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Abstract

Biofuels are expected to play a significant role in the quest for greener energy generation. In
this perspective, esters produced from biomass are promising candidates. This work presents
the first computational kinetic study on n-butyl formate (BF) oxidation by the OH radical under
combustion conditions coupled to an experimental study in a jet-stirred reactor. Absolute rate
constants for hydrogen abstraction reactions by the OH radical were calculated using the
G3//MP2/aug-cc-pVDZ levels of theory in conjunction with statistical rate theory (TST).
Subsequently, the fate of the butyl formate radicals was also investigated by calculating
absolute rate constants for combustion relevant decomposition channels such as 3-scission and
hydrogen transfer reactions. The derived rate expressions were used in the presently developed
detailed kinetic mechanism which was validated over experimental data obtained in a jet-stirred
reactor at 10 atm and for 3 different mixtures (¢ = 0.45, 0.9 and 1.8). Rate of production
analyses were finally used to understand the oxidation kinetics of butyl formate over the
temperature range 500-1300 K, and highlighted the importance of the unimolecular

decomposition reactions of the fuel producing formic acid and 1-butene.
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1. Introduction

Petroleum derived fuels are widely used in transportation and industry. Their combustion
generates greenhouse gases, responsible for global warming. Added to the non-renewable
nature of petroleum, one conceives the need for reducing the use of petroleum based fuels. An
interesting alternative is the production of oxygenated fuels from biomass [1-4], as their
combustion yields reduced emissions of carbon monoxide as well as soot from diesel engines
[5, 6]. The kinetics of small esters such as methyl and ethyl formate has already been studied
experimentally in flow reactors, shock tubes, and spherical bombs [7-9]. Similarly, n-butyl
formate (BF) oxidation was also investigated by Vranckx et al. [10] who measured ignition
delay times and laminar burning velocities of BF/air mixtures in various conditions. They also
proposed a detailed kinetic mechanism, mainly based on estimations, to represent their data.
However, rate constants for H-atom abstraction reactions of BF with H and HO, were computed
by the same group using the B2KPLYP/aug-cc-pvtz//B3LYP/TZVP level of theory [11].
Despite their importance, hydrogen abstraction rate constants for BF + OH were estimated using
site specific rate constant expressions for n-butanol + OH and ethyl-formate + OH reactions
[10]. Only two experimental studies [12, 13] have been reported for the H-abstraction reactions
by the OH radical, and these measurements were carried out at temperatures relevant to
atmospheric chemistry (253 to 371K). Because of the lack of data on butyl formate oxidation,
the aim of the current work is to develop a detailed kinetic mechanism based on theoretical
calculations and new experiments at 10 atm performed in a jet-stirred reactor over the

temperature range 500-1300 K.



2. Computational Methodology

Throughout this study, butyl formate will be referred to as BF, and its radicals as BFRn, where
n indicates the carbon number on which the radical site is located, carbon #1 being the carbon
of the ester function. The global minimum structure of BF was determined by Kopp et al. [11]
and their geometry was used as the initial structure in our study. Geometry as well as carbon
numbering are shown in Figure 1, which also illustrates the different pathways investigated for

the theoretical study.
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Figure 1: Carbon numbering for butyl formate and chemical pathways for which a rate constant

was computed.



Geometry optimization and vibrational frequency calculations were carried out at the MP2/aug-
cc-pVDZ [14, 15] level of theory. Each structure was treated using the rigid rotor-harmonic
oscillator approximation while the harmonic MP2/aug-cc-pVDZ frequencies were scaled by a
factor of 0.959 according to the CCCBDB database [16]. Such scaling of the harmonic
wavenumbers is applied in order to include the effect of anharmonicity and reproduce
effectively the corresponding experimental values. In accordance with G3 thermochemistry
protocol a sequence of single-point energy calculations were applied on the optimized structures
[17]. Vibrational analysis was also performed to verify that each transition state (TS) structure
demonstrates a unique imaginary frequency, corresponding to the proper reaction coordinate.
Intrinsic reaction coordinate (IRC) calculations were also performed at the MP2/aug-cc-pVDZ
level of theory to ensure that the transition states lead to the appropriate reactant (RC) and
product (PC) complexes. Once the transition states (e.g. TSi) were verified, rate coefficients
(k;(T)) were calculated by canonical transition state theory (TST) using the KiSThelP [18]

program.

The modified Arrhenius expressions (k(T) = A x T™ x e~Fa/RT) resulting from the best fit to
the calculated rate constants obtained from 500 to 1300 K are given for each reaction. All
species were assumed to be in the electronic ground state, except OH for which the electronic
partition function was calculated with a spin orbit splitting of 139.7 cm™ [19]. All electronic
structure calculations were carried out with the Gaussian 09 program suite [20]. Finally, the
standard enthalpy of formation for BF (AfHZ%IISKO(BF)) was also calculated using different
composite models (CBS-QB3 [21], G3B3 [22] and G3//MP2/aug-cc-pVVDZ) by atomization

scheme as well as isomerization reaction of ethyl propanoate to BF.

3. Computed rate constants and thermochemistry

3.1.Thermochemical properties of n-butyl formate (BF)
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Calculations with different levels of theory and methodologies were carried out in order to
characterize the standard enthalpy of formation of n-butyl formate (AfH298.15K°(BF)). The
calculated G3B3, G3//MP2/aug-cc-pVDZ and CBS-QB3 values are given in Table 1. G3B3
and G3//MP2/aug-cc-pVDZ differ from each other by the level of theory used for geometry
optimization and frequency calculation (B3LYP/6-31G(d) and MP2/aug-cc-pVDZ,
respectively). As shown in Table 1, such replacement does not affect the calculated standard
enthalpy of formation of n-butyl formate. Using different estimation of the electronic energy
(Petersson’s CBS in CBS-QB3 and G3B3) also does not change significantly the
Aszgg_lsKo(BF) value. In addition, AszggllsKO(BF) values derived by two independent
methods (atomization scheme and isodesmic reaction) were also found to be consistent with
each other. It can therefore be assumed that these results are highly independent of the
computational method applied here within the accuracy of these composite methods. For
simplicity, the G3//MP2/aug-cc-pVDZ results will be used in the discussion of the Kinetics,
except indicated otherwise. The recommended AfH298_15K° value of BF can be given as an
average value of the above-mentioned six methods (see Table 1) and its modest uncertainty can

be estimated by the standard deviation of the computed Aszgg_lsKO(BF) values found in Table
1. To our knowledge, only one AfH298_15K°(BF) value with significant uncertainty is available

from the literature [23]. It is consistent with our recommendation.

Table 1: Standard enthalpy of formation (AfH298_15K°) of n-butylformate (BF) calculated using

atomization scheme and isomerization reaction. AfH298.15K° of ethyl propanoate (EP) is -

111.5+0.1 kcal/mol according to Wiberg et al. [24].

Methodology Level of theory | AgHz9g 15k’




(kcal mol™)
G3B3 -104.82
Atomization G3//MP2/aug-
-104.68
scheme cc-pvVDZ
CBS-QB3 -104.34
Isomerization G3B3 -103.82
reaction: G3//MP2/aug-
-103.89
EP — BF cc-pvbDZz
CBS-QB3 -103.78
Recommended - -104.22 £ 0.70
DPPIR 801
- -102.08 £ 3.05
dataset [25]

3.2.Unimolecular decomposition of n-butyl formate

Similarly to ethyl propanoate [25-27], n-butyl formate can decompose via either four- or six-
centered transition states (TS4C and TS6C) to but-1-ene and formic acid, as illustrated in Figure

2.
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Figure 2: Four- (TS4C) and six-centered (TS6C) transition state structures for the

decomposition of butyl formate obtained at the MP2/aug-cc-pVVDZ level of theory.



The activation entropy of the BF decomposition is higher for TS4C (A*S%rsac= 3.36 cal mol™
K1) than for TS6C (A*S%rssc=-2.14 cal mol* K1), which yields to an increased pre-exponential
factor for BF — TS4C — but-1-ene + formic acid (see Table 2). However, the TS4C channel
has only a small contribution (less than 5% at 1300K) to the overall decomposition rate due to
its remarkably higher activation energy. Therefore, temperature dependence of the overall

decomposition at high pressure is almost identical to the rate expression of the TS6C reaction.

Table 2: Fitted parameters for the modified Arrhenius expression for the unimolecular

decomposition of BF (500 < T (K) < 1300).

BF — C4Hg-1+HCOOH A(sY) n Ea (kcal mol?)

Through TS4C 3.57x10 | 0.95 64.94

Through TS6C 2.43x10% | 0.95 50.06

In the case of ethyl propanoate EI-Nahas et al. [25] reported CBS-QB3 barrier heights of 66.20
and 50.19 kcal mol?, in line with our values of 64.27 and 50.03 kcal mol™?, respectively. This
rate constant was also measured by Blades et al. [27] and Barnard et al. [26] and the activation
energy reported in both these studies is close to 50 kcal.mol™. The rate constant generally
admitted for this ester-type reaction is a combination of the activation energy proposed by El
Nahas et al. (50 kcal.mol?) for ethyl propanoate and the pre-exponential factor of O’Neil and
Benson (4x10%2s) which is sometimes adjusted, as it is the case in the study of Westbrook et
al. [7] for small alkyl esters. Our rate constant expression agrees well with these studies as

illustrated by Figure 3.
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Figure 3: Comparison between rate constants measured for the unimolecular decomposition of
ethyl-propanoate [26, 27], a rate constant used by Westbrook et al. for the decomposition of
various esters [7] and the rate constant computed in this work for the unimolecular

decomposition of butyl formate to formic acid and 1-butene.

Finally, it is worthy to note that the analogous decomposition of ethyl levulinate via six-
centered transition state was also investigated by G3MP2//MP2/aug-cc-pVDZ level of theory
and the calculated high pressure rate constants of the pyrolysis were in excellent match with

corresponding experimental rates [28].

3.3. H-abstraction reactions by OH.

A crucial propagation step in n-butyl formate oxidation is its reaction with the OH radical.
According to our IRC calculations at MP2/aug-cc-pVDZ level of theory, H-abstraction from
BF by OH radicals can proceed through indirect channels (via pre-reaction complexes, PC) for
all the attacked sites, except for the formation of BFR5 radical (4-formyloxy-but-1-yl).
Interestingly, only two distinguishable pre-reaction complexes were found, noted as PCa and
PCb (Figure 4). The important steps of these reactions can be given as follows (formation of
the post-reaction complexes is excluded since the exoergicity of these reactions makes their

formation not rate-limiting):



Kila

k
BF + OH <=5 PCa -3 BFRn + H,0 (n=2) )

Kilra

k
BF + OH <5 PCb—SBFRn+ H,0  (n=1,3,4) (3)

By assuming equilibrium between the bimolecular reactants and the pre-reaction complexes for
these indirect H-abstraction reactions, the rate coefficients of reactions 2 and 3 can be expressed
in the form ki = Kuakiw and ki = Kniakine, respectively. From statistical thermodynamics and
canonical transition state theory, it can be formulated technically equivalent to the bimolecular
TST rate expression. This simple kinetic model for reactions with slightly quasi negative
activation barrier is able to reproduce experimental rate constants for combustion [29]. One of
the reasons for the success of this simple model is that the inner H-abstraction TS is the
bottleneck of the reaction due to its tight characteristic compared to the loose characteristic of
the PC formation elementary step. Yet, the relative energy of the TS is close to that of the
reactants. Furthermore, the use of canonical transition state theory for such reactions is only
appropriate if the reaction system is already at high pressure limit. Otherwise RRKM/Master
equation calculation is needed to describe the pressure-dependence of the system. Since our
aim is to model the reaction system at high pressure condition and no experimental pressure

dependent rate constants available for this system, the canonical TST is a reasonable trade-off.
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Figure 4. G3//MP2/aug-cc-pVDZ potential energy diagram (including scaled zero-point
energies) of two indicative indirect H-abstraction channels of n-butyl formate + OH reaction

(via TS2b and TS4a).

Figure 4 shows the effect of the two above-mentioned pre-reaction complexes PCa and PCb on
the potential energy surface for the oxidation of BF by OH which yields BFR2 and BFR4,
respectively. The presence of attractive interactions between H and O atoms in these pre-
reaction complexes remains in the transition state structures. Indeed, this lowers significantly
the potential energy of the transition states compared to the direct TS (see Table 3), manifesting

in slightly pseudo-negative energy barriers relative to the reactants.
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Table 3: Zero-point corrected energies (AEo) and entropies (AS® at P = 1 atm and T = 298.15
K) for the H-abstraction transition states relative to the energy level of the reactants at the

G3//IMP2/aug-cc-pVDZ level of theory.

AS?
TS AEo (kcal mol?t)
(cal mol* K1)
indirect
TS1a via PCa 1.43 -27.2
TSin | direct 1.56 -26.1
indirect -1.13
TSZa viaPCa '316
indirect -0.89
TSz via PCa 314
indirect 0.25
TSs | ia Pch 302
TSay | direct 1.17 -26.5
indirect -0.44
TS4a via PCh -30.6
TS4p | direct 0.03 -26.7
TSsa | direct 1.98 -26.0
TSsy | direct 2.82 254

Amongst the above mentioned H-abstractions, the formation of BFR2 can only occur via
indirect channels, whereas that of the other BFR radicals are also correlated with transition

states corresponding to direct reaction pathways:

k
BF + OH =5 BFRn + H,0 (n=1,3,4,5) (4)
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Therefore, the total bimolecular rate constants for the formation of the BFRn (kn) were
calculated as the sum of all the different transition states located at the same carbon site (n).
Figure 5 shows that the G3//MP2/aug-cc-pVDZ calculated overall rate constant at 298 K
(1.98x102 cm® mol™* s?) is in excellent agreement with the experimental value of Le Calvé et
al. [12] at 298 K (2.13x10%2 cm® mol™ s) as well as with the value reported by Wallington et
al. [13] at 296 K (1.88x10% cm® mol™ s). In addition, the G3//MP2/aug-cc-pVDZ calculated
rate constants are similar to the experimental data of Ref.12 in the 253-371K temperature range.
The best fit to the calculated G3//MP2/aug-cc-pVDZ overall rate constant for BF + OH
(k53 0m.0v(T)) between 500 K and 1300 K is:

2.03kcal/mol
RT

1

k53 s onov(T) = 7.61 x 10° (T /K)*%° exp( ) cm®mol~1s™

Vranckx et al. [10] estimated the H-abstraction rate constants of BF based on a comparison with
the H-abstraction reactions OH + ethyl formate and OH + n-butanol. Figure 5 shows that these

estimated rate constants are lower than our calculated G3//MP2/aug-cc-pVDZ values by a factor

of 1.18 at 500 K and 3.34 at 1300 K.
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Figure 5: Temperature dependence of the total rate constant for H-abstraction from n-butyl

formate (BF) by OH radical. The bimolecular rate constants are calculated by TST from
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G3//MP2/aug-cc-pVDZ (dotted lines) level of theory. Blue solid line stands for estimated

values from Vranckx et al. [10]. Symbols represent experimental values of Le Calvé et al. [12].

Over the lower temperature range (T<850 K) H-abstraction from the position 4 dominates
resulting in the formation of the secondary carbon radical BFR4 (4-formyloxy-but-2-yl) as can
be observed in Figure 6. This is clearly due to the low activation barrier, which is the
consequence of the strong intermolecular interaction between the hydrogen of the hydroxyl
radical and the ether oxygen of the butyl formate in the TS4 transition state structures. Similar
interactions had also been identified in the case of other ether + OH and ester + OH reaction
systems [30]. The contribution of this process to the overall rate constant changes from 37% to
26% by increasing temperature from 500 K to 850 K. Due to the channel switching at 850 K,
the BFR5 (4-formyloxy-but-1-yl) formation becomes the main channel, while the H-abstraction
from the ester site of BF producing BFR1 (n-butoxycarbonyl) becomes the second major
channel above 1075 K. Their branching ratios at 1100K are 30% and 25%, respectively. The
formation of BFR2 (1-formyloxy-but-1-yl) or BFR3 (1-formyloxy-but-2-yl) never exceeds 20
% of the overall rate constant in the temperature range studied. For all of these competing H-

abstraction channels, the fitted Arrhenius parameters are given in Table 4.
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Figure 6: Temperature dependence of the relative branching ratios (¢i) in percentage for the
five H-abstraction channels on n-butyl formate (BF) by OH radical. The bimolecular rate

constants are calculated by TST from G3//MP2/aug-cc-pVDZ level of theory.

Table 4: Modified Arrhenius fitted parameters for the total hydrogen abstraction rate constants

(k(T)) from n-butyl formate (BF) by OH radical (500K < T < 1300K).

A Ea
Kn Reaction n
cm® molts? kcal mol?

ki | BF+ OH — BFR1 + H,O | 5.31x10°® | 3.01 0.31

k> | BF+ OH — BFR2 + H,O | 7.82x10% | 2.91 -2.55

ks | BF+ OH — BFR3 + H,O | 7.28x10° | 3.18 -0.68

ks | BF+ OH — BFR4 + H,O | 3.42x10° | 2.96 -1.43

ks | BF+ OH — BFR5 + H,O | 7.02x10° | 3.07 1.04

3.4.Unimolecular decomposition of the fuel radicals

As shown at the top left panel of Figure 7, the rate constant of the decomposition of BFR1 to
CO2 and 1-butyl radical is at least one order of magnitude larger than the other competing
consecutive channels, including its isomerization to BFR3 and BFR4. Along with the fact that
the H-abstraction reaction on BF by OH leading to BFR1 has one of the largest rate constants
above 1100K (1 in Figure 6), this highlights the importance of this two-steps process leading
to CO.. It is worth mentioning that CO formation from BFR1 (Figure 7) is a significant reaction

at higher temperatures (i.e. >700K).
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Figure 7: Temperature dependence of the unimolecular rate coefficients (k) of n-butyl formate

radicals (BFRn, where n=1-4)

Reaction channels for BFR2 are presented in the top right panel of Figure 7. The rate constants
for C-C and C-O bond cleavages of BFR2 (producing C2Hs + CH,.CHOCHO and C3H;CHO +
HCO, respectively) as well as that for its isomerization to BFR5 are comparable over the entire
temperature range considered. These channels are of minor importance due to the slower rate

constant for the formation of BFR2 by H-abstraction from BF by OH radical (Figure 6).

The formation of BFR3 (o3 in Figure 6) from BF is also a minor channel compared to other H-
abstraction channels, but the BFR3 radical can isomerize to BFR1 via fast H-shift. As can be
seen from the bottom left panel of Figure 6, the corresponding rate coefficient is about one third

of the competing decomposition pathway yielding to the formation of 1-butyne and formyloxyl
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radical (HCO.), which dominates over the entire temperature range studied. Other
decomposition channels (CHs + CH.CHCHOCHO and HCOOH + CH2CHCHCHa) are

kinetically insignificant.

The major H-abstraction channel below 825 K is the formation of BFR4 (¢4 in Figure 6), but
BFR4 isomerizes to BFR1 rather than decomposing to propene and the formyloxymethyl
radical (CH2OCHO), as illustrated in the bottom right panel of Figure 7. The rate constant of
the isomerization is found to be faster by more than a factor of 3 compared to the unimolecular
decomposition rate constant yielding to the formation of CsHe and CH2OCHO even at high

temperatures.

As can be seen from Figure 6, the formation of BFR5 from BF becomes the most important H-
abstraction channel above 850 K. Its isomerization to BFR2 by a 1,4-H-shift also dominates
over decomposition to ethylene and 2-formyloxy-eth-1-yl (CH2CH>OCHO) radical in this
temperature range. The rate constant for the BRF5 to BFR2 isomerization is smaller only at
higher temperatures (T>1000K). The fitted Arrhenius parameters for these consecutive

unimolecular reactions are given in Table 5.

Table 5: Modified Arrhenius fitted parameters for the unimolecular reactions of the BFRn

radicals (500K < T < 1300K).

A Ea
Reactions n
(sh (kcal mol™?)
Isomerizations
BFR1 — BFR4 1.79%10%° | 0.73 18.7
BFR4 — BFR1 1.48x10% | 0.47 18.7
BFR1 — BFR3 6.37x10% | 0.69 22.0
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BFR3 — BFR1 3.66x10%° | 0.47 21.3
BFR2 — BFRS5 5.88x10% | 0.57 25.9
BFR5 — BFR2 6.69x10% | 0.46 23.3
Decompositions

BFR1 — CO + butoxy radical 2.08x10%% | 0.32 24.1
BFR1 — CO2 + 1-butyl radical 2.39x10'% | 0.48 14.0
BFR2 — butanal + formyl radical 6.46x10'% | 0.14 28.2
BFR2 — ethyl + vinyl formate 2.28x10'? | 0.54 30.9
BFR3 — 1-butyne + formyloxyl radical 2.57x10% | 0.19 18.6
BFR3 — formic acid + but-2-en-1-yl radical 1.48x10'° | 0.80 32.1
BFR3 — methyl radical + allyl formate 7.75x101 | 0.57 32.0
BFR4 — propene + (formyloxy)methyl radical 6.89x10% | 0.40 29.7
BFRS — ethene + 2-(formyloxy)ethan-1-yl radical | 3.75x10'? | 0.37 30.1

4. Modeling

The BF sub-mechanism published by Vranckx et al. [10] was taken as a basis and modified
with the computed rate constants discussed in the previous section (Unimolecular
decomposition of BF, H-abstraction reactions by OH, isomerizations and 3-scissions of the fuel
radicals). Rate constants computed by Kopp et al. [11] for H-abstraction reactions on BF by H
and HO. were also included. The unimolecular decomposition of BF yields formic acid
(HCOOH), an intermediate expected to be important. A sub-mechanism for this compound
based on high-level calculations and on data from the literature was therefore added to the
mechanism. The low temperature chemistry of BF was taken from Vranckx et al. [10], however
the rate constant used in this study for the unimolecular decomposition of ketohydroperoxyde

is 4x10%exp(-43000/RT) [31], instead of 1x10%exp(-39000/RT) to stay consistent with the
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literature. The addition reactions of the fuel radicals on O, were written irreversible both in the
forward and reverse direction in the case of VVranckx et al. [10]. This resulted in a reactivity
excess with our mechanism and we therefore decided to write it reversible in the forward
direction. Thermochemistry of the fuel and its radicals was obtained from calculations at the
G3//MP2/aug-cc-pVDZ level of theory. This sub-mechanism was added to a Co-Cs core
mechanism [32] that includes chemistry for linear alkanes, alkenes, for ketones going up to
butanone, for alcohols ranging from methanol to butanol and for aldehydes ranging from
formaldehyde to butanal. This mechanism of 376 species involved in 2396 reversible reactions
was finally used to simulate experiments in a jet-stirred reactor. These simulations were carried
out with the Perfectly Stirred Reactor (PSR) code [33] of the Chemkin 11 package [34]. Ignition
delays were also simulated using SENKIN [35] assuming the constant volume approximation

could be used.

5. Experimental apparatus

The oxidation of butyl formate was studied in a fused silica jet-stirred reactor (JSR). Three
mixtures of different equivalence ratios (¢ = 0.45, 0.9 and 1.8) were considered with a constant
initial fuel mole fraction of 900 ppm. This high dilution prevents high heat release within the
reactor. Experiments were carried out at 10 atm and the reactants flow rates were adjusted at
each temperature to reach a constant residence time of 700 ms [36, 37]. The liquid fuel (from
Sigma Aldrich CAS n°592-84-7 — purity > 97%) was handled by a HPLC pump and brought to
a two-stage vaporizing system. Butyl formate was first pushed by a nitrogen flow to an annular
injector and the resulting spray was vaporized in a heated chamber. A quartz capillary then led
the fuel-nitrogen mixture to the entrance of the reactor, where it met the oxidizing mixture
(N2+0-). Mixing was finally ensured by high turbulence produced by four nozzles and a steady

state was quickly reached. The reactor was heated up to 1250 K by two furnaces and the
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temperature was measured by a 0.1 mm Pt-Pt/Rh-10% thermocouple protected by a thin wall
quartz housing. Gases were sampled by a low pressure sonic probe to freeze the chemical
reactions. They were then analyzed online by Fourier transform infrared spectroscopy and
stored at low pressure into Pyrex bulbs. Further GC/MS or GC/FID analyses were also carried
out on these samples, which were transferred inside a heated piston and pressurized prior to
injection, to increase the sensitivity and prevent any condensation issues. Carbon balance was
checked at the end of the experiments and was found to be within 10%. Species measured were
butyl formate, O, H.O, CO, CO, Hz, methane, propene, 1-butene, 1,3-butadiene, acetylene,
butanol, acrolein, formic acid, ethylene, acetaldehyde, butanal, and formaldehyde. The
uncertainty on species mole fractions is estimated to be ca. 15% based on uncertainties on the
analytical measurements, temperature measurements (less than 10 K), pressure measurement
(x 0.1 atm), the residence time (less than 5%) and on inlet concentrations of the reactants (less

than 5%).

6. Experimental and modeling results

The mole fraction profiles obtained for the different mixtures are illustrated by Figures 8-10.
Simulations with the mechanism of Vranckx et al. [10] and the present mechanism are also
presented (lines). Butanol was identified as an impurity in the fuel, but in low concentrations
and is therefore not expected to interfere strongly with BF chemistry. Butanol was, however,
included as a reactant in the simulations (“pC4HsOH”). Cool-flame and Negative Temperature
Coefficient (NTC) were observed for both lean mixtures, with a bigger amplitude at ¢ = 0.45
(Figures 8 and 9). This is illustrated by the fuel profile: consumption starts at 600 K and
increases with temperature until 650 K. The fuel consumption then decreases as temperature
rises. As the top right panel of Figures 8 and 9 shows, the peak of fuel consumption in the low

temperature region (600 — 750 K) corresponds to 200 ppm at ¢ = 0.9 and 250 ppm at ¢ = 0.45.
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The major oxygenated intermediate is formic acid, with maximum concentrations of 150, 300,
and 600 ppm for ¢ = 0.45, 0.9 and 1.8. Other oxygenated intermediates are mainly aldehydes
(formaldehyde, acetaldehyde, acrolein, and butanal), and important concentrations of alkenes

(mainly ethylene and 1-butene) were also observed.
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Figure 8: Experimental (symbols) and simulated (lines) mole fraction profiles obtained from
the oxidation of butyl formate in a JSR at ¢ = 0.45 (Xgr =900 ppm and Xoz = 13000 ppm), p =

10 atm, and t = 0.7s. Solid line: present mechanism, dotted line: Vranckx et al. [10].
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the oxidation of butyl formate in a JSR at ¢ = 0.9 (Xgr = 900 ppm and Xoz = 6500 ppm), p =

10 atm, and t = 0.7s. Solid line: present mechanism, dotted line: Vranckx et al. [10].
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Figure 10: Experimental (symbols) and modelled (lines) mole fraction profiles obtained from

the oxidation of butyl formate in a JSR at ¢ = 1.8 (Xgr = 900 ppm and Xoz = 3250 ppm), p =

10 atm, and t = 0.7s. Solid line: this work, dotted line: Vranckx et al. [10].

The fuel consumption in the high temperature region is well reproduced by both mechanisms

for all fuel mixtures studied. It is important to mention that the present mechanism performs

better than that of Vranckx et al. [10] for acetaldehyde, 1-butene and ethylene profiles at high

temperature. For instance, acetaldehyde mole fraction obtained using the literature mechanism

is under-estimated by a factor of 2 in fuel-lean conditions (¢ = 0.45 and 0.9), however it matches

well the experimental data under fuel-rich conditions (¢ = 1.8). Simulations based on our

mechanism fits well the data at ¢ = 0.45 (Fig. 8) and ¢ =0.9 (Fig. 9), but it over-estimates the
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acetaldehyde profile under fuel-rich conditions. Furthermore, small species (CH4) and end
products (CO, and CO») are overestimated by the model of VVranckx et al. [10] at ¢ = 1.8, which

shows too fast consumption of heavier intermediates like 1-butene.

The fuel consumption in the low temperature region is over-estimated by the model of Vranckx
et al. [10]. The same observation can be made for the mechanism presented here, but to a lesser
extent. This is also reflected by formaldehyde or acetaldehyde profiles which are over-estimated
by the model in the 600—700 K temperature interval, as seen in Figure 9. The low temperature
reactivity of BF was investigated by means of a rate of production analysis (ROP) on the
hydroxyl radical at 660 K for the leaner mixture (¢ = 0.45), as OH is the most important species
involved during the oxidation of a hydrocarbon and a good reactivity tracer. The results of the
present ROP analysis shows that the discrepancies observed between the simulation and the
experimental data in the low temperature region could stem from the low temperature chemistry
of the butyl radical, as illustrated by Figure 11. A simulation was run without the fuel low-
temperature reactions, with no significant alterations of the simulation, which shows that the

reactivity is not dependant on these reactions.
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Figure 11: Reaction sequence responsible for the low temperature reactivity observed with the

fuel lean mixtures (¢ = 0.45 and 0.9) at 660 K.
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At high temperature, the main differences in terms of predictions between the two mechanisms
can be observed in fuel rich conditions although the fuel consumption is very similar for both
models. This is also emphasized by the 1-butene profile in Figure 1 (left bottom panel) which
is under-estimated by a factor of two by the model of Vranckx et al. [10]. The experimental
data show a dramatic change in reactivity between 800 and 950 K, as illustrated by the bimodal
C2H4 concentration profile (middle right panel of Figure 10) which peaks at 850 K and 1050 K.
Both mechanisms manage to reproduce this trend, but the model we propose shows sharper
inflections, in agreement with the data. Pathway analyses at different temperatures were

performed to explain this unusual behavior (Figure 12).
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Figure 12: Relative contribution on the fuel consumption for the main reactions involved in BF

oxidation from a pathway analysis in fuel rich conditions.

As can be seen from Figure 12, the fuel is mainly consumed by H-abstraction reactions by OH
and through unimolecular decomposition producing formic acid and 1-butene. At 850 K, the
H-abstraction reactions on BF are competitive and ethylene is mainly formed by the following

sequence:

BF + OH = BFR1 + H,0
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BFR1 = C4Hg + CO2

C4Ho = C2H5 + CoH4

The unimolecular decomposition of the fuel becomes more significant above 850 K,
rationalizing the drop of the CoHs and CO- profiles. 1-butene and formic acid concentration
profiles then increase until a temperature of 900 K is reached. The unimolecular decomposition
of the fuel then becomes by far the most important fuel consumption pathways and CzHs is
mainly produced from 1-butene via the addition-elimination reaction 1-CsHg + H = CzHs +
C2Ha4. The ethylene profile finally rises until 1-butene is entirely consumed. This highlights the
importance of the 1-butene and formic acid sub-mechanisms in order to accurately simulate the

oxidation of butyl formate.

Figure 13 presents other ROP analyses performed at 850 K (black) and 1000 K (red) under near
stoichiometric conditions (¢ = 0.9) and provides more insight into the chemistry of butyl
formate. As pointed out before, the fuel is almost entirely consumed by the decomposition
reaction at 1000 K while oxidation chemistry of BF dominates at 850 K. The H-abstraction
reactions are responsible for 67% of fuel consumption at this temperature. Reactions consuming
BF to produce BFR4 and BFRS5 both contribute at 18% while the formation of BFR1, BFR3,
and BFR2 have a 14%, 11%, and 6% contribution to the fuel consumption, respectively. BFR1
is however the most important fuel radical because its pool is fed by isomerization reactions
from BFR3 (52%) and BFR4 (95%). This radical then easily decomposes to CO> and the butyl
radical, the latter becoming the main source of reactivity through the pathways illustrated in

Figure 11.
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Figure 13: Rate of production analysis obtained with the mechanism presented here at ¢ = 0.9,

10 atm, 900 ppm of fuel and T = 0.7s. T = 850 K (black) and T = 1000 K (red).

The mechanism developed here was also used to model high pressure ignition delay times (20
and 90 bar) of a stoichiometric BF/air mixture reported by Vranckx et al. [10] . The simulations
with the 2 models were performed using the constant volume approximation as the authors did
not provide the volume profiles they used for the modeling. This is illustrated by Figure 14
which shows that the performances of the 2 models are very similar. Discrepancies between the
two simulation can however be observed at 20 bar for temperatures below 830 K. This
difference between the two mechanisms is mainly due to the rate constant used for the
decomposition of the ketohydroperoxydes. This reaction is indeed very sensitive in the
temperature region where the two models disagree. Using our rate constant in the mechanism

of Vranckx et al. to simulate the experiment at 750 K results in an ignition delay time of 9 ms.
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This value is almost twice the prediction of their initial model (5 ms), and is in close agreement

with our simulation (11 ms).

The rate constant for such reaction is however not well known and we decided to use a rate
constant that was measured for a similar system, and that is commonly recommended for this
type of reaction [31] (4x10%°exp(-43000/RT)). The rate constant used by Vranckx et al. [10] is
faster (1x10%exp(-39000/RT)), which results in more reactivity. This can also be observed on
the fuel profile obtained with the JSR for the fuel-lean mixture, where the reactivity is
overestimated with the mechanism of the literature. This simulation however validates our

model for high pressures as highlighted by the simulation at 90 bar which is very reliable.
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Figure 14: Measured [10] (symbols) and simulated (lines) ignition delay times of BF/air
stoichiometric mixtures at 20 and 90 bar in a shock tube and a rapid compression machine.

Solid blue line: this work, dashed red line: Vranckx et al. [10]

7. Conclusions

The kinetics of n-butyl formate decomposition was studied by performing ab initio calculations

and experiments in a jet-stirred reactor. The ab initio based rate constant for the unimolecular

27



decomposition of the fuel to formic acid and 1-butene is comparable to that of other esters [25].
Experiments confirmed that this unimolecular step is one of the major processes governing the
oxidation of BF in a jet-stirred reactor. Rate constants for the unimolecular decomposition of
the fuel radical and for H-abstraction reactions by OH on the fuel were computed as well. The
overall rate expression obtained from G3//MP2/aug-cc-pVDZ calculations is in good agreement
with the low-temperature experimental data for BF oxidation by OH [12]. These rate constants
were used to develop a detailed mechanism to simulate the oxidation of BF in a jet-stirred

reactor.

The agreement between experimental data and simulation is reasonable and a rate of production
analysis revealed a competition between the molecular reaction and oxidation by the hydroxyl
radical. This competition is responsible for a two steps reactivity that was observed in fuel-rich
conditions. Low temperature reactivity was also observed in fuel-lean conditions and the model
was able to catch it. A rate of production analysis showed that this reactivity is due to a reaction

sequence involved in the low-temperature chemistry of the primary butyl radical.

An approach to improve the mechanism would be to work at higher pressure, or with fuel leaner
mixtures. This would inhibit the unimolecular decomposition of the fuel which was a major
consumption pathway in our conditions, resulting in a higher contribution from the reactions

related to oxidation.

8. Supplementary material

Detailed mechanism and thermodynamic data in the Chemkin format, geometries of the

different species at the MP2/aug-cc-pVDZ level of theory used for the calculations.
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Figure 1: Carbon numbering for butyl formate and chemical pathways for which a rate constant
was computed.

Figure 2: Four- (TS4C) and six-centered (TS6C) transition state structures for the
decomposition of butyl formate obtained at the MP2/aug-cc-pVDZ level of theory.

Figure 3: Comparison between rate constants measured for the unimolecular decomposition of
ethyl-propanoate [26, 27], a rate constant used by Westbrook et al. for the decomposition of
various esters [7] and the rate constant computed in this work for the unimolecular
decomposition of butyl formate to formic acid and 1-butene.

Figure 4: G3//MP2/aug-cc-pVDZ potential energy diagram (including scaled zero-point
energies) of two indicative indirect H-abstraction channels of n-butyl formate + OH reaction
(via TS2b and TS4a).

Figure 5: Temperature dependence of the total rate constant for H-abstraction from n-butyl
formate (BF) by OH radical. The bimolecular rate constants are calculated by TST from
G3//MP2/aug-cc-pVDZ (dotted lines) level of theory. Blue solid line stands for estimated
values from Vranckx et al. [10]. Symbols represent experimental values of Le Calvé et al. [12].
Figure 6: Temperature dependence of the relative branching ratios (i) in percentage for the
five H-abstraction channels on n-butyl formate (BF) by OH radical. The bimolecular rate
constants are calculated by TST from G3//MP2/aug-cc-pVDZ level of theory.

Figure 7: Temperature dependence of the unimolecular rate coefficients (k) of n-butyl formate
radicals (BFRn, where n=1-4).

Figure 8: Experimental (symbols) and simulated (lines) mole fraction profiles obtained from

the oxidation of butyl formate in a JSR at ¢ = 0.45 (XBF =900 ppm and XO2 = 13000 ppm), p

=10 atm, and t = 0.7s. Solid line: present mechanism, dotted line: VVranckx et al. [10].
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Figure 9: Experimental (symbols) and simulated (lines) mole fraction profiles obtained from
the oxidation of butyl formate in a JSR at ¢ = 0.9 (XBF =900 ppm and XO, = 6500 ppm), p =
10 atm, and t = 0.7s. Solid line: present mechanism, dotted line: Vranckx et al. [10].

Figure 10: Experimental (symbols) and modelled (lines) mole fraction profiles obtained from
the oxidation of butyl formate in a JSR at ¢ = 1.8 (XBF =900 ppm and X0, = 3250 ppm), p =
10 atm, and t = 0.7s. Solid line: this work, dotted line: Vranckx et al. [10].

Figure 11: Reaction sequence responsible for the low temperature reactivity observed with the
fuel lean mixtures (¢ = 0.45 and 0.9) at 660 K.

Figure 12: Relative contribution on the fuel consumption for the main reactions involved in BF
oxidation from a pathway analysis in fuel rich conditions.

Figure 13: Rate of production analysis obtained with the mechanism presented here at ¢ = 0.9,
10 atm, 900 ppm of fuel and T = 0.7s. T = 850 K (black) and T = 1000 K (red).

Figure 14: Measured [10] (symbols) and simulated (lines) ignition delay times of BF/air
stoichiometric mixtures at 20 and 90 bar in a shock tube and a rapid compression machine.

Solid blue line: this work, dashed red line: Vranckx et al. [10].
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