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Abstract. A study of the kinetics and products obtained 1 Introduction
from the reactions of 3-methylfuran with the main atmo-

spheric oxidants has been performed. The rate coefficients_pethyifuran is a furan derivative that is released into the
for the gas-phase reaction of 3-methylfuran with OH andatmosphere during the combustion of fossil fuels, waste,
NOjz radicals have been determined at room temperaturgjomass and from isoprene degradation (Graedel et al., 1986;
and atmospheric pressure (air and 8 bath gases), us- Andreae and Merlet, 2001). In ambient air, 3-methylfuran
ing a relative method with different experimental techniques.nas been measured above a rural forested site with mean day-

The rate coefficients obtained for these reactions were (ifime mixing ratios estimated at 60 ppt and nighttime levels of
units cn¥ molecule* s) ko = (1.13+0.22 x10*%and 40 ppt (Montzka et al., 1995).

kno, = (1.2640.18) x 101, Products from the reaction of
3-m§thylfuran with OH, N@ and Cl atoms in the at_)sence lated with isoprene (Atkinson et al., 1984; Gu et al., 1995;
and in the presence of NO have also been determined. The . o 4 2005), which is the most abundant biogenic hy-
main reaction products obtained were chlorinated methylfu- ? ’

ranones and hydroxy-methyifuranones in the reaction of 3_drocarbon emitted into the atmosphere with a global emis-
methylfuran with Cl atoms, 2-methylbutenedial, 3-methyl- sion rate between 250 and 500 Tg§r exceeding that of

2 5-furanodione and hydroxy-methyifuranones in the reaC_anthropogenlc hydrocarbons (Guenther et al., 2006; Laotha-

tion of 3-methylfuran with OH and N@radicals and also wornkitkul et al., 2009). The reaction of isoprene with OH

) . . X ; gives 3-methylfuran in an approximate yield of 3-7% de-
nitrated compounds in the reaction with pl@dicals. The .
results indicate that, in all cases, the main reaction path is i ending presumably on the pressure (Ruppert and Becker,

I . 000; Lee et al., 2005). Therefore, and due to the high emis-
gddltlon tp th_e double bond of the aroma_ltlc ring followed by sion rates of isoprene, the potential atmospheric significance
ring opening in the case of OH and @adicals. The fO”T‘a' of the oxidation products (3-methylfuran) increases.
tion of 3-furaldehyde and hydroxy-methylfuranones (in the ) i .
reactions of 3-methylfuran with Cl atoms and pdicals) 3-Methylfuran is expected to be very reactive with the
confirmed the H-atom abstraction from the methyl group andM@n atmospheric oxidants. ~ According to Atkinson et
from the aromatic ring, respectively. This study represents®- (1989), 3-methylfuran may play a role, albeitminor, in
the first product determination for Cl atoms and N@di- the_cheml_cal cyclesin the Iovyer tropospher_e. To date few ki-
cals in reactions with 3-methylfuran. The reaction mecha-Netic studies have been published concerning 3-methylfuran.

nisms and atmospheric implications of the reactions undef"deed, only one value has been reported for the rate coef-
consideration are also discussed. ficient at room temperature for the reaction of the OH radi-

cal with 3-methylfuran and this was obtained using a relative
technique (Atkinson et al., 1989). Furthermore, two kinetic
studies on the reaction of 3-methylfuran with the Ni@di-

Correspondence tdP. Marin cal have been published (Kind et al., 1996; Alvarado et al.,
BY (mariapilar.martin@uclm.es) 1996) and these gave two very different values for the rate
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coefficient. In the case of the reaction with Cl atoms, the rateThus, a plot of In ([S§/[S];) versus In ([R}/[R];) should be a
coefficient reported in the literature was obtained by Galsa  straight line passing through the origin and the slope should
et al. (2005). give the ratio of rate coefficientss/kg. Each reaction stud-

With regards to the reaction products, the data availablded was measured relative to the reaction of different refer-
in the literature are particularly scarce. A recent productence standards with oxidants X. In the case of 3-methylfuran
study on the photooxidation of 3-methylfuran with HONO with NOg, a dilution term was included in Eq. (1) due to the
indicates that 2-methylbutenedial is the main gaseous prodspecial experimental procedure, which is described below.
uct of the OH-oxidation of this compound {&ezAlvarez  Therefore, for this reaction the equation required to obtain
etal., 2009). A theoretical computational study has also beetthe rate coefficient is:
published for this reaction and the conclusion was that direct

: N : ([S]o> _ ks( [Rlo )

hydrogen abstraction and nucleophilic bimolecular substitu-In{ —— | = D; = — —D;
tion play aminor or negligible role in the overall reaction [S1e kr [R];
(Zhang et al., 2008). whereD; is calculated a®, = In([l] o/[I] ;) and[ is an inter-

In the work described here the rate coefficients for thenal standard.
reaction of OH and N@radicals with 3-methylfuran were The relative rate technique relies on the assumption that
determined in order to (i) assess the values previously reboth the substrate and the reference compound are removed
ported in the literature as some discrepancies are apparesblely by the reaction with OH or Néxadicals. In an effort
and (ii) to complete the kinetic study of alkylfurans initi- to verify this assumption, various tests were performed to as-
ated by our research group. Experiments were carried out aess the loss of 3-methylfuran by reaction with precursors of
(2984 2) K and a total pressure of 1 atm using a relative rateOH and NQ radicals, photolysis and wall deposition. These
method with LOOP/SPME-GC/FID/MS (Loop/Solid Phase processes, which could interfere with the kinetic determina-
Microextraction-Gas Chromatography/Flame lonization De-tions, were found to be negligible for 3-methylfuran and the
tection/Mass Spectrometry Detection) and FTIR (Fourierselected reference compounds.

Transform Infrared Spectroscopy) as detection techniques The experimental systems and the procedures used in this
for the organic compounds. work are briefly described below. Further details can be
Products obtained in the reaction of 3-methylfuran with found elsewhere (Cabas et al., 2005; Villanueva et al.,
OH and NQ radicals and with Cl atoms were also charac- 2007, 2009). Only the FTIR system with a 50 L Pyrex glass

terised in order to propose degradation mechanisms for thisessel is described below in detalil.

compound in the atmosphere. This reaction product study Three analytical systems were used in the experi-
was carried out using SPME-GC/FID/MS and FTIR as de-ments: gas chromatography with flame ionization detection
tection methods. (GC/FID), gas chromatography with mass spectrometry de-
tection (GC/MS) and Fourier transform infrared absorption
spectroscopy (FTIR). In the kinetic experiments carried out
with gas chromatography, two evacuable Teflon-coated bags
(Adtech) were used — one with a volume of 150L for the
experiments with OH radicals and one 500L bag for the
Rate coefficients for the gas phase reactions of 3-methylfurag§xPeriments with N@in order to minimize the dilution ef-
with the atmospheric oxidants, OH and h@adicals, at f€ct of the additions of bOs. These bags were placed in-
(298 2) K and~1 atm of the total pressure in synthetic air Side a rectangular cage with six VIS lampsnéx= 360 nm)

and Nb, respectively, were determined using a relative rate™ounted on the walls. The sampling methods included a
method. The reactions of 3-methylfuran and reference comSyStém based on sample preconcentration, the solid phase

pounds (with rate coefficients; andkg, respectively) were microextraction technique (SPME) and a heated loop with

)

2 Experimental section

2.1 Kinetic study

monitored in the presence of OH or Y@adicals: a capacity of 1crh mounted in a six way valve. In the
first case, the samples were collected for 15min by ex-
X +SubstrateS) — products(ks) (R1)  posing a 50/30 mm DVB/CAR/PDMS fibre to the reaction
X + Reference compouri®) — products(kr) (R2) mixture in the Teflon bag. The fibre was then thermally
) desorbed for 10 min at 27C in the heated GC injection
where X is OH or N@ port. In the second case, the reaction mixture was slowly

As described in detail elsewhere (Atkinson et al., 1982)pumped through the sampling loop to ensure that it was
the decay of the substrate from ¢St time: =010 [S} at  thoroughly flushed and then allowed to come to equilibrium
time 7 and the simultaneous loss of the reference compoundith 5 reaction chamber pressure of 1 atm prior to injection.
from an initial concentration of [R]to [R], attimer is given  The concentrations of 3-methylfuran and the reference com-

by Eq. (1): pounds were followed by capillary gas chromatography and
[Slo ks [R]o detection by FID or MS. In all the experiments a capillary
l 81, ~kr [R], 1) column (30 mx 0.3mmidx 1.0 um film thickness, Tracsil
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TRB-1701, Teknokroma) was used to separate the com- The initial reactant concentrations in the reactors
pounds. The chromatographic conditions used for the anal(in molecule cnt3) were as follows: [3-methylfurank (2—
ysis were as follows: injector 27C; detector 250C, tem-  9) x 10, [referencel= (1.5-9)x 10'4, [CH30ONO] = (3—
perature programme from 4C (4 min) to 120°C (17 min)  15)x 104, [NO] = (2-28)x 10 and [benzenel= (4—
at a rate of 28C min~1. 15) x 10,
The in situ FTIR analysis of 3-methylfuran with OH and
NOj3 radicals was carried out in a 50L Pyrex glass reac-2.2 Products study
tion chamber at a total pressure of approximately 1 atm and
(298+ 2)K in synthetic air. The reactants were injected Product experiments were carried out at (298) K with
into the reaction chamber using a vacuum line. A pump-the air at atmospheric pressure in different reaction cham-
ing system consisting of a rotary pump (Varian DS 302) bers: (a) in a 150L evacuable Teflon-coated chamber
was used to evacuate the reactor after every experimenequipped with six 360 nm lamps and four 254 nm lamps
The photolysis system consisted of eight actinic fluorescentind with the provision for sampling onto a 30/50 um SPME
lamps ¢max= 360nm) spaced evenly around the reaction (DVB/CAR/PDMS) fibre. The fibre adsorption and desorp-
chamber. The chamber was equipped with a White-typetion time was 15min at 270C in split/splitless mode for
multiple-reflection mirror system (Saturn Series Multi-Passthe GC injection port. The analysis in this case was car-
cells) with a base length of 1.35 m for sensitive in situ long ried out by GC/MS and GC/FID. Products were separated
path absorption monitoring of reactants and products in then the capillary column by applying the following temper-
IR spectral range 4000-650ch The White system can ature programme: from AT (4 min) to 120C (12 min)
operate at 72 traverses, giving a total optical path length ofat a rate of 28C min—1, then at a rate of 18C min~1 up
200m. The IR spectra were recorded with a resolution ofto 200°C (10 min). Mass spectrometry detection was per-
1 cm 1 using a Thermo Nicolet 5700 FT-IR spectrophotome- formed in electron impact mode with a detector tempera-
ter equipped with a KBr beam splitter and a liquid nitrogen ture of 230°C. These experimental systems were used for
cooled mercury-cadmium-telluride (MCT) detector. Typi- the reactions of 3-methylfuran with OH and N@adicals
cally, for each spectrum, 60 interferograms were co-addednd Cl atoms; (b) in a 50 L Pyrex glass cell equipped with
over 2 min and approximately 30 such spectra were recordeéight actinic fluorescent lamp&gax= 360 nm) with in situ
per experiment. FTIR analysis for OH and N@radicals; and (c) in a 1080 L
The technigues and the reference compounds used in thguartz-glass reactor equipped with 10 low-pressure mer-
reactions of 3-methylfuran with OH and NQadicals are  cury lamps Emax= 254 nm) and 10 superactinic fluorescent
listed in Table 1. lamps ¢max= 360 nm) coupled with in situ FTIR analysis
In the experiments performed with LOOP/GC-MS, ben- for Cl atoms. Details of this experimental set-up can be found
zene was used as the internal standard. The reactant mixtureésewhere (Barnes et al., 1994).
were photolysed for 0.5-2.0 min and a gas chromatogram or In the quantitative analysis carried out by GC/FID, the re-
an IR spectrum of the chamber contents was recorded. Thisponse factor (RF) of each compound was determined by in-
photolysis-sampling procedure was repeated until about 54+roducing different measured amounts of authentic standards
93% depletion of the 3-methylfuran and 41-83% depletion(which covered the range of experimental conditions) into
of the reference compound were achieved. Typically six tothe Teflon chamber and conducting several replicate analy-
seventeen photolysis-sampling steps were carried out duringes with the coated SPME fibre. The response factor of each
each experiment. Hydroxyl radicals were generated in thecompound was calculated with the expression:
presence of NO by the photolysis of GBINO (Atkinson et

al., 1982) in air at a wavelength of 360 nm using the VIS Area= RF x [produci (©)]
lamps.

Nitrate radicals were generated in situ in the dark where the area is quantified from the GC/FID chromatogram
by the thermal decomposition of s (Atkinson et al., and the concentration of the product is known. For com-

1984). During GC-FID experiments successive additionspounds that were not commercially available or the yield of
of N2Os (2.5x 1013-1.1x 10" molecule cm®) were per-  the pure compound was not sufficient to carry out the cali-
formed. Sampling was carried out approximately 7 min bration, only an estimation of yield was possible using the
after the addition of BMOs and at subsequent intervals of ECN (effective carbon number) method (Scalon and Willis,
18 min. A total of nine additions were typically made in 1985).

each experiment. This procedure led to a depletion for 3- Inthe FTIR analysis, a spectral subtraction procedure was
methylfuran of 81% and a depletion for the reference com-used to derive the concentrations of 3-methylfuran and prod-
pound of 72%. In FTIR experiments only one addition of ucts as a function of the reaction time. Identification and
N2Os at (1.1x 10%°) molecule cnmm® was performed. This quantification of 3-methylfuran and products in the Cl re-
procedure led to a depletion for 3-methylfuran of 58—-100%actions was carried out using calibrated reference spectra.
and a depletion for the reference compound of 59-96%.  The calibrated spectra were either produced by introducing
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Table 1. Rate coefficients for the reactions of 3-methylfuran with OH and;M@atmospheric pressure and room temperature.

Reaction Reference kslkg kggs K/ koog k! Method Bibliographic
10 0¢np 10~ 0¢np reference
molec=1s™1  molec1s71
3-Methylfuran + OH  trans2-Butene 1.130.09 0.81%0.16 loop/GC-MS This work
5-Methylfurfural 2.2#0.08 1.16:0.06 . SPME/GC-FID  This work
trans-2-Butene 124008 091017  11E0Z FTIR This work
Propene 3.460.3 1.08t0.17 FTIR This work
2,3-Dimethyl-2-butene  — - 0490.2 FTIR Atkinson et al. (1989)
3-Methylfuran + NG  2-Methyl-2-butene 1.360.02 0.13t0.01 Loop/GC-FID  This work
2-Methyl-2-butene 1.0£0.05 0.02:0.02 0.13:0.0% FTIR This work
a—Pinene 26801 0.116:0.009 FTIR This work
2-Methyl-2-butene - - 0.130.05 GCI/FID Alvarado et al. (1996)
2,3-Dimethyl-2-butene - - 0.288).006 GC/FID Kind et al. (1996)

2 Indicated errors are two least-squares standard deviations.

b placed on an absolute basis by use of rate constagtsfor the reactions of OH radicals witrans-2-butene, 5-methylfurfural and propene at 298K of
(7.31£1.31)x 10 cm3 molec~1 s~ (Edney et al., 1986), (5.1490.20)x 10~ 11 cm3 molec—1 s~1 (Bierbach et al., 1995) and (3.80.42)x 1012 cm? molec~1 s~1 (Nielsen et
al., 1990), respectively; and a rate constagnfor the reactions of N@radicals with 2-methyl-2-butene andPinene of (9.38= 3.32)x10~12cm? molec~1 s~1 (Atkinson, 1991)
and (5.96:0.4) x 1012 (Martinez et al., 1998).

¢ Weighted mean.

a known concentration of an authentic sample of the com-The total photolysis time was in the range of 60—-100s in or-
pound into the reactor or were taken from an existing IR der to achieve 60—90% conversion of 3-methylfuran.
spectral library bank. In FTIR experiments using the cylindrical 1080 L quartz-
Yields were calculated by plotting the amounts of product9lass reactor, Cl atoms were generated by the photolysis of
formed at each time against the amounts of 3-methylfuran CICOCOCI and Gl using 10 low-pressure mercury lamps
consumed at each time and 8 superactinic fluorescence lamps, respectively. The to-
tal photolysis time was 11-25 min for CICOCOCI and 23 min
for Cl, and, under these conditions, the 3-methylfuran con-
version was 33-95%. The reaction between 3-methylfuran
and Cp was found to be negligible in the quartz-glass reac-
The experiments involving SPME GC/MS and GC/FID/ECD tor under the conditions used. The use of molecular chlorine
techniques were conducted in a Teflon bag%0L) placed  as the source of Cl atoms, therefore, avoided potential pho-
inside a chamber with four 254 nm blacklamps. Photoly-tolysis at 254 nm of the products generated in the reaction.
sis of thlonyl chloride (SOQD or triChloroacetyl chloride The initial concentrations of the reactants
(CCIgCOCI) was used to generate atomic chlorine in irradia- (|n molecule Cn’]‘?’ units) were as follows: [3_methy|furaﬁ%
tion steps of 8 to 10 s for SOgand 10to 60s for CGLCOCI.  (1.9-2.9)x 103, [Cl,] = (4.9-7.3)x 103 and [CICOCOCI]
The total photolysis time was 30-90s for SQ@nd 22—  — 1 2 103, The reactant and the products were monitored
720s for CCG}COCI, with conversion of 3-methylfuran in i situ using a multi-reflection White mirror system (5.6 m
the range 21-94%. glwas not used as the source of Cl pase length, 498 m total path length) mounted in the reactor
atoms because gleacts with 3-methylfuran at the concen- and coupled to an FTIR spectrophotometer (Thermo Nicolet
tration used for this study. All experiments were carried outNexus) equipped with a KBr beam splitter and MCT detec-
in the absence of NO and only one qualitative experimentor, The IR spectra were recorded in the 700-4000tm
was carried out in the presence of NO. The initial concentra-spectral range with a resolution of 1 chby co-adding 64
tions of the reactants (in molecule chunits) were as fol-  interferograms over 60s. In typical experiments 25 spectra
lows: [3-methylfuran]= (4.9-29)x 10'3, [CCIsCOCI] = \vere recorded over a period of 25 min with light.
(1.4-2.4)x 10", [SOCb] = (4.4-19)x 10! and [NO]=
3.4 x 10'3. Electron impact (El) and chemical ionization (CI 2.2.2 OH products
with methane as the ionization gas) modes were used in mass
spectrometry detection in order to identify and obtain molec-The qualitative determination of products was carried out us-
ular weight information on the different reaction products. ing GC/MS and FTIR analysis and quantitative determina-
In addition, an electron capture detector (ECD) was used tdion was performed using GC/FID. Two OH precursors were
identify some reaction products. The quantitative analysisused in the GC/MS product studies in order to assess the in-
was performed in the GC/FID using SQGIs the Cl source. fluence of NO on the reaction mechanismsCH photolysed

2.2.1 Clproducts
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from 60s to 60 min with the 254 nm lamps and §&BNO 2(5H)-furanone] were prepared from 3-methylfuran accord-

in the presence of NO photolysed from 20 to 30s with theing to Kumar and Pandey (2000). The product was charac-
360 nm lamps. After each photolysis a chromatogram waderised by GC-MS.

recorded and the total photolysis times of 150-180s and

106 min for CHONO and HO, were attained, respectively, 3 Results and discussion

to give 75-99% depletion of 3-methylfuran in the first case

and 36% depletion in the second case. The initial reac-3.1 Kinetic studies

tant concentrations in the chamber (in molecule émwere

as follows: [CHONO] = (1.3-2.1)x 10'4, [NO] = (3.2—  The data obtained for reactions of 3-methylfuran with OH

4.4)x 103, [3-methylfuran]= (3.6-12)x 1013 and [H,0,]  and NQ; radicals are plotted in accordance with Egs. (1) and
= 2.8x10™. In the quantitative analysis only GANO was  (2) (see Fig. 1 in the Supplement). The data give straight
used as the OH source. lines that pass through the origin with a slopekefkr, in-

In FTIR product experiments GJ®NO was photolysed ~ dicating that secondary reactions or heterogeneous processes
continuously with eight 360 nm lamps and this led to the @€ insignificant. The error limit for the ratio of rate coef-
conversion of up to 70% of the 3-methylfuran. The FTIR ficientsks/kr obtained from least-squares analyses includes
system used was the same as that described for the kRNly the precision of the fit to our experimental datlg).
netic studies. The initial concentrations in the cell (in These rate constant ratiég/kr are placed on an absolute
molecule cnT3) were as follows: [CHONO] = 2.6x 1014,  basis using the recommended rate constagfer the refer-

[NO] = 2.6 x 10* and [3-methylfuran}= 2.6 x 10%4. ence compounds. Theg error limit, oy s, was calculated tak-
ing into account the error limit from the slopes obtained from
2.2.3 NO; products the regression analysis and the quoted error in the value of the

rate coefficient for the reference compound. The weighted

The products were identified by GC/FID/MS and FTIR spec- Méanks values and the rate coefficient ratiagkr obtained
troscopy. In the GC/FID/MS experiments the initial concen- by GC/FID and FTIR techniques are given in Table 1 to-
tration of 3-methylfuran in the chamber (inmoleculecin ~ gether with the data available in literature.

was 4.7x 1013,  Successive additions of 05 were The data show that within error there is no signifi-
performed corresponding to a final concentration of cant difference between runs monitored by GC/FID/MS or

2.4x 10"3molecule cnt3, which resulted in the depletion FTIR. As can be seen from the results in Table 1, the
of approximately 95% of the 3-methylfuran. In the FTIR highlovalues of the 1OH1 rate coefficients (in the order of
experiments, the initial concentrations in the reactor (in10'°cm?®molecule™s™t) show the high reactivity of OH

molecule cnt3) were as follows: [NOs] = (2.8-2.9)x 101 radicals towards 3-methylfuran. The weighted mean rate

and [3-methylfurank (2.4—2.9)x 10 to achieve 17% con-  coefficient data obtained for the reaction of 3-methylfuran

version of 3-methylfuran. with OH are slightly higher than the literature data (Atkin-
son et al., 1989) but these can be considered similar due
224 Chemicals to experimental errors. The rate coefficients for OH reac-

tions can be estimated by the AOPWIM programme from
The chemicals and their stated purities were as fol-the SAR method (Aschmann and Atkinson, 1995). The rate
lows: 3-methylfuran (Acros, 98%), 5-methylfurfural constant calculated in this way for 3-methylfuran and OH is
(Aldrich, 99%), 3-furaldehyde (Aldrich, +97%)y-pinene  1.05x 10-19¢m?® molecule ! s71, which is similar to the av-
(Fluka, 99%), 3-methyl-2,5-furanodione (Acros, 98%), erage rate coefficient value obtained in this work.
3_methy|-2(5—])_furanone (A|dr|ch, 90%), 5_hydroxy_4_ In relation to the reaction of 3-methy|furan with NQhe
methyl-2(54)-furanone (Ochem, 97%), crotonaldehyde rate constant obtained in this work is consistent with the data
(Aldrich, 99%), acetic acid (Aldrich, +99.99%), 2- obtained by Alvarado et al. (1996). A mean value between
methylpropenoic acid (Aldrich, 99%), 2-butenoic acid the rate constants for OH and N@adicals determined in
(Aldrich, 98%), SOGI (Aldrich, +99%), CC4COCI this study and the ones obtained by Atkinson et al. (1989)
(Aldrich, 99%) and CICOCOCI (Aldrich, 98%). Gaseous and Alvarado et al. (1996) can, therefore, be proposed as a
productstrans-2-butene (Aldrich, +99%), propene (Aldrich, good reference value.
+99%), 2-methyl-2-butene (Aldrich, +99%), LC(Praxair, On the basis of the rate coefficients reported in Table 1
>99.8%), N (Praxair, 99.999%), air (Praxair, 99.999%) for the reaction of 3-methylfuran with OH and N@adicals,
and NO (Praxair, 99%). The following compounds were together with data for Cl atoms reported in our previous work
used in methy|n|tr|te Synthesis: NaquanreaC, 97%), (Cabi\as .et al., 2005), the fOllOWing order of .reaCtiVity can
H»SOy4 (Panreac, 95-98%) and Cag(Riedel-de-Han AG,  be establishedkc| > kon > knos. A comparative study of
99%). In NbOs synthesis: MOy (Fluka, >98.5%) and @ these rate coefficients with values available in the literature
(Praxair, 99.999%). Hydroxymethyl-2fp)-furanones [5-  for mono-and dimethylated furans was reported in a previous
hydroxy-3-methyl-(31)-furanone and 5-hydroxy-4-methyl- publication by Cabias et al. (2005).

www.atmos-chem-phys.net/11/1/2011/ Atmos. Chem. Phys., 115, 2011
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3.2 Product studies -

The major challenge in identifying the reaction products

from the reaction of 3-methylfuran with OH, NOadicals  Fig. 2. (a) Experimental electron impact mass spectra (EI-MS) of
and Cl atoms is the scarcity of commercially available stan-peaks F (tir= 11.4min) and G (tr= 11.8 min). (b) Experimen-
dards. The identification of reaction products was carried outal electron impact mass spectra (EI-MS) of the 2-methylbutenedial
using the custom GC-MS and FTIR libraries created after thesynthesized. (c) Experimental electron impact mass spectra (El-
injection of commercial products, compounds synthesized\S) of peakL (tr= 28.2min). (d) Experimental electron im-

in our laboratory, data from commercial GC-MS libraries Pact mass spectra (EI-MS) of the commercial 5-hydroxy-4-methyl-
(NIST 21, NIST 27, NIST 107, NIST 147 and WILEY 229) 2(5H)-furanone.(e, f) Mags spectra by electron impact ionization
and Aldrich Library FTIR spectra (Pounchert, 1989). (El) of peaks J and K assigned to a molecular formusaig0,Cl.

3.2.1 Reaction with Cl atoms 2(5H)-furanone confirmed the identification of these com-
pounds (see Fig. 2c). Peaks J and K, with retention times
An example of a typical GC-MS chromatogram is shown of 20.9 and 23.9 min, respectively, are the most intense
in Fig. 1 for the oxidation of 3-methylfuran by Cl atoms and were identified as chlorinated organic compounds of
in the absence of NO at different reaction times and in themolecular formula gHsO,Cl based on the following evi-
presence of NO (upper chromatogram). Peaks A and Qlence: (a) the Cl mass spectrum shows that the molecu-
represent artefact compounds from the chlorine source anthr ion is atm/z 132, (b) the fragmentation pattern from
from the fibre, respectively, and 3-methylfuran is representedhe electron impact mass spectrum is also consistent with
by peak B. The compounds identified by the mass specthis compound and (c) the gas chromatogram obtained with
tra and by the retention times of authentic standards are 3electron capture detection (ECD), which is particularly sen-
furaldehyde (peak D), 3-methyl-2,5-furanodione (peak H)sitive to chlorinated compounds, shows only two intense
and 3-methyl-2(387)-furanone (peak 1). Analysis of the EI peaks at 20.9 and 23.9 min (see Fig. 2 in the Supplement).
mass spectrum of peak E shows the presence of the conFhe El spectra of peaks J andK are shown in Fig. 2e
pound GHgO2 and the chemical ionization (Cl) mass spec- and f. Additionally, in previous experiments 5-chloro-
trum of this peak shows that its molecular weight is 98. This2(5H)-furanone was detected as a product from the reac-
peak can, therefore, be tentatively assigned to an isomer dfons of furan (Villanueva et al., 2007), 2-methylfuran and
3-methyl-2(FH)-furanone or 2-methylbutenedial. Peaks F 2-ethylfuran (Villanueva et al., 2009) with ClI atoms. It
and G are assigned t@&(Z)-2-methylbutenedial based on s, therefore, believed that peaks J andK can be assigned
the EI fragmentation and by comparison of the mass specto chlorinated methylfuranones [5-chloro-3-methyl-2(6
trum with the reference mass spectrum and the retention timéuranone and 5-chloro-4-methyl-2(5-furanone]. Peaks J
of the synthesized compound (see Fig. 2a and b). PeakandK could also be assigned to acid chlorides (3-methyl-4-
L and M are provisionally assigned to 5-hydroxy-3-methyl- oxo-2-butenoyl chloride or 2-methyl-4-oxo-2-butenoyl chlo-
2(5H)-furanone and 5-hydroxy-4-methyl-2(5-furanone, ride) [HOC—CH=C(CH)—COOH] in the same way as 4-
respectively, based on El fragmentations and the ClI massxo-2-pentenoyl chloride was identified in the reaction of
spectra, which indicate that the molecular weight is 114.2-methylfuran with Cl atoms. As described below for the
The synthesis of the isomers of hydroxy-methylfuranonesFTIR analysis, the chlorinated methylfuranones are proba-
or comparison with the commercial 5-hydroxy-4-methyl- bly the compounds that are formed to the greatest extent. As
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Fig. 3. Concentration-time profiles of 3-methylfuran and prod- E 005 -
ucts identified in the reaction of 3-methylfuran with Cl atoms anal- &
ysed by SPME-GC-FID: &) 3-methylfuran, ¢) 3-furaldehyde, = 0024
(#) furanone isomer, §HgOo, (A) 2-methylbutenedial, ) 3- 0ot |
methyl-2(3H)-furanone, %) 3-methyl-2,5-furanodione A chlori- -
nated methylfuranone®j chlorinated methylfuranone. 0,03 i i i i i i
3700 3200 200 200 1700 1200 700
shown in Fig. 1, the reaction products in the absence and in Wavexumber/ cm’
the presence of NO are similar. The only difference probably , oz
concerns the yields. 0,30

The yields of some compounds were estimated using the 0,251
response factors of structurally related and commercially 0,20 7
available compounds (i.e., the ECN method). The response § 5171
factor for 2-methylbutenedial, its isomer (peak E) and chlori- 0109
nated methylfuranones were estimated by taking into account %% - —
the response factor of 3-methyl-Z5-furanone. Egg W

An example of the concentration/time profiles for the '
identified products in the Cl atom initiated oxidation of
3-methylfuran is shown in Fig. 3. The curve con-
tours for chlorinated methylfuranones, 3-furaldehyde and 2y 4 Experimental infrared absorption spectra from the reaction
methylbutenedial indicate that these are primary products. Inyf. (a) 3-methylfuran with chlorine atoms (a) before photolysis,
the case of 3-furaldehyde, this fact is more evident in the(b) after 15 min of photolysis (c) residual spectrum from b after
plots obtained from FTIR analysis. subtraction of 3-methylfuran, #O with the CGQ absorption zeroed,;

FTIR spectra recorded at different stages of the reaction ofB) 3-methylfuran with hydroxyl radical (residual spectrum of prod-
3-methylfuran with Cl are shown in Fig. 4a: (a) spectrum of ucts after 8 min of reactionjC) 3-methylfuran with nitrate radicals
3-methylfuran+d in air before photolysis, (b) spectrum of (residual spectrum of products after 3.4 min of reaction).
3-methylfuran and products after 15 min of photolysis (ab-
sorptions from CQ@ have been zeroed due to saturation of
the band and those from® have been subtracted), and (c) Based on the GC/MS results and those obtained in our
residual product spectrum after subtraction of 3-methylfuranPrevious studies on the reaction of Cl atoms with furan
The residual spectrum of the products shows the presencé/illanueva et al., 2007), 2-methylfuran and 2-ethylfuran
of HCI and CO, a band with a high intensity at 1825¢m  (Villanueva et al., 2009), the band at 1825tincan
bands of medium intensity in the region 800-1300¢rand be assigned to the chlorinated methylfuranone isomers
two bands of low intensity in the carbonyl region at 1710 and 2-chloro-3-methyl-2(8/)-furanone and 5-chloro-4-methyl-
1665 cnt. Based on the results obtained by SPME-GC/MS 2(5H)-furanone, because this band is very similar in appear-
the band at~1710cnt? is assigned to 3-furaldehyde — an a@nceto that observed for 5-chloro-2{»-furanone. The pos-
assignment also based on a Comparison W|th the referenc‘ébi”ty that th|S band C0u|d Correspond to an a.Cid Chloride
spectrum. The bands at1703 and 1665cm' can be ten-  (3-methyl-4-oxo-2-butenoyl chloride or 2-methyl-4-oxo-2-
tatively assigned to 2-methylbutenedial, but due to the lowbutenoyl chloride) was ruled out as the infrared spectrum

purity of the 2-methylbutenedial synthesized this can not beS devoid of any absorption bands in the region 2695-
confirmed from the IR Spectrum alone. 2900 CnTl, which would be characteristic of the Stretching

vibration of C-H in the —CHO group.

Ahszorhance

3700 3200 2700 2200 1700 1200 700
Wavemmiber f eni’
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Table 2. Yields of products (%C) detected in the reaction of 3-methylfuran with chlorine atoms at room temperature and atmospheric
pressure. The errors quoted in the table are a combination obtteta®istical errors from the regression analysis and the errors from the
spectral subtraction procedure in the case of FTIR or of the calibration curve in the case of SPME-GC/FID.

Reaction products Molar Yield (%)
Rt (min) MW  name Structure SPME/GC-FID FTIR
CHO
{ \i
9.7 96 3-furaldehyde o 7422 9+1b
9.8 98 Isomer of 3-methyl-2(8)-furanone  GHgO> 2+12 -
16.7 112 3-methyl-2,5-furanodione /A—o&\o 8+12
11.4/11.8 98 2-methylbutenedial HOC-CH=C(QCHO 4412 detected

CH;

10422 -

18 98 3-methyl-2(&7)-furanone )

20.9 132 5-chloro-3-methyl-2¢%)-furanone ﬁ F& > 162 814+ 9°¢

23.9 132 5-chloro-4-methyl-2¢8)-furanone >N, o > 252

28.2 114 5-hydroxy-3-methyl-2¢5)-furanone /F&\ detected -

30.2 114 5-hydroxy-4-methyl-2¢)-furanone [S\ detected -
Hydrochloric acid HCI - 34 4P
Carbon monoxide CO - detected

@ Average of 5 experiments with UV Iamﬂépnly 1 experiment with VIS lamps$; average of 8 experiments with UV and VIS lamps.

The gas-phase IR absorption coefficients for chlorinatedand molecular weights. The total error is a combination of
methylfuranones are not known. As a consequence, the corstatistical error 2 obtained in a regression analysis and un-
centrations of these compounds were estimated by applyingertainties estimated in the calibrations. Although it was not
the Beer—Lambert Law for the absorption band at 1825%tm possible to quantify all of the identified compounds, if we
using the known absorption coefficient for the structurally compare the results from the quantification methods (SPME-
related compound 2¢3)-furanone. The calculated yield of GC/FID and FTIR) it is clear that chlorinated methylfura-
chlorinated methylfuranones is the sum of the concentrationsiones are the major gas-phase reaction products in the reac-
of the two isomers as the IR spectrum is a mixture of the twotion between Cl atoms and 3-methylfuran. Despite the over-
individual ones. The yield of CO was not calculated becauseall uncertainties associated with each quantification method,
it is a secondary product that only appears at the end of th¢he yields of the products are in fair quantitative agreement.
reaction. A total carbon mass balance of 70% was obtained for the

The product yields were calculated from the slopes of plotsproducts detected in GC-FID experiments and 90% for the
of products formed versus 3-methylfuran reacted. The conproducts determined by FTIR. These values must be treated
centrations of the reaction products were calculated using th#/ith caution because the yield of chlorinated methylfura-
mathematical formalism of Tuazon et al. (1986), where thenones could be underestimated by GC-FID, as occurred in
loss processes such as photolysis and wall loss have bedhe case of the chlorinated furanone formed from furan and
taken into account. For 3-furaldehyde the reaction with thealkylfurans with Cl atoms, or overestimated in the case of
Cl atom was also considered using the rate coefficient obFTIR (Villanueva et al., 2007, 2009).
tained by Cabias et al. (2008). A quantitative analysis in
the presence of NO was not performed due to the occurrencd.2.2 Reaction with OH radicals
of secondary reactions that involve the formation of OH in
the reaction system (Wang et al., 2005). The molar yieldsA typical GC-MS chromatogram of the reaction sample from
obtained for the products identified by SPME/GC-FID and the oxidation of 3-methylfuran by OH radicals in the pres-
FTIR are given in Table 2 together with their retention times ence of NO using CEODNO as a precursor for OH shows

Atmos. Chem. Phys., 11, 15, 2011 www.atmos-chem-phys.net/11/1/2011/



A. Tapia et al.: Atmospheric degradation of 3-methylfuran 9

the same peaks as obtained in reaction of 3-methylfuran wittof the compound and probably to the oxidation of the dicar-
Cl atoms — except for two peaks (see Fig. 3 in the Supple-bonyl compound by OH radicals (Bierbach et al., 1994; Tang
ment). The compounds identified by the mass spectrum andnd Zhu, 2005). In our experiments a significant decay in the
by the retention time of authentic standards are acetic acid, 3intensity of the band at 1711 crh with time was observed,
furaldehyde, 2-methylbutenedial, 3-methyl-2,5-furanodione,meaning that a very fast loss process is occurring. The reason
3-methyl-2(FH)-furanone and 5-hydroxy-4-methyl-2(5- why secondary reactions take place to a greater extent in our
furanone. 5-Hydroxy-4-methyl-2¢8)-furanone was as- experiments than in those reported by Bierbach et al. (1995)
signed by comparison with the mass spectrum and retentioand GmezAlvarez et al. (2009) could concern the different
time of the commercial compound (see mass spectra ¢ and eixperimental conditions used.
in Fig. 2). The presence of a compound of formuktgO, Absorption bands at 795, 1297 and 1734 ¢nobserved
was evident, but this was not assigned to any particular strucin the FTIR spectra are typical of nitroperoxy compounds
ture. The qualitative SPME-GC/MS analysis carried out us-(ROONG) formed from the reaction of peroxy radicals with
ing H20, as a clean source of OH shows the same peaks aslO, (Wangberg et al., 1997; Mart et al., 2002). One of
obtained using methylnitrite, along with five new peaks thatthe most intense bands was observed at 182¢and this
are very weak. Three of the new peaks were identified ags assigned to a carbonyl group. This band, together with the
being due to crotonaldehyde, 2-methylpropenoic acid and 2bands observed at 1014, 1053, 1098 (typical of a C-O stretch
butenoic acid by their mass spectra and retention times obf an alcohol group) and the band at 3500—-3560 tiab-
authentic samples. Two peaks at 22.4 and 22.8 min wergorption characteristic of O-H), supports the formation of a
identified from the library as 4-methyl-2{b)-furanone and  hydroxy-methylfuranone as the reaction product. Based on
methylsuccinic anhydride, but this is only a tentative iden-the intensities of the peaks obtained by GC/MS, and tak-
tification because they were not compared with commerciaing into account that only 24% of the reacted carbon was
standards. All of these new peaks can only be explained aglentified, it is likely that different hydroxy-methylfuranones
being due to secondary reactions products, probably throughad been formed. However, hydroxy-methylfuranones were
photolysis § =254 nm) of primary reaction products. not quantified due to the low purity of the commercial com-

The yields in %C for 2-methylbutenedial, 3-furaldehyde, pound. Compounds such as CO (2115 and 2176'grand
3-methyl-2,5-furandione and 3-methyl-Z(3-furanone  CO, (2360 cnT!) were also evident and the intensity of their
were 1.4+:0.3, 3.9+:1.8, 18.1+4.6 and 1.6:0.2, respec- bands increased with time, which signifies that open com-
tively. pounds could be forming during the reaction.

In order to complete or confirm the results obtained with
SPME/GC-MS, different experiments using FTIR analysis 3.2.3 Reaction with NG; radicals
were performed. However, the reaction products were only
tentatively assigned due to the low signal intensity. TheAnalysis of GC-FID/MS chromatograms (see Fig. 3 in the
residual FTIR spectrum for the product obtained in the ox-Supplement) allowed the reaction products to be identified
idation of 3-methylfuran with OH radicals in the presence by their mass spectra and the retention times of authentic
of NO is shown in Fig. 4b after subtraction of the spec- standards. The products wer&/£)-2-methylbutenedial,
tra of 3-methylfuran, N@, NO, HCHO, HNG, HONO 3-methyl-2,5-furanodione, 3-methyl-2(3-furanone and 5-
and CHONO. Only 3-methyl-2,5-furanodione was identi- hydroxy-4-methyl-2(%7)-furanone. These compounds have
fied by comparison with the bands of an authentic stan-also been identified as reaction products in the reactions
dard (898, 1792 and 1858cr). The identification of 2-  of 3-methylfuran with Cl and OH radicals. The yields
methylbutenedial by FTIR was not possible due to the lowin %C for the compounds identified were 04%.07
purity of the synthesized compound. Nevertheless, the abfor 2-methylbutenedial, 0.360.07 for 3-furaldehyde,
sorption band at 1711 cm (Fig. 4b) was assigned to 2- 31.59+2.51 for 3-methyl-2,5-furandione and 1.270.25
methylbutenedial by comparison with the bands of other 1,4-for 3-methyl-2(3 )-furanone.
dicarbonyl compounds, such us Z-2-butenedial, and based It is known from the literature that nitrated compounds
on the results obtained by GC-MS. 2-Methylbutenedial wasshould be present as products from the reaction of 3-
identified and quantified [yield of (&8 33)%)] as a major re-  methylfuran with NQ@ radicals. However, due to the sam-
action product by @mezAlvarez et al. (2009) in the degra- pling method and analysis conditions (very high temperature
dation of 3-methylfuran with OH radicals. The low yield in the injection port) these compounds were not identified by
(1.4%) obtained in our work could be due to secondary re-the SPME-GC/MS technique. As a result, different FTIR ex-
actions that give products such as 3-methylf2{duranone  periments were carried out in order to identify the nitrated
and 3-methyl-2,5-furanodione. In this way, Bierbach et compounds. The residual product FTIR spectrum from the
al. (1995) reported that the yield of 4-oxo-2-pentenal (un-oxidation of 3-methylfuran with N@radicals after subtrac-
saturated 1,4-dicarbonyl compound) in the reaction of 2-tion of the spectra of 3-methylfuran,8s, NO, and HNG
methylfuran with OH radicals varied frony70% at the be- is shown in Fig. 4c. Due to the lack of nitrated standards,
ginning of the reaction te=z47% at the end due to photolysis the absorption bands were assigned to different compounds
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Table 3. Infrared spectral features and their tentative assignment to the products of the reaction of 3-methylfuran + NO

—ONG; cm™1)  -OONG, (em™1) >cO(enrl) -cO(entl) -OH (enmd)

H5C
ozwo/zoko 857, 1287, 1660 1835-1829 1000-1100
H;C.

0,NO

857, 1287, 1695 1000-1100 3500-3650

5

H,C.
OzNo/D\ONOz 857, 1287, 1695 1000-1100

HyC
07'\'0/@\00”02 857, 1287,1695 792,1294, 1732 1000-1100
HO”C/\O o@\m 1835-1829 1000-1100 3500-3650

based on the IR spectrum analysis and the general tropagto higher wavenumber) to that caused by CI in chlori-
spheric degradation mechanisms (Finlayson-Pitts and Pitt:jated methylfuranones (Villanueva et al., 2007). Therefore,
2000; Villanueva et al., 2007). based on the results obtained with Cl and OH, the band at

The most important spectral features are listed in Table 31829 cn* together with the bands at 857, 1287, 1660 can be
together with their assignments. Absorption bands at 792assigned to the isomers of nitrooxy-methyl-2(&furanone.
1294 and 1732cmt are attributable to nitroperoxy com-  The absorption band at 1021 cfcan also be assigned
pounds (-OON®) based on the fact that nitroperoxy com- to & C-O stretch of an alcohol group of the hydroxyfura-
pounds decompose with time (Hjorth et al., 1990), a situationnone compounds (a compound that was positively identi-
that was confirmed experimentally. fied by GC-MS analysis), where the negative conjugative

Absorption bands at 857, 1287, 1660 and 1695tmre effect of the carbonyl group displaced the C-OH band to

attributable to nitrooxy compounds (—OMPconsidering ~ 0Wer wavenumber. The absorption band at 820tmand

that the typical bands of the —ONQroup appear at 843, th_e bands at 3000 cm are assigned to a reaction prodqct
1296 and 1672 cm! (Tuazon et al., 1999). The presence of With an epoxy group (Pounchert, 1989). These absorptions
absorption bands at 1695 and 1660¢man be explained by decreased markedly with .tlme, |nd|c§t|ng that the possible
the shift of the absorption band at 1672 chwith the mag- epoxy compound formed in the reaction is thermally unstg—
nitude of the shift depending on the functional group aroundP!®- EPOXy compounds have been observed in others studies
the ~ONQ group. Thus, the absorption band at 1695¢ém Nto the NG radical (Wangberg et al.,, 1997, Martet al.,

is attributed to a nitrooxy-hydroxyl compound and the band 2002). The simultaneous presence of these two sets of bands
at 1660 cr is attributed to a nitrooxy-carbonyl compound. (792, 1294, 1732 and 857, 1287, 1660, 1695 &pmalso sug-

The presence of absorption bands at 1000-110Gcwhich ~ 9€Sts the formation of R(ONSXOONG,)-type compounds

could be due to a C-O stretch of an alcohol group or from(Martin etal., 2002).
the C-O stretch of a nitrate group, is evident in Fig. 4c. In _ Evidence forcompounds such as 3-furaldehyde, 3-methyl-

the FTIR spectra the region 3000-4000¢nfO-H stretch) ~ 2:>-furanodione, 3-methyl-2¢3)-furanone and 5-hydroxy-
is characterised by a poor signal-to-noise ratio and it is,4-Methyl-2(37)-furanone was not found in the FTIR anal-
therefore, not possible to identify the compound(s) presentYSiS: Probably because the bands were overlapped by the

However, the general tropospheric degradation mechanisB2nds of the major products (nitrate compounds).
and different studies show that the formation of nitrooxy-
hydroxyl and nitrooxy-carbonyl is possible.

Absorption bands at 1829-1835 cinare assigned to the
carbonyl group of a lactone with an —ON@roup in the  According to the reaction products identified in this work and
B-position. The effect of the —ONfOgroup on the car- based on literature data, it can be concluded that the main
bonyl band in the lactone produces a similar displacemenproducts for the reaction of 3-methylfuran with OH radicals,

4 Reaction mechanism
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Scheme 1. Reaction sequences of 3-methylfuran and X radical initiated by an addition process: possible mechanism for the formation of
5-X-3-methyl-2(5H)-furanone and 5-X-4-methyl-2(5H)-furanone. X: Cl, OH orgNOompounds C/Cand F/F were not detected.

NOj3 radicals and Cl atoms will come from the addition of lar” channel, forming a nitrooxy alcohol and/or (if feasible) a
the radical or atom to positions C2 or C5 because the maoshitrooxy carbonyl compound (compounds D and E and/or D
stabilized reaction intermediates are generated. H-atom aland E), and (b) through a “radical” channel to form the ni-
straction is also likely to occur, but this will only be aminor trooxy alkoxy radicals (5-ON@3-methylfuran alkoxyradi-
process (Cabws et al., 2005; Gu et al., 1995; Jones andcal or 5-ONG-4-methylfuran alkoxyradical). The latter rad-
Ham, 2008; Maiih et al., 2002; Picquet-Varrault et al., 2002; icals are expected to (a) decompose to form dicarbonyl com-
Rollins et al., 2009, Skov et al., 1992; Smith et al., 1999; Vil- pounds as products (compounds F and/ 9y 6) add NQ
lanueva et al., 2007, 2009; Wang et al., 2005; Zhou et al.to form dinitrate compounds [R(ON@ONO,) compounds
2006). Therefore, in Schemes 1 and 2 reaction mechanism& and/or @ or (c) add molecular oxygen to form nitrooxy-
for the reaction of 3-methylfuran and X radicals (OH, NO carbonyl compounds [compounds E and/dr Enitrooxy-
or Cl) are proposed in order to account for the formation of 2(5H )-methylfuranones] plus the HQOradical. Our FT-IR
the main reaction products identified in this study. results are consistent with this scheme, with evidence for the
The sequence is initiated by the addition of radical X to formation of the epoxide (bands 820cfand 3000 crnt
the carbon-carbon double bond at the 2- and/or 5-positionscompound A or A), nitrooxy alcohol (compound D or'p
In the case of the N@radical the resulting nitrooxyalkyl rad- and nitrooxy carbonyl (compounds E of)EThe same se-
icals can either decompose to form the epoxide (compoundguence of reactions could be initiated by OH and CI radi-
A and/or A) plus NG, (this process typically decreases in cals and the products formed would be the same on chang-
importance as the total pressure angl @ntent increases) ing X (ONOy) for Cl or OH. Compounds E and’ Evould,
or add @ to form nitrooxyalkyl peroxy radicals (5-ON£B- therefore, be 5-chloro-2-)-methylfuranones for the reac-
methylfuran peroxyradical or 5-ON&4-methylfuran perox-  tion of 3-methylfuran with Cl atoms and 5-hydroxy-Z{3-
yradical) (Atkinson, 1991, 1997). The nitrooxyalkyl peroxy methylfuranones for the reaction with OH radicals. How-
radicals can (a) react with NCo form thermally unstable ever, in the reaction with Cl atoms and OH radicals there
peroxydinitrates [R(ON@(OONO,) compounds B and/or was no evidence in the product analysis for the formation of
B’], (b) react with HQ radicals to form nitrooxy hydroperox- compounds D/D indicating that compounds E of Eiust be
ides (compounds C and/of)and (c) react with organic per- formed through a “radical” channel to yield alkoxy radicals.
oxy (RO) radicals. The reactions with organic peroxy radi-  2-Methylbutenedial is a primary product that arises from
cals (including self-reaction) proceed (a) through a “molecu-the addition of the oxidant to a double bond in the C2 or C5
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Table 4. Atmospheric lifetimes for 3-methylfuran.

Oxidant k/10~19¢cm3 moleculel s—1 T
OH 1.13 25R
NO3 0.12 11p
cl 4.2 3 day&d
O3 2.05x 10~7 1 day’f

ab Estimated on the basis of the average concentrations in the troposphere 6£[OH]
1 x 108 radicals cnm3 (Prinn et al., 1992) and [N§) = 2 x 107 radicals cn13 (Fin-
layson Pitts and Pitts, 2000), respectiveﬁlﬁ'1 Estimated on the basis of kinetic rate
coefficient for the reaction with Cl atoms at 298K (Céba et al., 2005) and on the
basis of the average concentrations in the troposphere o{@lk 10* atoms cnt3
(Wingenter et al., 1996)‘:‘-f Estimated on the basis of a kinetic rate coefficient for the
reaction with @ molecules at 298 K (Alvarado et al., 1996) and on the basis of the av-

| -
RS
@]

erage concentrations in the troposphere of][© 7.4 x 10 molecule cnv3 (Logan,
_ 1985).
N W
0 O

o 09Nl
l ¢l with abstraction of an H-atom from the methyl group to
form a furfuryl radical, which evolves to form 3-furaldehyde
(f_*: (Scheme 3 in the Supplement). However, based on the yield
0 obtained in this study (where the highest yield is about 7%
for the Cl reaction) this process is not as favoured as the ad-
Scheme 2. Possible mechanisms for the formation of 2- dition route.
methylbutenedial in the reaction of 3-methylfuran with Cl, OHand ~ The presence of 5-hydroxy-4-methyl-Z{3-furanone and
NOs. 5-hydroxy-3-methyl-2(8)-furanone as products in the re-
action of 3-methylfuran with N@ and Cl was also con-
firmed. 5-Hydroxy-2(%7)-furanone was previously detected
position, with the intermediate undergoing ring opening and,in the reaction of furan and alkylfurans with Cl atoms (Vil-
depending on the nature of the substituent X (X: OH,3NO lanueva et al., 2007, 2009). In the case of furan, this com-
Cl), the process will be different (see Scheme 2). For thepound was expected to be formed as a result of H-abstraction
reaction with OH, the @abstracts the H-atom whereas inthe from the aromatic ring. Similarly, in the reactions of 3-
case of Cl atoms and the N@adical the good characteristics methylfuran with NQ radicals and Cl atoms, 5-hydroxy-
of Cl and NG as leaving groups mean that these groups are2(5H)-methylfuranones can only be generated by H-atom
eliminated. This mechanism was also proposed by Bierbachkbstraction from the aromatic ring in positions C2 or C5 (see
et al. (1995) and Berndt et al. (1997). Scheme 4, Supplement). There are several reaction path-
The yield of 3-methyl-2(37)-furanone can be explained ways for RQ + RO, radical reactions and one involves the
by intramolecular photoisomerization of 2-methylbutenedial formation of an alcohol (R-OH) and a carbonyl (RCO) co-
in the presence of VIS and UV radiation (Scheme 1, Suppleproduct (as shown in Scheme 4, Supplement). In this par-
ment) (Bierbach et al., 1994). In the case where X is3sNO ticular reaction scheme, the carbonyl co-product formed is
there is no radiation but the presence of HiN#@obably sta-  3-methyl-2,5-furandione, which is observed experimentally.
bilizes the zwitterionic intermediate and, thus, favours thelt was found in some studies that the abstraction of an H-
process. 3-Methyl-2,5-furanodione can be formed by ab-atom from the aromatic ring in the reactions of p-xylene
straction of the aldehydic hydrogen of 2-methylbutenedialand 1,2,4-trimethylbenzene with OH is not favoured and the
with the radical X (Bierbach et al., 1994) (see Scheme 2yields of the resulting methylquinones are low in compar-
in the Supplement). In this case, 3-methyl-2,5-furanodioneison with those of products obtained in the addition pro-
would be a secondary product and the yield of this, to-cesses (Smith et al., 1999). In the case of the reaction of
gether with the yield of 3-methyl-2¢3)-furanone, would  3-methylfuran with N@ and CI, 3-methyl-2,5-furanodione
give the molar yield of 2-methylbutenedial. In the reaction is formed as a co-product and, therefore, in Cl reactions
of 3-methylfuran with OH radicals the yield of 3-methyl- it is likely to provide a way to estimate the yield of the
2,5-furanodione is high (18%) and this indicates that 2-5-hydroxy-2(5{)-methylfuranones. The yields of the 5-
methylbutenedial would be a main product. hydroxy-2(5H )methylfuranones are, thus, expected tobe
The presence of 3-furaldehyde as a primary product car8%.
be explained by the attack of the radical X to 3-methylfuran
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In conclusion, the addition process with retention of con-formed in the atmosphere by the reaction of Cl atoms with
figuration is the most important pathway for the reaction of the parent VOC. Therefore, if a chlorinated product can be
3-methylfuran with Cl atoms. This fact is corroborated by the identified from a particular reaction involving Cl, these prod-
high yields of 5-chloro-2(& )-methylfuranones. In the case ucts could serve as “markers” in the chemistry of Cl atoms in
of the reaction with OH the dominant reaction pathway is the troposphere.
ring opening, although it is believed that 5-hydroxy-2(b On the other hand, the majority of compounds identified
methylfuranone (product with retention of configuration) is from the reaction of 3-methylfuran with NQare nitrated
a significant product, although it could not be quantified. Forcompounds. These compounds can act asg K&ervoir
the reaction with N@, 5-nitrooxy-2(54)-methylfuranones species (or sinks), especially during the night.

(products with retention of configuration) were notidentified |n recent years, the California Air Resources Board
by GC/MS and they were only tentatively assigned to certain(CARB) has adopted regulations for volatile organic com-
bands in the IR spectrum. The formation of these compoundgounds (VOCs) based on calculations of their relative
is probably consistent with the results obtained in the OH andground-level ozone impacts. For the purposes of these regu-
Clreactions. In addition, due to the low yield obtained for 2- |ations, the impact levels are quantified using the Maximum
methylbutenedial it is not possible to determine the dominanincremental Reactivity (MIR) scale. This scale was devel-
reaction pathway. oped by Carter (1994) and is based on model calculations for

It is important to note that the degradation mechanism ofthe effects of additions of VOCs on ozone formation in one-
3-methylfuran with Cl atoms is the same as that proposed foday box model scenarios that represent conditions where am-
furan with Cl atoms. Indeed, this process will yield the samebijent ozone is most sensitive to changes in VOC emissions.
products as obtained from furan, but with the corresponding These calculations require a model or models for airshed
methyl group (Villanueva et al., 2007). conditions, a method for quantifying ozone impacts, and a
chemical mechanism to calculate the effects of the reactions
of VOCs on ozone formation in the atmosphere. In the last
calculation of MIR values, 3-methylfuran was included and

The kinetic data obtained in this study can be used to calcults value is 6.9 g" (Carter, 2010). This value indicates that

late atmospheric lifetimes for 3-methylfuran due to reaction 3-methylfuran is a potential source of ozone generation —to a

. : . greater extent than other compounds that are more abundant
with the oxidants OH, N@ Cland G by applying Eq. (1) in the atmosphere — due to its high atmospheric reactivity

1 @ with the main atmospheric oxidants.

kx [X]
) Supplementary material related to this
The average (24h) concentrations of these com-guicleis available online at:

pounds in the troposphere are as follows: [OH]  pyps:/aww.atmos-chem-phys.net/11/1/2011/
1 x 1P radicals cmi® (Prinn et al., 1992), [Ng] = 2 x 10’ acp-11-1-2011-supplement.zip
radicals cnm® (Finlayson-Pitts and Pitts, 2000), §p =
7.4x 10" moleculecm® (Logan, 1985), and [Cl]=
1x 10*atoms cn® (Wlngenter_ et al., 19_96) assuming an  aciknowledgementstlorentina Villanueva Gata thanks the “Junta
average concentration of chlorine atoms in the global maringie comunidades de Castilla La Mancha” for a personal grant.
boundary layer. As shown in Table 4, OH and Ni@dicals  Araceli Tapia Valle thanks the Spanish Ministerio de Edumaci
are globally the most important sinks for 3-methylfuran aty Ciencia for the personal grant BES-2005-6830. This work was
daytime and nighttime, respectively, with lifetime values of supported by Projects PAI06-0042 granted by the JCCM (“Junta de
2.5 and 1h, but chlorine will compete with these oxidants Comunidades de Castilla La Mancha”) and CGL2004-03355/CLI
as a sink in coastal urban areas where its concentratiognd ENE2004-07776-C03-03 granted by Spanish Ministerio de
increases at dawn (Spicer et al., 1998). The lifetimes giverf-i€ncia y Tecnologia (MCyT). The assistance and very helpful
in Table 4 provide only an approximate estimate of the Suggestions from lan Barnes and lustinian Bejan are gratefully
global mean lifetime because the use of average radicafi‘CknOWbdged'
conc_entrations is really not appropriate for such a short "VEdEdited by: J. B. Burkholder
species.
In order to evaluate the atmospheric importance of a par-
ticular reaction, it is necessary to consider the reaction mech—R
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