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Abstract. The fate of methacrolein in cloud evapo- 1 Introduction

condensation cycles was experimentally investigated. To this

end, aqueous-phase reactions of methacrolein with OH radilsoprene accounts for about half of all volatile organic com-
cals were performed (as described in Liu et al., 2009), and th@ounds (VOC) emissions in the atmosphere and is, on a mass
obtained solutions were then nebulized and dried into a mix-basis, the dominant emitted biogenic VOC with an average
ing chamber. ESI-MS and ESI-MS/MS analyses of the aquegdlobal emission of 410 gy (Mller et al., 2008). Its
ous phase composition denoted the formation of high moleccontribution to SOA budget was believed to be negligible
ular weight multifunctional products containing hydroxyl, until very recently when heterogeneous pathways were in-
carbonyl and carboxylic acid moieties. The time profiles of vestigated. In this manner, Claeys et al. (2004a, b) mea-
these products suggest that their formation can imply radicagured significant concentrations of tetrols and related species
pathways. These high molecular weight organic products arén ambient particle matter, and provided strong evidence
certainly responsible for the formation of secondary organicthat these compounds were formed during the oxidation of
aerosol (SOA) observed during the nebulization experimentsisoprene and its first generation oxidation products such as
The size, number and mass concentration of these particle®ethacrolein. Furthermore, several smog chamber exper-
increased significantly with the reaction time: after 22 h of iments investigated the SOA formation from isoprene, and
reaction, the aerosol mass concentration was about three ofeported yields of 1-4% (Edney et al., 2005; Dommen et al.,
ders of magnitude higher than the initial aerosol quantity.2006; Kroll etal., 2006; Surratt et al., 2006). They suggested
The evaluated SOA vyield ranged from 2 to 12%. Thesethat isoprene and its oxidation products (methacrolein, 3-
yields were confirmed by another estimation method basednethylfuran...) can contribute to ambient SOA via hetero-
on the hygroscopic and volatility properties of the obtainedgeneous reactions under acidic conditions or via polymer-
SOA measured and reported by Michaud et al. (2009). Thesé&ation of second generation oxidation products. Accord-
results provide, for the first time to our knowledge, strong ingly, Surratt et al. (2006) demonstrated a major contribu-
experimental evidence that cloud processes can act, througPn of methacrolein in the SOA formation through isoprene
photooxidation reactions, as important contributors to secreactivity, and proposed particle phase esterification as a ma-

ondary organic aerosol formation in the troposphere. jor SOA formation pathway. With a global emission rate of
410 Tgyr !, isoprene is believed to produce, through hetero-

geneous pathways, substantial amounts of SOA even with
low SOA yields (Kanakidou et al., 2005). However, these
mechanisms do not take into account those occurring through
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Clouds play a major role in atmospheric chemistry, be-2.1 Aqueous phase reaction
cause they strongly affect the chemical composition of the
troposphere. The cloud droplets provide an efficient mediumOH-oxidation of methacrolein was studied in an aqueous
for liquid phase reactions of water soluble species, and mor@hase photoreactor (Liu et al., 2009). Briefly, it is a 450 mL
than 60% of the total sulfates on a global scale are estimate@yrex thermostated reactor, equipped with Xenon arc lamp
to be produced from cloud processing (Liao et al., 2003).(300 W, Oriel). The OH radicals were produced by®d
Recent studies suggest that, as sulfates, SOA can also lghotolysis. The experiments were performed at@%and
produced through aqueous phase reactions in clouds, fod$ree pH” (unbuffured solutions). The initial concentrations
and aerosol water (Blando and Turpin, 2000; Ervens et al.pf methacrolein (2-&10-3 M) and HO; (0.4 M) were rep-
2003, 2004a, b, 2008; Gelencser and Varga, 2005; Lim etesentative of aerosol water conditions. The good repro-
al., 2005; Altieri et al., 2006, 2008; Carlton et al., 2006, ducibility of aqueous phase OH-oxidation of methacrolein
2007). Briefly, reactive organics are oxidized in the intersti- was verified through a series of 9 experiments (Liu et al.,
tial spaces of clouds to form highly water-soluble compounds2009). To reach the goals of the present study, a two ad-
(e.g. aldehydes) that readily partition into the droplets. Theditional experiments were performed under the same condi-
dissolved organics may undergo chemical conversions in théions, where samples were taken at 0 h, 5h, 9.50 h, 14 h and
aqueous phase (hydrolysis, further oxidation, polymeriza-22 h for the aerosol generation experiments.
tion...), to form less volatile organics. These products re-
main, at least in part, in the particle phase upon droplet2.2 Analytical determinations
evaporation, leading to SOA mass production (Kanakidou
et al., 2005). The results obtained from several experimenThe ESI-MS and ESI-MS/MS analyses were conducted us-
tal studies support the in-cloud SOA hypothesis. Loefflering a triple quadrupole mass spectrometer (Varian 1200L),
et al. (2006) demonstrated the formation of SOA throughequipped with an electrospray ionization (ESI) chamber.
the self-oligomerization of glyoxal and methylglyoxal, when Samples and standard solutions were directly injected (no
aqueous solutions of these products were evaporated. Likeshromatographic column) into the ESI source region at a flow
wise, photochemical experiments conducted on pyruvic acidrate of 25.L min~1. Two experiments were performed using
methylglyoxal, and glyoxal clearly demonstrated the forma-the coupling of the aqueous phase photoreactor with the mass
tion of higher mass products that can potentially participatespectrometer ESI source, following the procedure described
in SOA production, upon cloud droplets evaporation (Altieri in Poulain et al. (2007). The ESI-MS and ESI-MS/MS analy-
etal., 2006, 2008; Guzmann et al., 2006; Carlton et al., 2006sis were performed in both positive and negative modes using
2007). Based on these findings, Ervens et al. (2008) have déhe conditions described in Liu et al. (2009).
veloped a cloud parcel model that supported in-cloud SOA In addition, samples taken at different reaction times were
(called SOAjoud) formation from isoprene and its oxidation analyzed by HPLC-APCI-MS/MS (Varian 1200L). The sep-
products, and they obtained a carbon yield of SQfrang-  aration column was a Synergi Hydro-RP 2500 mmi.d.
ing from 0.4 to 42%. (4«m), Phenomenex. The analytes were chromatograph-

Methacrolein is a major gas phase reaction product of isoically resolved using a gradient of two solvents (A: 0.1%
prene (Lee et al., 2005) that was observed in the gas phasscetic acid agueous solution and B: methanol) delivered at a
and in cloud and fog waters (Van, Pinxteren et al., 2005). Theconstant flow rate of 0.2 mL mitt, with A:B=95%:5% from
aim of this study is to investigate the ability of methacrolein 0 to 12 min and 0%:100% at 60 min during 5 min. The anal-
to form SOA after in-cloud aqueous phase photooxidationysis was realized using single ion monitoring (SIM) in the
followed by droplets evaporation, and to determine the re-negative and the positive ionization modes of the APCI, at
sulting SOA yield. —40V and +40V, respectively. The nebulizing gas was syn-
thetic air for the negative mode and nitrogen for the positive
mode. It was delivered at a pressure of 55 psi at a tempera-
ture of 300C. Nitrogen served both as the drying gas and the

In order to investigate the fate of methacrolein in cloud wa- auxiliary gas at a pressure of 15 and 3 psi, respectively. The
temperature of the drying gas was held at350

ter, photochemical aqueous-phase reactions of methacrolein
with OH radicals were performed. The aqueous solutions, . o

. ) S : d9_.3 Aerosol generation and characterisation
obtained at different reaction times were then nebulized an

dried into a mixing chamber, in order to simulate a cloud : .
X : o The experimental setup used for the aerosol generation ex-
evaporation process. The number size distribution of the

obtained SOA in the mixing chamber was tracked usingperiments 's presented in Fig. 1. Liquid samples, taken
a SMPS. The aqueous-phase composition was analyzed bfrom the photoreactor at specific reaction times, were neb-

ESI-MS/MS, in order to investigate the organic species im-lMIzed using a TSI 3079 atomizer, in order to generate sub-

) . . . micrometer water droplets. The atomizer flow rate was fixed
plicated in the production of SOA through cloud processmg.at 4.2 Lmim L. The generated water droplets were then dried

2 Experimental section

Atmos. Chem. Phys., 9, 5103417, 2009 www.atmos-chem-phys.net/9/5107/2009/
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Fig. 1. Scheme of the experimental setup for aerosol generation.
by mixing with pure dry air at a flow rate of 5L mit and During the nebulization of each aqueous solution, an in-

passing through a silica gel diffusion dryer. After drying, crease of the aerosol mass by a factor of approximately two
the aerosol was delivered into a 200 L Teflon (PTFE) mix- within 5h was observed. Therefore, at each reaction time,
ing chamber. At these operating conditions, the averagen average particle size distribution and mass was calculated
residence time of the aerosol in the whole setup was abouduring 2 h of nebulization, starting after the first hour.

20 min, and the resulting relative humidity was 20-30% in

the mixing chamber (Fig. 1). The aerosols obtained at differ-

ent aqueous phase reaction times were characterised in terrds Results and discussion

of their number size distributions, hygroscopicity and volatil- L

ity. The size distribution of the generated aerosol was moni-3-1 Adueous phase characterisation
tored using a Scanning Mobility Particle Sizer (SMPS) con-
nected to the mixing chamber (Fig. 1). The SMPS is com-
posed of a long column Differential Mobility Analyzer (L-
DMA, GRIMM Inc.) and a Condensation Particle Counter
(CPC, model 5.403, GRIMM Inc.). The DMA aerosol and
sheath operating flow rates were 0.3 and 3 LTjrrespec-

As described in Liu et al. (2009), during the agueous
phase reaction, 70% of methacrolein was consumed within
10h. Several reaction products were identified and quan-
tified, including formaldehyde, formic acid, acetic acid,
methylglyoxal, hydroxyacetone, oxalic acid, glyoxylic acid,
. : . . methacrylic acid, peroxymethacrylic acid, 2-hydroxy-2-
tively. These settings allowed for a particle sampling rangemethylmalonaldehyde, 2.3-dihydroxy-2-methylpropanal, 2-

from 11.1 to 1083 nm, within 6 min 46s. The aerosol hy- methylglyceric acid, pyruvic acid and dihydroxymethacrylic
groscopicity and volatility measurements were conducted us- yigly s y y y

ing a Volatility Hygroscopicty Tandem DMA (HVTDMA) acid. The chemical mechanism associated to these products
(Fig. 1). The experimental procedure and the results dealis discussed in Liu et al. (2009). The authors reported a sig-

) ; - ificant deficit in the carbon balance of up to 45%, which is
ing with the latter measurements are reported in Michaud e . o .

o . .. “related to unidentified reaction products. A thorough study
al. (2009). Before each nebulization experiment, the mixing

chamber was flushed for about 2-Hh€ times) with synthetic of the ESI-MS spectra at d|ﬁerenF regctlon times show a
; large number of high molecular weight ions in both the pos-
air, and aerosol blanks were controlled by SMPS measure:,. : . : T
ments prior to each new experiment itive and the negative modes (Fig. 2), which can explain this
' deficit of carbon. The most abundant ions in both modes

cluster in the mass range of 100-250 amu and some ions up

www.atmos-chem-phys.net/9/5107/2009/ Atmos. Chem. Phys., 9, 51072009
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Fig. 2. 3-D time profiles of the mass spectra obtained by ESI/MS analysis from 100 to 400 amu, during the aqueous phase OH-oxidation of
methacrolein(a) in the positive modéb) in the negative mode. For each mode, a zoom from 200 to 320 amu is shown.

to 320 amu are also observed. Over 400 amu no ions weréhe oligomers formed in the aqueous phase are most likely
observed under our instrumental conditions. Similar ESI-multifunctional compounds. The observed MS compounds
MS distribution patterns have been reported previously bywere further characterized for their MS/MS fragmentation
Altieri et al. (2006, 2008), during the aqueous phase pho-n order to elucidate their chemical structures. The MS/MS
tooxidation of pyruvic acid and methylglyoxal. This distri- patterns allowed us to group these compounds into two re-
bution appears to be consistent with the development of amarkable series: series A in the negative mode and series B
oligomer system that shows a highly regular pattern of massn the positive mode (Table 1). In these series, each parent
differences of 12, 14, 16 and 18 amu (Altieri et al., 2006, ion exhibits in its MS/MS spectra at least one daughter ion
2008; Poulain et al., 2007). In the present study, Figure 3corresponding to another parent ion of the same series. This
shows that the observed ions were not detected in the spectsaiggests that, in each series, the compounds associated to
of standard mixtures containing methacrolein, formaldehydethe parent ions include in their structure the same structural
methylglyoxal, hydroxyacetone, formic, acetic, pyruvic, ox- units, thus significantly denoting the formation of oligomers.
alic, glyoxylic and methacrylic acids, even at concentrationsFor each series, the HPLC-APCI-MS analysis showed that
representative of the solution after 20 h of reaction. This sugthe parent ions had different retention times, which attribute
gests that the observed oligomer formation is not an analytthem to different reaction products. A detailed discussion of
ical artifact occurring during the electrospray ionization, i.e. the HPLC-MS analysis of each series is presented hereafter.
adducts formed in the ionization chamber by the combination

of smaller molecules. — In series A (Fig. 4), the smallest iongnf{z73~ and

Figures 2 and 3 show the complex nature of the matrix
and the complexity of the mechanisms behind the formation
of these products. The complexity in the ESI-MS spectra oc-
curs in both positive and negative modes, thus indicating that

Atmos. Chem. Phys., 9, 5103417, 2009

877) are related, respectively, to glyoxylic and pyru-
vic acids, which are secondary oxidation products of
methacrolein (Liu et al., 2009). This series also ex-
hibits two higher molecular weight iongs)/z143~ and

www.atmos-chem-phys.net/9/5107/2009/
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Fig. 3. Comparison of the mass spectra between the standard mixture and a sample after 20 h of(egactibe positive modéb) in the
negative mode. The standard mixture contains methacrolein1§l\1]01 formaldehyde, methylglyoxal, hydroxyacetone, formic and acetic

acids (6.104 M) ; pyruvic, oxalic, glyoxylic and methacrylic acids (3.1§M).

Table 1. MS/MS fragmentations of some observed parent ions, in the negative (series A) and the positive mode (series B).

lon series  parent ion (anft) Daughter ion8

Neutral lossdd

negative mode

187 169~ 159~ 143 125 87~ 18 28 44 56 62

A 143d 125- 99~ 97 87~ 85~ 73~ 57~ 18283044 46 56
87 (pyruvic acidf! 43~ 44
73~ (glyoxylic acidf! 45~ 28

positive mode
201t 183+ 165" 155+ 95T 18 28 36 46 60 70 88
197+ 179+ 109+ 95t 85+ 1870 94 102
173t¢ 155+ 139 127+ 109" 18 28 30 46 64

B 155t¢ 137+ 127t 113" 109" 951 817 18 28 46 56 60 74
137+ 109+ 95t 81+ 43+ 2856
127+¢ 109+ 99+ 85+ 83+ 81+ 43+ 18 28 46 56
109+¢ 81t 79t 28 30

@The ions in bold were observed both as parent ions (formed during the reaction) and
b Neutral losses can correspond to: 180J; 28 (CO); 30 (HCHO); 36 (RH»0); 44 (CQ);
62 (CO+H50); 88 (2xCOy).

¢ Time profile corresponding to a primary reaction product.

d Time profile corresponding to a secondary or tertiary reaction product.

daughter ions.
46 (H,O+CO); 56 (2 CO); 60 (CHsCOOH);

187-. The chromatogram associated wit'z187~
exhibits a sharp peak at 28.6 min and a smaller peak
at a higher retention time (37.4min) (Fig. 4b), thus
corresponding to two different compounds having the
same molecular mass of 188gmbl The collision-
induced dissociation ofn/z187- mainly leads to two
predominant daughter ions at/z143~ and 87 (Ta-

www.atmos-chem-phys.net/9/5107/2009/

ble 1). Them/z143~ daughter ion, resulting from the
loss of CQ as a neutral fragment (44 uma), indicates the
presence of at least one carboxylic acid functional group
(Dron et al., 2007). Then/z87~ daughter ion suggests
that at least one of the two products associated with
m/z187 include in its chemical structure the pyruvate
as a structural subunit. The HPLC-MS chromatogram

Atmos. Chem. Phys., 9, 5107-2009
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of m/z143~ exhibits two peaks at 26.50 and 35.44 min
(Fig. 4b), which can, also, be attributed to two differ-
ent compounds. The MS/MS analysisrofz143~ ex-
hibits, among others, daughter ionsofz73~ and 87

thus denoting the presence of the glyoxylate or the pyru-
vate as a structural subunit. The MS/MS fragmentation
patterns and the high retention timesmfz143~ and
187 of series A, clearly, associate them to high molec-
ular weight multifunctional compounds, produced prob-
ably from the reaction of pyruvic acid. The contribution
of pyruvic acid to the formation of oligomers through
agueous phase oxidation was previously observed by
Altieri et al. (2006, 2008) and Guzman et al. (2006).
However, it should be noted that these authors pro-
posed different reaction pathways in order to explain
the oligomer formation: Altieri et al. (2006, 2008) sug-
gest molecular (esterification) additions of smaller com-
pounds including pyruvic acid, glyoxylic acid, and ox-
alic acid; whereas Guzman et al. (2006) proposed a rad-
ical mechanism. In the present study, the data do not
permit the determination of the reaction pathways for
the products of series A.

In series B (Fig. 5), the HPLC-MS chromatograms as-
sociated with the parent ions indicate that they are,
apparently, related to a complex mixture of numer-
ous compounds and isomers. The chromatograms of
m/z137+, 155" and 173 exhibit more than five re-
solved peaks and a broad peak at a retention time of
~27 min. The chromatograms associated witlz197+

and 201 do not show any peak, which suggests that
the corresponding compounds were not eluted under
our conditions (Fig. 5). These chromatographic as-

Atmos. Chem. Phys., 9, 5103417, 2009

Fig. 4. Characteristics of the oligomer series(&) Evolution of the MS fragments intensities (I28nd 187") from the series A, along with
the concentration of the glyoxilic (73 and the pyruvic acid (87). (b) HPLC chromatographic profiles of the corresponding fragments.

pects can be attributed to the high molecular weight and
the multifunctional nature of the compounds associated
with this series. Likewise, the collision-induced dissoci-
ation ofm/z109*, 127, 137+, 155+, 173", 197" and
201" frequently yields neutral losses 068 (18 uma),

CO (28 uma), HO+CO (46 uma) and 2CO (56 uma)
(Table 1) which relate them to hydroxyl and carbonyl
moieties (hydroxy-carbonyl or carboxylic acids) and
confirm their multifunctional nature. The time profiles
of the intensities om/z109", 127+, 137", 155+, 173",
197+ and 20T as a function of consumed methacrolein
(Fig. 5a) shows direct formation (with no time de-
lay). This pattern indicates that the corresponding com-
pounds are first generation (primary) products. In the
present study, the fact that the oligomer series B corre-
sponds to primary reaction products points out that the
oligomer formation bypasses the primary stable oxida-
tion products and includes only methacrolein as a reac-
tion substrate. It is thus likely that the oligomerization
mechanism leading to series B compounds proceeds via
radical mechanisms in good agreement with the mech-
anism pathways proposed by Guzman et al. (2006),
rather than ionic or molecular additions (such as esterifi-
cation, aldol condensation, acetylation. ..). This mech-
anism occurs somehow through the combination of the
radicals formed from the OH-oxidation of methacrolein
with another methacrolein molecule or another first gen-
eration radical. The multiple additions of different pri-
mary radicals may explain the different first generation
high molecular weigh products associated to the frag-
ments observed in series B.

www.atmos-chem-phys.net/9/5107/2009/
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In series B, after~5h of reaction, the intensity of most
of the ions reached a plateau or started to decrease. Thi
can be attributed to further reaction of the corresponding
compounds, thus showing that the formed oligomers can
be sensible to photochemistry. The degradation of higher
mass compounds was previously observed during the aque
ous phase OH-oxidation of glyoxal (Carlton et al., 2007).
The authors suggested this degradation as a possible pathwe
for the formation of smaller non volatile organic acids, such
as oxalic acid. Thus, these smaller compounds were sec:
ondary products, in good agreement with our observations in
series A.

3.2 SOA formation

Considering the molecular mass range and the functional-
ity of the aqueous phase products observed in Sect. 3.1
these compounds are believed to be particularly low volatile.
The ability of these compounds to produce SOA upon water
droplets evaporation was experimentally examined by nebu-
lizing and drying the reaction samples, using the setup de-
scribed in Fig. 1. The obtained SOA size distribution aver-
ages and standard deviations for each reaction time and thi
corresponding SOA total number, modal diameter, and parti-
cle mass (calculated assuming a particle density of 1gfgm
are reported in Fig. 6 and Table 2. Because the obtained
size distributions can depend on the nebulizer operating
mode, only a relative change in the size distributions will
be considered hereafter. The comparison between the par
ticle size distributions obtained at different reaction times
clearly shows a significant production of SOA (Fig. 6). At
the initial reaction time (0h), the aerosol size distribution
was determined by nebulizing an aqueous mix of the reac-
tants (methacrolein+4D,). This experiment was repeated
tree times and the generated aerosol showed an average ma
concentration (M) of 0.03+0.02,.g m~2 (Table 2), assum-

ing a particle density of 1 gcn¥. This concentration value
was not statistically different from the one measured for
the aerosol generated by nebulizing a pure water solution
(18 M2cm™1) (T-test 0.05 level; Sokal and Rohlf, 1981).
These results support the fact that methacrolein is highly
volatile, and thus, is not able to produce particles. After
5h of aqueous phase reaction, the aerosol quantity was low
(Msh=1.4+0.3g m~3), but significantly higher than lyh.
Between 05 h and 9.50 h, a substantial increase of the aerosc
mass concentration was observed. After 14 h, the aeroso
quantity increased steadily as a function of the aqueous-
phase reaction time. At 22h, the aerosol mass concentra:
tion reached 2785 g m~3, about three orders of magni-
tude higher than the initial aerosol quantity. Similarly, a

significant increase of the aerosol diameter and number was
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observed: from 0 to 22 h, the aerosol number and diameFig. 5. Characteristics of the oligomer series (@) Evolution of
ter have increased by a factor of 254 and 3.7, respectivel)}he series B MS fragments intensities. Th&127t and 197" are

(Table 2). This evolution clearly demonstrates the ability of

www.atmos-chem-phys.net/9/5107/2009/

the aqueous phase processes to produce particles upon waté

plotted on the secondary axé) HPLC chromatographic profiles
Irated to the different MS fragments.
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Table 2. Characteristics of the aerosol formed by the nebulization of the aqueous solutions obtained at different reaction times. The values
reported are the average of multiple SMPS measurements, and the errors indicated are the standard deviation on these averages.

Reaction AMACRY SOA®

time N (x10%em=3) DB (nm) MC(ugm3) (ugmL~1) (ugmL~l) VYield" (%)
Oh 144 13.41.7 0.03:0.02 0 0.040.01 0
5h 457 17.3t3.8 1.4£0.3 13013  1.870.70 1.6:0.7
9.50h 16330 41.12.1 10.5:2.2 205t21  14.3:4.9 7.6£3.1
14h 205:22 46.12.4 17.5:3.3 254t25  23.8:8.1  10.2:4.2
22h 25420 49.8:3.3 27.8:5.0 304:30 3274111  11.&53

@ Total number of aerosol generated by the nebulization of the aqueous solutions obtained at different reaction times.

b particle diameter mode.

¢ Aerosol mass concentration measured by the SMPS assuming a particle density of3 g cm

d Methacrolein consummation during the aqueous phase reaction.

€ SOA aqueous phase concentrations calculated using the SOA mass concentration determined by SMPS and the particles transmissio

efficiency evaluated by the nebulization of a NaCl aqueous solution at 1007hg L
fsoA yield calculated for each reaction time as the ratio of the SOA concentrations over the methacrolein consummation.

(a) (b)
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Fig. 6. (a) Evolution of the particle size number distributions of the generated SOA as a function of reaction time during the aqueous phase
OH-oxidation of methacrolein. SOA was generated using the experimental setup described in Fig. 1. The particle number distributions of
the generated SOA are an average of several distributions measured at the corresponding reaction times; the error bars represent the stand:
deviation of these averagef) Evolution of the SOA mass compared to the sum of the MS total ion current of the aqueous samples in the
positive and the negative mode (P+N TIC) with the reaction time. The SOA mass are calculated using the SMPS data and assuming a particle

density of 1 gcrmS.

droplets evaporation. This production can be attributed to theLoeffler et al., 2006; Paulsen et al., 2006). Therefore, the
low volatile organic species formed during the aqueous phaseccurrence of additional formation of high molecular weight
OH-oxidation of methacrolein (Sect. 3.1) which remain in products from smaller products, such as methylglyoxal, in-
the particle phase upon water evaporation, and thus formdluced by water evaporation may contribute to the SOA mass.
the observed SOA. Among the products identified by Liu etIn addition, the unidentified high molecular weight multi-
al. (2009), several compounds such as dihydroxymetharylidunctional compounds are believed to be sufficiently low
acid (Claeys et al., 2004a, b) and oxalic acid (Sea@nd  volatile to remain predominantly in the particle phase upon
Kawamura, 1996; Kawamura and Sakaguchi, 1999) are lowvater droplets evaporation. Nevertheless, the contribution of
volatile compounds and can contribute at least in part to theeach of these identified or unidentified products to the ob-
SOA mass. Other products, such as methylglyoxal (alscserved SOA cannot be evaluated because the chemical anal-
identified by Liu et al., 2009), were previously reported to ysis of SOA was not performed in this work. Further investi-
potentially form low volatility compounds through reactive gations are thus needed, especially focussing on the chemical
pathways during droplets evaporation and products accretiocomposition of SOA formed upon cloud droplet evaporation.
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3.3 SOA mass yield and atmospheric implications as oxalic acid and dihydroxymethacrilic acid, were formed
along with other unidentified higher molecular weight mul-
In order to determine the SOA mass yield, we evaluated firstifunctional products. The HPLC-APCI-MS and the MS/MS
the particle losses in our experimental setup. This estimaanalyses of the unidentified products associate them to mul-
tion was determined on the basis of four nebulization exper+iple isomers containing carboxylic acids, oxo-carboxylic
iments of aqueous solutions containing NaCl at 1000myL acids and hydroxy-carbonyls functions. They also show
using the experimental setup described in Fig. 1. Althoughthat some of these reaction products can be assimilated to
particles transmission efficiencies can slightly differ betweenoligomers. The time profiles of these products point out that
organic and inorganic particles, NaCl was chosen to estitheir formation can involve radical mechanisms. The abil-
mate the transmission efficiencies of the setup for two reaity of these compounds to produce SOA upon water droplets
sons: i) NaCl is exclusively in the particulate phase which evaporation was, for the first time to our knowledge, ex-
is not the case for most of the organic species; i) Nad perimentally examined by nebulizing and drying the reac-
Cl~ can be quantified with high level of precision in both tion samples, in order to simulate a cloud evaporation pro-
water and aerosol phases. The results have shown that theess. The results clearly showed a significant production of
particles transmission efficiency from our system was onlySOA. A clear evolution of the particle size distributions with
11.3t£2.5%. This low efficiency may be due to the experi- the reaction time was obtained: an increase of the aerosol
mental set up which contains a guard flask and a small mixmass from 0.08gm~2 to 27.8..g m~3, within 22 h of reac-
ing chamber, made of Teflon, which is highly electrostatic. tion was observed. From these results, a SOA mass yield
Assuming the same loss for organic particles, we used thisf 2-12% was determined. Our results have experimen-
value to evaluate the SOA mass yield. In this kind of experi-tally evidenced that cloud processes of methacrolein can pro-
ments, the determined yields depend on several experimentaluce, through photooxidation reactions, significant amounts
parameters such as the reactant concentrations and the reasf-SOA. Finally, since methacrolein is one of the major oxi-
tion time. This yield was calculated at each reaction time asdation products of isoprene, which is the main emitted VOC
the ratio between the amount of SOA formed in milligram on the global scale, it can be anticipated that in-cloud pro-
per liter of evaporated water and the consumed methacroleigesses can form significant amounts of SOA, which previ-
in milligram per liter of evaporated water (Table 2). The ously have not been taken into account for a global estimation
obtained amount of SOA (14-33 mgt for reaction times  of SOA atmospheric impacts. These SOA formation path-
9.50-22h) is in good agreement (within the uncertainties)ways should be further investigated to better understand the
with the values obtained by Michaud et al. (2009) (19— processes involved in the formation of low volatile products
41 mgL~? for the same reaction times) who performed an and the way they contribute to SOA formation. Moreover,
independent calculation based on volatility measurementsin order to better evaluate the relevance of these processes in
and which does not integrate the particle transmission effithe production of SOA at a regional or global scale, further
ciencies of the setup. The mass yields estimated here depentbrks are still needed, considering reaction conditions that
on the reaction time but a global yield of 2-12% can be as-compare to the real troposphere, in term of (i) reactants con-
sessed (Table 2). This global yield is higher than the 1-4%centrations, (ii) aqueous phase reaction time, and (iii) com-
mass yield of SOA formed through direct photooxidation of position of the clouds droplets (SVOCs and oxidants — such
isoprene in the gas phase, and thus, it should enhance thes NG, Cl, SQ;).
total mass of SOA formed from isoprene in the atmosphere.
To evaluate more accurately the importance of these aqueicknowledgementsThis study was funded by the French PN-

ous processes in SOA production in the troposphere, furthe"EF'_;'CH'A‘T (Progr_amme Natlpan-Les Enveloppes Fluides et
works are still needed. In particular, the relevance of these ""/ronnement-Chimie Atmosggrique), by the Provence-Alpes-
. P ! eCéte-d’Azur Region, and by the French ERICHE network.

processes has to be investigated considering methacrolein
aqueous phase concentrations and reaction times consistegjjiaq by: V. F. McNeill
with those observed in cloud droplets.
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