is hydrogen
abstraction from the feed molecule, that is, MD in the case of
Figure 3.

A methyl ethanoate (ME) radical with the radical on the 2
position (ME-2¢) is resonantly stabilized causing the rates of pos-
sible monomolecular reactions, that is, decomposition forming
ketene plus methoxy and hydrogen shift to ME-Me, to be lower
compared to decomposition of 1-propyl to ethene and methyl.®!

A methyl propanoate (MP) radical with a radical on the 3
position (MP-3¢) will decompose forming ethene and a
methoxy-carbonyl radical. The rate of the latter C—C f-

1000

100 -

u to P reaction rate ratio

10 I i

4 6
n, number of carbon atoms in radical

Figure 3. Calculated u to p reaction rate ratio as a

function of the number of carbon atoms in
the radical: m—primary n-alkyl radicals; @—
primary methyl ester radicals; lines,
observed trend.
Reaction rates were calculated with CHEMKIN using
the plug flow reactor model and the Genesys-generated
model, with ;=6 X 107> m, z=2 x 107> m, P=0.1
MPa, T =873 K, Fy,=5.4 x 10™* mol/s. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Table 1. Relative Error when Applying the Pseudosteady-State Approximation and the Chemical Lifetime for a Selection of

Radicals
873 K 1073 K
Lifetime (s) |ACS /ci Lifetime (s) |Act /¢l
CHse 1.94 X 107° 147 X 107° 281 X 1078 1.53 x 107*
He 6.95 X 107° 4.15 x 1077 571 x 1071° 1.97 x 10°*
MD-Me 1.70 X 1076 —2.54 X 107° 7.58 X 1078 —3.11 X 107*
MD-8e 6.04 X 1078 —2.86 X 10°° 473 x 107° -3.63 X 10°*
MD-3e 5.97 X 1078 —2.65 X 107° 468 x 1077 -3.59 x 1074
MD-2e 550 X 10°% —3.87 X 1077 871 X 1077 -9.82 X 107°
MD-9e 5.06 X 1078 -1.90 X 107° 5.10 X 107° —3.25 X 1074
MD-7e 5.00 X 1078 -172 X 10°° 371 X 107° —2.84 X 1074
MD-4e 3.89 X 1078 —2.09 X 107° 277 X 107° -3.39 x 1074
MD-5e 249 X 1078 —8.40 X 1077 293 X 1077 -1.97 x 10°*
MD-6e 7.41 X 1077 1.18 X 1078 1.94 x 107° —1.15 X 107*
MD-10e 733 X 1077 —7.74 X 1077 1.18 X 107° —2.18 X 107*

Reaction simulations were performed with CHEMKIN using the plug flow reactor model and the Genesys-generated model with d,=6 X 107> m, z=2 X
10 %m, P = 0.1 MPa, F‘,{,[D =4 X 10~* mol/s. Subsequently, KINALC, a CHEMKIN postprocessor, was used to calculate |Ac/c;| and the chemical life of each

species i.

scission reaction is slower than the C—C pf-scission of 1-
buty].**-6¢

Decomposition of the MB radical with a radical on the 4
position (MB-4¢) will form ethene and ME-2+. As mentioned
earlier, the latter species is resonantly stabilized and, thus, the
rate of this C—C f-scission is higher than the rate of the C—C
B-scission of 1-pentyl.®" Note that 1-pentyl can isomerize to 2-
pentyl through a favorable five-membered transition state,
which is not possible in MB-4.. Both MB-4¢ and 1-pentyl
have a comparable and high p to  reaction rate ratio, r,/rp ~
500. As, 1-pentyl radicals are commonly considered as the
largest alkyl radicals with ﬁ-properties,6 the largest ester radi-
cals with f-properties are MB radicals in this work. The error
introduced by neglecting bimolecular reaction for larger ester
radicals can assumed to be negligible.

Validation of the PSSA. The second assumption is the
PSSA. This has been used in various combustion, pyrolysis,
and steam cracking models."*’~% Since the kinetic network
generated with PRIM-O makes use of the PSSA for p-radicals,
it is instructive to calculate the error that is introduced.

The pyrolysis of MD was simulated with the Genesys-
generated network using CHEMKIN at two different tempera-
tures, that is, 873 and 1073 K, and similar reactor conditions
as Figure 2. Subsequently, KINALC,?"¢77° 3 CHEMKIN
postprocessor developed to analyze complex reaction mecha-
nisms, is used to evaluate (1) the instantaneous error on the
concentration of each species i when applying PSSA for this
species, denoted as Ac}, and (2) the chemical lifetime of each
species i, defined as c/(z)/>_,v;rj(z). Details regarding the pro-
cedure used in KINALC to calculate these properties can be
found elsewhere.®”7°

Table 1 presents the results for methyl, hydrogen, and radi-
cals of MD (u-radicals). Similar values were obtained for the
other alkyl and ester radicals. The relative error on the concen-
tration of a radical when applying the PSSA is found to be
negligible, below 0.1%. The PSSA is valid for the pyrolysis of
methyl esters and it is applied to y-radicals in the PRIM-O net-
work generation program. The p-radicals can be eliminated
from the model equations. This avoids the need to calculate
their concentration during a reactor simulation, which gives
rise to considerable speed-up.

The lifetime of the majority of MD radicals is as small as
10~? s. MD with a radical on the methoxy group (MD-Me) has
a lifetime which is about two orders of magnitude larger com-
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pared to the other MD radicals. The direct decomposition of
this type of radical, with formation of formaldehyde and o-
carbonyl radicals, is slower than C—C f-scission reactions
which are the dominant reaction paths for the other MD radi-
cals, explaining their longer lifetime.*’

Kinetic data

In order to construct decomposition schemes for molecules
present in the u-network, on-the-fly calculation of rate coeffi-
cients for decomposition of molecules and (u-) radicals is
needed. In this work, rate coefficients are estimated using a
comprehensive group additive data set, mainly derived by
Sabbe and coworkers who applied Benson’s group additivity
concept to transition state theory.m’71 Group additive values
for radical decomposition reactions that are affected by the
ester functionality were derived from the work by Huynh and
Violi.*’

In short, the applied group additive concept classifies possi-
ble reactions in so called elementary reaction families, see
Table 2. Each reaction is characterized by a rate coefficient
which depends on three parameters, that is, the activation
energy E,, the pre-exponential factor for each single-event A
and the number of single events n., that is, the number of ener-
getically equivalent reaction paths from reactant(s) to transi-
tion state. The former two are calculated by taking the kinetic
parameters of a reference reaction corresponding to the con-
sidered reaction family, F, s and Aref, but adding contribu-
tions which take into account the difference in transition state
between the considered reaction and the reference reaction,

see Egs. 1-3
_ E
k(T):ne~A-exp<fR—;) (1
Ey = Eyei+ Y  AGAV) 2)
i=1
log(A) = log(Arr)+> AGAVY, %))

i=1

Thermodynamic data

The thermodynamic data for p-species were determined
based on Benson’s group additivity method.!' Various groups
have made use of this technique which led to the development
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Table 2. Kinetic Data in p-Network

Reaction family Reference Reaction Log Ayer Eqrer Ref.
u-radical formation
Bond Scission
Cc—C n-C4H;9p — C,Hse+C,Hse 16.7 345.5 54
C—H C,Hg — C,Hse + He 16.0 417.8 55,56
Cc—0 CH;-C(=0)-0-CH; — CH;3-C(=0)-Oe + CH;eo 15.1 429.9 52
Intermolecular hydrogen abstraction
by C. CH,4 + CHze — CHze + CH, 6.5 84.4 57,58
by H. CH4 + He — CHze + H, 8.0 66.4 59
Intermolecular radical addition
by C. C,H,; + CHze — C3Hy—1le 6.0 43.1 60
by H. C,H,; + He — C,Hse 7.7 18.5 61
p-radical decomposition
p-scission
Cc—C C;H;—1e — C,H, + CHze 13.5 128.5 62
C—H C,Hse — C,H, + He 12.6 162.4 61
Cc—0 C3H7-C(=0)-0-CH,e — C3H;-C(=0) e + CH,O 13.3 133.5 40
o-scission
CcO C;H;-C(=0) o — C3H;,—1e + CO 13.5 71.8 40
Intramolecular hydrogen abstraction
[1,4] n-C4Ho—1e — n-C4Ho— 1o 11.0 86.2 54
[1,5] n-CsHy;—1le — n-CsH;;—le 10.2 60.7 54
Intramolecular radical addition
[1,5] endo pent-1-en-5-yl — cyclopentyl 10.9 62.6 [x]
[1,5] exo hex-1-en-6-yl — CHj-cyclopentane 10.8 23.5 [x]
[1,6] endo hex-1-en-6-yl — cyclohexyl 10.5 32.2 [x]
[1,6] exo hept-1-en-7-yl — CHj-cyclohexane 10.2 29.6 [x]
Concerted path reactions
Retro-ene 1-CsH,o — C,H4 + C3Hg 12.8 235.8 [x]
Acetate elimination C3H;-C(=0)-O-CH; — CH;3-C(=0)-0O-CH; + C,Hy 12.6 284.5 63
[x] Calculated using the methodology described in Refs. 57,60,61.
52,53,78-80

of independent, stand-alone programs such as THERGAS’?
and RMG’s ThermoDataEstimator.”> In this work, the thermo-
dynamic data were generated in the NASA polynomial format
using Genesys’s ThermoGenerator* equipped with group addi-
tive values derived by Sabbe et al.”* and Paraskevas et al.”’
from an extensive thermochemical database obtained by ab
initio calculations at the CBS-QB3 level of theory.

Reactor model

Reactor simulations were performed using CHEMKIN-
PRO.”® Both the perfectly stirred reactor model and the ideal
plug flow reactor model were used to model the respective
datasets in this work. The plug flow assumption has been veri-
fied for the bench scale pyrolysis set up used in this work.**->?
Since the constructed kinetic model is comprised of a pu-
network, containing equivalent single-step reactions of which
the stoichiometric coefficients are temperature dependent, and
a f-network, containing reversible elementary reactions, 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. Note that the kinetic
model in Supporting Information can also be processed using
OpenSMOKE+ +, an open-source software-tool for the simu-
lation of reactors using detailed kinetic models, recently devel-
oped by Cuoci et al.”” The USRPROD routine is available
upon request.

Results and Discussion
Pyrolysis of MD

MD, having a medium-long length alkyl chain, is widely
recognized as a good surrogate component for biodiesel. Both
its combustion and pyrolysis characteristics have been studied
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thoroughly
its thermal decomposition are available in literature.
this work, the aforementioned experimental pyrolysis data is
used to validate the p-network generation algorithm and the
applied rate rules.

Scission and hydrogen abstraction of MD causes p-radicals
to be formed and, thus, these reactions are generated with
PRIM-O. The stoichiometric coefficients of the single-step
equivalent hydrogen abstraction reaction of MD are displayed
in Figure 4A for 873 and 1073 K. In this table, methyl esters
with a carbon chain of length X with Y double bonds are
denoted as CX:Y. A weak temperature dependence can be
observed. The stoichiometric coefficient of the hydrogen radi-
cal has the largest relative increase, approximately doubling
from 873 to 1073 K.

Hydrogen abstraction from the carbon atom o to the ester
group is the favored hydrogen abstracting channel as this leads
to a resonantly stabilized radical. Decomposition of this p-
radical leads to formation of methyl propenoate, the unsatu-
rated methyl ester with the highest stoichiometric coefficient
and, thus, selectivity, and a 1-heptyl radical, which in turn
decomposes to ethene plus 1-pentyl. The selectivity towards
Cs. l-olefins and monounsaturated esters is fairly independ-
ent of the molecule’s chain length. These molecules are
formed by the various possible hydrogen abstractions along
the alkyl chain of MD followed by carbon centered f-scission.
As the reaction paths for the production of these unsaturated
molecules occur in a similar hydrocarbon moiety, the corre-
sponding reaction rate coefficients, and as such the stoichio-
metric coefficients, are comparable. Differences are
encountered at the oxygenated end, that is, higher selectivity
for octene since the “parent” radical MD-4+ prefers this C—C
p-scission due to formation of a resonantly stabilized ME radi-
cal, and at the alkyl end, that is, a lower selectivity for methyl

and several extensive datasets regarding
5253 [
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Figure 4. (A) Hydrogen abstraction reaction of methyl decanoate (MD). The stoichiometric coefficients o are obtained
after elimination of the concentration of p-radicals using the PSSA at 873 and 1073 K. (B) Mole fractions as a
function of temperature for MD pyrolysis in a jet-stirred reactor®’: m—MD; @ —H,; full lines, calculated with
CHEMKIN using the perfectly stirred reactor model and the developed kinetic model; dashed lines, calcu-
lated with CHEMKIN using the perfectly stirred reactor model and a kinetic model where the stoichiometric
coefficients of the equivalent single-step reactions were fixed to their values at 973 K.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

nonenoate since the “parent” radical MD-8¢ disfavors this
C—C p-scission due to formation of a methyl radical.

Two extensive datasets for pyrolysis of MD are available in
literature, one obtained by Herbinet et al>% in a jet-stirred
reactor and one obtained by Pyl et al>?ina plug flow reactor.
Both were used to test the performance of the kinetic model.
Model performance for the latter dataset can be found in Sup-
porting Information. In Figure 4B, experimental MD and
hydrogen mole fraction profiles are compared to (1) the gener-
ated kinetic model and (2) a kinetic model where the tempera-
ture dependence of the stoichiometric coefficients of the
reactions in the p-network has been neglected and fixed to
their values at 973 K, a selected intermediate temperature.

Fixing the stoichiometric coefficients at an intermediate
temperature only has a minor effect on calculated results
which is line with earlier observations for hydrocarbons.*
Even for hydrogen, mainly formed by hydrogen abstraction of
hydrogen radicals which experience the largest variation in
stoichiometric coefficient, the difference is less than 10% at
1123 K. The MAMA program,l’48 developed by Dente, Ranzi,
and coworkers, neglects the temperature dependence of the
stoichiometric coefficients, which proves to be a reasonable
approximation under the conditions studied in this work.
Throughout the rest of this work, calculations will be per-
formed using the complete generated kinetic model.

Performance for other detected species is presented in Fig-
ure 5. The ester group decomposes with possible formation of
CO and COZ.81 As discussed earlier, the relevant kinetic data
for decomposition of the ester functionality was taken from
the ab initio study by Huynh and Violi.** The model predicts
the CO and CO, mole fraction profiles accurately and, thus,
the rate rules derived from the referred work can assumed to
be valid for the considered operating conditions.

The applied group additivity values describing the decom-
position of hydrocarbons has been validated earlier.** Ethene,
propene, and other olefins are formed from the alkyl chain in
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MD. As the model is able to capture the trend of all these spe-
cies, the accuracy of these values is confirmed here as well.
Note that propene has a low stoichiometric coefficient in the
hydrogen abstraction reaction of MD, see Figure 4A. Retro-
ene reactions of the olefins and unsaturated methyl esters, both
having a double bond at the end of the carbon chain, are the
main source of propene.52

Both experimental datasets comprise the yield of all esters
and olefins with up to 10 carbon atoms. This allows to evaluate
the product selectivities generated by the kinetic modeling
algorithm. The yield of some unsaturated methyl esters, are
displayed in Figure 5D. Methyl propenoate is the most abun-
dantly formed ester and the effect of temperature on its mole
fraction is captured well by the model. The experimental yield
of methyl butenoate, the largest unsaturated methyl ester of
which the decomposition is part of the f-network, matches the
model prediction, only at the high temperatures, there appears
to be a small over prediction. The applied rate rules can be
assumed to be valid for MD pyrolysis and are extended to the
pyrolysis of larger esters such as RME.

Pyrolysis of RME

Experimental Results. An experimental dataset regarding
RME pyrolysis was obtained in the experimental setup dis-
cussed above. The inlet molar flow rate of RME and N, was
kept constant at 1.15 X 10~* and 2.5 X 107> mol/s, respec-
tively. The temperature has been varied between 983 and
1063 K with 20 K increments. A detailed product distribution
was obtained at each temperature and an overview can be
found in Supporting Information. Figure 6 presents the
GCXGC-FID chromatogram of the reactor effluent at 983 K.
There is a clear connection between the position in the
GCXGC-chromatogram of the esters, olefins, and aromatics
based on the number of carbon atoms as observed earlier.** At
the lowest temperature examined, that is, 983 K, the reactor
effluent contains unconverted feed, note, however, that the
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Figure 5. Mole fractions as a function of temperature for MD pyrolysis in a jet-stirred reactor®?

(A) B—CO, #—CO,; (B) v—C,H,, #—CH,, +—1,3-butadiene (multiplied by 5); (C) @—C;Hs, ©—1-butene, A—benzene; (D)
v—methyl 2-propenoate, &—methyl 3-butenoate, X—methyl 4-pentenoate, %—methyl 5-hexenoate; lines, calculated with CHEM-
KIN using the perfectly stirred reactor model and the developed kinetic model. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

conversion already exceeds 95%, which is substantially higher
than the conversion observed for MD pyrolysis at comparable
operating conditions. Furthermore, a high fraction of aro-
matics was found at each temperature which differs from the
MD pyrolysis effluent discussed earlier.

Kinetic Model. RME are typically composed of five major
components. The major component of the examined RME
mixture in this work is methyl oleate (C18:1). The presence of
a C=C double bond in the alkyl chain implies that a difference
in reactivity compared to MD can be expected. The C—C
bond dissociation energy between an allylic and a secondary
carbon atom is approximately 40 kJ/mol lower than between
two secondary carbon atoms.™? Consequently, C—C scission
will be rather fast, leading to a relatively large radical pool
explaining the high conversion observed experimentally, even
at low temperatures. Besides hydrogen abstraction, small radi-
cals can react with unsaturated methyl esters by addition onto
the carbon double bond.

The primary decomposition products following hydrogen
abstraction from methyl oleate are presented in Figure 7.
Hydrogen can be abstracted from carbon atoms with label M,
2-8 and 11-18. Hydrogen abstraction from carbon atoms 9
and 10 is neglected due to the creation of unfavorable vinylic
radicals. Decomposition of radicals close to the ester function-
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ality causes formation of small oxygenated species such as
‘C(=0)OCH3, formaldehyde, and CO. Methyl oleate radicals
with a radical center along the alkyl chain have similar decom-
position routes. For example, methyl oleate radicals with a
radical center on carbons atoms with label 11-16 can form an

’17:,7'“
|

1-olefins

| \
I | " “ »
il L Jo L G0 OO
A (O] 4
L0l | O
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el : l //,
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Figure 6. GCxGC-FID chromatogram of the rapeseed
methyl ester (RME) pyrolysis effluent at
T=983 K, P=0.17 MPa, Fgme=1.15 x 107
mol/s and Fy, =2.5 x 10~ mol/s.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 7. Reaction routes following hydrogen abstraction from methyl oleate.

alkyl radical and a double unsaturated methyl ester. Analogous
reaction routes have been grouped to reduce the size of Figure
7. Single and double unsaturated esters and olefins are formed
by decomposition of radicals along the alkyl chain by C—C /-
scission. The presence of a double bond in methyl oleate ena-
bles intramolecular addition reactions. In this work, 5-
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membered and 6-membered intramolecular radical addition
reactions, both endo and exo, are considered. For example, a
methyl oleate radical with radical center on carbon 5 can form
a monounsaturated methyl ester plus an alkenyl radical by
C—C f-scission, a diolefin plus a methyl ester radical by C—C
p-scission, or a cyclic methyl ester radical. Cyclic methyl ester
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Figure 8. Mole fractions as a function of temperature for RME pyrolysis in a tubular reactor, P=0.17 MPa,
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[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

radicals can react by C—C f-scission, C—H f-scission and
intramolecular hydrogen abstraction. A wide variety of unsatu-
rated cyclic molecules can be formed. These molecules consist
of a cyclic core with possible alkenyl, alkyl, and methyl ester
side chains. This complex product spectrum is not presented
in Figure 7, again to reduce the size of the picture, but is part
of the developed kinetic model which can be found in Sup-
porting Information.

The stoichiometric coefficients in the equivalent reaction
for hydrogen abstraction from methyl oleate of double unsatu-
rated methyl esters, respectively, diolefins, are approximately
twice as large as those of monounsaturated methyl esters,
respectively, 1-olefins. The former molecules are mainly
formed through C—C f-scission of allylic radicals, the most
abundantly formed radicals following hydrogen abstraction.
Cyclic molecules which are formed following hydrogen
abstraction from methyl oleate can be divided in two groups,
cyclic molecules with a methyl ester functionality and cyclic
molecules without a methyl ester functionality, see Figure 7.
Both types of molecules have similar stoichiometric coeffi-
cients in the equivalent reaction for hydrogen abstraction from
methyl oleate. These molecules are formed through similar
intramolecular radical addition pathways starting from methyl
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oleate with a radical on carbon 4, 5, 15, or 16. The latter atoms
are all secondary carbon atoms and, as such, the corresponding
radicals have a similar formation rate.

Model performance. Experimental product mole fraction
profiles for RME pyrolysis were obtained using the tubular
reactor, discussed previously, while varying reactor tempera-
ture and keeping RME and N, molar flow rates fixed at 1.15 X
10~ *and 2.5 X 102 mol/s, respectively. The obtained experi-
mental results are compared with calculated results using the
developed kinetic model in Figures 8—10. Saggese et al.*’
developed a lumped kinetic model for the pyrolysis and com-
bustion of biodiesel. Performance of their model can be found
in Supporting Information. Calculated and experimental
results for methyl palmitate (C16:0), methyl stearate (C18:0),
methyl oleate (C18:1), and methyl linoleate (C18:2) are dis-
played in Figure 8D. Methyl linolenate (C18:3) was not
detected in the reactor effluent. This is in line with model cal-
culations which predict a mole percentage below 0.002 at
983 K, that is, the lowest temperature examined experimen-
tally. Despite the feed being composed of over 50 mol %
methyl oleate, methyl palmitate is the most abundant feed
methyl ester remaining in the reactor effluent after pyrolysis at
983 K. As discussed earlier, the allylic carbon atoms in methy]l
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RME pyrolysis in a tubular reactor, P=0.17
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

oleate enhance its reactivity with respect to hydrogen abstrac-
tion and scission reactions. Radical addition reactions on the
carbon double bond are responsible for 10% of methyl oleate
consumption at 1063 K.

Both CO and CO, are predicted well by the kinetic model,
see Figure 8A. Only for CO,, there is a small over prediction
at the lowest investigated temperatures, that is, 983 K. The
kinetic data applied for the decomposition of the ester func-
tionality has been validated for MD pyrolysis earlier. The dou-
ble bonds in the feed mixture are separated from the ester
group by seven carbon atoms and, thus, their influence on the
formation of carbon oxides can be expected to be negligible.

A high fraction of small olefins was observed which is in
line with other works studying long carbon chain feed-
stocks.®**® The calculated mole fraction profiles of the most
abundant olefins, that is, ethene, propene and 1,3-butadiene
match the experimental results, see Figure 8B, C. The degree
of unsaturation of the feedstock has an effect on the relative
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quantities of these olefins, which is most obvious for 1,3-buta-
diene. At 1063 K, the ratio of 1,3-butadiene to ethene is
approximately 1:10 on a molar basis for RME pyrolysis. At
comparable conditions for MD pyrolysis, that is, high temper-
ature and conversion, the ratio of 1,3-butadiene to ethene was
1:30. Radicals of saturated molecules, such as MD, can
decompose by successive C—C f-scissions forming a high
number of ethene molecules and a small radical. The presence
of a double bond in the alkyl chain can, however, disrupt this
sequence of f-scission reactions leading to resonantly stabi-
lized radicals. These have a lower reactivity compared to their
paraffinic counterparts but will eventually isomerize or
decompose to 1,3-butadiene.®¢

As can be observed from Figure 8C, a high yield for aro-
matics was obtained during RME pyrolysis. The kinetic model
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Figure 10. Mole fractions as a function of temperature for
RME pyrolysis in a tubular reactor, P=0.17
MPa, Fame=1.15 x 10™* mol/s, Fy, =25 X
10~2 mol/s: (A) m—methyl hex-5-enoate, ®—
methyl hept-6-enoate, a—methyl oct-7-
enoate, v—methyl non-8-enoate, ¢ —methyl
dec-9-enoate; (B) 0—methyl undec-10-enoate,
A—methyl dodec-11-enoate, v —methyl tridec-
12-enoate, ¢ —methyl tetradec-13-enoate, o —
methyl pentadec-14-enoate; lines, mole frac-
tion profiles calculated with CHEMKIN using
the plug flow reactor model and the developed
kinetic model.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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captures the temperature profile for benzene and toluene quite
well. Benzene and toluene exhibit a linear trend compared to
the exponential profile observed during MD pyrolysis. Espe-
cially at the lowest temperatures that were investigated experi-
mentally, other reactions are expected to be dominant toward
formation of aromatics compared to MD. The kinetic model
predicts that the aromatic content for methyl oleate pyrolysis
is a factor 10 higher compared to methyl stearate pyrolysis at
983 K and at similar conversion. This effect of a double bond
has been observed before. #3878

As explained earlier, the double bond in unsaturated methyl
esters, such as methyl oleate, enables intramolecular radical
addition reactions. While it could be hypothesized that the for-
mation of cyclic molecules in highly unsaturated moieties
could occur through Diels Alder type reactions,”* recent work
showed that this path is of minor importance in thermal crack-
ing of triglycerides compared to intramolecular radical addi-
tion.” Intramolecular radical addition competes with C—C f-
scission for the decomposition of unsaturated methyl ester rad-
icals. Comparison of the kinetic parameters of the reference
reactions of both families, see Table 2, indicate that intramo-
lecular radical addition will be dominant at low temperatures
given its relatively low activation energy. At high tempera-
tures, the C—C f-scission will become competitive but aro-
matics will start forming through other reaction paths such as
propargyl recombination’®? (the C3 pathway), vinyl addition
on 1,3-butadiene followed by cyclization**”* (the C4 path-
way), and cyclopentadienyl-methyl recombination® (the C5
pathway). The linear increase in benzene and toluene yield as
a function of temperature for RME can thus be considered as a
consequence of intramolecular radical addition (especially at
low temperature) complemented with the C3, C4, and C5
pathways. For esters with a saturated alkyl chain, only the lat-
ter three pathways contribute to formation of aromatics.

Figure 9 and 10 show the experimental and calculated mole
fraction profiles of 1-olefins and monounsaturated methyl esters,
respectively, with an alkyl chain varying between 6 and 15 car-
bon atoms, as a function of temperature. All displayed mole-
cules have a low yield in the investigated operating range and
exhibit a monotonic decreasing trend with an approximate zero
mole percentage at the highest temperature, that is, 1063 K. Pre-
vious works that focused on maximizing the yield of these com-
ponents®* were performed in a lower temperature range, that
is, between 600 (high residence time) and 900 K (low residence
time). The mole fraction profiles are captured accurately by the
kinetic model, both quantitatively and qualitatively.

Conclusions

A detailed kinetic model for the pyrolysis of MD and RME
is presented. All reaction rate coefficients are systematically
calculated using a comprehensive group additive method.
Analysis of the kinetic model shows that the p-hypothesis and
PSSA are valid for all radicals with six or more carbon atoms,
independent of the presence of oxygen. The concentrations of
these heavy radicals can be eliminated from the model equa-
tions, which allow to come up with equivalent single-step
reactions for the decomposition of heavy methyl esters. This
also reduces the complexity of the kinetic network substan-
tially, without loss of accuracy. The stoichiometric coefficients
of these reactions depend on temperature. In the investigated
operating range, neglecting this temperature dependence only
has a minor effect on model predictions. Existing and new
experimental data for the thermal decomposition of MD and
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RME showed an excellent agreement with model calculations
without any adjustment of the reaction rate coefficients. This
shows the huge potential of the used approach for modeling
the decomposition of other hetero atom containing compound
classes.

The ester function has an effect on the reactivity of the neigh-
boring carbon atoms and accurate kinetic data is required to
properly predict the formation of small oxygenated species.
Most of the dominant elementary reaction families, such as
intermolecular/intramolecular hydrogen abstraction and f-
scission, occur on the alkyl chain and group additive values
originally obtained for pure hydrocarbons are shown to be valid.
Intramolecular radical addition onto the C=C double bond pres-
ent in RME are important under the studied conditions. The
resulting cyclic intermediates are precursors for aromatics.
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Notation

Roman
A = pre-exponential factor, m?*/(mol s) or/s
single-event pre-exponential factor, m*/(mol s) or/s
single-event pre-exponential factor of the reference reaction,
m3/(m01 s) or 1/s
¢j = concentration of species j, mol/m?
Ac; = instantaneous error on ¢; when applying the PSSA, mol/m?
CX:Y = methyl ester with a carbon chain of length X with Y double
bond
d, = internal tube diameter, m
E, = activation energy, kJ/mol
E,er = activation energy of the reference reaction, kJ/mol
FID = flame ionization detector
FY = inlet molar flow rate of species j, mol/s
AGAV i = pre-exponential group additive value relative to the reference
reaction, m>/(mol s) or/s
AGAV%\ = activation energy group additive value relative to the refer-
" ence reaction, kJ/mol
GCXGC = two dimensional gas chromatograph
k = rate coefficient, m*/(mol s) or 1/s
n. = number of single events
P = pressure, MPa
PAH = polycyclic aromatic hydrocarbon
PSSA = pseudosteady-state approximation
r;= rate of reaction j, mol/(m® s)
RME = rapeseed methyl esters
T = temperature, K
TCD = thermal conductivity detector
TOF-MS = time of flight mass spectrometer
v;; = stoichiometric coefficient of species i with respect to reac-
tion j
z = axial position

A ref

Greek

o (T) = = stoichiometric coefficient of species j in a single-step equiva-
lent reaction, obtained after elimination of the concentration
of p-radicals using the PSSA, at temperature T
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