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ABSTRACT: With the development of new synthetic methods, 2-
vinylfuran (V2F) has become a potential renewable biofuel. In this
work, the potential energy surfaces for the V2F unimolecular
dissociation reaction, the H-addition reaction, and the H-
abstraction reaction were constructed at the G4 level. The
temperature- and pressure-dependent rate constants for the
relevant reactions on the potential energy surfaces were calculated
by solving the master equation based on the transition state theory
and Rice—Ramsperger—Kassel—Marcus theory. The results show
that the rate constant for the intramolecular H-transfer reaction of
V2F with H atoms from the C(S) site to the C(4) site to form 2-
vinylfuran-3(2H)-carbene, followed by the decomposition to form
h145te3o, is the highest. The rate constants for the H-abstraction
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reaction of V2F with H atoms were the largest at C(6) on the branched chain, followed by C(7), and the rate constants for the H-
abstraction reaction at C(3), C(4), and C(S) on the furan ring were not competitive. Negative temperature coefficient effects are
observed for the rate constants of the addition reactions of V2F with H atoms at low pressures, with the H-addition rate constant at

the C(S) site being the largest. This work not only provides the
combustion but also provides theoretical guidance for the practical

1. INTRODUCTION

The nonrenewable nature of fossil fuels and the harmful effects
of their combustion products on the environment have driven
the development of biomass fuels.'" > Biomass fuels are
renewable, environmentally friendly and may be used directly
or as additives without changing the structure of existing
internal combustion engines, and have a high potential to
become an important component of sustainable energy
systems in the future.*”® Furan-based biomass fuels have
physicochemical properties similar to gasoline and may be used
in directly existing internal combustion engines as an
alternative fuel to gasoline or as an octane enhancer for
gasoline.”””

With the development of methods to convert biomass into
furan-based biofuels, furan-based fuels have received increasing
attention, and their combustion reaction kinetics is one of the
current hot spots of research in the field of combustion.”"’
Furan-based biofuels, including furan, 2-methylfuran, 3-
methylfuran, 2-ethylfuran (EF2), 2,5-dimethylfuran, 2-acetyl-
furan, furfural, 2-furfuryl alcohol and methyl 2-furoate, have
attracted much attention.'' ¢

Tian et al.'' carried out laminar burning velocity experi-
ments for 2,5-dimethylfuran, gasoline, and ethanol at different
initial temperatures, and the results showed that ethanol had
the highest laminar burning velocity among the three fuels,
followed by gasoline, and the lowest for 2,5-dimethylfuran.
Tian et al.'” carried out furan premixed laminar flame
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necessary rate constants for the reaction mechanism of V2F
application of furan-based fuels.

experiments with different equivalence ratios at a pressure of
35 Torr and constructed a kinetic model of furan based on
quantum chemical calculations. The results show that furan
combustion under the current conditions hardly produces
aromatic species. Sirjean et al."> developed a model for the
oxidation of 2,5-dimethylfuran based on theoretical calcu-
lations and measured the ignition delay time by a stoked tube
device, which showed that the model was able to predict the
experimental results well. Uygun et al.'* carried out high-
pressure (20 and 40 bar) ignition experiments of 2-
methylfuran and tetrahydrofuran in a shock tube and recorded
the ignition process of 2-methylfuran and tetrahydrofuran by a
high-speed camera. The results showed a two-stage ignition
behavior of tetrahydrofuran at 40 bar. Eldeeb et al.'’
performed ignition delay time experiments with 2,5-dimethyl-
furan, EF2, isooctane, and a mixture of 2,5-dimethylfuran and
isooctane in a shock tube. The results showed that the ignition
delay time of EF2 was 6 times faster than that of 2,5-
dimethylfuran, that of isooctane was faster than that of 2,5-
dimethylfuran, and that the ignition delay time of a mixture of
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2,5-dimethylfuran and isooctane was in between. Xiao et al.'®

carried out combustion and emission performance experiments
by blending different proportions of 2-methylfuran with diesel
in a CI engine machine. The results showed that the carbon
emission of the mixture of 2-methylfuran and diesel is much
lower than that of pure diesel. Tran et al.'” carried out
experiments on the oxidation of furan, 2-methylfuran, and 2,5-
dimethylfuran in a flow reactor. The results showed that all
three fuels produce toxic oxygenated species such as acrolein,
methyl vinyl ketone, furfural, and phenol. Yan et al.'®
investigated the pyrolysis experiments of methyl 2-furoate in
a flow reactor and constructed a potential energy surface for
the unimolecular dissociation reaction of methyl 2-furoate at
the CBS-QB3 level to develop a model for the pyrolysis of
methyl 2-furoate. Rate of production (ROP) analysis showed
that the main pathways of methyl 2-furoate consumption
include unimolecular dissociation reactions, ipso-substitution
reactions, H-addition reactions, and H-abstraction reactions.
Su et al."” investigated the flow tube pyrolysis of 3-methylfuran
under varying pressure conditions using the SUVU-PIMS
method, explored the isomerization effect of methylfuran fuels,
and analyzed the effect of different methyl positions on
pyrolysis. The results show that 2-methylfuran has a higher
tendency to produce carbon soot compared to that of 3-
methylfuran. Jin et al.”’ carried out low-temperature oxidation
experiments and laminar burning velocity experiments of
furfural in a jet stirred reactor (JSR) and a constant volume
combustion bomb, respectively. The rate constants of
dehydrogenation and hydrogenation reactions of furfural
were calculated at the level of CBS-QB3, and a model for
the full-scale combustion of furfural was constructed, which
was able to predict the experimental results of the furfural well.
Wang et al.”' studied the low-temperature oxidation experi-
ments of 2-methylfuran in a JSR. The results showed that the
consumption pathways of 2-methylfuran in low-temperature
oxidation were mainly OH/H atom addition and methyl H-
abstraction reactions on the side chain, while the contribution
of unimolecular dissociation reactions was almost negligible.
He et al.”* carried out pyrolysis experiments of 2-acetylfuran in
a JSR by SVUV-PIMS combined with gas chromatography. In
addition, the dissociation potential energy surface of 2-
acetylfuran was constructed at the level of CBS-QB3 by
theoretical calculations, and the rate constants of the relevant
reactions on the potential energy surface were calculated by
solving the master equation based on the transition state
theory and the Rice—Ramsperger—Kassel-Marcus theory, as
well as the Eckart tunneling effect correction. The results
showed that the main consumable pathways of pyrolysis of 2-
acetylfuran were the unimolecular dissociation reaction, which
generated 2-furanyl + acetyl and furfuryl + methyl, and the H-
addition reaction, in which the H atom was added to C(5) to
generate 2,3-dihydro-S-acetyl-3-furanyl or eliminated to
generate furan + acetyl. Li et al”’ investigated the low-
temperature oxidation of EF2 in a JSR and refined a detailed
low-temperature oxidation kinetic model containing 723
species and 3300 reactions by analogy and theoretical
calculations. The results show no significant negative temper-
ature coeflicient behavior for EF2, and H-abstraction and OH-
addition reactions are the main consumption channels for EF2.
Xing et al.** constructed a detailed potential energy surface
(PES) for the reaction of 2-furfuryl alcohol with H at the
CCSD(T)/CBS//M06-2X/def2-TZVP level and calculated
the rate constants for the reaction on the PES using the

RRKM/ME method. The calculation results show that the
total rate constant of the H-addition reaction channel is 3.3—
10 times higher than that of the H-abstraction reaction
channel. He et al.”> constructed the PESs of 2-acetylfuran and
OH at the CCSDT/CBS/M06—2x/cc-pVTZ level and solved
the temperature and pressure rate constants. The results
showed that the OH-addition reaction dominated at low
temperatures, and the proportion gradually decreased to zero
with the increase of temperature; at high temperatures, the H-
abstraction reaction on the branched chain became the most
dominant reaction pathway.

Recently, Song et al.*® investigated the pyrolysis of EF2 in a
flow reactor using synchrotron vacuum ultraviolet photo-
ionization mass spectrometry and detected and measured more
than 20 pyrolysis products, including methyl, 2-furanylmethyl,
propargyl, acetylene, ethylene, propylene, vinyl ketone, 2-
vinylfuran (V2F), furan/vinyl ketone, and benzene. By ROP
and sensitivity analysis, V2F, 2-furanylmethyl, vinylketene, etc.,
were considered to be the most critical products in EF2
pyrolysis. There are no experimental and theoretical studies on
the pyrolysis of 2-vinylfuran in the current report.

V2F serves as a potential biomass fuel and a key
intermediate species in the pyrolysis of EF2. Therefore, the
study of the combustion characteristics of V2F may provide
theoretical guidance and experimental basis for the practical
application of V2F in the future and may also further improve
the kinetic modeling of furan-based fuels. However, few
experimental and theoretical studies on the combustion
characteristics of V2F have been reported so far.

In the current work, a detailed pyrolysis model of V2F was
constructed by theoretical calculations, and the model was
validated by EF2 pyrolysis experiments.*®

2. METHODS

2.1. Electronic Structure Methods. PESs for V2F
unimolecular dissociation, H-abstraction, and H-addition
reactions were obtained by the G4 method,”” which uses the
B3LYP functional and the 6-311G(2df, p) basis set for
structure optimization, frequency, and transition state calcu-
lations. All transition state structures have only one imaginary
frequency. Relaxed one-dimensional scans were performed at
the B3LYP/6-311G(2df, p) level at 10° increments along the
dihedral angle of the corresponding species to obtain the
lowest energy conformations. More precise single point
energies for species on the PES were calculated at the G4
(0.1 K) level.

2.2. Master Equation Simulations. Based on the
transition state theory and Rice—Ramsperger—Kassel—Marcus
theory as well as the Eckart tunneling effect correction,” the
temperature- and pressure-dependent rate constants for the
reactions associated with the V2F PESs have been calculated
by solving the master equations via the MESS program””*° for
temperatures in the range of 200—1500 K and pressures in the
range of 0.01—100 atm. The Lennard—Jones potential is used
to simulate the intermolecular interactions between the target
species and the bath gas (i.e., Ar). Here, the Lennard-Jones
collision parameters (¢/cm™", 6/A) were estimated using the
Joback group contribution method to be (325.4 and 5.50) for
V2F and (79.2 and 3.47) for Ar.’' The energy transfer of
excited state molecules is described using a single-exponential
down model. The average energy transferred in a deactivation
collision is (AE)goum = 200 X (T/200)%% ¢cm™

https://doi.org/10.1021/acsomega.3c09818
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Figure 1. Potential energy surfaces for the main unimolecular decomposition pathways of V2F were calculated at the G4 level. The unit is in kcal-

mol L.

For unimolecular dissociation reactions without obvious
transition states, the rate constants of the dissociation reactions
are calculated by using the microcanonical variational
transition state theory. The relaxed scan was increased from
1.5 to 4.0 A in steps of 0.1 A at the G4 level. Minimum energy
paths were found, and frequency and single point energies
were calculated.

All quantum chemical calculations were performed using the
Gaussian 09 program.33

3. RESULT AND DISCUSSION

3.1. Potential Energy Surfaces. In this study, the energy
scheme of G4 was used to calculate the PESs of the V2F
reaction system, including unimolecular dissociation reactions,
H-transfer decomposition reactions, H-abstraction reactions,
and H-addition reactions.

3.1.1. Unimolecular Dissociation Reaction Potential
Energy Surface of V2F. The unimolecular decomposition is
mainly the breakage of C(7)—H, C(6)—H and C(2)—C,H; on
the branched chain, forming H + 2-(furan-2-yl)vinyl radical
(v2£2j-p), H + 1-(furan-2-yl)vinyl radical (v2£2j-a), and 2-furyl
+ vinyl (f2j + C,H;), with barriers of 110.9, 102.0, and 123.8
kcal'mol™', respectively. Energetically, the H-dissociation
channel on C(6) is more favorable than that on C(7). The
C,H, dissociation reaction on C(2) requires the highest energy
(Figure 1).

In addition, the current work calculates the H-dissociation
reactions on the furan ring of V2F, i.e, C(3)-H, C(4)-H, and
C(S), to produce the H + 2-vinylfuran-3-yl radical (v2£2j-p), H
+ S-vinylfuran-3-yl radical (v2f2j-p), and H + S-vinylfuran-3-yl
radical (v2£2j-p), with energy barriers of 118.3, 118.2, and
117.8 kcal'mol™, respectively. The V2F bond dissociation
energies shown in Figure 2 also show that the H-dissociation
reaction on the V2F branched chain is energetically more
competitive compared with the dissociation reaction on the
furan ring.

3.1.2. H-Transfer Decomposition Potential Energy Surface
of V2F. Previous studies have found that H-transfer
decomposition is one of the important consumption pathways
for furan fuels.”>*°

By H-transfer reaction, V2F may be converted to 2-
vinylfuran-3(2H)-carbene, S-vinylfuran-3(2H)-carbene, and $-
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Figure 2. Molecular structures and bond dissociation energies (in
kcal-mol™) of V2F. Normal text, C—H bond; italic, C—C bond.
Numbers in parentheses are atom labels.

vinylfuran-2(3H)-carbene, with energy barriers of 73.0 kcal-
mol™ (TS6), 70.0 kcal‘mol™ (TS8), and 66.0 kcal-mol™
(TS10), respectively. 2-vinylfuran-3(2H)-carbene, S-vinylfur-
an-3(2H)-carbene, and S-vinylfuran-2(3H)-carbene subse-
quently undergo decomposition reactions to form hexa-2,3,5-
trienal (h23Stelo), hexa-1,4,5-trien-3-one (h145te30), and
but-1-en-3-yne (ccchch2) + ketene (CH,CO) with energy
barriers of 66.6 kcal-mol™ (TS7), 58.3 kcal-mol™ (TS9), and
83.2 kcal'mol™" (TS11), respectively.

From the PES it can be seen that although 5,4-H-transfer to
generate S-vinylfuran-2(3H)-carbene has the lowest energy
barrier, the reaction is the most favorable, and the subsequent
decomposition reaction of S-vinylfuran-2(3H)-carbene to
generate but-1-en-3-yne (ccchch2) + CH,CO needs to
overcome a higher energy barrier, possibly resulting in this
reaction channel not being competitive. Energetically, the 4,5-
H-transfer reaction eventually produces h145te3o as the most
competitive reaction channel.

3.1.3. H-Abstraction Reaction Potential Energy Surface of
V2F. The PES for the H-abstraction reaction of V2F with H
atoms is shown in Figure 3. The V2F side chain has two H
atom abstraction sites, leading to v2f2j-a + H, and v2£2j-p +
H,, with energy barriers of 12.9 kcal'mol™ (TS2) and 16.2
keal-mol™ (TS1), respectively. The H-abstraction reaction is
more likely to occur for the H atom on C(6) than for the H
atom on C(7), and this is confirmed by the bond dissociation
energies in Figure 2, where the dissociation energy of the H
atom on C(6) is lower than that of the H atoms on C(7).
There are three H atom abstraction sites on the V2F furan
ring, producing V2F3j + H,, V2F4j + H,, and V2F5j + H,,
which have energy barriers of 28.2, 28.6, and 21.2 kcal-mol/,
respectively. Energetically, the H atoms on the furan ring of
V2F are not competitive for H-abstraction reactions.

https://doi.org/10.1021/acsomega.3c09818
ACS Omega 2024, 9, 19063—19070
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Figure 4. Potential energy surface for the addition reaction of V2F with H was calculated at the G4 level. The unit is in kcal-mol ™.

3.1.4. H-Addition Reaction Potential Energy Surface of
V2F. Song et al.”® studied EF2 pyrolysis experiments and found
that the H -addition reaction is the main consumption pathway
in the pyrolysis of V2F. Both the V2F branched chain and the
furan ring have carbon—carbon double bonds (C=C), so both
may lead to addition reactions. The PES for the addition
reaction of V2F with H atoms is shown in Figure 4.

H-addition on the V2F ring leads to the formation of four
radicals, 2-vinyl-2,3-dihydrofuran-3-yl radical (v2£2h23j), 2-
vinyl-2,3-dihydrofuran-2-yl radical (v2f3h22j), S-vinyl-2,3-
dihydrofuran-2-yl radical (v2f4h25j), and S-vinyl-2,3-dihydro-
furan-3-yl radical (v2fSh24j), with energetic barriers of 3.9
kcal-mol™ (TS16), 2.9 kcal-mol™ (TS19), 5.0 kcal-mol™
(TS22), and —0.3 keal-‘mol™ (TS24), respectively. V 2f2h23j
is subsequently generated from (E)-hexa-3,5-dienal radicals
(h13de605j) via f-breakage of O(1)—C(2) with an energy
barrier of 26.4 kcal-mol™ (TS18). In addition, v2f2h23j could
subsequently produce furan and C,H; via f-breaks C(2)—
C(6) that have an energy barrier of 36.6 kcal-mol™" (TS17).
Therefore, it is energetically more competitive for v2{2h23j to
break C—O bonds compared to breaking C—C bonds. V
2£3h22j followed by a f-break to produce the hexa-1,5-dien-3-
one radical (h15de304j) at the energy barrier of 42.7 kcal-
mol™" (TS20). V 2f4h2Sj then generates (E)-hexa-3,5-dienal
(h13de603j) via f-breaks for an energy barrier of 32.4 kcal-

19066

mol™" (TS23). V 2fSh24j is subsequently generated via f3-
breaks to hexa-1,5-dien-3-one radical (h13de605j), which has
an energy barrier of 25.8 kcal-mol™" (TS25).

The energy barrier of TS24 is lower than that of the initial
reactants, probably due to the weak van der Waals (vdW)
complexes of V2F formed with H through hydrogen bonding.
The rate constants of this barrier-free reaction cannot be
calculated using the conventional transition state theory;
therefore, the rate constants of the process are calculated using
the phase space theory.”* The interaction of the reactants with
the weak vdW complexes is estimated by the formula V(R) =
C4/R®, where R is the distance between the reactants. Cg is
estimated by the equation C4 = a;-a,-E1-E,/(E, + E,), where o,
and E(i = 1,2) are the polarizabilities and ionization energies
of the two reactants, respectively. The value of Cg4 in the
current system is 1.97 X 10° cm™"-A® calculated from the G4
level.

3.2. Temperature- and Pressure-Dependent Rate
Coefficients. To further clarify the effect of different reaction
channels on V2F, the rate constants for the reaction on the
PES were calculated by solving the master equation. Temper-
ature ranges from 200 to 1500 K and pressure ranges from 0.01
to 100 atm were calculated for the rate constants. The rate
constants for the modified Arrhenius parameters are also
provided in Tables S1—S3 in the Supporting Information.
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Figure 6. Rate constants for the H-abstraction reaction of V2F with H at temperatures from 300 to 1500 K.

3.2.1. Unimolecular Dissociation and H-Transfer Decom-
position Reaction Rate Constants for V2F. The rate constants
for the V2F unimolecular dissociation reaction and the
intramolecular H-transfer decomposition reaction are shown
in Figure S. As can be seen, there is no negative temperature
coefficient for the unimolecular dissociation reaction and
intramolecular H-transfer decomposition reaction of V2F. The
V2F unimolecular dissociation reaction to produce F2j + C,Hj;
has the smallest rate constant, and the reaction channel has the
highest energy barrier in the PES plot in Figure 1 also indicates
that this reaction is more difficult to occur. The H-transfer
from C(S) to C(4) to form 2-vinylfuran-3(2H)-carbene
followed by decomposition to eventually form h14Ste30 has
the largest rate constant. H atom dissociation at the C(6) site
of the V2F branched chain to generate v2{2j-a + H and the H-
transfer on C(3) to C(2) to generate 2-vinylfuran-3(2H)-
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carbene followed by decomposition to ultimately generate
h235telo are also competitive with the higher rate constants of
these two reaction channels. H atom dissociation reactions at
the C(7) of the V2F branched chain and at the C(3), C(4),
and C(S) of the furan ring have small rate constants, resulting
in these reaction channels not being competitive.

From Figure S, it can be seen that the rate constants of the
H-dissociation reaction and vinyl dissociation reaction of V2F
are very different at low and high pressures. The very close rate
constants at low pressure may be due to the high energy barrier
required for the dissociation reaction.

3.2.2. H-Abstraction Reaction Rate Constants for V2F.
The rate constants for the H-abstraction reaction of V2F with
H are listed in Figure 6. It can be seen that the H-abstraction
rate constant of the H atom at the C(6) of the V2F branched
chain is the largest, followed by the H atom at the C(7). H-
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results from the updated model, and simulation results from the Song model, respectively.

abstraction rate constants for H atoms on the furan ring of V2F
are much smaller than those on the branched chain, so H-
abstraction reactions on the furan ring are not competitive. In
addition, the rate constants for H-abstraction of H atoms at
C(S) are larger than those at C(3) and C(4), which are very
close to each other. This is confirmed by the bond dissociation
energies of the V2F H atoms shown in Figure 2.

3.2.4. H-Addition Reaction Rate Constants for V2F. The
rate constants for the H-addition reaction of V2F are listed in
Figure 7. The H-addition reaction at the C(S) can be seen to
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produce v2fSh24j with the largest rate constant as the main
reaction channel. The H-addition reaction at the C(4) has the
lowest rate at high pressure and is the least competitive
reaction channel. In addition, the rate constant for H-addition
to e2f2j-p at the C=C bond on the branched chain is also low.
The H-addition reaction rate constant can be seen to decrease
with increasing temperature at a pressure of 0.01 atm. The
negative temperature coefficients of the rate constants for the
H-addition reactions at the C(2) and C(3) sites are more
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significant at low pressures, and the rate constants decrease
more rapidly with increasing temperature.

4. VALIDATION OF THE CALCULATED RATE
COEFFICIENT

In the current work, in order to verify the accuracy of the
calculated results, the calculated results were validated and
compared with the experimental data and the original model.
Song et al.”® calculated the rate constants for the unimolecular
dissociation and H-transfer decomposition reactions of EF2 at
the level of CBS-QB3 and updated the pyrolysis model of
Some et al. to predict the pyrolysis experiments of EF2 in a
flow reactor at different pressures and temperatures. A large
number of pyrolysis species were identified and measured, and
in addition to common pyrolysis products such as CH,, C,H,,
C,H,, and CO, V2F, which has a high mole fraction in the
pyrolysis of EF2, was recognized as a key pyrolysis product.
The pyrolysis experiments of EF2 in a flow reactor were
simulated using the Plug Flow Reactor (PFR) code in
Chemkin-Pro software.*’

The experimental and simulated molar fraction profiles of
the main species in the pyrolysis of EF2 are presented in Figure
8, where the symbols, solid lines, and dashed lines represent
the experimental data, the simulation results of the updated
model, and the simulation results of the Song model,
respectively.”® The updated model can be seen to predict the
pyrolysis of EF2 more accurately at low pressures. Both the
updated model and the model of Song et al. showed higher
predictions for the experimental results of V2F, probably due
to the inaccurate photoionization cross section of V2F.° It
may also result from inaccurate rate constants for the reaction
to generate 2-vinylfuran in the original model.

5. CONCLUSIONS

In this study, the pyrolysis potential energy surface (PES) of 2-
vinylfuran as a potential biomass fuel has been investigated at
the G4 level, including unimolecular dissociation reactions,
intermolecular H-transfer reactions, H-abstraction reactions,
and H-addition reactions. Then, the rate constants of the
reaction channels on the potential energy surface were
calculated by solving the master equation using RRKM theory
and transition state theory, the effects of temperature and
pressure on the rate constants were discussed, and the current
experimental results were verified by pyrolysis experiments of
2-ethylfuran. The intramolecular H-transfer decomposition
reaction of V2F showed the highest rate constants for the
transfer of H atoms from the C(S) site to the C(4) site to form
2-vinylfuran-3(2H)-carbene, which subsequently decomposes
to form h145te3o. The rate constants for the H-abstraction
reaction of V2F with H atoms were largest at C(6) on the
branched chain, followed by C(7), and the rate constants for
the H-abstraction reaction at C(3), C(4), and C(5) on the
furan ring were not competitive, especially at the C(3) and
C(4) sites. The rate constants for the H-addition reaction of
V2F with H show a negative temperature coefficient effect at
low pressures, with the rate constant for the H-addition
reaction at C(S) being the largest. This study is expected to
provide theoretical guidance on the possible implications of
the practical application of furan-based fuels.
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