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Biofuels may represent a promising alternative in terms of energy sustainability and emission control.
Until recently, simple compounds including only a single specific functional group was in the focus of
the biofuel research while reported data on more complex structures are scarcer. Presence of multiple
functional groups can make molecules more attractive for oxidative species providing attacking site for
fast oxidation. Including both a carbonyl and an ester group, methyl levulinate (ML) can be such an
excellent biofuel candidate due to its cellulosic origin, although its combustion kinetics is still
unresolved. This work reports the first computational kinetic study on methyl levulinate oxidation
relevant to combustion conditions. Absolute rate constants for H-abstraction reactions by OH and CHs
radicals were calculated using the G3//MP2/aug-cc-pVDZ level of theory coupled with Transition State
Theory (TST). The fate of the forming ML radicals was also investigated by computing absolute rate
constants for B-scission as well as for H-transfer reactions. The outcomes of this work show that the
sites between the two functional groups are the most favorable for H-abstraction reactions, and that
methyl vinyl ketone (MVK) and methyl acrylate (MAC) are expected to be the main intermediate products
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Introduction

Petroleum is the main raw material for various applications in
chemistry including the production of transportation fuels
which is the most important in terms of consumed quantities."
Fuel combustion is also a major source of pollutants and
greenhouse gases such as carbon dioxide. These concerns as
well as issues regarding petroleum’s non-renewable nature
highlight the need to reduce the dependence on fossil
resources by finding sustainable alternative fuels or additives
and to understand their oxidation. “Green Chemistry” is an
alternative to petroleum based chemistry and has caught the
interest of the scientific community for the last decades, with
emphasis on the production of various chemicals from bio-
mass. The development of methods to process biomass com-
ponents ie. cellulose, hemicellulose, and lignin to chemical
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of methyl levulinate oxidation. The present results will be useful for further detailed kinetic modeling.

platforms with a focus on yields, cost, and possibility for
adaptation to industrial scale is a challenging task that receives
growing attention.>* Among these platforms one finds, furfural
and levulinic acid®>® part of the ten most interesting compounds
that can be produced from biomass, according to the US Depart-
ment of Energy.” These versatile compounds can indeed be used
as building blocks in various fields of applications such as
polymers, solvents, or fuels production.® Alkyl levulinates are
oxygenated species including both a keto and an ester group that
can be produced from these two platforms. A large set of studies is
available in the literature for the optimization of different strate-
gies to synthesize these compounds.® Generally reported methods
start with hemicellulose and cellulose conversion to xylose and
glucose, respectively through hydrolysis. Another step then leads
to furfural and 5-hydroxymethylfurfural which are intermediates
for the formation of levulinic acid. Esterification is then required
to obtain alkyl levulinates and is optimized by using different
kinds of catalysts. Other processes starting directly from cellulose,
hemicellulose, or furfuryl alcohol have also been reported.’

One of the possible applications for this family of com-
pounds is their use as fuel additives for gasoline, diesel fuel,
biodiesel or even blends, as described in the patent literature.'*™"”
The main outcomes reported so far are potential decrease in
terms of emissions (soot or NO,), better lubricity or octane
number enhancement for gasoline. Some fundamental studies
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can be found in the conventional literature as well, with emphasis
on ethyl and butyl levulinate. Christensen et al."® investigated the
performance of a diesel/alkyl levulinate blend in a Cummins ISB
engine and observed a decrease of soot formation, and an
increase of lubricity and thermal conductivity. A biodiesel was
also added to improve the blending at low temperature. Same
kinds of observations were made by Janssen et al,” but the
emissions in terms of unburned hydrocarbons and CO levels were
also found to be higher than with regular fuel, which highlights
the need for optimization to overcome this issue. These works
highlighted the potential of the alkyl levulinate class of com-
pounds, but more fundamental studies are necessary in order to
better understand the oxidation of these biofuels including their
oxidation mechanisms and corresponding rate constants. This is
even more important for such fuel additive having multiple
oxygen containing functional groups in vicinity, since use of group
additivity approximations to estimate rate coefficients results
large error in the modelling of their oxidation mechanisms.

In this work, we studied the kinetics of oxidation of methyl
levulinate (ML). Ab initio calculations in conjunction with
Transition State Theory were used to compute rate constants
for H atom-abstraction reactions from the fuel by OH and CH;
radicals. To the authors’ knowledge, this is the first theoretical
study on methyl levulinate oxidation kinetics.

Computational methodology

The initial geometry of methyl levulinate was determined by
systematic conformational search of MOE 2009.1 program.>°
Then all the electronic structure calculations were performed
with the Gaussian 09 program suite.>* Besides the hegemony of
B3LYP functional in geometry optimization in theoretical
kinetics, dysfunction of this popular functional has been
reported several times®**® and it was also the case for the
dimethyl ether + OH system** analogous to methyl levulinate.
Therefore, geometry optimization and vibrational frequency
calculations were conducted at the MP2%*/aug-cc-pVDZ>° level
of theory. For the single-point energy calculations which were
subsequently applied on the optimized structures the sequence
of single-point energy calculations of G3B3 theory”” was manually
applied. G3 theory consists of single-point energy calculations
at four higher levels of theory namely QCISD(T)/6-31G(d),
MP4/6-31+G(d), MP4/6-31G(2df,p), and ultimately MP2/G3Large.
As it was proved earlier, G3 theory can produce accurate energetic
results for various properties including formation enthalpies.*®
Each structure determined in this study was treated using
the rigid rotor-harmonic oscillator approximation whereas the
harmonic frequencies were scaled by a factor of 0.959 adopted
from CCCBDB database.”® Since the transition states were
located, a vibrational analysis was conducted to ensure that
each transition state structure demonstrates a single imaginary
frequency which corresponds to the proper mode of vibration.
First of all the vibrational modes of the reaction coordinate in
the transition state structures were visually inspected using the
GaussView® software and then intrinsic reaction coordinate

This journal is © the Owner Societies 2015

View Article Online

PCCP

(IRC) calculations were performed at the MP2/aug-cc-pvVDZ
level of theory, to ensure that the located transition states
correspond to the proper reactants and products. Each IRC
calculation involved between 150 and 200 steps at both reverse
and forward reaction path direction, with step intervals of
0.06 a.u. Once the transition states were verified, Transition
State Theory was applied in order to compute the rate coeffi-
cients (k""(T)) by using the KiSThelP*" program:

KSY(T) =6 ,

kgT (RT\ ™" _AT6"(1)
T(W) e bt

where ¢ is the reaction path degeneracy, kg is Boltzmann’s
constant, T is temperature, & is Planck’s constant, A*G°(T)
represents the standard Gibbs free energy of activation for
the considered reaction and An = 1 or 0 for gas-phase bimole-
cular or unimolecular reactions, respectively. The obtained rate
coefficients refer to the temperature range 500 to 1300 K
and pressure (P°) of 1 atm; the modified Arrhenius expressions
(k(T) = A(T/K)" e“*T) are given for each reaction as results of the
fits to the calculated rate constants (k">(T)). 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™*.**

Furthermore the standard enthalpies of formation of the
methyl-levulinate and its radicals were obtained using different
composite models (CBS-QB3, G3B3 and G3//MP2/aug-cc-pVDZ)
by atomization scheme as well as from two isomerization reac-
tions in order to demonstrate the level of theory was appropriate.

Results and discussion

In order to characterize the thermodynamic properties of methyl
levulinate important for combustion, the standard enthalpy of
formation of the most stable conformer of methyl levulinate
(see Fig. 1) has been determined.

The standard enthalpy of formation (A¢Hsgs15x) Was calcu-
lated with CBS-QB3>® through the atomization scheme, with and
without Pitzer-Gwinn approximation of the hindered rotor. The
obtained standard enthalpy of formation values of —141.9 and
—143.0 kcal mol ™" respectively, reveal a very good agreement
between the two different treatments.

Fig. 1 Optimized structure of methyl levulinate.
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Table1 Calculated standard enthalpies of formation for methyl levulinate
(1 kcal = 4.1868 kJ)

Methodology Level of theory A¢Hjosx (keal mol ™)
Atomization scheme  G3//MP2/aug-cc-pVDZ  —143.4
G3B3 —143.5
CBS-QB3 —143.0
Reaction (i) G3//MP2/aug-cc-pVDZ ~ —142.9
G3B3 —142.8
CBS-QB3 —142.8
Reaction (ii) G3//MP2/aug-cc-pVDZ  —141.6
G3B3 —141.5
CBS-QB3 —141.4

This implementation does not result into considerable
improvement and therefore was neglected thereafter. In order
to check the consistency of the result obtained for ML with the
literature values of its isomers, two isomerization, isodesmic
as well as isogyric, reactions (i and ii) were chosen, with respect
to existing experimental enthalpies of formation.*** Table 1
summarizes the calculated standard enthalpies of formation
(AfHj98.15x) for methyl levulinate.

(i) Propanoic anhydride — Methyl levulinate

(ii) Ethyl acetoacetate — Methyl levulinate

Table 1 outlines two major outcomes. First that the
G3//MP2/aug-cc-pVDZ level of theory which was chosen for
the calculations throughout this work is in excellent agreement
with the other two composite methods, regardless the metho-
dology used (atomization scheme/isodesmic reaction). Second,
that overall the obtained values of standard enthalpy of forma-
tion are highly consistent. These outcomes are promising
regarding the accuracy of the results presented here. Based
on these calculations the proposed enthalpy of formation for
methyl levulinate (—142.5 + 0.8 kcal mol™') is the average of
the calculated values given in Table 1 and this is used for
evaluating the heat of combustion value (HHV) as well (663.4 +
0.8 kecal mol™'). Furthermore, other thermodynamical proper-
ties such as the values of entropy (113.1 cal mol™* K™') and
constant pressure heat capacity (41.9 cal mol™" K™ ') were
also estimated based on CBS-QB3 calculations including hin-
dered internal rotor treatment carried out by the CanTherm*®
software.

After discussion of the thermodynamic properties of the
methyl levulinate, its different decomposition pathways studied
are presented in Fig. 2. In our scheme, the initial oxidation occurs
via bimolecular hydrogen abstraction reactions initiated by OH
and CHj; radicals. At combustion condition, the OH radical is
expected to dominate these abstraction reactions, while the
methyl radical reactions have been taken into consideration in
an attempt to improve further the estimated kinetics of these
reactions. Thereafter unimolecular decomposition pathways of
the produced ML radicals (MLR) were also considered.

(a) Hydrogen abstraction reactions

Table 2 presents the total bimolecular rate constants for
hydrogen abstraction by hydroxyl and methyl radicals,

23386 | Phys. Chem. Chem. Phys., 2015, 17, 23384-23391
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Fig. 2 Decomposition pathways of methyl levulinate considered in this
work.

Table 2 Total hydrogen abstraction rate constants for methyl levulinate
(ML). (Bold values: R = OH?*, italic values: R = CHx)

Reaction Alem®mol™'s™) =n E, (kcal mol ™)
ML+ R* - MLR1 + RH 3.50 x 10° 3.79 -1.77
5.34 x 10° 3.22  11.05
ML+ R* - MLR3 + RH 2.87 x 10® 3.06 —2.32
5.46 x 10’ 3.13 8.68
ML +R* > MLR4 + RH  3.25 x 10° 2.89 —1.50
1.41 x 10" 3.29 8.33
ML+ R* > MLR6 + RH  4.06 x 10° 2.84 0.065
3.71 x 10" 3.12 9.98

respectively. The notations of the produced radicals (MLRN,
where N can be 1, 3, 4 and 6) refer to the scheme presented in
Fig. 2. The total bimolecular rate constants were calculated as
the sum of all the different transition states located at the same
carbon site. In the rare cases that only one transition state was
located and attributed to a particular carbon site, the total rate
constant was determined as the multiple of the unique rate
constant obtained and the number of the available hydrogen
atoms in that particular site. Unsurprisingly, the bimolecular
reactions involving the hydroxyl radical are significantly faster
than the correspondingly methyl radical reactions, as they
involve considerably smaller barriers.

Considering the OH reactions, the formation of 1-methoxy-
1,4-dioxopentan-3-yl radical (MLR4) is the dominant channel
over the entire temperature range studied here; it is followed
by the 1-methoxy-1,4-dioxopentan-2-yl (MLR3) formation

This journal is © the Owner Societies 2015
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Fig. 3 Hydrogen abstraction rate constants for methyl levulinate (ML)
with OH.
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Fig. 4 Hydrogen abstraction rate constants for methyl levulinate (ML)
with CHs.

below 714 K. Due to channel switching, the formation of
((4-oxopentanoyl)oxy)methyl radical (MLR1) became signifi-
cant channel above 714 K. In the case of the H-abstraction
by methyl radical, the H atom-abstractions from position
3 and 4 were found to be the most important channels below
1270 K, while the formation of MLR1 starts dominating above.
Total rate constants for the two different H atom-abstraction
reactions are shown as Arrhenius plots in Fig. 3 and 4.
Temperature dependent branching ratio for the H-abstraction
reactions by OH is presented in Fig. 5. Moreover, from the rate
expressions of the OH reactions, the total rate constant at 298 K
was derived yielding a value of 1.32 x 10" cm® mol ' s™". In
order to validate our results, we estimated the rate constant
equal to 1.22 x 10" cm® mol " s~ using the structure-activity
relationship®” (SAR). The comparison shows a very good agree-
ment between SAR and our computations.

At this point, it should be denoted that the IRC calculations
regarding the OH reactions, revealed the possible existence of
several pre-reaction and post-reaction complexes. Therefore
for these cases, with input structures the end-point structures
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Fig. 5 Temperature dependent branching ratio for hydrogen abstraction
reactions of methyl levulinate (ML) and OH.
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Fig. 6 Relative zero-point corrected potential energy diagram for the
reaction ML + OH yielding MLR1 obtained from G3//MP2/aug-cc-pVDZ
calculations. RC: pre-reaction complex, TS: transition state, PC: post-
reaction complex.

obtained from the reverse and forward IRC calculations,
geometry optimization and vibrational frequency calculations
were conducted at the MP2/aug-cc-pVDZ level of theory.
These calculations verified and demonstrated the optimized
structures of the pre-reaction and post-reaction complexes.
Moreover, for these structures single-point energy calculations
were performed as previously with the G3 theory. Con-
sequently, the relative zero-point corrected potential energy
diagrams were designed. Some representative diagrams are
presented in Fig. 6-8. In addition, in the case of the OH
abstraction yielding MLR6, no formation of complex was
observed. Finally, the presence of these complexes would
affect the kinetics of these reactions, at temperatures lower
than those considered in the present study. Interestingly,
as can be seen from Fig. 7 and 8, the pre-reaction complexes
are almost identical in terms of both structure and energy. It
seems that the particular interaction at this site of methyl
levulinate facilitates the abstraction of the two adjacent
hydrogen atoms at C3 and C4 carbon sites, respectively.
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Fig. 7 Relative zero-point corrected potential energy diagram for the
reaction ML + OH yielding MLR3 obtained from G3//MP2/aug-cc-pVDZ
calculations. RC: pre-reaction complex, TS: transition state, PC: post-
reaction complex.
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Fig. 8 Relative zero-point corrected potential energy diagram for the
reaction ML + OH yielding MLR4 obtained from G3//MP2/aug-cc-pVDZ
calculations. RC: pre-reaction complex, TS: transition state, PC: post-
reaction complex.

Table 3 Calculated enthalpies of formation for methyl levulinate radicals
based on the G3//MP2/aug-cc-pVDZ level of theory

AfH(Z)QS.lSK
Methodology MLRN radical (keal mol ")
Atomization scheme (reaction scheme) MLR1 —95.3 (—94.4)
MLR3 —98.3 (—97.4)
MLR4 —99.1 (—98.3)
MLR6 ~97.8 (—96.9)

(b) Unimolecular reactions of radicals deriving from ML
oxidation

Unimolecular decomposition reactions of the four radicals
produced were investigated. In this section, isomerization as
well as beta scission reactions were considered (see Fig. 2).
Before the kinetic results will be presented in four different
sections for each of the four radicals produced by the initial
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Fig. 9 Arrhenius plot of the unimolecular rate constants for the MLR1
radical.

oxidation, the standard enthalpy of formation of the four
radicals was evaluated by means of the atomization scheme
as well as by the following reaction scheme (N = 1, 3, 4, 6)
(Table 3):

ML — MLRN + H

Regarding this reaction scheme, the standard enthalpy of
formation used for methyl levulinate was the average value
calculated (Section 3), whereas for the hydrogen atom we used
the proposed experimental value equal to 52.1 kecal mol™*.%®

(i) MLR1 reactions. Three different reaction pathways of
the ((4-oxopentanoyl)oxy)methyl radical (MLR1) were identified
and their unimolecular rate constants were characterized.
These reactions involve the 1,4-H-shift of MLR1 to MLR3 and
1,5-H-shift resulted in MLR4 as well as the beta scission
reaction of MLR1 yielding formaldehyde (CH,O) and the
4-oxopentanoyl radical (CH;COCH,CH,CO). The corresponding
rate constants are shown in Fig. 9 and their modified Arrhenius
parameters are tabulated in Table 4. It is clearly seen from the
Arrhenius plot that the 1,5-H-shift to MLR4 is the major
channel over the whole temperature range studied, followed
by the 1,4-H-shift reaction to MLR3. The beta scission rate
constant is at least one order of magnitude lower than that of
the 1,5-H-shift to MLR4, even at high temperatures.

(i) MLR3 reactions. For the MLR3 radical four different
pathways were found and their kinetics were determined. The
reactions for the isomerization to MLR1 and MLR6, the beta
scission reactions producing methyl acrylate (CH;OCOCHCH,,
MAC) and the acetyl radical (CH3CO) as well as pent-1-ene-1,4-
dione (CH3COCH,CHCO) and the methoxy radical (CH30O),

Table 4 Unimolecular rate constants for the MLR1 radical

E, (kcal mol ™)

MLR1 — CH,O + CH;COCH,CH,CO 1.14 x 10"® —0.12 34.94
MLR1 — MLR4 1.75 x 10" 0.17 20.00
MLR1 — MLR3 2.56 x 10" 0.29 26.13

Reaction A(s™) n
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View Article Online

PCCP

Table 7 Unimolecular rate constants for the MLR6 radical

Reaction A(s™ n  E, (kcal mol ™)

Reaction A(s™h n  E, (keal mol )
MLR3 — CH;OCOCHCH, + CH;CO 6.78 x 10* 0.22 23.77
MLR3 — CH,0 + CH;COCH,CHCO 8.45 x 10" 0.51 48.62
MLR3 — MLR1 4.13 x 10" 0.60 28.03
MLR3 — MLR6 3.54 x 10" 0.54 23.37
T T T T T T T
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Fig. 10 Arrhenius plot of the unimolecular rate constants for the MLR3
radical.

respectively. Their Arrhenius parameters are given in Table 5.
The rate constant for the formation of methyl acrylate and the
acetyl radical was found to be the largest amongst the uni-
molecular rate constants (Fig. 10).

(iii) MLR4 reactions. For 1-methoxy-1,4-dioxopentan-3-yl
(MLR4) radical three different reaction pathways were identified

Table 6 Unimolecular rate constants for the MLR4 radical decomposition

Reaction A(s™Y n  E, (kcal mol™")

MLR4 — CH;0CO + C,H;COCH;  4.29 x 10'* 0.30 35.45
MLR4 — CH; + CH;0COCH,CHCO 8.15 x 10'? 0.30 41.50
MLR4 — MLR1 4.22 x 10° 0.52 22.59

T T T T T T T
10°F y
10°F :
Tm 2
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107 F —— MLR4—~CH,0CO+C,H,COCH, ]
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Fig. 11 Arrhenius plot of the unimolecular rate constants for the MLR4 radical.
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Fig. 12 Arrhenius plot of the unimolecular rate constants for the MLR6
radical.

and their kinetics was computed. These reactions involve the
1,5-H-shift to MLR1, the beta scission reactions yielding methyl-
vinyl-ketone (C,H3;COCHj;, MVK) and methoxycarbonyl radical
(CH30CO0), and methyl 4-oxobut-3-enoate (CH;OCOCH,CHCO) and
the methyl radical (CH3), respectively. At high temperature, these
channels compete with each other, while 1,5-H-shift dominates over
the lower temperature range (T < 1206 K) (Table 6 and Fig. 11).

(iv) MLR6 reactions. The MLR6 radical can undergo two
different reaction pathways with significant rate constants in
the temperature range of our interest, namely the 1,4-H-shift
to MLR3 and the beta scission reaction producing ketene
(CH,CO) and the 3-methoxy-3-oxopropyl radical (CH;OCOCH,CH,).
Amongst these channels, the isomerization is the major channel
over the temperature range studied (Table 7 and Fig. 12).

Conclusions

The oxidation of methyl levulinate was studied at the G3//MP2/
aug-cc-pVDZ level of theory. Rate constants for H-abstraction
reactions by hydroxyl and methyl radicals were computed using
Transition State Theory (TST) for temperatures ranging from
500 to 1300 K. As expected, rate constants obtained for the OH
radical are faster than that of CH; radical and the formation of
the 1-methoxy-1,4-dioxopentan-3-yl (MLR4) radical is the kineti-
cally more favorable. Pre-reaction and post-reaction complexes
were also identified for the reactions of the fuel with the OH
radical leading to MLR1, MLR3 and MLR4. These complexes are
negligible for kinetic purpose under combustion conditions
(high temperatures), but they may affect the kinetics of these
reactions at lower temperatures (T < 400 K). The total abstrac-
tion rate constant for OH (298 K) was derived yielding a value of
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1.32 x 10" cm® mol™' s™'. This value reveals a very
good agreement with the SAR estimated rate constant (1.22 X
10" em® mol ' s7).

The fate of the fuel radicals was then investigated by con-
sidering two types of reactions: beta-scission and H atom-
transfer reactions. The fastest decomposition reactions for
MLR1 and MLR6 radicals are their conversion to MLR3 or
MLR4 which will in turn decompose to methyl acrylate (MAC)
and methyl vinyl ketone (MVK), respectively. These two com-
pounds are expected to be the main oxidation products of
methyl levulinate oxidation, which is also supported by pre-
liminary results of our experiments.

Thermodynamic data (namely enthalpies of formation, heat
of combustion, constant pressure heat capacities and entropies
at 298 K) were also computed for the fuel and its radicals using
different schemes and methods. The maximum deviation
between these different strategies was found to be less than
1 keal mol ™, which gives confidence regarding the accuracy of
the present results. The data presented here can be used as a
basis for the development of a methyl levulinate oxidation
mechanism.
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