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Abstract 

A single-pulse shock tube study of the four pentene isomers is carried out at 2 ± 0.16 bar and 900–1600 K. 
C 1 to C 6 species profiles were recorded using gas chromatography mass spectrometry analyses. The species 
are identified using mass spectrometry and quantified by flame ionization detection. High-pressure limit- 
ing and pressure-dependent rate constants for 2M1B, 2M2B and 3M1B + Ḣ were calculated using RRKM 

theory with a Master Equation (ME) analysis using the Master Equation System Solver, MESS. A mech- 
anism was formulated based on rate rules and theoretical calculations. Comparisons between experimental 
results and model simulations are provided for all of the fiv e pentene isomers investigated with satisfactory 
agreement. Furthermore, an insight is provided into the influence of molecular structure on the reactivity of 
pyrolysis chemistry. Interestingly, it is found that the HACA mechanism is much less prominent for benzene 
formation compared to the role of cyclopentadienyl radical recombination with methyl radicals and also the 
recombination of propargyl radicals. 
© 2020 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute. 
This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 

Keywords: Single pulse shock tube; Gas chromatography mass spectrometry; Chemical kinetics; Pentene isomers; 
Benzene formation 

1. Introduction 

Alkenes are one of the major components of 
commercial fuels and understanding their con- 
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sumption reactions is important in producing more 
accurate predictions of their pyrolysis and oxida- 
tion in combustors. The oxidation of alkenes has 
been widely studied due to their importance as in- 
termediates during ignition of alkanes and they 
are also known to impart higher octane sensitiv- 
ity (RON – MON) in commercial fuels [1] . In ad- 
dition, olefins are precursors to allene, propyne 
and isomers of butadiene which are known to be 
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Fig. 1. Schematic of the NUIG SPST. 

important intermediates in the formation of ben- 
zene and polycyclic aromatic hydrocarbons (PAHs) 
[2,3] . Furthermore, recent studies have shown the 
importance of C 5 species i.e. pentadiene isomers 
and cyclopentadiene [4–6] in the formation of ben- 
zene and naphthalene, among others. This explains 
our interest in studying the pyrolysis of C 5 species. 

Although there have been a few studies related 

to the oxidation of 1-pentene [7–10] , pyrolysis stud- 
ies providing species profiles for reactants, inter- 
mediates and products are scarce. Tsang [11] per- 
formed a few 1-pentene pyrolysis experiments at 
1000–1200 K during his study of cyclopentane 
but no further pyrolysis experiments are available. 
Manion and Awan [12] performed experiments of 
2-pentene pyrolysis with hydrogen radical precur- 
sors in their study of the decomposition of pentyl 
radicals. Westbrook et al. [13] carried out an exper- 
imental and modeling study on 2-methyl-2-butene 
(2M2B) in a shock tube and in a jet-stirred reactor. 
Ruwe et al. [14] studied the consumption and hy- 
drocarbon growth processes in a 2M2B flame. Fur- 
thermore, in a different study, Ruwe et al. [15] stud- 
ied and demonstrated the effect of molecular struc- 
ture on sooting tendencies of n -pentane, 1-pentene 
and 2M2B. From our literature review it is clear 
that the pyrolysis of the C 5 olefins is not well stud- 
ied and structural effects influencing the formation 

of aromatics are not clearly understood. Therefore 
we have studied the pyrolysis of the five pentene 
isomers in a single pulse shock-tube and carried 

out gas chromatography/mass spectrometry (GC–
MS) analyses. Several important C 1 –C 6 intermedi- 
ates were quantified which demonstrate the effect 
of fuel molecular structure on pyrolysis. Numerical 
simulations were conducted using a detailed kinetic 
model from NUIG, and the differences in the pyrol- 
ysis chemistry of the isomers, and the formation of 
benzene is discussed. 

2. Experiments 

Experiments were performed using the NUIG 

single pulse shock tube (SPST), Fig. 1 . The facility 
is described in detail in the Supplementary mate- 

rial (SM). 2M2B ( ≥ 95%) was obtained from Sigma 
Aldrich. Trans-2-pentene (t-2-C 5 H 10 , ≥ 99%) was 
obtained from Fisher Scientific. 2M1B ( ≥ 98%) and 

3M1B ( ≥ 95%) were obtained from TCI UK. Pure- 
shield argon (Ar) supplied by BOC Ireland was 
used as the bath gas. 99.99% pure krypton (Kr) ob- 
tained from Sigma Aldrich was used as an internal 
standard. 99.9% pure helium supplied by BOC Ire- 
land was used as the driver gas for all experiments. 
For all experiments, mixtures containing the 2% 

fuel, 0.5% Kr and 97.5% Ar were prepared based on 

partial pressures in a 40 L mixing vessel. KJLC ca- 
pacitance manometers were used to monitor pres- 
sure levels. 

The uncertainties in reflected temperatures are 
calculated based on the uncertainties in shock ve- 
locities and are approximately ±2% based on cal- 
culations suggested by Petersen et al. [16] . Uncer- 
tainties in calibrated species concentration are ap- 
proximately ±10% and in estimated species con- 
centrations, calculated using effective carbon num- 
ber method [17] , are approximately ±20% respec- 
tively. The uncertainty in reactant mole fractions is 
±0.02%. The uncertainty in the residence time is 
±2%. The 2 σ variation in the calculated reflected 

pressures is approximately 8%. The MS system is 
used to identify and quantify Kr and an FID is 
used for all other organic species. The sample is 
introduced into a GS-Gaspro column through a 
split/split-less inlet which is maintained at 200 °C. 
Helium is used as the carrier gas and a constant 
flow rate of 0.9 ml min 

–1 is maintained through the 
column for all the experiments. The temperature 
programming of the GC was optimized for every 
fuel and the system was calibrated using a 23 gas 
GC standard obtained from BOC Ireland. 

3. Kinetic modeling 

Simulations were performed using Chemkin- 
Pro [18] assuming a closed homogeneous batch re- 
actor at constant volume. We used the residence 
time approach for all our simulations in the range 
3–4 ms, with details provided as SM [19] . The mech- 
anism used to simulate the data is provided as SM. 
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Fig. 2. Species profiles for 1-pentene pyrolysis. Solid lines: model simulations. 

Fig. 3. RFD for 1-pentene pyrolysis at ∼50% fuel consumption, 2.13 bar, 1243 K. 

Reaction rates for Ḣ-atom abstraction by methyl 
( ̇CH 3 ) radicals from the fuel were obtained using 
rate rule analogy as shown by Cai et al. [20] . Rates 
for Ḣ-atom abstraction from primary, secondary 
and tertiary allylic sites were obtained from a theo- 
retical study by Wang et al. [21] . 

3.1. Computational methods 

The methods are similar to the ones in our pre- 
vious studies of 1- and 2-pentene + Ḣ [22] and 1,3- 
pentadiene + Ḣ [23] and were adopted to calculate 
all electronic structure calculations for the 2M1B, 
2M2B and 3M1B + Ḣ potential energy surfaces 
(PES), which is a current work-in-progress. Geome- 
tries of each minimum and transition state were op- 
timized at the ωB97XD/aug-cc-pVTZ level of the- 
ory. Single point energies for minima and transition 

states were calculated at the CCSD(T)/cc-pVXZ 

and MP2/cc-pVXZ level, where X = D , T and Q 

levels of theory, which were then extrapolated to 

the complete basis set limit using Eq. (1) [2] : 

E CCSD ( T ) / CBS = E CCSD ( T ) / cc −pVTZ 

+ 

(
E CCSD ( T ) / cc −pVTZ − E CCSD ( T ) / cc −pVDZ 

)

×(
3 4 / 4 4 − 3 4 

) + E MP2 / cc −PVQZ 

+ 

(
E MP2 / cc −pVQZ − E MP2 / cc −pVTZ 

)

×(
4 4 / 5 4 − 4 4 

) − E MP2 / cc −pVTZ 

−(
E MP2 / cc −pVTZ − E MP2 / cc −pVDZ 

)(
3 4 / 4 4 − 3 4 

)
. (1) 

High-pressure limiting and pressure dependent 
rate constants were calculated using RRKM the- 
ory with Master Equation (ME) analysis using the 
Master Equation System Solver, MESS, [24] which 

are available in the mechanism file provided as SM. 
Thermochemical values for the C 5 species were 

calculated as a function of temperature (298–
2000 K), with enthalpies of formation determined 

using a series of isodesmic reactions as described 

in our previous work [22] . Temperature-dependent 
enthalpies, entropies and heat capacities were then 

calculated using traditional statistical thermody- 
namics methods as implemented in MESSPF [24] , 
with NASA polynomials fitted using PAC99 [25] , 
which are provided as SM. 

4. Results and discussion 

In this section, we first present comparisons of 
the experimental and simulated mole fractions of 
the fuel and intermediates for the fiv e pentene iso- 
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Fig. 4. Species profiles for t-2-pentene pyrolysis. Solid lines: model simulations. 

mers. Thereafter, by comparing the mole fractions 
of the intermediates produced during the pyrolysis 
of the fiv e isomers, we analyze the effect of molec- 
ular structure on the pyrolysis chemistry. 

4.1. 1-Pentene 

Experimental data for 1-pentene (1-C 5 H 10 ) is 
taken from our article on the pyrolysis of 1- 
alkenes [26] . The current mechanism’s predictions 
are shown in Fig. 2 . A reaction flux diagram (RFD) 
for 1-pentene pyrolysis at 1243 K is provided in 

Fig. 3 . 
Based on kinetic simulations, 1-pentene decom- 

poses to form either allyl and an ethyl radical or 
undergoes a retro-ene reaction to produce ethylene 
and propene. Bimolecular reactions of 1-pentene 
with Ḣ atoms can produce propene (C 3 H 6 ) and 

ethyl radicals ( ̇C 2 H 5 ) or ethylene (C 2 H 4 ) and n - 
propyl ( n - ̇C 3 H 7 ) radicals. H-atom abstraction from 

1-pentene produces 1-penten-3-yl ( ̇C 5 H 9 1-3) radi- 
cals which dissociate into 1,3-butadiene (1,3-C 4 H 6 ) 
and methyl radicals. Allyl radicals ( ̇C 3 H 5 -a) de- 
compose to form allene (C 3 H 4 -a) and Ḣ atoms 
and/or their self-disproportionation reaction pro- 
duces allene and propene. They can also undergo 

radical-recombination reaction with ĊH 3 radicals 
to form 1-butene (1-C 4 H 8 ). The self-recombination 

of methyl radicals and the allyl + ethyl dispropor- 
tionation reaction are the main sources of ethane 
(C 2 H 6 ). Propyne (C 3 H 4 -p) is produced via the iso- 
merization of allene. Methane (CH 4 ) is produced 

via H-atom abstraction by ĊH 3 radicals from the 
fuel and other stable intermediate species. Acety- 

lene (C 2 H 2 ) is produced from the dissociation of 
vinyl radicals and the bimolecular reactions of al- 
lene and propyne with Ḣ atoms. 

4.2. trans-2-Pentene 

Pyrolysis experiments of t-2-C 5 H 10 were car- 
ried out at 2 bar in the range of 900–1500 K. 
The major products are methane, ethane, ethylene, 
acetylene, propene, 1-butene, 1,3-butadiene, allene 
and propyne. The species profiles are illustrated in 

Fig. 4 . We found two C 5 H 8 species but could 

not distinguish them as the mass spectra of pen- 
tadienes are similar. However, from studies by 
Manion and Awan [12] , one species can be as- 
signed 1,3-pentadiene and the other could be cy- 
clopentene. We also observe the formation of cis- 
2-pentene (c-2-C 5 H 10 ). We believe this could be 
similar to the cis/trans isomerization of 2-butene 
as discussed by Lifshitz et al. [27] . An earlier 
ignition delay time study on 2-butenes [28] had 

shown that the reactivities were similar for the 
cis and trans isomers and therefore, the cur- 
rent mechanism includes one species to represent 
both. 

A reaction pathway analysis diagram for t-2- 
pentene pyrolysis is provided in Fig. 5 . Trans-2- 
pentene can decompose into ĊH 3 and 1-buten- 
3-yl ( ̇C 4 H 7 1–3) radicals, Ċ 4 H 7 1–3 subsequently 
produces 1,3-butadiene via H-atom elimination. 
The fuel and intermediates can undergo Ḣ-atom 

abstraction by ĊH 3 radicals to form methane. 
The reaction of 2-pentene with Ḣ atoms pro- 
duces propene and ethyl radicals. Ethyl radi- 

Fig. 5. RFD for t-2-pentene pyrolysis at ∼50% fuel consumption, 2.01 bar, 1205.4 K. 
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Fig. 6. Species profiles for 2M1B pyrolysis. Solid lines: model simulations. 

Fig. 7. RFD for 2M1B pyrolysis at ∼50% fuel consumption, 2.01 bar, 1254.2 K. 

cals undergo β-scission to produce ethylene and 

Ḣ atoms. Ethane is produced via ĊH 3 radical 
self-recombination. Acetylene formation channels 
are similar to those for 1-pentene as discussed 

earlier. 

4.3. 2-methyl-1-butene 

2-methyl-1-butene pyrolysis study was carried 

out at 2 bar in the range of 900–1600 K. The major 
products are methane, ethane, ethylene, acetylene, 
propene, allene, propyne, isobutene (i-C 4 H 8 ), 1,3- 
butadiene and isoprene (2M13BDE). Species pro- 
files are shown in Fig. 6 . 

2M1B can dissociate into 2-methyl-allyl (i- 
Ċ 4 H 7 ) and methyl radicals or can react with Ḣ 

atoms to form isobutene. It can also undergo H- 
atom abstraction by ĊH 3 radicals or Ḣ atoms from 

the primary and secondary allylic site to form 

2-methyl-1-butenyl (a ̇C 5 H 9 -a2) and 2-methyl-1- 
buten-3-yl (a ̇C 5 H 9 -c) radicals, respectively. a ̇C 5 H 9 - 
c radicals dissociate to form isoprene and a ̇C 5 H 9 -a2 
radicals dissociate to form allene and ethyl radicals. 
Also, 2-methyl-allyl radicals decompose to form 

allene and ĊH 3 radicals. a ̇C 5 H 9 -a2 radicals can 

isomerize to form 2-methyl-1-buten-4-yl (a ̇C 5 H 9 - 
d) radicals. These dissociate to form ethylene and 

propen-2-yl ( ̇C 3 H 5 -t) radicals which in turn disso- 
ciate to form propyne and Ḣ atoms. Propyne is 
also formed by isomerization of allene. Methane, 
ethane, ethylene and acetylene formation reactions 

are similar to those for the linear pentenes. The 
RFD for 2M1B pyrolysis is shown in Fig. 7 . 

4.4. 2-methyl-2-butene 

A pyrolysis study was carried out at 2 bar and in 

the temperature range of 900–1750 K and the ma- 
jor species are identical to 2M1B pyrolysis, Fig. 8 
2 M2B and isoprene co-elute in the GC capillary 
column used in this study and could not be sepa- 
rated, so for comparison we show the sum of the 
two molecules in both experiments and simulations. 

2M2B (b-C 5 H 10 ) can undergo H-atom abstrac- 
tion by Ḣ atoms and ĊH 3 radicals from three 
primary allylic sites to form isopentenyl radicals. 
These radicals form isoprene via H-atom elimina- 
tion. 2M2B can also react with Ḣ atoms to produce 
isobutene and methyl radicals. Isobutene dissoci- 
ates to methyl-allyl (i ̇C 4 H 7 ) radicals which further 
dissociate to form allene and ĊH 3 radicals. The cur- 
rent mechanism under-predicts the formation of 
1,3-C 4 H 6 by a factor of two. Propene is formed 

from isopentenyl radicals and isobutene. Ethane, 
ethylene, methane and acetylene formation path- 
ways for 2M1B and 2M2B are the same. An RFD 

for 2M2B pyrolysis is illustrated in Fig. 9 . 

4.5. 3-methyl-1-butene 

3M1B has a tertiary-allylic hydrogen and it as- 
sisted to examine the rate law for such H-atom ab- 
stractions. 3M1B pyrolysis study was carried out 
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Fig. 8. Species profile for 2M2B pyrolysis. Solid lines: model simulations. 

Fig. 9. RFD for 2M2B pyrolysis at ∼50% fuel consumption, 2.13 bar, 1451.2 K. 

Fig. 10. Species profile for 3M1B pyrolysis. Solid lines: model simulations. 

at 2 bar and 800–1450 K. Methane, ethane, ethy- 
lene, acetylene, propene, 2-butene, 1,3-butadiene, 2- 
pentene and isoprene are major products. Species 
profiles with respect to temperature are illustrated 

in Fig. 10 . 
3M1B (c-C 5 H 10 ) can either decompose to 1- 

buten-3-yl ( ̇C 4 H 7 1-3) radicals or react with Ḣ 

atoms to form 2-butene (2-C 4 H 8 ). 3M1B can also 

undergo H-atom abstraction by Ḣ atoms or ĊH 3 
radicals from the tertiary allylic site to form isopen- 
tenyl radicals which dissociate to isoprene. Ċ 4 H 7 1-3 
radicals dissociate to 1,3-butadiene via β-scission. 
2-butene reacts with Ḣ atoms to form propene 
and methyl radicals. Ethylene is formed from c- 
C 5 H 10 + ̇H, 1,3-C 4 H 6 + ̇H and ethyl radical decom- 
position reactions. Ethane, methane and acety- 

lene formation reactions are similar to all of the 
other pentenes. An RFD at 1205 K is provided as 
Fig. 11 . 

5. Discussion 

5.1. Fuel reactivities and ethylene formation 

From our experimental measurements, we were 
able to determine that the predicted reactivities 
of all of the pentenes are sufficiently accurate, 
Fig. 12 . The reactivities appear to decrease with in- 
creasing number of allylic hydrogen atoms. 3M1B, 
with only tertiary allylic hydrogen has the highest 
reactivity and 2M2B with nine primary allylic hy- 
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Fig. 11. RFD for 3M1B pyrolysis at ∼50% fuel consumption, 2.01 bar, 1205 K. 

Fig. 12. (a) Fuel reactivities for pentenes and (b) ethylene formation. Solid lines: model simulations. 

drogen atoms has the lowest reactivity, while lin- 
ear pentenes with secondary allylic hydrogen atoms 
show intermediate reactivity. 

Ethylene is one of the initial stable products, 
with its concentrations and shape being signifi- 
cantly higher and different for 1-pentene corrobo- 
rating the presence of the retro-ene reaction. For 
the other isomers, 3M1B and t-2-pentene show sim- 
ilar concentrations due to their initial unimolecular 
decomposition reactions producing ĊH 3 + Ċ 4 H 7 1–
3 → 1,3-C 4 H 6 + Ḣ → C 2 H 4 + Ċ 2 H 3 and ĊH 3 + 

ĊH 3 → C 2 H 6 + R → RH + Ċ 2 H 5 → C 2 H 4 + Ḣ. 

5.2. Formation of benzene and aromatic precursors 

The reactions illustrated in Fig. 13 show some of 
the important reactions of the C 3 –C 5 intermediates 
forming benzene. We compared the concentrations 
of these intermediates and conducted flux analyses 
to illustrate how the important pathways for ben- 
zene changes with isomer molecular structure. 

Trans-2-pentene and 3M1B produce higher con- 
centrations of 1,3-butadiene due to their initial uni- 

Fig. 13. Benzene formation pathways. 

molecular decomposition into 1-buten-3-yl radical, 
Fig. 14 (a). At > 90% fuel consumption, the amount 
of cyclopentadiene produced is higher for 2M2B 

and t-2-pentene compared to the other isomers, 
Fig. 14 (b). This appears to show the significance of 
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Fig. 14. Experiment results for (a) 1,3-butadiene concentration; (b) Cyclopentadiene concentration; (c) Allene and propyne 
total concentration and (d) Benzene concentration. Fuel consumed is calculated as (initial fuel concentration – final fuel 
concentration)/initial fuel concentration at a given temperature. This aids in offsetting the effect of fuel reactivity. 

Fig. 15. Relative ROP of Benzene at 1400 K and 2 bar. 

the location of the double bond on the formation 

of cyclopentadiene. 
The concentrations of allene and propyne are 

higher in the pyrolysis of 2M1B, Fig. 6 , owing 
to the unimolecular decomposition of the fuel to 

2-methyl-allyl radicals and abstraction from the 
primary allylic site, both of which undergo β- 
scission to produce allene, Fig. 14 (c). 2M2B also 

produces lower amounts of allene and propyne 
compared to 2M1B due to the absence of a di- 
rect route to the formation of 2-methyl-allyl radi- 
cal, Fig. 8 . An efficient way to allene and propyne 
is through abstractions from isobutene, produced 

from 2M2B + ̇H = isobutene + ̇CH 3 , to produce 2- 
methyl-allyl radicals and subsequent decomposi- 
tion of these to allene + ̇CH 3 . The absence of direct 
pathway to the formation of 2-methyl-allyl rad- 
icals explains the difference in concentrations of 
the C 3 H 4 isomers produced during the pyrolysis 
of 2M1B and 2M2B. Interestingly, the concentra- 
tions of benzene presented in Fig. 14 (d) shows that 
2M2B produces more benzene than all of the other 
isomers. Also, the predictions from the mechanism 

are satisfactory. 
To gain insights into the effect of molecular 

structure on pyrolysis chemistry, we conducted 

an integrated reaction path analysis of the differ- 
ent pathways to identify differences in the chem- 
istry producing benzene, Fig. 15 . It can be seen 

that propargyl recombination is important for ben- 
zene formation. Moreover, the Ċ 5 H 5 + ̇CH 3 reac- 

tion pathway is crucial for benzene formation ir- 
respective of the geometry of the molecule. Fur- 
thermore, vinyl addition to 1,3-butadiene seems im- 
portant for linear pentenes and for 3M1B. Interest- 
ingly, the HACA mechanism is relatively less im- 
portant than the propargyl pathway [29] as the bi- 
molecular reaction of 1,3-butadiene with Ḣ atoms 
to produce ethylene and vinyl radicals dominates 
over H-atom abstraction by Ḣ atoms [30] . 

6. Conclusions 

A SPST pyrolysis study was carried out on t-2- 
pentene, 2M1B, 2M2B and 3M1B at 2 bar. Species 
were identified using GC–MS and were quantified 

using an FID. High-pressure limiting and pressure 
dependent rate constants for 2M1B, 2M2B and 

3M1B + Ḣ were calculated using RRKM theory 
with Master Equation (ME) analysis. A mechanism 

was formulated based on rate rules and the theoret- 
ical calculations. Comparisons between experimen- 
tal and simulated results show that the predictions 
for all of the major species are satisfactory. Further- 
more, reactivities of the fuels studied clearly show 

the influence of molecular geometry on unimolecu- 
lar dissociation and H-atom abstractions from dif- 
ferent allylic sites. Also, the molecular geometry 
impacts the benzene formation pathways and this 
study shows that 2M2B produces more benzene 
than other pentenes. In addition, the HACA mech- 
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anism has a relatively lower prominence for ben- 
zene formation compared to other pathways. 
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