2-methylfuran pyrolysis: gas-phase modelling and soot formation
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Abstract

Since the recent discoveries in the high efficiency production methods of 2,5-dimethylfuran (2,5-DMF) and 2-
methylfuran (2-MF), and due to their good physicochemical properties, these alkylated furan derivatives
have been highly considered as fuels or additives in gasoline and diesel engines. However, the cyclic
structures of 2,5-DMF and 2-MF may make them effective soot precursors. We have recently studied the
capacity of 2,5-DMF to form soot under different pyrolysis experimental conditions, in a flow reactor, and
we now focus on the study of the capacity of 2-MF to form soot under the same conditions. In this way, a
systematic investigation of the temperature and fuel concentration effects on the soot formed in the 2-MF
pyrolysis was undertaken, in an atmospheric-pressure flow reactor, in the temperature range of 975-1475 K,
and with 9000 and 18000 ppm of 2-MF (inlet total carbon of 45000 and 90000 ppm, respectively). The
increase in the soot yield is favoured by the rise in both the temperature and the inlet 2-MF concentration,
while the gas yield decreases as the temperature increases without a noticeable influence of the inlet 2-MF
concentration. A gas-phase chemical kinetic model was proposed to describe both the pyrolysis of 2-MF and
2,5-DMF. It was validated against the gas-phase data obtained in this work, as well as with a series of
experimental data from literature including shock tube and flow reactors. Results show that 2-MF has a high
capacity to form soot, and C4 species play a major role in the formation of intermediates that yield polycyclic
aromatic hydrocarbons (PAH), well known as soot precursors. However, the soot yield in the 2-MF pyrolysis
was found to be lower than that in the 2,5-DMF pyrolysis, mainly because, according to modelling results,
during the 2,5-DMF pyrolysis the cyclopentadienyl radicals are highly formed, whose recombination yields

directly naphthalene without any other intermediate.
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1. Introduction

One of the main reasons for proposing alternative fuels, which, depending on their physical and
chemical characteristics, can be used blended or not with the conventional fuels [1], is to reduce the strictly
regulated particulate matter (PM) emissions, principally from diesel engines. Soot is a major component of
PM emitted by engines and it can have adsorbed polycyclic aromatic hydrocarbons (PAH), which exhibit a
human health hazard and are known to be the major soot precursors [2].

The latest improvements in the production methods of alkylated furan derivatives, from non-food
feedstocks, specifically 2,5-dimethylfuran (CeHsO, 2,5-DMF) and 2-methylfuran (CsHsO, 2-MF) [e.g. 3-4], have
increased the interest of using these compounds as biofuels. Some of the physicochemical properties of 2,5-
DMF and 2-MF are similar to those of gasoline and they have a series of attractive features compared to
ethanol, the most commonly biofuel used in spark ignition (SI) engines due to its renewable nature and high
octane number [5]. These features include: lower latent heat of vaporization, insolubility in water and higher
energy density. The 2-MF molecule is more compact than 2,5-DMF and some of its properties, such as its
higher research octane number (RON) and its lower boiling point [6], make it more attractive as engine fuel
than 2,5-DMF.

2-MF (an intermediate in the 2,5-DMF conversion [7]) has been studied as biofuel mainly in SI
engines, showing that 2-MF is compatible with the gasoline engines when is used either as pure fuel [e.g.
8,9] or as gasoline/2-MF blend fuel [6]. Regarding the PM emissions, they seem to be lower in the 2-MF
combustion than in the gasoline combustion [9], but higher compared to the PM emissions from ethanol
combustion [8]. Furthermore, a more recent study [10] has addressed the use of 2-MF in a direct-injection
compression ignition (DICI) engine, suggesting the use of 2-MF as diesel blend fuel because the high octane
number of 2-MF hinders its compression ignition in DICI engines when is used as pure fuel. The results from
that work showed that, for a 2-MF mass fraction up to 30 %, the hydrocarbon (HC) and soot emissions were
reduced over the entire engine loads tested, while for the 2-MF mass fraction of 40 %, the soot emissions
were high for low engine loads. On the other hand, the CO and NOy emissions with 2-MF addition were
higher than those of pure diesel fuel, and increased with the increase of 2-MF fraction. This behavior was

more noticeable for CO and NOy at low and at high engine loads, respectively.



The interest of 2-MF as biofuel, linked with the difficulty to evaluate the complex combustion
process in engines, leads to the need of performing studies of both 2-MF pyrolysis and oxidation in
laboratory scale reactors. At the same time, the development of kinetic models is required in order to
describe the 2-MF conversion under different operating conditions. The 2-MF oxidation studies reported in
the literature include premixed flames [e.g. 11-13], ignition delay times [e.g. 14,15], laminar burning
velocities [e.g. 14,16], and flow reactor [17]. Most of these works include kinetic modelling study in order to
describe the 2-MF oxidation process.

While the 2-MF oxidation has been widely studied, the 2-MF pyrolysis has been hardly investigated.
2-MF pyrolysis studies include the work of Grela et al. [18], where the decomposition of furan, 2-MF and 2,5-
DMF, in a flow reactor operating at 1 mTorr, was addressed, although experimental concentration profiles
were not reported. Lifshitz et al. [19] studied the thermal decomposition of 2-MF in a single pulse shock tube
over the temperature range 1100-1400 K. Mole percent profiles of the gases products detected by gas
chromatography (GC) were reported, founding CO as the major gas. The recent study of Cheng et al. [20]
approaches a 2-MF pyrolysis study in a flow reactor operating in the temperature range of 900-1530 K, at 30
and 760 Torr. The experimental mole fraction profiles of the pyrolysis products, detected by synchrotron
vacuum ultraviolet photoionization mass spectrometry (SVUV-PIMS) and GC, were reported. Modelling
calculations were also carried out using an updated model of Somers et al. [21], to which Cheng et al. [20]
added reactions describing the formation of aromatics, including PAH [22,23].

According to literature studies, 2-MF seems to have a high tendency to form soot, although there is a
lack of information on this regard. For example, Moshammer et al. [12], in their work of low-pressure
premixed flames, reported that 2-MF has high capacity to form aromatic species, which are PAH precursors,
and therefore soot precursors. Tran et al. [11] also mentioned that the low-pressure premixed 2-MF flame
has a certain tendency to form PAH. Through simulations, they found that the formation of PAH is
considerably enhanced in the 2,5-DMF flame compared to that of 2-MF. Cheng et al. [20] also found in their
2-MF flow reactor experiments that this fuel has a high tendency to form PAH.

Although these works indicate the high tendency of 2-MF to form soot, no research about the
quantification of soot from the 2-MF conversion is reported in literature. Thus, in order to extend the
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knowledge of the capacity of 2-MF to form soot under well-controlled laboratory experiments, the present
study focuses on the quantification of the soot and the main light gases formed during the 2-MF pyrolysis in
an atmospheric-pressure flow reactor. PAH are not experimentally quantified in this work; therefore, the
concentration values for these species are not reported here. This work is part of the research works about
the pyrolysis of furan derivatives that are carried out in our group. The 2,5-DMF pyrolysis was considered in
a previous work of our authorship [24], where this fuel was found to have a capacity to form soot
comparable to that of acetylene, an important soot precursor. To facilitate the interpretation of the
experimental data of the present work, a gas-phase kinetic model has been established by adding a PAH
growth mechanism [25] into a furans conversion mechanism [17]. This extended model has been modified in
order to properly predict the gases formed during the pyrolysis of both 2-MF ([19,20] and present work) and
2,5-DMF [24,26,27]. Furthermore, the comparison between the capacity of 2-MF and 2,5-DMF to form soot

has been carried out, with a discussion supported by a kinetic modelling study.

2. Experimental method

The experiments were performed at 975, 1075, 1175, 1275, 1375, and 1475 K with an inlet 2-MF
concentration of 9000 and 18000 ppm (inlet total carbon of 45000 and 90000 ppm, respectively), which are
similar to the conditions used in our previous 2,5-DMF pyrolysis study [24].

Details of the flow reactor and pyrolysis set-up used in this work can be found elsewhere [24,28].
Briefly, a quartz flow reactor (45 mm internal diameter and 800 mm in length) is fixed inside a vertical high
temperature furnace. The reactor inlet and outlet are cooled by means of an external air flow. The heated
isothermal region (reaction zone) of the flow reactor is 160 mm. An initial total flow rate of 1000
mL(STP)/min is kept constant in each experiment, which results in a temperature dependent gas residence
time, t, (s)=4168/T(K), ranging from 2.8 to 4.3 s. The fuel, which is liquid at room temperature, is pumped
into a stainless steel tube maintained at 395 K, using a HPLC pump and N; as carrier gas. This fuel-N; flow is
mixed at the reactor inlet with a separate N, flow established by a mass flow controller in order to
complete the total flow. In each experiment, the desired temperature is programmed in the furnace, and

while this temperature is reached, a N; flow of 1000 mL(STP)/min is flowing through the reactor. When the



temperature is stable, part of the N flow is changed by the fuel-N; flow, starting to count from here the 3 h
that the experiment lasts. According to the procedure established by Ruiz et al. [28], this time allows us to
collect a significant amount of soot (more than 1 g) in order to carry out later the reactivity study and
characterization analysis of the soot.

The soot formed is collected downstream the reactor outlet by a quartz fiber filter with a pore
diameter lower than 1 um. The filter is weighed before and after each experiment in order to quantify the
soot deposited in the filter. In this way, the soot amount is obtained by the sum of the soot found on the
reactor walls and the soot found in the filter. The experimental uncertainty in soot measurement is
estimated as +1%. The gas product is quenched at the reactor outlet by an external air flow and is analyzed
by an Agilent 6890 gas chromatograph equipped with a thermal conductivity detector (TCD) and a flame
ionization detector (FID) (accuracy of £10 ppm). The main light gases quantified were ethylene, acetylene,
hydrogen, benzene, methane, carbon monoxide, and carbon dioxide, and the minor gases were 1,3-
butadiene, cyclopentadiene, allene, ethylbenzene, and toluene. The reactor inlet is connected to a pressure
transducer to monitor the pressure in the system and to ensure that it does not exceed an established limit

pressure of 1.3 atm, in order to avoid operational problems.

3. Modelling
3.1 Mechanism description

Simulations were carried out with the Chemkin Pro software [29]. A kinetic model, based on the 2-
MF oxidation mechanism used in our previous study [17], was constructed. This mechanism starts from the
GADM mechanism [30] to describe the C1-C2 hydrocarbon chemistry, with subsequent modifications and
updates [31-34], and adopts the furan and 2,5-DMF sub-mechanisms from Sirjean et al. [35], and the
updated 2-MF sub-mechanism proposed by Somers et al. [21]. Reactions of PAH growth, via H-
abstraction/C,H>-addition (HACA) mechanism and reactions involving resonantly stabilized free radicals,
were included in this model by introducing the PAH sub-mechanism used in our dimethyl carbonate
pyrolysis study [25], which incorporates the PAH growth up to pyrene proposed by Appel et al. [36] and
from pyrene up to coronene proposed by Richter et al. [37]. The thermodynamic data were taken from the
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same sources as the original mechanisms. This extended model, as well as the thermodynamic data, are
provided in the Supplementary Material.

Although this work is focused on the 2-MF pyrolysis, the extended model has been modified in order
to better predict the results of the gases quantified in the pyrolysis of both 2-MF and 2,5-DMF, in this work,
as well as in the literature. For this, some reactions concerning many species/radicals and even some PAH
were modified/added in the mechanism. The main added (R1-R56) and modified (R57-R86) reactions are
reported in Table 1. See Table S1 in the Supplementary Material for details in the name of the species. This
final proposed model, containing 469 species and 2118 reactions, is also provided in the Supplementary

Material.

Table 1. Main added and modified reactions in the extended model °.

Ne° Reaction A n Ea Reference
Added

R1 H,CCCH + H,CCCH 2 CgHs + H 2.02 x 1033 -6.00 15940 [20]
R2  H,CCCH + C4Hg 2 C¢HsCH3 + H 6.53 x 10° 1.28 -4611 [20]
R3  H,CCCH + C3Hs & CsH4CH; + 2H 3.26 x 10%° -5.40 3390 [20]
R4 H,CCCH + HCCO 2 C4H4+ CO 2.50 x 1013 0.00 0 [20]
R5 pC3Hs+H 2 aCsHs+HP 6.27 x 10Y7 -0.91 10079 [20]
R6 aCsHz+ CH3; 2 H,CCCH + CHy 1.30x 1012 0.00 7700 [20]
R7 nC4Hz+ CyH; 2 C-CeHa+ H 6.90 x 1046 -10.01 30100 [20]
R8 iC4Hs+ H 2 C4Hy 3.40 x 1043 -9.01 12120 [20]
R9 nCsHs 2 CsHa+H 3.03 x 1011 0.87 39300 [20]
R10 C4H40 +H 2 CH,CHCCO + H, 7.01 x 1014 -0.17 8783.2 [20]
R11 CsHs+ C4H, 2 CoHy 2.00 x 1013 0.00 10000 [20]
R12 c¢-CgHs+ pCsHa 2 CoHg 1.00 x 1013 0.00 10000 [20]
R13 CgHs + C4Hs 2 CeHsCoH + CyH3 3.20 x 1011 0.00 1350 [20]
R14 CgHs + H,CCCH 2 CoHy +H 2.00 x 1013 0.00 0 [20]
R15 CgHs + H,CCCH 2 CgoHg 1.50 x 1075 -17.80 39600 [20]
R16 CsHsCH; 2 CeHs+HP 2.24 x 1068 -14.70 142570 [20]
R17 CsH4CH, 2 CeHe ® 1.45 x 10% -8.90 96999 [20]
R18 CsH4CH,+H 2 CgHg+H?P 1.66 x 10% -2.99 13691 [20]
R19 C;Hs & C4Hy+ H,CCCHP 8.51 x 1082 -19.18 125340 [20]
R20 CyHs+ CyHa > CgH7 b 2.58 x 1046 -9.96 39426 [20]
R21 CyHs+ CHs2 CoHg +H 3.124x 106 471 1417.5 [20]
R22 C;Hs+ HyCCCH 2 CyoHg® 1.07 x 10% -9.57 17000 [20]
R23 CgHsC;H + CH3 - CoHg + H 3.00 x 1011 0.00 7600 [20]
R24 CgHsCyH3 2 CgHg + CoH2 1.58 x 1011 0.00 58440 [20]
R25 CgH; = C7Hs+ CoH, b 1.476 x 107° -17.61 162389 [20]
R26 CgH; + H (+M) 2 CoHg (+M) 1.00 x 1014 0.00 0 [20]

low 4.40 x 1080 -18.28 12994

Troe 0.068 400.7 4135.8 5501.9

H»/2.0/H,0/6.0/CH4/2.0/CO/1.5/C0O,/2.0/
R27 CgHg+ CH32 CgH7 + CH4 1.80 x 100t 4.00 456.5 [20]
R28 2C;H, 2 C4Hy+ Hy 1.51x 1013 0.00 21350 [38]
R29 CgH4CoH + CgHe 2 CigHio + H 1.10x 102 -2.92 8010 [38]
R30 CgH7+ CsHs - CygHi0 + Hy 4.30 x 1036 -6.30 22530 [38]
R31 CgHg+ CH,S 2 CyoHg + 2H 4.00 x 1013 0.00 4370 [38]
R32 CgHg+ H,CCCH = CioHg + H + Hy 1.55x 1014 0.00 25912 [38]
R33 CjoHg + CH,S 2 1-CyoH;CH3 4.40 x 1013 0.00 4370 [38]
R34 CjoHg + CH,S 2 2-CyoH;CH3 4.40 x 1013 0.00 4370 [38]



R35 1-CygHg + C4Hs 2 CygHip + H 3.20x 1033 -5.70 12750 [38]
R36 CigHg + C4Hg 2 CyoH1p +H 3.30x 1033 -5.70 12750 [38]
R37 CigHip + CoHz 2 CyoH1z 5.10 x 1021 -3.36 8900 [38]
R38 4-CigHi1+H 2 CigHio+ Ha 1.00 x 1014 0.00 0 [38]
R39 5-CigHi1+H 2 CigHig+ Hy 1.00 x 1014 0.00 0 [38]
R40 pCsHs+ H,CCCH 2 CeHg + H 2.20x 1011 0.00 2000 [40]
R41 aCsHs+H,CCCH 2 CegHg + H 2.20x 1011 0.00 2000 [40]
R42 CsHs+ C4Hs 2 CoHg + H 0.50 x 108 -9.97 36755 [40]
R43 CgHsCoH + nC4H3 2 CyoH7CoH, 7.51 x 1075 -17.90 39600 [40]
R44 CgH7+ H,CCCH 2 CyoHg + 2H 8.10 x 1042 -9.20 15153 [40]
R45 CyoHg+ nC4H3 2 CigHio+ H 4.00x 1013 0.00 15976 [40]
R46 1-CygHg + CoHy + CHy = CigHiz + H 1.00 x 1013 0.00 0 [40]
R47 CyH7 + CoHy 2 4-CygHg 7.00 x 1037 -8.02 16295.1 [11]
R48 1-CisHg + CoH; 2 pCigHip + H 6.60 x 1024 -3.36 17686 [11]
R49 CigH1» 2 CHa+ pCigHao 1.00x 101 0.00 89420 [11]
R50 2,5-DMF 2 C4Hs-1S + CH3CO b€ 5.52 x 10107 -26.40 142000 [26]
R51 CgHsOH 2 CsHg + CO 8.62 x 1015 -0.61 74115 [26]
R52 CjHip 2 CioHg + Hy 4,70 x 1013 0.00 61600 [37]
R53 aCieHi0 2 fCieH1o 8.51x 1012 0.00 62860 371
R54 HCCCH + H,CCCH 2 CsH4CH, P 8.25 x 1046 -10.10 16900 [39]
R55 CsHg + CsHs 2 CgHg + NCyHs 5.00 x 10° 0.00 0 [21]
R56 pCieH1io 2 C4Ha + CopHg 1.00 x 1011 0.00 45000 [41]
Modified

R57 CH4+H 2 CH3z+H, 6.14 x 10° 2.50 9587 [20]
R58 C2H3+CH3 2 CH4 + Csz 3.92 x 1011 0.00 0 [20]
R59 CyH3.CHs 2 C4H7-1 7.93 x 1038 -8.47 14220 [20]
R60 CyHs+H 2 CHs+H; 5.07 x 107 1.93 12950 [20]
R61 H,CCCH+H 2 pCs3H4 1.50x 1013 0.00 0 [20]
R62 H,CCCH +H 2 aCsHy 2.50 x 1012 0.00 0 [20]
R63 H,CCCH + CH,T 2 C4Hys+ H 5.00 x 1013 0.00 0 [20]
R64 H,CCCH + CH3 (+M) 2 C4He-12 (+M) 1.50 x 1012 0.00 0 [20]

low 2.60 x 10%7 -11.94 9770

Troe 0.175 1341 60000 9770

H2/2.0/H20/6.0/CH4/2.0/C0O/1.50/C0O,/2.0/C,He/3.0/AR/0.70/

R65 H,CCCH + H,CCCH 2 C¢Hs 1.64 x 1066 -15.90 27529 [20]
R66 pCsHs+H 2 H,CCCH + H; 1.30x 108 2.00 5500 [20]
R67 iCsH3+H 2 C4Hy+ Hy 6.00 x 1013 0.00 0 [20]
R68 C4Hs+H 2 iC4H3+ H, 3.33x10° 2.53 9240 [20]
R69 nC4Hs 2 CoHy+ CoHs b 9.04 x 1044 -9.65 50910 [20]
R70 C4He-1 2 H,CCCH + CH3 P 4,99 x 1081 -19.37 112156 [20]
R71 C4He+ CH3; 2 iCqHs+ CH4 1.00 x 1014 0.00 19800 [20]
R72 CgHsCH, + CoH, 2 CoHg + H 3.12x 10°® 4,71 1417.5 [20]
R73 CgHsCH3 (+M) 2 CeHs + CH3 (+M) 1.95 x 107 -3.16 107447 [20]

low 1.00 x 1098 -22.96 122080

Troe 0.705 9.99x10° 459 8.21x10°
R74 CgHsCHs + H 2 C¢Hg + CH3 9.49 x 10° 2.00 944 [20]
R75 CgHsCHs3 + CsHs 2 CgHsCH; + CsHg 1.60 x 1012 0.00 15100 [20]
R76 CoH7+H; > CoHg+H 1.00 x 1012 0.00 13000 [20]
R77 CoHg+H = Hy+ CoH7 1.44 x 107 2.00 4212.94 [20]
R78 C4Hs+H 2 nCsHs+ Hy 6.65 x 10° 2.53 12240 [26]
R79 CsHs 2 H,CCCH + CoH, 1.27 x 10%° -13.51 82200 [26]
R80 CsHs + CoH, 2 CgHsCH, 3.79x 108 1.50 34420 [26]
R81 CsHs + CsHs 2 CyoHs + 2H 6.39 x10%° -4.03 35205.54 [26]
R82 CsHsCH3 (+M) 2 CsHs + CH3 (+M) 1.95x 1027 -3.16 107447 [26]

low 1.00 x 1098 -22.96 122080

Troe 0.705 9.99x10° 459 8.21x10°
R83 2,5-DMF +H 2 2-MF + CH3 1.55 x 1022 -2.27 13215.5 [26]
R84 2,5-DMF 2 5-C¢H,0+HP 2.08 x 10%8 -12.46 110000 [26]
R85 CgHs +iC4H3 2 CyoHsg 3.18 x 1023 -3.20 4230 [11]
R86 CgHsCH; + CH3 2 CgHsCyHs 1.19x 1013 0.00 221 [11]

2 Units: s, cm3, cal, mol.

b Reaction in PLOG format. The Arrhenius parameters showed in this table are for 1 atm.
CGlobal reaction of the reaction sequence 2,5-DMF 2 3,4-CgHsO 2 C4Hs-1S + CH5CO.



Most of the rate constants of the reactions in Table 1 were taken from Cheng et al. [20]. Other rate
constants from sources regarding the PAH formation and growth in flames of benzene [37]; methane,
ethylene, ethane [38-41]; and 2,5-DMF and 2-MF [11] were adopted. Furthermore, some modifications were
carried out following the recommendations given by Cheng et al. [26] to better predict the experimental 2,5-
DMF data (reactions R50, R51, R83 and R84 in Table 1). It is to be mentioned that, in the present work, we
followed the same procedure of Cheng et al. [26] of using the global reaction 2,5-DMF & C4Hs-1S + CH3CO
instead of the reaction sequence 2,5-DMF & 3,4-CeHsO 2 C4Hs-1S + CHsCO to better predict the
concentration profile of 2,5-DMF. Considering that this reaction is poorly studied in literature, experiments
and more calculations for the rate constant of this global reaction are suggested to further improve the
accuracy of the 2,5-DMF kinetics.

The final proposed model is that one used to perform the simulations, as well as, to assess the
contribution of different paths to the 2-MF consumption, and the formation and consumption of
intermediates, through a rate of production (ROP) analysis at different temperatures, as it will be shown in

Section 4 of the present work.

3.2 Mechanism validation against literature data

As it has been mentioned, the proposed model has been built in order to properly predict the
pyrolysis of both 2-MF and 2,5-DMF. Table 2 summarizes the pyrolysis works from literature used to
validate the proposed mechanism, which include 2-MF and 2,5-DMF pyrolysis studies in a single pulse
shock tube and in flow reactors. The experimental data sets cover a wide range of conditions which allow

validation of the mechanism.



Table 2. Literature works used to validate the proposed model. SPST: Single pulse shock tube; FR:

Flow reactor; t,: Residence time.

Reactor Fuel Dilution T P t: Reference
type (%) gas (K) (atm) (s)
2-MF
Lifshitz et al. SPST 0.5 Ar 1100-1400° 2-3 2x103 [19]
1150-1486°
Cheng et al. FR 2 Ar 900-1530 0.04 5.3x103-2.1x101 [20]
1
2,5-DMF
Lifshitz et al. SPST 0.5 Ar 1070-1370°2 2-3 2x103 [27]
1110-1452¢
Cheng et al. FR 2 Ar 780-1470 0.04 5.4X103-2.3X101 [26]
0.2
1
Alexandrino et al. FR 0.50 N, 975-1475 1 2.8-4.3 [24]
0.75
1.50

2 Temperature ranges reported by Lifshitz et al. [19,27] and subsequently corrected by ®Somers et al.

[21] and by ©Sirjean at al. [35].

The plots comparing the experimental data from literature, and the simulations of the proposed
model are shown in Figs. S1-S7, in the Supplementary Material. For comparison, calculations with the
models proposed by Cheng for the pyrolysis of 2-MF (Cheng2-MF) [20] and 2,5-DMF (Cheng2,5-DMF) [26]
are also represented.

Fig. S1 presents the 2-MF pyrolysis product speciation profiles, expressed in mole percent, from
Lifshitz et al. [19] and the simulations of both the model proposed in this work and the Cheng2-MF model.
The mole percent of a given species is defined as the ratio between the mole fraction of this species and
the sum of all the species mole fractions. The species included in the calculation of the simulated mole
percent are the same included in the calculation of the experimental mole percent (those shown in Fig. S1).
The temperatures behind the reflected shock wave represented in Fig. S1 are those corrected by Somers et
al. [21], where the correlation between the experimental temperatures (T;) obtained by Lifshitz et al. [19]
and the corrected temperature (T¢) is given by T. (K)=1.12 x T; (K) - 82.54. Major discrepancies in the fitting
between experimental and simulated data are observed for ethane (Fig. Sic), CH,CO (Fig. Sid), 1,3-
butadiene (Fig. S1e), and propene (Fig. S1f).

Figs. S2 and S3 show the experimental and simulated mole fraction profiles of the 2-MF pyrolysis

study of Cheng et al. [20], in conjunction with the simulations of the proposed model. It is seen that the
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overall agreement between experimental data and simulations of the proposed model can be regarded as
acceptable, although this model tends to over-predict once again the propene concentration (Fig. S3j). In
spite of the poor prediction of the H,CCCH radicals (Fig. S2g), the model predicts well the mole fraction
profile of benzene (Fig. S3a), which is mainly formed by the recombination of two H,CCCH radicals in those
conditions.

Fig. S4 presents the 2,5-DMF pyrolysis product speciation profiles, expressed in mole percent, from
Lifshitz et al. [27], and the simulations of both the proposed and the Cheng2,5-DMF model. The
temperatures are those corrected by Sirjean et al. [35] (T (K)=1.14 x T; (K) - 110). The proposed model
captures satisfactorily the mole percent trends of the 2,5-DMF and the pyrolysis products, with an under-
prediction of 1-butyne (C4He-1) (Fig. S4d), and an over-prediction of the mole percent of cyclopentadiene
(CsHg) and 2-MF (Fig. S4e). These major discrepancies are also observed with the Cheng2,5-DMF model.

The comparison of the experimental and simulated mole fraction profiles of the 2,5-DMF pyrolysis
study of Cheng et al. [26], and simulations by the proposed model, are shown in Figs. S5 and S6. A general
good prediction of the experimental data by the proposed model is achieved, although poor predictions are
mainly observed for vinylacetylene (Fig. S5b), allyl radicals (Fig. S5I), benzyl radicals (Fig. S6f),
phenylacetylene (Fig. S6h), and indenyl radicals (Fig. S6j). It should be noted that, to predict appropriately
the mole fraction profile of 2,5-DMF, the important reaction for the 2,5-DMF decomposition, 2,5-DMF 2
3,4-CeHsO 2 C4Hs-1S + CHsCO, was substituted by the global reaction R50, in Table 1, as in Cheng et al. [26],
where the carbonaceous intermediate hexa-3,4-dien-2-one (3,4-CsHsO) was omitted.

Fig. S7 shows the experimental concentration profiles of the main gases obtained in our previous
2,5-DMF pyrolysis study [24], with the simulation results of both the proposed and the Cheng2,5-DMF
models. We used here concentration profiles, instead of the yield profiles published in that work [24], to
better appreciate the performance of the models. It is observed that, in general, the trends of all
concentration profiles are well captured by the proposed model. On the other hand, the Cheng2,5-DMF
model does not predict well the trend of acetylene (Fig. S7d), and the calculated maximum in the benzene
concentration profile is shifted about 120 K to higher temperatures (Fig. S7f). It is also observed that the
CO; concentration is under-predicted by both models, especially from 1175 K. Note that the CO,
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concentration is very low when compared with the rest of species quantified. Figs. S1-S7 allow to verify
that the proposed model predicts reasonably well experimental data for the pyrolysis of both 2-MF and
2,5-DMF. Thus, the mechanism validation for the experimental data of the present work will be shown in

the next section together with the analysis of the results.

4. Results and discussion

In this section, the soot and gas yields obtained in the 2-MF pyrolysis are shown. The gas-phase products
are examined by means of a rate of production (ROP) analyses at different temperatures, using the
proposed model. Comparison of soot yields obtained in the pyrolysis of 2-MF and 2,5-DMF is done, and

their capacities to form soot are discussed through kinetic analysis.

Soot and gas yields

Figure 1 shows the soot and gas yields (in %), i.e., the carbon in soot (around 98 %wt. of the soot
amount) and gases, respectively, relative to the total carbon amount fed into the reactor, as a function of
temperature, obtained in the pyrolysis of 9000 and 18000 ppm of 2-MF. The sum of both yields is not 100%
because by-products, such as a condensate and pyrolytic carbon, which formation cannot be avoided, are
generated but not quantified. Moreover, the no quantification of some intermediates species that can be
produced during the pyrolysis processes may also contribute to this fact.

It is observed that, as both the temperature and the inlet 2-MF concentration increase, so does the
soot yield, reaching values around 44 and 52.4 % for 9000 and 18000 ppm of 2-MF, respectively. The
influence of the inlet 2-MF concentration on the soot yield is only pronounced at temperatures higher than
1275 K. On the other hand, the gas yield decreases with increasing temperature, because the reactions
leading to the formation of soot and soot precursors are favoured at high temperatures and therefore the
carbon is converted to soot instead to gases. There is not a notable effect of the inlet 2-MF concentration
on the gas yield.

As happened in our 2,5-DMF pyrolysis study [24], three events are seen to occur during the 2-MF
pyrolysis:
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1. In the experiments carried out at 1075 and 1175 K, with the two inlet 2-MF concentrations studied, a
brown liquid was formed. In this way, the soot yields at 1075 and 1175 K, shown in Fig. 1, should be
considered with caution because the formation of the condensate may affect the quantification of soot
since part of it could be deposited in the filter. The condensate obtained with 9000 ppm of 2-MF at 1075 K
was qualitatively analyzed using a 7890A gas chromatograph coupled to a MSD 5975C mass selective
detector of Agilent Technologies, finding that this condensate is composed by several PAH, which are the
same as were found in the condensate formed in the 2,5-DMF pyrolysis [24]. These PAH are shown in Table
S2 in the Supplementary Material.

2. It is believed that soot has not been yet formed at 1075 K because no soot was found on the reactor
walls at this temperature. In this way, the soot yields at 1075 K, shown in Fig. 1, correspond in fact to the
condensate deposited in the filter. Thus, 1175 K is considered the lower temperature for soot formation
corresponding to the temperature values studied in this work.

3. In the experiment performed with 18000 ppm of 2-MF at 1175 K, the pressure in the system went up
over the pressure limit (1.3 atm) after 2 h of experiment, forcing to stop the experiment. As the
experiments are performed in stationary conditions, the soot yield at 1175 K for 18000 ppm of 2-MF,

shown in Fig. 1, corresponds to the soot mass extrapolated at 3 h.

Gas-phase analysis

The experimental and 2-MF conversions for 9000 and 18000 ppm of 2-MF are represented in Fig. 2.
in conjunction with the calculated 2-MF conversions with the proposed model. For comparison, the
calculated 2-MF conversions with the model proposed by Cheng et al. [20], for the 2-MF pyrolysis, are also
represented. It is observed that the simulated conversions by the two models are in good agreement with
the experimental data. The 2-MF conversion starts at around 900 K and is total around 1175 K, and there is
not a noticeable influence of the inlet 2-MF concentration on this conversion.

As it has been mentioned above, ROP analysis has been performed at different temperatures. The

reaction flux diagram for 2-MF pyrolysis at 1000 K (2-MF conversion of approximately 50 %) is presented in
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Fig. 3. The main path for the 2,5-DMF conversion is also shown in Fig. 3 for further discussion when the
comparison between the capacity of 2-MF and 2,5-DMF to form soot is made later.

The 2-MF consumption is dominated by (1) H-abstraction reactions from the methyl side of 2-MF by
H atoms, and methyl (CHs) and vinyl (C;Hs) radicals, representing the main path to the formation of
hydrogen, methane and ethylene, respectively, (Path 1), and by (2) H-addition at C5 of the furan ring and a
subsequent ring opening (Path 2).

The H-abstraction reactions (path 1 in Fig. 3) yield to the intermediate 2-furanylmethyl radical
(CsHsO). Its ring opening produces the 3,4-pentadiene-1-one-2-yl radical (H,CCCHC*HCHO), which yields its
secondary conformer (H,CCCHC®HCOH). This last radical can undergo a 1 — 4 intramolecular hydrogen
atom transfer reaction to finally form the radical H,CCHC*HCHCO, which isomerizes to H,CCHCHCHC®O. The
following decarbonylation yields the n-butadienyl radical (nC4Hs) and CO. In this way, the H-abstraction
from 2-MF is the main source of nC4Hs radicals, which decomposition triggers the formation of effective
soot precursors: (1) vinylacetylene (CsHi) and H atoms, and (2) acetylene and the vinyl radicals.
Vinylacetylene mainly reacts with vinyl radicals to form benzene and H atoms, representing the principal
via for the benzene formation and vinyl radicals consumption. Vinylacetylene may also react with H,CCCH
radicals or combine with itself to form benzyl radicals and styrene, respectively. Thus, these aromatics
(benzene, benzyl radicals, and styrene) lead to the formation of naphthalene, with ethylbenzene
(CeHsCaHs), 1-phenylethyl radicals (CsHs), and phenylvinyl radicals (CsHsC:H;) as intermediates. Among
these paths to the naphthalene formation, the dominant one is the combination of two vinylacetylene
(C4H4) to give styrene (CeHsC;Hs3) followed by its H-abstraction by methyl radicals to give phenylvinyl
(CsHsCyH,) radicals which, by the HACA mechanism, finally produce naphthalene.

On the other hand, the H-addition at 2-MF (path 2 in Fig. 3), which is a reaction that gains more
importance with increasing temperature, originates the ring opening and forms the H3CCOC®*HCHCH,
radical, which demethylation gives vinyl ketene (C4H40) and methyl radicals. C4HsO mainly reacts by ring
closure to form cyclohexa-2,5-dien-1-one (2,5-CsHsO) leading to further formation of cyclohexa-2,4-dien-1-
one (2,4-C¢He¢0O) via formation of the biradical BiCsHeO. 2,4-C¢H¢Oreacts , via a concerted reaction, into
phenol (C¢HsOH), which in turn reacts with methyl radicals and by CO elimination to form phenoxy radicals
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and cyclopentadiene, respectively. The phenoxy radicals and cyclopentadiene finally yield cyclopentadienyl
radicals, where the H-abstraction from cyclopentadiene by methyl radicals is the main via to the formation
of cyclopentadienyl radicals in these conditions.

As it was mentioned above, the H-abstraction reactions from the methyl side of 2-MF by vinyl and
methyl radicals (path 1 in Fig. 3) represent the main via to the formation of ethylene and methane, two of
the major gases found in this work. Fig. 4 shows the experimental and modelled concentration profiles of
these species, as a function of temperature, for both inlet 2-MF concentrations. It is observed a maximum
in both experimental concentration profiles at around 1075-1175 K. Both the proposed and the Cheng2-MF
models predict quite well the concentration trends of both species. However, the CHs maximum calculated
by the Cheng2-MF model is shifted to about 75 K less (Fig. 4b). Moreover, both models under-predict the
CH4 concentration at temperatures higher than 1175 K, with a greater under-prediction by the Cheng2-MF
model.

At temperatures higher than 1075 K, a high 2-MF conversion is obtained (Fig. 2). Thereby, the H-
abstraction reactions from 2-MF become negligible for the formation of C;Hs and CH4. Thus, the reactions
involving intermediate species become the main routes to the formation of these species, such as the
reaction of 1,3-butadiene with H atoms to form C,H4 (reaction R87), and the reaction of methyl radicals
with indene (reaction R27, in Table 1) and with cyclopentadiene (reaction R88, path 2 in Fig. 3) to form CHa.
CsHe+ H 2 CoHa+ CoHs (R87)
CHs3 + CsHg 2 CsHs+ CH4 (R88)

At temperatures higher than 1175 K, the C;Hs concentration decreases due to its consumption to
give C;Hs radicals which subsequently form C;H,, while the CH,; concentration decreases due to the
competitive reactions consuming CHjs radicals which lead to the formation of PAH.

1,3-butadiene (C4Hs) and cyclopentadiene (CsHg), species involved in the formation of C;H,4 (reaction
R87) and CH, (reaction R88), respectively, were two of the minor gases quantified in this work. Their
experimental and predicted concentration profiles, for both inlet 2-MF concentrations, are reported in Fig.
5. This figure also reports the other three minor gases (allene, ethylbenzene and toluene) quantified in this
work. These species were only detected at 975 and 1075 K. It can be observed that both the proposed and
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Cheng2-MF models predict a maximum in each concentration profile, which are located in the 975-1100 K
temperature range.

Calculations indicate that the 1,3-butadiene formation is mainly controlled by C4 radicals (reactions
R89-R91), while reactions involving the consumption of phenol (reactions R51, in Table 1, and R92) are the

main sources of cyclopentadiene formation.

CH3C*HCHCH, 2 CaHg + H (R89)
C*H,CH,CHCH, 2 C4Hs+ H (R90)
iCaHs + aCsHa 2 CqHg + H,CCCH (R91)
CeHsOH + CsHs 2 CHsO + CsHg (R92)

On the other side, the allene formation is mainly controlled by reaction R5 in Table 1, and the
formation of ethylbenzene and toluene are controlled by the reaction of benzyl radicals with methyl
radicals (reaction R86, in Table 1) and with cyclopentadiene (reaction -R75, in Table 1), respectively.

Benzene, acetylene and hydrogen are important species involved in the HACA mechanism. These
species were among the major species found in this work. Their experimental and modelled concentration
profiles, as a function of temperature, are plotted in Fig. 6. While a maximum, at approximately 1075-1175
K, is observed in the experimental concentration profiles of benzene and acetylene (Figs. 6a and 6b,
respectively), the hydrogen concentration increases with increasing temperature, with a more noticeable
increment from 1175 K (Fig. 6¢).

Both models capture the benzene concentration maximum, although the Cheng2-MF model shifts it
approximately 45 K to lower temperature (Fig. 6a). On the other hand, the calculated concentration of
acetylene by the Cheng2-MF model increases with increasing temperature, not describing its maximum. This
maximum can be well captured by the proposed model, although the calculated concentration increases
above 1375 K, which is not observed experimentally (Fig. 6b).

The proposed model satisfactorily predicts the hydrogen concentrations, while the Cheng2-MF

model under-predicts these concentrations, especially with 18000 ppm of 2-MF from 1275 K (Fig. 6c)
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The formation of benzene, acetylene, and hydrogen at low temperature (approximately 1000 K)
proceeds through path 1 in Fig. 3, i.e., the reaction of vinylacetylene with vinyl radicals, the decomposition
of n-butadienyl radicals, and the H-abstraction from the methyl side of 2-MF by H atoms, respectively.

At approximately 1075 K, the benzene production continues to be mostly dominated by the same
reaction, while both the decomposition of the vinyl radicals (reaction R93) and the reaction of propyne
with H atoms (reaction R94) dominate the acetylene production.

CoHs (+M) 2 GHz + H (+M) (R93)
pCsHa+ H & CyHy + CH3 (R94)

At this temperature, the recombination of two acetylene molecules (reaction R28 in Table 1) and
the reaction between indenyl and cyclopentadienyl radicals (reaction R30, in Table 1) mainly dominate the
hydrogen production.

Benzene is consumed from around 1175 K by reaction R95 due to the increase in the concentration
of H atoms with the increase of the temperature.

CeHe+ H 2 CeHs + H» (R95)

This reaction originates the reaction sequence shown in Fig. 7, which involves the main reactions for
the acetylene consumption at high temperatures (reactions R32, in Table 1, and R96).

CoHz+ CyoH11 2 CoH1p + H (R96)
The inclusion of reactions R28 (important reaction for the C,H, consumption through the entire

temperature range studied) and R37, in Table 1, and R96 in the proposed model, could explain its capacity to

predict the acetylene consumption at high temperatures. In the same way, with the increase of the

temperature, reactions R77 and R57, in Table 1, become the main routes for molecular hydrogen formation.

CO was the major carbonaceous gas product found in the 2-MF pyrolysis. The CO concentration
increases with temperature (Fig. 8a), keeping a constant concentration above 1175 K, for both inlet 2-MF
concentrations. CO formation, at approximately 1000 K, occurs by the decomposition of the
H,CCHCHCHC®O radicals (path 1 in Fig. 3). Reaction R51 in Table 1 also gains importance in the CO
formation with the increase of temperature. CO oxidizes at high temperatures to CO, by reaction R97.

CO +OH 2 CO, + H (R97)
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The CO; concentration increases experimentally with increasing temperature (Fig. 8b). However,
neither the proposed model nor the Cheng2-MF model can reproduce this tendency, and the CO;
concentration decreases from 1175 K.

As it has been observed, the gas-phase mechanism proposed matches well the experimental
concentration profiles of the species measured in this work. However, due to the non-inclusion of the mass
growth process in this mechanism, a direct comparison between experimental and predicted soot mass is
not possible. Instead of this, a comparison of the experimental soot mass with the total carbon mass in PAH
computed (up to coronene), as a function of temperature for the two inlet 2-MF concentrations studied, is
shown in Fig. 9. It is clear that the calculated PAH mass over-estimates the experimental soot amount. This
discrepancy can be attributed to the fact that we are maybe considering the mass of PAH that have not
really been converted to soot yet at these conditions. Additionally, uncertainties in both the rate
coefficients of reactions involved in the PAH growth mechanism and thermodynamic data of PAH may be

present as well.

Comparison between the capacity of 2-MF and 2,5-DMF to form soot

When compared with other biofuels, as for example dimethyl carbonate [25], 2-MF shows a higher
capacity to form soot under pyrolytic conditions. However, this capacity was found to be lower than the
capacity of 2,5-DMF to form soot. Fig. 10 shows the soot yield obtained in the pyrolysis of 2-MF and 2,5-
DMF [24], for an inlet total carbon amount of 45000 and 90000 ppm and the same residence time,
tr(s)=4168/T(K). From 1275 to 1475 K, the soot yield in the 2-MF pyrolysis was lower than in the 2,5-DMF
case, for both inlet total carbon amounts, by a factor of approximately 1.2. A clear observation can not be
made at 1175 K due to the formation of the condensate in both pyrolysis.

The higher capacity of 2,5-DMF to form soot could be explained through an analysis of the
dominant paths for the consumption of both fuels during their pyrolysis (Fig. 3). While 2-MF is mainly
converted to n-butadienyl radicals, which ultimately form benzene, benzyl radicals, styrene and acetylene
(Path 1 in Fig. 3), 2,5-DMF is mainly converted to 2-C¢H,O radicals to finally form cyclopentadienyl radicals
through a series of reactions which include H-abstraction, ring enlargement and B-scission reactions (path
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in the right side of the Fig. 3). Although both the 2,5-DMF and 2-MF conversion lead to the formation of
important soot precursors, it is known the high ability of cyclopentadienyl radical to the self-combination,
where naphthalene is directly formed without any other intermediate [42] (Path 2 in Fig. 3).

To our knowledge, there are not reports in the literature indicating that cyclopentadienyl radicals
have been detected in the experimental conversion of 2-MF. However, it is observed in Fig. 3 that these
radicals could be formed in the 2-MF pyrolysis by the Path 2, mainly by the H-abstraction from
cyclopentadiene by CHj; radicals. The cyclopentadienyl radicals were not quantified in this work. Thus, a
comparison of the experimental concentration profile of the cyclopentadienyl radicals in the pyrolysis of 2-
MF and 2,5-DMF can not be performed. However, Fig. 11 shows the calculated concentration profiles of
cyclopentadienyl radicals for the pyrolysis of 2-MF and 2,5-DMF, for an inlet total carbon amount of 45000
and 90000 ppm, using the proposed model and, for comparison, the Cheng2-MF and Cheng2,5-DMF
models.

It is observed that both the proposed model and the Cheng models predict a higher formation of
CsHs radicals in the 2,5-DMF pyrolysis. This result agrees with that observed in the 2,5-DMF and 2-MF
flames study of Tran et al. [11], where a calculated mole fraction profile for CsHs was plotted showing that
the CsHs radicals are formed 50 times more in the 2,5-DMF flame than in the 2-MF flame.

It is noticeable in Fig. 11 a high discrepancy between the calculations from the proposed model and
those from the Cheng models, especially for 2,5-DMF, where the prediction of the concentration of the
CsHs radicals is much higher by the Cheng2,5-DMF model than by the proposed model. On the basis of ROP
analysis, reaction R88 was identified in both models, as the main reaction for the formation of CsHs radicals
in the 2,5-DMF pyrolysis, with a rate constant of 3.51 x 103 T(K)*2¢ exp(-2846/T(K)) cm® mol™? st in the two
models. However, while in the proposed model the reaction R55, in Table 1, was found to be the main path
for the consumption of CsHs radicals, in the Cheng2,5-DMF model the main path was the H-abstraction
reaction R98.
2,5-DMF + CsHs 2 5-CsH70 + CsHe (R98)

It is quite possible that the higher concentrations of CsHs radicals by the Cheng2,5-DMF model are
due to the reaction R55 in Table 1. While in the proposed model the rate constant of this reaction is 5 x 10°
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cm?® mol?t st (taken from Somers et. al [21]), in the Cheng2,5-DMF model it is 1.49 x 10%° T(K)™*5%> exp(-
20568/T(K)) cm® mol?! s (taken from Cavallotti et al. [43]). This means that the rate of reaction R55 in the
Cheng2,5-DMF model is much more lower than that in the proposed model, throughout the temperature
range studied, which results in a lower consumption of the cyclopentadienyl radicals and therefore in
higher concentrations of them.

The effect of the rate constant of this reaction on the calculated concentration profile of the CsHs
radicals by the Cheng2,5-DMF model is shown in Fig. 12. It is observed that, when the rate constant of
reaction R55 in the Cheng2,5-DMF model is replaced by the rate constant in the proposed model, the
concentration of CsHs radicals decreases significantly for both inlet 2,5-DMF concentrations studied,
supporting the above mentioned that the higher concentration of CsHs radicals by the Cheng2,5-DMF
model can be due to the rate of this reaction.

Since the CsHs radicals were not experimentally quantified in the present work, and given that in the
pyrolysis of both 2-MF and 2,5-DMF, the main path for the formation of these radicals is the
cyclopentadiene conversion (reaction R88, Path 2 in Fig. 3), it would be interesting to compare the
cyclopentadiene concentration profiles found in both pyrolysis. Fig. 13 shows the comparison. It is verified
that this species is formed in greater quantities during the 2,5-DMF pyrolysis than during 2-MF pyrolysis,
which thus increases the formation of the CsHs radicals. In the work of Tran et al. [11] it was also found,
experimentally and by modelling, that the formation of cyclopentadiene is much higher in the 2,5-DMF
flame (by a factor of about 20) than in the 2-MF flame. Thus, the increase in the CsHs radicals concentration
during the 2,5-DMF pyrolysis activates the direct via to the naphthalene formation by the self-combination
of these radicals, as it can be seen in Fig. 3, enhancing the soot formation process.

The explanation given in this work for the higher capacity of 2,5-DMF with respect to 2-MF to form
soot, is based on modelling calculations. A deeper investigation, mainly focused on the experimental PAH
formation from the pyrolysis of both furans, would be of great help to keep increasing the knowledge of
the capacity of these furans to form soot.

The results of the 2-MF sooting tendency from this work, and from low-pressure premixed
[11,12,20] and counter-flow diffusion flames [44] studies, could point out 2-MF as a non-environment-
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friendly renewable fuel. However, the results of the study of an ethylene atmospheric-pressure premixed
flame [13] doped with furans, as well as certain studies in engines [8-10], suggest that the capacity of 2-MF
to reduce soot emissions might be more related to its physicochemical properties, combustion
characteristics and operating conditions than to its molecular structure. In this way, more comprehensive
experimental and kinetic model studies, mainly focused on the tendency to form soot of mixtures of 2-MF
with, for example, ethylene, acetylene, gasoline and diesel surrogates, are desirable in both laboratory
scale and engines, in order to get a deep insight on the phenomena that decrease the soot emissions when

2-MF is used in engines.

5. Conclusions

The capacity of 2-MF to form soot has been studied through its pyrolysis in an atmospheric-pressure
flow reactor, focusing on the influence of the temperature and the inlet 2-MF concentration on the soot
and gas formation. Soot was formed from around 1175 K for both inlet 2-MF concentrations considered.
The results demonstrate that the soot yield in the 2-MF pyrolysis is high and it is favoured with the increase
of both the temperature and the inlet 2-MF concentration, reaching a soot yield value of around 52 % for
the higher temperature studied (1475 K) and 2-MF concentration (18000 ppm). On the other hand, while
the gas yield decreases with increasing temperature, the inlet 2-MF concentration does not seem to have a
noticeable influence on it.

A gas phase kinetic model was used to predict the pyrolysis of both unsaturated cyclic ethers, 2-MF
and 2,5-DMF. The model was validated with different pyrolysis experimental data from literature, as well as
with the experimental data obtained in this investigation. In general, the proposed model describes
satisfactorily the experimental data from literature, as well as the concentration profile of the main gases
quantified in this work, and even properly computes the maximum value of acetylene, as it includes key
reactions for the consumption of this species at high temperatures. However, a comparison of
experimental soot mass with the total PAH mass computed (up to coronene) shows that the PAH mass
over-predicts the soot amount, which could be attributed to the fact that we are maybe considering the
mass of some PAH that have not really been converted to soot yet at these conditions. Additionally,
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uncertainties in the rate coefficients of reactions involved in both the PAH growth mechanism and the
thermodynamic data of PAH may be present as well.

The soot yield was found to be lower in the 2-MF pyrolysis than in the 2,5-DMF pyrolysis by a factor
of approximately 1.2. This trend could thus mainly be a consequence of the different conversion processes
of these two fuels. While in the 2-MF pyrolysis the PAH formation, and consequently soot formation, is
favoured mainly through the C4 species (nCsHs—>C4Hs—>CeHsCoH3>CsHsCoH,—>CooHs), in the 2,5-DMF
pyrolysis the cyclopentadienyl radicals is highly formed, whose self-combination leads to the direct
formation of naphthalene without any other intermediate. Although modelling calculations show that the
formation of cyclopentadienyl radicals also occurs in the 2-MF pyrolysis, their calculated concentration is
greater in the 2,5-DMF pyrolysis. Furthermore, both the experimental and modelling data indicate a
greater formation of cyclopentadiene in the 2,5-DMF pyrolysis, whose conversion is the main path for the
formation of the cyclopentadienyl radicals. More experimental investigation on the PAH formation from the
pyrolysis of both furans is desirable in order to keep increasing the knowledge of the capacity of these
furans to form soot.

Moreover, more studies, mainly focused on the tendency to form soot of mixtures of 2-MF with
ethylene, acetylene, gasoline and diesel surrogates, is desirable in both laboratory scale (pyrolysis and
oxidation experiments) and engines, in order to get a deep insight on the phenomena that decrease the

soot emissions when 2-MF is used in engines.
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Fig. 2. Experimental (symbols) and calculated (lines) 2-MF conversion, as a function of temperature,

and for different inlet 2-MF concentrations. Solid line: proposed model (pm), dot line: model of

Cheng et al. [20] (Cheng2-MF).
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The main path for the 2,5-DMF pyrolysis, for approximately 50 % of fuel consumption, is also shown

for discussion.
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Fig. 11. Calculated concentration profiles of cyclopentadienyl radicals, as a function of temperature,
for an inlet total carbon amount of 45000 and 90000 ppm ([2-MF]=9000 and 18000 ppm and [2,5-
DMF]=7500 and 15000 ppm [24]). Calculations are performed with the proposed model and the

Cheng2-MF [20] and Cheng2,5-DMF [26] models.
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Fig. 12. Effect of the CsHe + CsHs 2 Ce¢Hs + nCsHs reaction rate on the calculated CsHs radicals

concentration using the Cheng2,5-DMF model [26].
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Fig. 13. Experimental (symbols) and calculated (lines) concentration profiles of cyclopentadiene, as a
function of temperature, for the pyrolysis of 2-MF (9000 and 18000 ppm) and 2,5-DMF (7500 and
15000 ppm) [24], for an inlet total carbon amount of 45000 and 90000 ppm. Calculations are

performed with the proposed model and the Cheng2-MF [20] and Cheng 2,5-DMF [26] models.
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