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ABSTRACT

In this work, kinetics, product formation, chemical mechanism and &@#Aation for the
gas-phase reaction of trans-2-hexenal (T2H) wiglax@ examined using four complementary
experimental setups at 298+2 K and atmospheric pressure. Product steigiesonducted in
two contrasted experimental conditions, with and without OH radicatesger. The
ozonolysis rate constant was determined in both static and dyneadtons. An average
reaction rate constant of (1.52 + 0.19) x*46n7 moleculé s* was determined. Glyoxal and
butanal were identified as main products with molar yields of 59+t 36+9%,
respectively, in the presence of an OH scavenger. Slightlgrigalues were obtained in the
absence of scavenger. Acetaldehyde, propanal and 2-hydroxybutaeahleo identified and
guantified. A reaction mechanism was proposed based on the observed pr&duits.
formation was observed with aerosol mass yields > 13% for SGaenaf 400 pg th This
work demonstrates for the first time that 2-alkenals ozonolgsidbe a source of SOA in the

atmosphere.
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1. INTRODUCTION

It is now recognized that biogenic volatile organic compounds (BV@fag)a major role in

the chemistry of the troposphere from the local to the global8cMany BVOCs possess an
unsaturated C=C double bond, which confers them a high reactivity tothardsmospheric
oxidant®!. Therefore, these biogenic species largely contribute to the tformaf
photochemical smog and tropospheric ozone on one hand and to the budget oflhydroxy
radicals (OH) and the formation of secondary pollutants in the atmosphere oathbe
hand®. In addition, the oxidation of biogenic compounds yields less volatildespedich

could be a source of biogenic secondary organic aerosols f$0ahe of the most uncertain
factors in the global radiation budfkt

While current research still focuses on the oxidation of the mabsindant biogenic
compounds in the atmosphere like isoprene and lim&éna number of unsaturated
oxygenated compounds (aldehydes, ketones and alcohols) have been shown to be
ubiquitously emitted by vegetatibfi, especially when plants are damaged by biotic and/or
abiotic stressé&sY. The emission of these species, so-called Green Leaf VoléBIeg),

may have significant impacts on the environment and the air quhlgyto their high
reactivity towards OH, @and NQ®*213l

Trans-2-hexenal (T2H} a GLV emitted from several different pldfts green residues like

oak and pine muléh! and leaf dryin§®. Once in the atmosphere, T2H can be removed by
reaction with tropospheric oxidants such as"Of! and NQ radical¥?, Cl atom&" and Q

[20.2223] The reaction of T2H with £proceeds as follows:

0 ko3
/WJ\H + O3 — Products (R1)

A%

The rate constant was first determined by Atkinson Bf!at ambient temperature using the
relative method. The significant error associated with therdenation ((2+1)x18° cn?’
moleculé® s?) was assigned to a low consumption of T2H by An OH radical formation
yield of [0.62 was also estimated. However, the authors noted that there Is defyige of
uncertainty in their determination. Grosjean et Alconducted an extensive study and
reported a rate constant ((1.28+0.28)%1.@m® moleculé* s* at 288 K) using an absolute
method with T2H in excess over@oth rate constants determined by Atkinson &’and
Grosjean et af? agree within the uncertainties. A range of carbonyl products Vgas a
observed in Grosjean’s stUtf and their formation yields were calculated towards O

consumption. More recently, Kalalian et%l.investigated the kinetics of this reaction at 298

3



75 K using the absolute method with; @ excess over T2H. A consistent rate constant of
76 (1.37%0.03)x102 cn?® moleculé' s* was obtained. Apart from Grosjean etd|.no literature

77 data are available on T2H +@action products.

78 Regarding OH + T2H reaction, the three most recent kinetigdiest’*® displayed

79  consistent rate constant values, yielding an average OH oattaot of 4.24x18' cnt

80  moleculé' s* at 298 K. NQ kinetics was investigated by Atkinson et?lwho determined a

81 rate constant of 1.21xT6cn® moleculé' s* at 298 K. Thus, OH- and N@nitiated reactions

82 represent the main removal of T2H in the atmosphere, with léstimf 6h and 8h,

83  respectively, while @reaction may only be competitive in polluted areas where high levels of
84 ozone may be foufd. Regarding the relevance of T2H atmospheric photolysis, Kalatia
85  all? calculated an upper limit of 29 min assuming a quantum yield while O’Connor et

86 al®® and Jiménez et 8F' suggested that T2H photolysis constitutes a negligible pathway
87 compared to its removal through tropospheric oxidants.

88  While these studies focused on the kinetics of these reactionigdidata exist concerning
89  reaction products, with no data on the potential SOA formation itrabesphere. The main
90 objective of the present study was to investigate thoroughly #utioe of T2H with ozone

91 using several complementary experimental setups to improve our knowtedgE2H

92 oxidation by Q in the atmosphere. The rate constant was measured with the edvatdut
93 method in both batch and flow reactors, aiming at enriching our knge/led the kinetics of

94 the studied reaction. Reaction products were identified with two tpobsi Fourier

95 Transform InfraRed (FTIR) spectroscopy and Gas Chromatogra@@) (with mass

96 spectrometry (MS). The capacity of T2H to form SOA by ieactwith ozone was
97 investigated for the first time using a Scanning Mobilitytielr Sizer (SMPS) device and

98 aerosol yields were evaluated.

99 2. MATERIALSAND METHODS

100 2.1. Reactors, conditions and reagents

101 Four experimental setups were used in the present study: A amfiow Reactor (LFRY?®!

102 and an Atmospheric Simulation Chamber (ASE¥! at IMT Lille Douai, a glass chambye}
103 at Wuppertal University and a Rigid Atmospheric Simulation ChanfB&SCY?** at
104 GSMA/Reims University. While these reactors are brieflycdbed in this section, the reader

105 is invited to refer to the cited literature for more detallssummary of the experimental
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conditions and analytical techniques is provided in Table 1. The compoundgitissthted

purities are reported in Sl.
21.1LFR/IMT Lille Douai (France)

The LFR was used to study the kinetics of T2Hz#HrOa dynamic flow reactor in the absence
of an OH scavenger. The reactor consists in a verticakRyke of 1 m length and 10 cm
inner diameter working with a total flow of 2.3 L rfinAccurate concentrations of T2H were
prepared in canisters through vaporization of small aldehyde aligndt§illed with air to a
pressure of approximately 3 bars. A small flow (typicallymL min?) from the canister was
diluted by purified air and then sent to the reactor injection he@dcdbipled to a thermal
desorption system was used in online mode for the sampling and aradlyhis organic
reactant. A double detection by flame ionization (FID) and masstrepeetry (MS) was
operated on the GC. The initial concentration of T2H was calcufaded the FID signal
using the calibration curve determined in preliminary work. Ozonepnaiuced by flowing
oxygen through an ozone generator (TEI 146) and was analyzed byabdd¥ption based

analyzer.
2.1.2 ASC/IMT Lille Douai (France)

The ASC was used to determine the rate constant with and withBHutsc@venger
(cyclohexane) and to investigate the SOA formation from tndiesd reaction. It consists of a
Teflon bag of about 300 L inside a wooden box, which ensures darkness ekpergnents.
Two ports installed on the reactor walls allow filling and enmqmyof the reactor and taking
gas samples for analyses. Ozone was produced by flowing purifigdaigh a high-voltage
discharge generator (C-Lasky Ozone Generator). Ozone wasunegagsing the same
analyzer as in LFR experiments. T2H and cyclohexane were gedriyf FTIR using a 2 L
White cell with 10 m optical path. Mid-IR spectra were recdrégery 4 min with a
resolution of 0.5 cf (100 spectra co-added). The initial concentration of T2H wasileséd
from IR spectra using a calibration curve determined in pmeding work. The
characterization of particles in the reactor was carried out with &S3Mth a sampling flow

of 0.6 L min® at a scan rate of 2.5 min (particle size distribution 10 — 408 nm).
2.1.3480-L glassWuppertal University (Germany)

The 480-L glass chamber, characterized with a 3 m length and andianeeter of 45 cm,

was used to study the reaction products without adding an OH scaveregersowme



137  experiments were performed with dimethyl-ether as OHetraDifferent ports allow the
138  addition of both reagents and bath gases. Ozone was generated bgraddendevice via
139  corona discharge in a flow of oxygen. To evacuate the chamber, a gusystem made of a
140  roots pump backed by a double stage rotary pump is used. In order totbedurenogeneity
141 of the reaction mixture, a Teflon fan is mounted inside the reathw.concentrations of
142  reactants and products were determined by IR spectroscopyauBinidR spectrometer with a
143 multi-reflection mirror system operating at an optical pathgile of 50.4 m, mounted
144  internally in the chamber. Spectra were recorded every 5 mimangpectral resolution of 1
145  cm* (70 spectra co-added). The initial concentration of T2H was obtaiivegl aisalibration

146 method described previou&H.
147 2.1.4RASC - GSMA Reims (France)

148 The RASC was used to determine the reaction products in the preseano OH radical

149  scavenger. It is a 63-L triple jacket Pyrex cell with an insiemeter of 20 cm and a total
150 length of 2 m. A set of spherical golden mirrors placedhéndell ensures multiple reflections
151 and allows us to get an optical path of 56 m. This chamber was cotplad FTIR

152  spectrometer and to a GC/MS. Spectra were recorded every 3itnia spectral resolution
153 of 2 cm* (100 spectra co-added)zone was produced according to the procedure given by
154  Griggd®. Its concentration was monitored by UV absorption spectroscopy asi@gD

155 camera and then continuously driven into the simulation chamber.oRgerdrations of the

156  reagents and the products formed during the ozonolysis reactiomear®red by IR and by

157  Solid Phase Micro-Extraction (SPME)-GC/MS (see Sl sectidorBnore details) and were

158  corrected for the pressure increase (about 200 Torr per hour).

159  2.2. Kinetic measurements

160  All experiments in ASC and LFR were carried out under pseusdbdider conditions where
161 the initial aldehyde concentration was in excess by a factbd of more compared to that of
162 ozone (Table 1). With OH radicals being produced in thetQr2H reactio” and OH

163  reacting fast with T2H (k(OH+T2H) = 4.24x1bcn® moleculé! s* 1772, some experiments

164  in the chamber were performed with cyclohexane as OH scavenger.

165 In the ASC reactor, a typical experiment was performealésafs: T2H was introduced into
166  the reactor and allowed to homogenize for around 30 min. Four samplesheer taken to
167  determine its initial concentration. Where applicable, a suffigeantity of cyclohexane was
168 added to trap about 94% of the formed hydroxyl radical (seee&om C) and the

6



169  T2H/cyclohexane mixture was allowed to homogenize for 1 hour. Subdbquthree

170  samples were taken to quantify the initial concentration df B@H and cyclohexane and to
171 verify that there is no interference between the selectedatlls of the two compounds.
172 Ozone was then introduced into the reactor and continuguse@surements were performed

173  over time.

174  Concerning experiments carried out in the LFR, ozone was introdnaedantinuous flow
175  through the injection head which was moved up and down to change the réastidrom

176 30 s to about 3 min. The remaining ozone is measured for each position of the reactor’s head.

177  Ozone wall losses {ki 0s9 in the ASC chamber and the LFR reactor were estimated in
178  preliminary tests. The obtaineg. oss Were of 3x10 s* and 1.55x18 s* in the ASC and

179 LFR, respectively. T2H wall losses were also investigated Imothei ASC and the LFR and
180  were found to be negligible.

181  The consumption of ozone can be expressed as follows:

_d[0;]

= k[TZH]O[OS] + kwall loss [03] = k’[03] (Eq 1)

182  where k'= K[T2H} + kyai 10ss Since the aldehyde is in excess overtfe integration of Eq. 1
183  gives:

[0s]0) _ ,
ln<[03]>—kt (Eq. 2)

184  where [T2H} and [Q], are respectively the initial concentrations of T2H and ozone agd [O
185 is the concentration of ozone at time t. Eq. 1 shows that the radaszwne decays are only
186 dependent on T2H concentration ang v@all losses and will thus not be affected by the
187  presence or absence of an OH scavéfihen the case of LFR, the reaction time is calculated
188  using the expression computed by Duncianu &f'alaking into account the slight parabolic

189  form of the flow rate profile in the reactSt. According to Eq. 2, the slope of the linear

190 fitting of In (%) versus time gives the pseudo-first-order rate constant k'. The ggisnol
3

191 rate constant k can be determined from the slope of the plot of k' as a function of.[T2H]
192  2.3. Product analysis

193  The experiments were performed in the 480-L glass reactbouwtiOH scavenger and in the

194 RASC chamber using cyclohexane as OH scavenger (see Tallenitidl concentrations).
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Product yields ¥,,q Wwere obtained from the plot of the product mixing ratios [Prod] vs.

aldehyde consumptiodA[T2H], according to Eqg. 3.

[Prod]

YP‘rod (%) = A[TZH]

x 100 (Eq. 3)

2.3.1. Product analysisin the 480-L glassreactor

The products were identified and quantified by FTIR spectrosompgre recorded spectra
were compared with references available in IR databasd® aWuppertal laboratory. The
guantification of butanal was done using tabulated IR absorption @cissns determined in
the same system. Glyoxal was quantified using absorption cex$®rs determined by
Volkamer et al*®
following IR absorption bands centered at 1150 and 2726 t&26 and 2712 cth and 2835

cm?, respectively, by iterative subtraction of calibrated referesmectra. Uncertainties on

. T2H, butanal and glyoxal concentrations were retrieved using the

Y progd Were obtained by adding errors AfiT2H] (estimated at 14%) and errors on [Prod]
arising from uncertainties on both absorption cross sections (5%)ubaitrdction procedure
(10%). Overall uncertainties onpXq4 calculated by error propagation were of the order of
20%.

2.3.2. Product analysisin the RASC chamber

Two techniques were used to identify and quantify the products inABE€Rhamber: FTIR
spectroscopy and SPME-GC/M$he derivatization conditions were taken from Reisen et
alP¥ and are summarized in Sl (section B). During each experimeHt,afid cyclohexane
were driven by an air flow into the simulation chamber. The ozomokgaction started
following the addition of ozone into the chamber through a continuous flowsdimgling

was carried out every 15 min and the analyses were perfoyn@@#VS. At the same time,

IR spectra were recorded every 3 min and T2H (1615-167%) @nd 2-hydroxybutanal
(1043-1077 cnl) bands were processed and integrated. The areas of the chromatographi
peaks or IR bands were related to the concentration of the producthiualilyation curves

previously prepared for the different compounds.

The formation yields of all stable primary and secondary products were detdriry SPME-
GC/MS. IR spectra were only used to identify and quantify @&dwy-butanal (IR reference
spectrum in Figure S1). The obtained yields correspond to the awdrigee experiments.

Overall uncertainties on the yields were calculated by erapggation considering both the



224  repeatability of the measurements and errors on spectra suinsagieak integrations and

225  calibration procedures. The overall uncertainties on yields vary from 25-30%.

226  2.4. SOA formation

227  Particle formation was studied in ASC in the absence of OH scavenger.iRaglitests were
228 performed to ensure that no particle formation occurs when eftBer or ozone was
229 introduced alone in the chamber. Continuous SMPS measurements gisirtafier ozone

230 injection until a steady state of particle mass formation was reached.

231 The relatively high surface-to-volume (S/V) ratio of the rea¢t] 7 mi') inevitably led to
232 semi-volatile gas and particle losses on the Wall&\erosol wall losses were determined for
233  each experiment after maximum aerosol formation, resultingstidider decay rates of 10-
234 20% h*. The aerosol mass concentrations measured in the present wortheremrrected
235 for wall losses. SOA formation vyields §¥») were calculated according to the following

236  expression:

M
Ys0a (%) = m X 100 (Eq. 4)

237  where M is the corrected maximum mass concentration of particles toemeA[T2H]; is

238 the consumed mass concentration of T2H at the same time. €aiabhmass concentrations
239 Mg were calculated from the measured number size distributions iagssipherical particles
240  with a density of 1 g cil. The experimental conditions including, initial concentrations and

241  analytical techniques are summarized in Table 1.

242 3. RESULTSAND DISCUSSION
243  3.1.Kinetics

244  The pseudo-first order rate constant k' was determined accordigg.t@ from the plot of
245  In([O3]o/[O3]) versus reaction time (Figures S2 (chamber) and S3 (flostai@p The data
246  were fitted with linear regression lines. Plots in Figure S2 and S3 disglagydainearity with
247  high correlation coefficients R> 0.90). A linear regression of the k' data vs. [T@Hfigure
248 1) yields the second order rate constant. A value of k(T2H)+=@1.52 + 0.19) x 16 cm?®
249 moleculé' s* was obtained where the statistical uncertainty representfitthg error). This

250 k-value comes from a fit on both ASC and LFR data.
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Statistical errors on k' @ resulting from the fitting procedure and reported on Figure 1 are
2-6% for ASC data and 9-26% for LFR data. [Tk determined with an uncertainty of
about 10% arising from the calibration procedure. Systematicseaor[T2H} that may
impact k values are probably negligible because of the high viglaiiliT2H leading to a
guantitative injection in the reactor. Propagating the errors resudtglobal uncertainty on k

of about 16%.

The obtained value is in good agreement with data obtained in simulatiobetsa(Table 2).

The rate constant was first determined by Atkinson &¥'alsing the relative kinetic method.
They reported a value of 2x1cm® moleculé' s* with an uncertainty of 50%. Grosjean et
al?® used pseudo-first order conditions with T2H in excess and obtainedua ol
(1.28+0.28)x13% cm® molecule® s*. More recently, Kalalian et &? obtained
(1.37+0.03)x10% cn?® moleculé® s* in absolute rate experiments. As can be seen, the present
value of (1.52+0.19)xI& cm® moleculé* s* agrees very well with those of Grosjean et al.
and Kalalian et al. and is consistent with that of Atkinson etaking into account the
uncertainties. The present work represents the first determiradtiofT2H + ;) in a flow
reactor. The present results also complement the study of @rasj@l**! which was carried
out using the absolute kinetics method and T2H in excess, yet witictamarrower range of
T2H concentrations than our study (Table 2). The very good agreentkrBrusjean et al.

adds to the reliability of the results.

The T2H + Q reaction rate constant is significantly higher than thadnted for acrolein (a
mono-substituted unsaturated compound, 3.8%£67 moleculé' s%)P® whereas it is in the
same order of magnitude as that of other longer (bi-substitute@tuvaied aldehydes:
crotonaldehyde ((1.58-1.74)x1® cnm® molecule® sY)E7*8 2-pentenal (1.6xIH cn?
molecule* sH)®® and a series of linear;€y unsaturated aldehydes: 2-heptenal, 2-octenal
and 2-nonenal ((2.05-2.47)x¥bcm® molecule' sY)%. This suggests the role of the C=C
double bond substitution on the reactivity of alkenals towarglsMdh a positive inductive
effect on the electronic density of the C=C bond and an increades diy addition rate

constant from mono- to bi-substituted alkenals.

McGillen et al. proposed a structure-activity relationship for daenolysis kinetics of a
number of unsaturated compounds including aldef{#ieShey underlined the role of the
inductive effect on the reactivity of these species. For T2H, aneomate constant of 2.0X10

8 cm® moleculé' s* can be calculated, which is in good agreement with experimental

10
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findings. Comparing the rate constant for the ozonolysis of T2H toofthatns-2-hexene
(155%10"® cm?® moleculé! sH)*! shows a 100 times higher rate constant for the homologous
alkene compared to the studied aldehyde. A similar trend is obseroed f

crotonaldehyde/trans-2-butété?

and 2-pentenal/trans-2-pentéfle This shows the strong
deactivating effect of the carbonyl group on the reactivithef €=C double bond towards

ozone through the conjugation of the tweystems (C=0 and C=C).

3.2. Product for mation

3.2.1. Product formation investigated in 480-L glassreactor
Seven experiments were performed in the 480-L glass reactor, audtiaf three included
dimethyl ether (DME) used as OH radical tracer. Based orDi& pseudo-first order
consumption, an upper limit of 1énolecules cii was estimated for the concentration of OH
radicals in this reaction system. Butanal and glyoxal wenstiftesl as the major primary
products by FTIR. The fine spectral features of glyoxal candmalglobserved in the 2800-
2850 cn region while the presence of butanal is evidenced near 270@Rigure 2). After
subtracting T2H and £as well as glyoxal and butanal, the residual spectra showdsahat
indicate the presence of products containing carbonyl and possibly OH moieties.

Concentration-time profiles of T2H, butanal and glyoxal aregmtesl in Figure S4 together
with the carbon balance calculated as molar yield. Yield plotdiefconcentrations of the
primary products as a function of consumed T2H are shown in Figdoe 8l performed
experiments. For butanal and glyoxal, molar yields of 33+£7% and 48+&3%eatively, were
obtained, where the errorso2represent estimated total uncertaintied 9% (see section
2.3.1). These yields were not corrected for potential OH losses.OFheoncentration
evaluated upon tracer data {Ifiolecules cii) is rather small to compete significantly with
the T2H + Q reaction considering the ozone concentrations used, namely (48)x10

molecules cr.

The formation of propanal could be observed in all experiments (geeeFs5) but due to
overlapping of absorption features it cannot be quantified accurdtelypper limit of 8%
(molar yield) can be estimated using the absorption band centered at 28%imitarly, it is
not possible to quantify acetaldehyde in the residual spectra dithbege are features

indicating its formation (Figure S5). From the residual speaté using the absorptions

11
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centered at 1352 and 2706 tmespectively, an upper limit of 10% can be calculated for the

molar yield of acetaldehyde.

Although a significant increase was observed for the intensithefspecific absorptions
attributed to CO and CQtheir quantification is not possible under the present experimental
setup due to interferences of these compounds present in the drgdato dkish the transfer
optics housing between the chamber and FTIR spectrometer. Fonyaddgas not observed
in the IR spectra. Considering the detection limit of 200 ppb in otersysan upper limit of

4% can be deduced for the molar yield of formaldehyde, if any.

3.2.2. Product formation investigated in RASC chamber

Five carbonyl compounds: glyoxal, butanal, propanal, acetaldehyde andrd@ytyutanal
were positively identified in the gas-phase reaction of T2H With in the presence of
cyclohexane as OH scavenger. CO was not observed whilar@&@ysis was precluded due to
the lack of a specific instrument. 2-Hydroxybutanal was detebtgh in the residual IR
spectra (after subtraction of the known features, a significardr@timsn band persisted
between 1043 and 1077 ¢mwhich can be assigned to 2-hydroxybutanal) and by GC/MS
through the corresponding oxime. The temporal evolution of the molaiofracif T2H and

of the products formed during the ozonolysis reaction as well asatmon balance are
presented in Figure S6. Product concentrations are relativelg stiier 60 min. The carbon
balance decreases with the T2H % @action progress, indicating the formation of other
undetected products. Formation yields of primary and secondary proderetsi@ermined by
plotting product concentrations as a function of the consumed T2H €F#jurThe 2-
hydroxybutanal yields obtained by IR and GC/MS techniques were th agr@eement with a
difference lower than 20%. The products identified and quantified bR FAB0-L chamber,
RASC) and GC/MS (RASC) are summarized in Table 3.

3.2.3. Comparison with literature data

Glyoxal and butanal have been identified as main products in both the 4&8@dorr and
RASC. The product yields obtained in both set-ups are in good agreé8en0% and
33£7% in the 480-L reactor, Figure 3, 59+15% and 36+9% in RASC, FiguretHintie
uncertainties and thus seem not to be influenced by the formation of OH during the agonolys

reaction.

In the 480-L chamber, the concentration of OH radicals was eetintetsed on the tracer
(DME) consumption to vary from £@o 16 molecules cii. By using the method described
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by Klotz et al*® to correct for the OH reaction, this accounts for up to 10% obvieeall
consumption of trans-2-hexenal. Further, this finding suggests a mweh OH yield from
the T2H + Q reaction as previously reportéd A former stud{* on the ozonolysis of trans-
2-alkenals estimates an OH production of up to 15% which is supported bgsaiis using
DME (Figure S7). This indicates that the errors in the expetiaig determined yields for
butanal and glyoxal are higher than the effect of the presdrnoél an the reaction system.
Nevertheless, the yields are slightly below the values obtawed using an OH scavenger
(RASC).

The results are summarized in Table 3 together with literatat#®. The glyoxal yields
determined here are in good agreement with the previous study @artiby Grosjean et al.,
who normalized the carbonyl concentration to the concentration of deaztse. In both
chambers in this study, the butanal yield is somewhat lower tlesopsly reported. Unlike
Grosjean et al., whose results suggest that both main productsrasa fim equal portions,
the present study indicates a slight preference for the patlyvedding the bicarbonyl
compound, namely glyoxal. The ozonolysis of asymmetric alkyl-dubsti alkenes is known

to favor the formation of the most substituted bi-radical due to rbgppigatioff>*°!
Further, studies carried out on the ozonolysis of oxygenated alkenestéendhat the
decomposition of the primary ozonide displays a preference for the patfielding an
oxygenated carborf§f® Hence, the formation of the alkyl-substituted bi-radical and the
formation of glyoxal could be favored. However, the limited numbeepbnted data for the
ozonolysis of trans-2-alkenals £Cq, Table S1) does not indicate a clear trend to support this

observation.

When comparing with the studies performed by Grosjean and co-wpdter notes that they
worked at a relative humidity of 554 whereas the present study was done under dry
conditions (RH< 1%). At least for glyoxal, it was determined that aerosqgisesent a
significant sink due to reactive uptake on surfaé&>® especially at high RE{>?. For
butanal and trans-2-hexenal, presently no such information is avaitablefore further
considerations would be highly speculative. The fate of the statilCriegee Intermediates
(CI) that are expected to come from ®© T2H is also highly dependent on the amount of
water availablé®” Since butanal and glyoxal do not come from ClI, their yields are not

expected to be impacted by RH.

Acetaldehyde, propanal and 2-hydroxybutanal were undoubtedly quantifiednoRISC.

The yield of acetaldehyde is in excellent agreement withptieeious determination by
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Grosjean et af¥l. There is evidence of formation of propanal and acetaldehydhe i#80-L
chamber (Figure S5), however the quantification limit of thetesy and the superposition of
the spectra allows only the estimation of upper limits for tlyestds. The presence of
butanoic acid in the spectra obtained from the 480-L chamber cannoledeout as its

spectral features can be “hidden” beneath the residual unidentified absorptipme §3).

The residual spectra of the experiments with OH scavengguré-i2, panel E), after
subtracting T2H, ozone and the main products, contain additional absorptioedgeahich
suggest formation of unidentified carbonyl containing compounds and which fdiffie the
absorption of 2-hydroxybutanal recorded in RASC. However, the chastict@bsorption
system between 3000 €nand 2700 cm looks similar to the residual spectra reported by
Colman et al*. They studied the ozonolysis of longer trans-2-alkenals and tenyativel
assigned their residuals to the corresponding 2-oxoaldehydes. @resja® identified 2-
oxobutanal in the ozonolysis of trans-2-hexenal with a yield of 7.4+0H&8&ever, they
argued that, due to the use of dinitrophenylhydrazine derivatizéibmyed by offline high
performance liquid chromatography to identify and quantity productg,vileee not able to
distinguish between the 2-oxo and the 2-hydroxyaldehyde. The restdisesbpresently in

RASC indicate that rather 2-hydroxybutanal is formed than 2-oxobutanal.

The organic gas-phase carbon balance calculated in RASC is lamet@0% (down to 60%
at the end), and even lower in the 480-L chamber. One reason is thesibiljppsto
determine all products formed in such a complex system, as siabee. The ozonolysis
reactions are generally known to deliver poor overall yields asidéstification and
quantification of all products often fdfi¥. On the other hand, the formation of aerosol
particles observed here strongly suggests that the adsorption on particles deddgeheous
chemistry is possibly responsible for incomplete carbon numberghigttime, without
knowledge on the particle composition, it is not possible to makerditgti@e estimation of

the contribution of aerosols to the carbon balance in the ozonolysis of trans-2-hexenal.

3.2.4. Mechanism

The products identified within this study support a classical approaamely the
electrophilic addition of @to the double bond followed by the decomposition of the ozonide
into a primary carbonyl and a Criegee biradical '{€CIA reaction mechanism for T2H
ozonolysis is proposed in Figure 5 based on the product analysishieoRASC and 480-L

chambers.
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The first step in the ozonolysis of trans-2-hexenal will produmcasymmetrical ozonide. As

displayed in Scheme 1, there are two possibilities for it to dissociate.

N0
G\x ></C|

Lo
CH3{CH,),CH=CHCHO + O3 —  CH3{CH,),CH-- CHCHO

/N

CH4(CH,),CHO + *00CHCHO CHOCHO + CHa(CH,),CHOO"

Scheme 1. Ozone addition to T2H followed by decomposition of the ozonide according to

two channels: (I) forming butanal and (II) forming glyoxal as primarpaayls.

Channel (I) leads to the formation of butanal identified and quantii¢iuis work as a major

product. The’OO CHCHO biradical resulting from channel (I) could evolve into two

pathways (Figure 5):

a.

Formation of formaldehyde and G@rormaldehyde was not observed in the FTIR
spectra, neither in the 480-L nor in the RASC chamber. Althoughcaease in
the intensity of the characteristic €@bsorptions bands (2289-2388 Hnwas
observed, its quantification was not possible under the given experimental
conditions. According to the limit of detection for formaldehyde in 48@-L
chamber, the branching ratio for this channel, if occurring, is below 0.04.

OH and CHOCO formation. The CHOCOradical could evolve into COand
CHO, the latter reacting with £to form HGQ and CO. The formation of OH
radicals was observed in the 480-L chamber in absence of geavasing DME
as a tracer. Carbon monoxide formation was unambiguously observedIR the
spectra recorded in the 480-L chamber but no quantificationpassible for
reasons mentioned earlier. We envision a systematic determinfdboth CO and
OH yields as the object of a future study.

Channel (Il) leads to the formation of glyoxal, another major prodecitified and quantified

in our study. The vibrationally excited Cl from channel (Il) coalther be stabilized by
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collision or undergo fast unimolecular decomposition i) via 1,5-H shidt laydroperoxide

formation (Scheme 2) or ii) to form OH and an alkoxy radibat leads to propanal (Figure

5).

H

I
O O

H
CZ’G’“ HO'

Scheme 2. The hydroperoxide channel — the fate of the excited CI resulting from chaijnel (I

The hot hydroperoxide resulting from channel (ll) as present&theme 2 can evolve into

four different pathways (Figure 8}:

a.

Rearrangement into and stabilization ofi-aydroxycarbonyl: 2-hydroxybutanal

was observed in RASC with a formation yield of 18+6%;

Formation of H and 2-oxobutanal: the formation of 2-oxobutanal in the present

study cannot be ruled out;

Decomposition into CHO+ a-hydroxyalkyl, the latter yielding propanal, observed
in the present work in the experiments with an OH scavengeyuantified with a
formation yield of 19+5% in RASC; CHOwill yield HO, + CO; as mentioned
above, CO formation was observed by IR but not quantified;

Release of an OH radical and formation of ;CH,’”CHCHO. In the presence of
O, this radical will form the oxy radical G&H,CHO'CHO. The oxy radical
further chemistry may evolve toward production of acetaldehygexa, propanal
and 2-oxobutanal. Acetaldehyde was identified and quantified in our witid\a

formation yield of around 10%.

In the proposed mechanistic scheme, propanal, acetaldehyde and2ybytlinal are solely

formed from CI (1) through the hydroperoxide channel (pathways ahd d’). The yield for

glyoxal formed via route @’should to be equal to the acetaldehyde yield (see Figure §). It i

worth noting that for RASC (taking into account the uncertainties)sum of propanal,

acetaldehyde and 2-hydroxybutanal yields (47%) differs by rout®¥% from the glyoxal

yield (59%). This is consistent with the proposed mechanism.
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In addition to the evolution routes mentioned above, the stabilized biradical

CH3(CH,),C'HOO" can isomerize into a dioxy biradical and form butanoic acid {8ehe
3)[3,55]_

o)
CH3CH,CH,EHOO® —— CH3CHCHC;H  ——— CH3CH,CHLC(O)OH
Ci

Scheme 3. Formation of butanoic acid from the stabilized Cls(fFH,),C'HOO" arising from
channel (11).

No certain identification of butanoic acid is possible due to IRr@ien band overlapping in
the residual spectra (see Figure S8). Thus, the formation of aniorgeid cannot be

excluded.

3.3. SOA formation

Aerosol formation was investigated in the 300-L Teflon chamber. SOt is presented

below in terms of total produced mass concentrations and aerosol yields.
3.3.1 Particle mass concentrations

Figure 6 shows particle formation, in terms of corrected ro@assentration M as a function
of time in the ASC chamber. According to Figure 6, partiokenfition in ASC is very fast
and occurred as soon as ozone is injected. SOA mass concentratdns nglateau after
roughly 50 min reaction time after whichoMtabilizes. It is important to stress that the
decreasing carbon balance observed with reaction time could lbe g@gstained by the

increasing organic matter in the condensed phase
3.3.2Yied plots

From SOA mass concentrations at the maximum of the plateau @ogeiith the
corresponding T2H consumption, aerosol yields can be determined accoréigg4. Figure

7 displays the aerosol yield as a function of aerosol mass caatcamtior the experiments
carried out in ASC. The oxidation of 1.6 to 10.2 ppm of aldehyde byasicrg amount of
ozone led to SOA vyields of 3.2% to 13.4% for T2H corresponding to SOAs mas
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492 concentrations up to 418 pg3mThe Ysoa Vs. My data were fitted using the one-product
493  model from Odum et &°! that translates into the following equation:

aK,m )

Yeou = M, (—
504 °\1 4+ MyK,,,

(Eq.5)
494 wherea is the mass-based gas-phase stoichiometric coefficientrafd&l product and &,
495  represents its gas-particle partitioning equilibrium constamepresents the total amount of
496  semi-volatile products present in the gas- and aerosol- phaseastfsdgiare regression on
497  the data yields gives the following parameterss 0.22+0.08 and K, = (3.2+2.4)x1G m°
498 pgl. Uncertainties represent two standard deviatioms. (Zomparinga with Y where Y
499  corresponds to the semi-volatile products in the particle phasateslithat only a fraction of

500 the semi-volatile products go into the condensed phase.
501 3.3.3 Atmospheric impact

502 The present study shows for the first time that ozonolysistioeacfor T2H can be a
503  significant source of particles. As shown in Figure 7, an incr@asine aerosol mass
504 concentration leads to higher yields, consistent with increasedcsugrea onto which
505 condensation/partitioning of condensable reaction products can occur. In indooneryits
506 where particle concentrations are often much higher than outdoor, s@®édty one order of
507  magnitud€ % up to 10% of the reacted T2H can go into the particulate phasedgaovi
508 sufficient G are present indoors. Further investigations in larger reactors aig olesded to
509 thoroughly quantify the potential of T2H and other alkenals to forrA 8@ough ozonolysis.
510 In the atmosphere where the atmospheric fate of T2H is mainlyrga/éy its reaction with
511  OH and NQ,** the impact of SOA formation from T2H ozonolysis is limited. Fhaation
512 may be reversed indoors where OH and; X&alical concentrations are generally much lower
513  than outdoor€® Under these conditions, indoor sources of ozone — outdoor air as well as
514 photocopiers and air purifiers — could make ® significant oxidant indoof&” thus
515 potentially enhancing the contribution of T2H to SOA indoors. In somefp@cioor cases,
516 however, like high HONO levels or highs@nd low-NO concentrations, OH and N€an
517  reach high concentrations making T2H oxidation by OH and/ay digificant indoor&®

518 4. CONCLUSION

519 In this work, the kinetics of the reaction of T2H with ozone has beestigaeged for the first

520 time using a flow reactor and the absolute method. Additional exp#esnusing a static
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521  atmospheric simulation chamber were performed. Both experimentaps yield consistent

522  results and show very good agreement with the literature data.

523  The mechanistic studies carried out in the present work showedé&harzonolysis of T2H
524 leads to the formation of carbonyl compounds as primary products, ynatyekal and
525 butanal, as well as acetaldehyde, propanal and 2-hydroxybutanié presence of an OH
526  scavenger, molar yields of 59+15% and 36+9% were obtained for glyoxilbatanal,
527 respectively, in satisfactory agreement with the only redostedy up to date’. In the
528 absence of an OH scavenger, the yields of glyoxal and butanabtidiffer significantly,
529  within the error limits, which suggests that secondary OH ge®seare of minor importance.
530 A detailed chemical reaction mechanism is proposed upon the iddnti#action products.
531 The total yields of primary carbonyl products range between &h%h 95%. A slight
532 preference is directed towards the formation of the bi-radicalcootaining the aldehyde
533 function. These results on theg @kenal complete the missing puzzle data of previous studies

534  of C3-Cq trans-2-alkenals.

535 Finally, the present study constitutes the first investigaibmerosol formation from the

536 ozonolysis of a trans-2-alkenal species, to the best of our knowle@ge.oZonolysis is

537 shown to only slightly contribute to particle loadings in the atmaspHheurther work is

538 clearly needed to improve our understanding of SOA contribution from bpajep

539 unsaturated compounds, which are ubiquitous species emitted by vegetatiomedémtly,

540 Liu et al'® suggested that alkenals contributed up to 34% of the SOA observed from the
541 photo-oxidation of vegetable oil emissions. Experimental work on regatomtucts and SOA

542  formation from T2H + OH is under progress, aiming at unravellingdleeof this reaction in

543  the atmospheric chemistry of T2H.
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Table 1.Summary of experimental conditions and analytieehhiques used in the present work. All experimest® performed at room
temperature (298 K) and atmospheric pressure ¢l atm) except for RASC where the initial pressuas about 400 Torr.

Kinetic studies"

Reactor-Laboratory Reactor volume (L) [Oslo (PpmM) [T2H]o (ppm) OH Scavenger Analytical techniques

- Ozone analyzer (Model 42M,
LFR-IMT Lille Douai 10 0.555 6.5-25 Not used Environnement SA)
- GC-FID/MS (Agilent 6890-5973N)

- Ozone analyzer (Model 42M,
Environnement SA)

- FTIR spectrometer (Thermo Nicolet 670(
with DTGS detector)

ASC-IMT Lille Douai 300 0.113 =4 Cyclohexang

Product and SOA studies

- FTIR spectrometer (Brucker Equinox 55
RASC-GSMA 63 <7 20-25 Cyclohexan® | with MCT detector)
- SPME-GC/MS (Perkin-Elmer Clarus 500

- FTIR spectrometer (Thermo Nicolet 670(

480 L glass Wuppertal 480 1.4-39 3.7-5.7 Dimethyletlfer with MCT detector)

ASC-IMT Lille Douai 300 0.065-0.65 1.6-10.2 Not used - SMPS (TSI, DM8@Band CPC 3788)

(a) Experiments carried out under pseudo-first ocdaditions, with [T2H}/[O3]o > 10

(b) Concentration of cyclohexane between 390 adgg®n (ASC-SAGE) and 1540 ppm (RASC-GSMA). One eixpent in ASC was performed without cyclohexane.
(c) Used as OH tracer with concentrations betwéeant 22 ppm.

(d) Ozone was introduced continuously into RAS@ kiw flow rate.



Table 2.Kinetic results for T2H + @in ASC and LFR. Uncertainties correspond ¢o 2

Reactor type [T2H], (ppm) | [O3]o (PpmM) Method k (x 10" cm® moleculé® s Reference
Flow reactor 6.5-25 0.555 Absolute, T2H in excess 1.52 +£0.19 This work
Chamber 1 0.2 Relative 2.00+£1.00 [20]
Chamber 2.34-35 0.073-0.114) Absolute, T2H in excess 1.28 +0.28 1323

Chamber 0.81-24 40-200 Absolute, @in excess 1.37 +£0.03 [22]

#Not specified if b or 2o.




Table 3.Product formation yields of the ozonolysis of T2l this work and comparison
with literature data.

Presence of OH Identified products Yield (%) References
scavenger
Glyoxal 48 £ 10
Butanal 337 This work
No scavenger — 480-L
Acetaldehyde Not quantified ( )
Propanal Not quantified
Glyoxal 59+15
Butanal 36+9
Scavenger This work
(Cyclohexane) Acetaldehyde 10+3 (RASC)
Propanal 19+5
2-hydroxybutanal 18 + 62
Glyoxal 52.7+55
Butanal 55.9+3.7
Scavenger
(Cyclohexane) Acetaldehyde 1092 [23]
Propanal 6.7+0.8
2-oxobutanal or 2-hydroxybutartal 7.4+0.6

a: average of IR and GC analysis

b: Grosjean et af%) were not able to distinguish between the two caylso(see text).



1.2x10°

O LFR
® ASC >—%—<

=
o

o
(o]

o
~

k(s™
¢ ¢ © ¢ b
(o]
[FERRIRRARIRRRRIRRRRE RN RNRNI ARRRIRRRNE ARARARNRRRARRURRRTE

o
o

o
N

S

0 2 4 _36 8x10™*
[T2H], (moleculescm )

Figure 1. Plot of k' versus the initial concentration of T2ilroom temperature performed in
LFR (open symbols) and in ASC (filled symbols). Tagression fit was carried out on both
LFR and ASC data.
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Figure 2. IR spectra obtained in the 480 L reactenom bottom to top: Panel A shows the IR
spectrum at t = 0 (£bands are annotated; the other bands corresporzHpand after 50%
T2H has reacted. Panels B and C show the refespemtra of butanal and glyoxal,
respectively. Panel D displays the residual IR spatafter removing T2H ands@where
Gly and But represent glyoxal and butanal, respelsti. Panel E corresponds to the residual

after removing butanal and glyoxal.
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Figure 6. SOA formation as a function of time for T2H in ASBamber (with [T2H]= 3.8
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Figure 7. SOA formation yields ¥oa vS. aerosol mass concentrations for T2H in AS@ Th
fit is carried out using Odum’s one-product moded .(5).



e Trans-2-hexenal ozonolysis kinetics and products investigated
e A reaction mechanism is proposed.
e First secondary organic aerosol investigation
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