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Abstract 

The ignition delay times of cyclopentanone in air were measured using a high pressure shock 

tube (HPST) and a rapid compression machine (RCM) over the temperature range of 794 ~ 1368 K 

at P = 15 and 30 bar and at equivalence ratios of 0.5, 1.0 and 2.0. To provide more insight into the 

oxidation of cyclopentanone, CO time-histories during cyclopentanone oxidation in a shock tube at 

high temperatures and various pressures were also measured. In addition, quantum chemistry 

calculations have been performed to calculate the reaction rates for the olefin +   2 elimination 

reactions of fuel peroxyl radical decomposition reactions, which were suggested as critical reaction 

pathways for the oxidation of cyclopentanone in previous studies. Based on these experimental and 

theoretical investigations, a detailed kinetic model has been developed and validated using the 

experimental data. The model has satisfactorily reproduced the ignition delay times in the RCM and 

shock tube, and CO histories in the shock tube over the wide range of temperature, pressure and 

equivalence ratio. Rate of production and sensitivity analyses were performed to determine the 

important reaction pathways and critical reactions that affect the predicted reactivity of 

cyclopentanone at the condition investigated. 

Keywords 

Cyclopentanone, detailed kinetic model, ignition delay, CO time-history, ab initio calculation  
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1. Introduction 

Cyclopentanone has been proven to have a strong resistance to auto-ignition, making it attractive 

for applications in spark-ignition engines [1]. Moreover, it can be easily produced through 

bio-processes, namely the breaking down of cellulose by fungi [2] and the pyrolysis of biomass [3]. 

Therefore, cyclopentanone is a promising bio-derived fuel that can be used as an alternative for fossil 

fuels in many practical combustion devices, with lower greenhouse gas emissions or be used as a 

surrogate fuel for engine research purposes. However, the oxidation mechanism of cyclopentanone 

needs to be better understood before it is applied. 

As a representative cyclic ketone, cyclopentanone have been studied both theoretically and 

experimentally. Scheer et al. [4] investigated the low temperature oxidation pathways of 

cyclopentanone experimentally in a quartz flow tube reactor with a multiplexed photoionization 

time-of-flight mass spectrometer. Low temperature reaction pathways were analyzed based on the 

experimental and theoretical calculations and indicated that cyclopentanone shows a low reactivity at 

low temperatures. Zaras et al. calculated the unimolecular decomposition of cyclopentanone using 

the compound G3B3 method [5]. Relevant reaction rate constants were calculated using RRKM 

theory over the temperature range of 800–2000K. Thion et al. measured mole fraction profiles of 

major products and intermediates formed during the oxidation of cyclopentanone in a jet-stirred 

reactor at 1 and 10 atm [6]. Reaction rates of the H-atom abstraction reactions from the fuel by   

            and   3 radicals were also calculated. A kinetic model was proposed and validated 

using the experimental data, showing satisfactory agreement. More recently, Zhou et al. performed 

quantum chemistry calculations of the H-atom abstraction reactions of cyclopentanone      ,     , 

  2        3 radicals [7]. The high pressure limit rate constants of the ring opening reactions were 
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also calculated at a high level. 

The previously reported studies have provided valuable insights into the oxidation mechanism of 

cyclopentanone. However, the ignition characteristics of cyclopentanone, which are closely related to 

its application as an alternative fuel, have not been comprehensively investigated. This work presents 

a detailed experimental and kinetic modeling study of the auto-ignition of cyclopentanone. Ignition 

delay times of cyclopentanone/air mixtures were measured over the temperature range (T5) of 794 ~ 

1368 K, at pressures of 10 and 30 bar and at φ = 0.5, 1.0 and 2.0, respectively. CO time-histories 

during the ignition of cyclopentanone (φ = 1.0, 0.1% fuel in O2/Ar) were also measured in shock 

tube at pressures P5 = of 1, 6 and 8.5 atm. In addition, theoretical studies were carried out to 

calculate the rates of olefin +   2 elimination reactions of cyclopentanone peroxyl radicals, which 

were previously suggested to be important [4]. A detailed kinetic model was developed and validated 

using the experimental data sets. 

2. Experiments 

2.1. High Pressure Shock Tube (HPST) at National University of Ireland, Galway (NUIG) 

The NUIG HPST has been discussed in detail previously [8]. Briefly, it is a 9 m long stainless 

steel tube with uniform cross-section of 63.5 mm internal diameter, divided into a driver section (3 

m), a driven section (5.7 m) and a double-diaphragm section, which separates the two sections and 

enables improved control over the generated shock wave. In this study, high temperature (950–1350 

K) ignition delay data for cyclopentanone was measured in the NUIG HPST. The inlet manifold and 

the driven section of the shock tube were heated sufficiently (~70 °C) to ensure no fuel condensation. 

In this study helium or a mixture of helium and nitrogen is used as the driver gas. The incident shock 

velocity at the end wall was calculated by extrapolating the linear velocity equation calculated using 
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six pressure transducers (PCB 113B24) mounted at different positions on the side wall of the driven 

section. The error for the measured pressures behind the reflected shock wave was limited to ±0.5 bar. 

Ignition delay times are defined as the timed interval between two maximum pressure rises, the first 

due to the arrival of the shock wave at the end-wall and the second due to ignition, which is 

measured using a Kistler 603B pressure transducer at the center of the end-wall. 

2.2. Rapid compression machine (RCM) at NUIG 

The NUIG RCM employs an opposed twin piston arrangement and is used to measure ignition 

delay times in the low- to moderate-temperature regime (850–960 K). The RCM used for the 

cyclopentanone experiments is the newest of the existing two reactor facilities, which has been 

described previously [8]. Briefly, the fuel/air mixture is introduced into the combustion chamber, 

which is rapidly compressed in 14–16 ms by the pistons which are locked at the end of compression. 

Once the pistons are locked, though reactions in a constant-volume environment, the pressure drops 

due to heat losses to the surroundings. To account for heat loss effect in simulations of these 

experiments, non-reactive pressure histories are recorded for every experimental condition, in which 

identical mixtures are prepared but O2 is replaced by N2. Ignition delay time is measured from the 

pressure trace obtained by the Kistler 601A transducer mounted on the side wall of reaction chamber. 

For all of the ignition delay time measurements at NUIG, cyclopentanone (>99%) was obtained 

from Sigma-Aldrich, O2 and N2 (99.99%) were supplied by BOC Ireland. For the RCM and HPST 

experiments in this work, the estimated uncertainties in ignition delay times are ±15% and ±20%, 

respectively. 

2.1. High Pressure Kinetics Shock Tube at University of Central Florida (UCF) 

Carbon monoxide (CO) time-histories were measured in a double-diaphragm, heated, 
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electropolished high pressure shock tube facility at the University of Central Florida (UCF) with an 

internal diameter of 14.17cm (details in [9]). The test pressure in these experiments was monitored 

via a Kistler 603B1 piezoeletronic transducer, and the emission signal captured with a Thorlabs 

PDA25K detector. For these experiments, time zero is defined as the minimum of the laser Schlieren 

spike due to the reflected shock wave. Ignition delay times in this study are defined from time zero to 

the peak of the broadband emission profile, and were calculated to have an uncertainty of ±20%. 

From the measured velocity, the test temperature (T5) and pressure (P5) are obtained through quasi 

1-D normal shock relations [9]. Uncertainty in T5 and P5 were calculated to be ±1.1% and 1.8%, 

respectively. Depending on the test time requirement, driver gas tailoring was implemented using 

two Teledyne-Hastings HFC-D-303A mass flow controllers to regulate the flow of driver gases (He 

and N2; 0.643 ≤ XHe ≤ 1.000). 

A continuous wave distributed feedback quantum cascade laser (Thorlabs DFB QCL) was used 

to monitor CO at 2183.22cm
-1

 and mole fractions were obtained using the Beer-Lambert law,  

    
   

   
 where        

 

  
  is the absorbance, R is the universal gas constant (J/mol*K), T is 

the temperature of the species (K)  σ is  he cr ss sec i    f  he   s r i g species ( 
2
 mol

-1
), L is the 

path length (m), and P is the total pressure of the mixture (Pa). Cross section data was obtained from 

the HITRAN 2016 database [10] at each test temperature and pressure (T5 and P5, respectively). 

According to estimates using kinetic simulations, the top intermediates in the exothermic reaction 

studied were H2O, CO2, and C2H4 (none of which absorb at the chosen CO wavelength). Uncertainty 

in measured CO mole fractions was calculated to be no greater than ±2.5%. 

Cyclopentanone/O2/Ar mixtures were prepared manometrically inside a heated (to 43°C for 

preventing condensation) mixing tank [9]. In order to verify the initial concentration of fuel in each 
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prepared mixture, the cross section of cyclopentanone was measured using FTIR spectroscopy [11] 

and the initial mole fraction determined using laser absorption at 2938.32cm
-1

 (Nanoplus DFB IC 

laser) at the beginning of each shock tube test, with an uncertainty of ±1.1%.  

3. Theoretical studies 

3.1. Quantum Chemistry Calculation 

    eri e  he re c i   r  es f r   efi      2 elimination reactions of cyclopentanone peroxyl 

radicals, geometry optimizations of reactants, products and Transition States (TS) were computed at 

the CBS-QB3 level of theory [12]. Intrinsic reaction coordinate (IRC) calculations [13-15] were 

performed to ensure connection between the TSs and the desired reactants and products. First-order 

saddle points were characterized by one imaginary frequency. Harmonic frequencies computed at the 

B3LYP/CBSB7 level of theory within the CBS-QB3 method were scaled by a factor 0.99. All 

electronic calculations were carried via the Gaussian09 program [16]. 

P  e  i   e erg  surf ces (PES)  f α  β      β_  w  olefin + H 2 elimination reactions are 

represented in Fig. 1. For each stationary point on the PES, zero-point corrected Energies (ZPE) 

computed at the CBS-QB3 level are plotted relative to C5H7O3. One can note that the barrier height 

(BH) f    ws  he  r er: B β_  w  >  Bβ > B α. P r icu  r     he   rriers i     e  i  α     β 

channels only differ by 1.5 kcal mol
-1

 where s  he β_  w  olefin + H 2 elimination requires 5.3 

kcal mol
-1

   re  h    he c rresp   i g β p  hw  .  he olefin + H 2 elimination reactions are 

characterized by 5-membered ring (C-O-O-H-C) transition states (TS). These reactions also involve 

 he f r   i    f    ecu  r c  p exes     he pr  uc  si e (MCPα  MCPβ      MCPβ_  w )  h   

are 4 kcal mol
-1

 more stable than the products.   
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Fig. 1. P  e  i   e erg  surf ce    0 K f r ( ) ch   e  α  ( ) ch   e s β     β_  w      he 

CBS-QB3 level of theory. 

Thermodynamic parameters and rate coefficients were computed using CanTherm [17]. Rate 

coefficients were calculated using conventional RRHO Transition State Theory [18-20] with a 

one-dimensional Eckart tunneling correction [21]. Hindered rotor corrections were included by 

performing relaxed scans with dihedral angle increments of 10° at the B3LYP/CBSB7 level. The 

reactants (C5H7O3α     C5H7O3β)     some  Ss ( Sα   Sβ       Sβ_  w )  re  p ically active 

introducing a factor of two in some computed rates. C5H6Oα     C5H6Oβ  re Cs symmetric 

   ecu es wi h σ = 1  whi e C5H6Oβ_  w   e   gs     he C2 point group. High-pressure limit (HPL) 

rate coefficients of the peroxyl fuel radicals forming cyclic enones + H 2 were fitted over 500 K < 

T< 2000 K to the modified Arrhenius equation, as shown in Table 1. More details for the calculations 

are included in the Supplemental Material. 

Table 1. HPL rate coefficients for the olefin + H 2 elimination reactions
a
 

 

  A factor n Ea 

kα (4.01 ± 0.27
b
) ×10

8
 1.27 22.7 

kβ (6.31 ± 0.37) ×10
8
 1.21 23.8 

kβ_  w  (7.91 ± 0.53) ×10
8
 1.29 28.9 

a
The units are s

-1
(A factor), kcal mol

-1
 (Ea). 

b
Fitting errors. 

3.2. Kinetic modeling 
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A kinetic model of cyclopentanone oxidation has been developed based on the recently 

published n-heptane mechanism [22], which contains the well validated AramcoMech 2.0 for species 

from C0 to C4 [23] and the previously published mechanisms for pentane isomers [24].  he 

 her       ic      f r species i     e  i   he   efi      2 elimination reactions are adopted from 

the quantum chemistry calculations in this work, while those for other species in cyclopentanone 

sub-mechanism were estimated using THERM software and updated group values [25]. The reaction 

pathways were considered according to those of alkanes [22, 24] in general. 

For the high temperature mechanism, the unimolecular decomposition reactions were adopted 

from Thion et al. [6], with the pressure dependent reaction rates calculated from 

Quantum-Rice–Ramsperger-Kassel/Modified Strong Collision (QRRK/MSC) theory [26]. The 

Lennard-Jones parameters for cyclopentanone were estimated using Reaction Mechanism Generator 

(RMG) [27]. For the hydrogen abstraction reactions and the sequent decomposition of fuel radicals 

the reaction rates were adopted from the ab initio calculations by Zhou et al. [7]. The pressure 

dependence of the ring opening and subsequent decomposition reactions were also derived from 

QRRK calculations [26], using L-J parameters from RMG estimations [27]. Other high temperature 

reactions were adopted from the mechanism proposed by Thion et al. [6]. 

The reaction rates for low temperature reactions that initiate by the addition of fuel radicals to 

alkyl peroxyl radicals (R 2) were adopted from analogous reactions of cyclopentane [28]. Some 

modifications of key rate constants were made within their uncertainty to obtain better agreement 

with the experimental data. For the isomerization of peroxyl radicals via inner molecular hydrogen 

transfer from α carbon atoms, the activation energies were reduced by 1 kcal mol
-1

 to reflect the 

weakened C–H bond on the α sites [7]. The reaction rates of the aforementioned olefin +   2 
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elimination reactions were adopted from the calculations in this work. The A-factor has been 

multiplied by a factor of 2 and the activation energies have been increased by 2 kcal mol
-1

. For 

hydrogen abstraction on the β site of cyclopentanone by  H radical, the A-factor is increased by 

30%; and for hydrogen abstraction by   2 radicals, the activation energies were reduced by 0.5 kcal 

mol
-1

. The ring opening of β cyclopentanone radical has two potential product channels leading to 

pent-4-enal-1yl and 4-penten-2-one-1yl radical. In this work, the A-factor for the production of 

4-penten-2-one-1-yl radical was increased by 50% to slightly change the branching ratio, since this 

channel only makes a minor contribution [7]. The current model consisting of 444 species and 2269 

reactions is available in the Supplemental Material with a comprehensive species glossary.  

4. Results and discussion 

4.1. Experimental results and model validation 

Figures 2 (a) and (b) show the ignition delay times of cyclopentanone in air measured using the 

NUIG HPST and RCM at φ = 0.5, 1.0 and 2.0, P = 15 bar and 30 bar, respectively. According to the 

experimental results, cyclopentanone show little reactivity at low temperatures. No pronounced 

negative temperature coefficient behavior is observed, which is consistent with the observation of 

Thion et al. [6] that no consumption of cyclopentanone was observed at low temperatures. These 

observations indicate that the chain branching process in the low temperature chemistry of 

cyclopentanone, such as the isomerization of fuel peroxyl radicals, are not competitive compared to 

the chain propagating process such as the olefin +   2 elimination of fuel peroxyl radicals, as has 

been suggested by Sheer et al. [4].  
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Fig. 2. Experimental and simulated ignition delay times of cyclopentanone in air at φ = 0.5, 1.0 

and 2.0, P = 15 bar (a) and 30 bar (b). Solid and open symbols are HPST and RCM experimental 

results, respectively. 

These ignition delay times have been simulated using the current kinetic model with the 

Chemkin Pro [29] software, with the ignition event in the simulation defined as the maximum 

pressure rise. For HPST measurements, the simulation used constant volume assumption, while for 

RCM measurements the heat loss has been taken into consideration in the simulations by using 

effective volume histories derived from non-reactive experimental results [30], which are available 

as the Supplemental material. In general, the current model can well reproduce the ignition delay 

times over the entire temperature range. However, some deviations can be observed. The ignition 

delay times at the highest temperature at φ = 1.0, P = 15 bar are under-estimated, as shown in Fig. 2 

(a). Also, the ignition delay times at low temperature at φ = 2.0, P = 30 bar are under-estimated, 

which means that the pressure dependence in the high-temperature mechanism, as well as the ratio 

between low-temperature chain branching and chain propagating pathways, can be further improved. 

Meanwhile, more experimental data is needed to provide targets for model validation, especially 

those from stage-of-the-art diagnostic technologies [4, 31]. 
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Examples of experimental CO time-histories are shown in Fig. 3(a) using solid curves. Also, 

ignition events were detected in some cases as suggested by the peaks in the CO concentrations. 

Figure 3 (b) presents an overview of the measured ignition delay times as solid symbols. The results 

suggest that the reactivity of cyclopentanone at high temperatures has limited pressure dependence. 

The simulations of CO time-histories were conducted using Chemkin Pro [29], with the ignition 

event in the simulation defined as being the peak in    c  ce  r  i  . Several of the experiments 

performed at 1 atm (and ignition delays greater than 2 ms) in the UCF shock tube showed evidence 

of a constant linear pressure rise, dP5/dt prior to ignition, where the linear pressure rise was 

quantified in terms of %/ms to obtain pressure profiles for input into Chemkin Pro. The current 

model has well reproduced the CO concentration profiles measured in the experiments shown in Fig. 

3(a). Figure 3 (b) shows that at 6 and 8.5 atm, the simulated ignition delay times agree well with the 

experimental results. However, the ignition delay times are over predicted at 1 atm, which indicates 

that more accurate pressure dependent reaction rates may be required to improve the model 

performance at lower pressures. Detailed experimental data of CO time-histories are available as 

Supplemental material. 

 

Fig. 3. (a) Examples of experimental and simulated CO time-histories, solid lines are 

experiments; dashed lines are simulations; (b) Experimental and simulated ignition delay times at φ 



 13 

= 1.0, P = 1, 6 and 8.5 atm, solid symbols are experiments; open symbols are simulations; lines are 

linear fits of simulations. 

4.2. Reaction pathway and sensitivity analysis 

A rate of production analysis has been performed for the auto-ignition of cyclopentanone/air 

mixture at φ = 1.0, P = 15 bar, T = 880 K and 1100 K, respectively. Based on the results at fuel 

consumption of 20%, a reaction pathway diagram has been generated to present the important 

reaction pathways in the oxidation of cyclopentanone (Fig 4). The contributions of each reaction 

pathway at T = 880 K and 1100 K are marked with black italic numbers and red numbers 

respectively. At both conditions, the branching ratio of hydrogen abstraction pathways leading to α 

and β fuel radicals remains similar. The production of β fuel radical is favored as predicted by Zhou 

et al. [7]. At 880 K, some low-temperature propagating reactions have reasonable contributions, such 

as the isomerization of fuel peroxyl radicals to hydroperoxyl alkyl radicals. However, the overall flux 

via the low-temperature chain branching pathways, which initiates with the formation of 

ketohydroperoxides species, is quite low. This is because of the strong competition from other chain 

propagating reactions, including olefin +   2 eliminations, the formation of cyclic ethers and the 

decomposition of hydroperoxyl alkyl radicals via β-scission reactions.  

As the temperature rises, the high-temperature pathways become dominant for the oxidation of 

cyclopentanone, while the low-temperature chain branching pathways become negligible with 

stronger competition from the decomposition of hydroperoxyl alkyl radicals. Other reactions via 

β-scission are also enhanced at high temperatures, as indicated by the consumption of fuel radicals. 

For example, the ring opening reactions account for 52.1% of the consumption of β fuel radical, 

compared to only 8.5% at T = 880 K. The α fuel radical is mainly consumed through 
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dehydrogenation generating 2-cyclopentenone, which is similar to the observations by Thion et al. in 

their reaction flux analysis at intermediate temperature [6]. However, further investigation may be 

needed to reveal if this is caused by the thermodynamic stability of 2-cyclopentenone or whether the 

kinetic consistency among the competing reactions needs to be improved, because the reaction flux 

analysis by Thion et al. showed a low branching ratio of α fuel radical going through 

dehydrogenation at high temperature [6]. The branching ratio between the ring opening reactions 

leading to different radicals are determined by the reaction rates adopted from the calculation of 

Zhou et al. [7]. The most favored consumption channel for cyclopentanone at T = 1100 K is 

hydrogen abstraction on the β site and the sequent ring opening that breaks the C-C bond between 

the carbonyl group and α carbon. The product of this ring opening reaction readily decompose into 

CO and 3-buten-1-yl radical, which were also identified in the experimental work of Scheer et al. [4]. 

Another reaction that is enhanced at high temperature is the lumped Ö atom addition/elimination 

reactions, which are adopted from the work of Thion et al. [6]. 

 

Fig. 4. Reaction flux for cyclopentanone constant-volume auto-ignition at φ = 1.0, P = 15 bar, T 

= 880 K and 1100 K, and 20% fuel consumed. Percentages of contribution are marked in black italic 

(880 K) and red normal numbers (1100 K). 
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A brute-force sensitivity analysis was performed for the auto-ignition of cyclopentanone/air 

mixture at φ = 1.0, P = 15 bar, T = 880 K and 1100 K, and the top 10 most sensitive reactions are 

shown in Fig. 5. At T = 880 K, the most sensitive reaction is the decomposition of H2O2 i       

radicals, which greatly promotes the reactivity. The fuel + H 2 reactions are also sensitive because 

they produce H2O2 that decomposes i       r  ic  s. The self-recombination ch i   er i   i   

re c i    f   2 radical inhibits reactivity since i  c  su es  w    2 radicals to form just one H2O2 

molecule. While at these temperatures H2O2 is the main chain-branching species, a low T channel 

(isomerization of β fuel peroxyl radical to form a hydroperoxide, and th   gr up’s subsequent 

decomposition to OH + an oxy radical) also significantly promotes reactivity. The reactions that 

compete with this sequence inhibit reactivity, including olefin +   2 elimination fr     2 radicals 

and the corresponding chemically activated reactions between fuel radicals and oxygen  ie  i g   2, 

which have been suggested by Zhou et al. [7] to be important in the low- to intermediate temperature 

regimes below 1000 K.  

With increasing temperature, β-scission reactions become more important, including the ring 

opening reactions and sequent decomposition of the products into smaller radicals. This trend can be 

seen in Fig. 5 (b). Compared to Fig. 5 (a), the ring opening and fuel radical dehydrogenation 

reactions become sensitive. The H-atom abstraction by oxygen on the α carbon of cyclopentanone, 

which has a high activation energy, also show reasonable sensitivity. The most inhibiting reaction is 

the lumped Ö atom addition/elimination, indicating that the interaction of cyclopentanone with active 

radicals and atoms is critical at high temperature, which requires further investigation. 
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Fig. 5. Sensitivity analysis on the ignition delay time at φ = 1.0, P = 15 bar, T = 880 K (a) and 

1100 K (b). 

5. Conclusions 

The oxidation of cyclopentanone has been investigated experimentally by measuring ignition 

delay times and CO time-histories over a wide range of conditions. These results show little effect of 

low temperature chemistry. The reaction rates of olefin +   2 elimination of fuel peroxyl radicals 

have been derived using quantum chemistry calculations and adopted in the kinetic model developed 

here. The model predicts well, not only the ignition delay times but also the CO time-histories 

measured in the experiments. The reaction pathways based on rate of production analysis indicate 

that at low temperature the reactivity of cyclopentanone is largely inhibited by the competitive chain 

propagation processes, especially from the olefin +   2 e i i   i  .  heref re    2 related chain 

branching and chain terminating processes dominate the reactivity of cyclopentanone in this region. 

At higher temperature, ring opening reactions and sequent decomposition become important, which 

contributes to the radical pool and enhance its reaction with cyclopentanone. The experimental data 

and the kinetic model have provided further insight into the ignition related chemistry of 

cyclopentanone, yet the current model could be further improved by refining the reaction rates 

adopted and their pressure dependence. Meanwhile, more experimental data is needed for model 

validation. 
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Table 1. HPL rate coefficients for the olefin + H 2 elimination reactions
a
 

 

  A factor n Ea 

kα (4.01 ± 0.27
b
) ×10

8
 1.27 22.7 

kβ (6.31 ± 0.37) ×10
8
 1.21 23.8 

kβ_  w  (7.91 ± 0.53) ×10
8
 1.29 28.9 

a
The units are s

-1
(A factor), kcal mol

-1
 (Ea). 

b
Fitting errors. 

 

 


