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Abstract. The photooxidation of methacrolein was stud- phase (Monod et al., 2005). These compounds readily par-
ied in the aqueous phase under simulated cloud dropletition into the droplets, and oxidize further in the aqueous
conditions. The obtained rate constant of OH-oxidationphase to form less volatile organics. Several experimen-
of methacrolein at 8C in unbuffered solutions was tal and modelling studies have demonstrated that aldehydes
5.840.9)x10°M~1s 1. The measured rate coefficient is such as glyoxal, methylglyoxal and glycolaldehyde can form
consistent with OH-addition on the C=C bond. This was low volatility products such as glyoxylic and oxalic acids as
confirmed by the mechanism established on the study of thevell as larger molecular weight compounds and oligomers by
reaction products (at 2& in unbuffered solutions) where aqueous phase reactions (Warneck, 2003; Altieri et al., 2006,
methylglyoxal, formaldehyde, hydroxyacetone and acetic2008; Carlton et al., 2007). Unlike gas-phase chemistry, the
acid/acetate were the main reaction products. An upper limiaqueous medium enables formation of new structures (e.g.
for the total carbon yield was estimated to range from 53 togem diols) whose functional groups are susceptible to be ox-
85%, indicating that some reaction products remain unidenidized during reactions with OH radical and other oxidants,
tified. A possible source of this mismatch is the formation while the initial C-C bond structures is preserved (Carlton
of higher molecular weight compounds as primary reactionet al., 2007). Differences between aqueous- and gas-phase
products which are presented in El Haddad et al. (2009) an@¢hemistry suggest that oligomer formation from aldehydes is
Michaud et al. (2009). more favourable in the aqueous phase than in the gas phase.
Isoprene is the most abundant volatile organic compound
with a global emission of 500-750 Tg/yr (Guenther et al.,
2006). One of its principal first-generation gas phase oxida-
tion carbonyl products is methacrolein, with a molar yield of

Clouds are present in a large part of the lower atmospherg0-28% (Zimmermann and Poppe, 1995; Lee et al., 2005).
(60% of the earth’s surface, in the first 4—6 km in altitude). Besides this natural source, methacrolein is also directly
Lelieveld and Crutzen (1991) have shown that clouds exer€Mittéd by anthropogenic sources (Biesenthal and Shepson,
a major influence, particularly by affecting gas phase Con_lS_)97). Methacro_lel_n is Iargel_y emitted in the atmosphere,
centrations of important tropospheric species such gs O With & global emission rate higher than 100 Tgly. The at-
NOy and HQ.. Aqueous cloud droplets provide an efficient mospheric lifetime of methacrolein towards OH-oxidation
medium for liquid phase reactions of water soluble speciedS 6-10h in the gas phase (Gierczak et al., 1997), thus en-

formed by the photooxidation of reactive organics in the gas2Pling it to encounter a cloud. Iraci et al. (1999) have es-
timated that only 0.02% of methacrolein enters the aque-

) ous phase under conditions of gas-aqueous equilibrium based
Correspondence toY. Liu on the Henry’s law constant (5Matrh at 298 K). How-
m (yao.liu@etu.univ-provence.fr) ever, ambient measurements have shown that methacrolein
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Table 1. Experimental conditions and initial concentrations of reactants (1-pOH=1-propanol).

Exp. type Exp. number| [H205]g [MACR]q [1-pOH]p T (°C) Duration | pH
(M) (M) (M)
kinetics 1,2 8.0x1073 | 5.0x107° | 1.0x107% | 6
Reaction D 4
products A a,b,c 6.0x10 4.0x10
Reaction 3 _ o5 11-19h | free
products B defg 0.40 5.0x10~
h,i 2.0x1073

water concentrations exceed its Henry’s law predicted con-atively to a reference compound (R) for which OH-oxidation
centrations by two orders of magnitude (van Pinxteren etrate constant is well known.
al., 2005). Thus, in addition to its transfer from the gas KMACR
phase, methacrolein may also appear into the aqueous phadACR + OH =" products
by other sources. k
. . . R
Aqueous-phase kinetics of methacrolein towards ozoné® + OH — products

(Pedersen and Sehested, 2001; Zhu and Chen, 2005; Cher}1 r dk the rat tants of OH-oxidati
et al., 2008), N@ (Umschlag et al., 1997, 1999), and OH VN€r€kmacr andkg are tne rate constants of OH-oxigation

of methacrolein and R, respectively. Therefore, the kinetic

radicals at 293K (Buxton et al., 2000) have been investi- . )
equation can be written as follows:

gated. However, no mechanistic study of OH-oxidation of

methacrolein in the aqueous phase has been made to date. [MACR]q kMACR [Rlo
The aim of t.his study is to eIuciQate thg a_tmospheric fate'" [MACR], T T kr ! [R],

of methacrolein towards OH radicals within the aqueous ]

phase. We present a laboratory study of the kinetic andVNith [MACR]o, [MACR],, [R]o, [R];, the concentrations of

reaction products formed during the OH-initiated oxidation th€ reactant and the reference compound at times & and

@

of methacrolein under simulated atmospheric water dropletespectively. Plotting |V(%%) versus Ir(%%]]%) yields
conditions. a linear curve with slope equal tayacr/kr and an inter-

cept equal to zero. In this study, 1-propanol was chosen as
. , the reference compound, wiltg=2.70.7)x10°M~1s1
2 Experimental section at 8C (Monod et al., 2005). Two kinetic experiments were

N . N f Table 1).
OH-oxidation of methacrolein was studied in an aqueousper ormed (Table 1)

phase photoreactor described in detail in Monod et al. (2000 2 Reaction products experiments

2005). Briefly, it is a 450 mL Pyrex thermostated reactor,

equipped with an irradiation source (Xenon arc lamp (300 W;In order to investigate the reactions products, nine experi-
Oriel), or MSI (575W, Phillips)), which has an irradiance ments were performed: three type A, and six type B — Ta-
spectrum comparable to the one of the sun at the earth’gle 1. During the course of the reaction, at periodic intervals,
ground level. OH radicals were produced by@®3 pho-  an aliquot of 4 mL was sampled from the photoreactor prior
tolysis. A Pyrex filter was employed to remove the UV ir- to chemical analysis.

radiation below 300 nm, thus avoiding direct photolysis of

methacrolein which was controlled through an experiment2.3 Analytical determinations

of direct photolysis of 4.10°M of methacrolein (with no

H,0,) during 29 h. It was also verified that the reaction of Aqueous phase carbonyl compounds were derivatized with
4.10-3 M of methacrolein towards 0.4 M of 40, inthe dark ~ 2:4-DNPH at room temperature for at least 6 h, then anal-

during 24 h did not degrade significantly methacrolein. ysed by HPLC-UV at 360nm. The HPLC-UV (Kon-
tron) device was equipped with a 2Q injection loop,
2.1 Kinetic experiments and reversed phase 1§ pre-column and column (Up-

tisphere Gg, 10x4mm, 5umODB, and Alltima Gsg,
The kinetic rate constant of OH-oxidation of methacrolein 250x4.6 mm, 5um, Alltech, Interchim, respectively) ther-
was determined at°€ using the relative kinetic method. mostated at 3ZC. A binary eluent (HO:CHzCN) was used
This method is based on the measure of the decay rate of OHat 1 mL mirr®, with H,O:CHsCN=60%:40% for 25min,
induced oxidation of the reactant methacrolein (MACR) rel- evolved to 0%:100% from 25 min to 45 min, then evolved

Atmos. Chem. Phys., 9, 5093105 2009 www.atmos-chem-phys.net/9/5093/2009/
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Table 2. Calibration of each compound with each analytical technique. The detection limits represent 3 times the background signal.

Compound Analytical Statistical error  Experiment  Detection
Technique £20) % limit (M)
1-propanol GC-FID 10 12 1x10°6
Methacrolein HPLC-UV 8.6 Lzabecdf g 451077
GC-FID 10 1L2g 1.0x10°°
ESI-MS 34.0 abcdeg  7.1x1076
On-line ESI-MS 22 hi 2.5x107°
Formaldehyde ~ HPLC-UV 4.7 ab,cdf 5.0x108
Methylglyoxal ~ HPLC-UV 9.0 ab,c,df 5.0x10°8
Hydroxyacetone  GC-FID 15 9 6.0x1076
ESI-MS 22.7 abcdeg  27x1076
On-line ESI-MS 19 h.i 2.0x107°
Acetate/Acetic  ESI-MS 28.6 abcdeg  3.3x1076
acid On-line ESI-MS 13 hii 2.0x10°°
Pyruvate ESI-MS 25.6 abcdeg  11x10°°
On-line ESI-MS 18 hi 3.0x1077
Oxalate ESI-MS 235 abcdeg  22x1076
On-line ESI-MS 32 h.i 1.0x10°6
Glyoxylate ESI-MS 25.0 abcdeg  74x10°6
On-line ESI-MS 16 h.i 1.0x10°6
Methacrylate/  ESI-MS 26.1 abcdeg  58x1077
Methacrylic acid On-line ESI-MS 20 hi 1.0x10°6

to 60%:40% from 45 min to 50 min, and then lasted isocraticAdditionally to prevent contamination, this technique, oper-
for 10 min. ated continuously during the reaction (about 20 h), allowed

GC-FID (HP serie Il 5890) was used to analyze Us to obtain much more precise time profiles for reactants
oxygenated organic compounds (such as 1-propanol@nd oxidation products (see results).

methacrolein and hydroxyacetone). It was equipped For experiments a, b, ¢, d, e, g, h and i, ESI-MS and
with a semi-polar capillary column (HP INNOWAX ES|-MS/MS analysis were performed in both positive and
15mx0.25 mmx0.50um) which allowed us to inject aque- npegative modes with capillary voltage of +40V ard0V,
ous phase samples. An internal standardlL@f 1-butanol  respectively, over the mass range of 30-1000 amu. Nitro-
at 0.1 M) was added to each sample of 1p@0prior to in-  gen served as the drying gas at a pressure of 15 PSI in both
jection. The GC injector and detector were heated at@50 positive and negative modes. The nebulizing gases, air and
Helium gas was used as carrier gas at 1.2mLthimith & nitrogen (at 60 PSI) in the negative and the positive mode
1/5 split. The oven temperature program was@€r 4 min,  respectively, were held at 350. During MS/MS experi-
10°Cmin~t upto 120C, 120°C for 5min, 46Cmin~*upto  ments, argon was used as the collision gas and was deliv-
240°C, and 240C for 5min. ered at a pressure of 2mTorr. MS/MS collision energy was
Aqueous phase carboxylic acids and polyfunctionalbetween 5 and 20V depending on the compounds. This in-
species were analyzed by ESI-MS and ESI-MS/MS. Thestrument was used to quantify the aqueous phase concentra
instrument is a triple quadrupole mass spectrometer (Vartions of polyfunctional molecules. Methacrylic, pyruvic, gly-
ian 1200L), equipped with an electrospray ionisation cham-oxylic, and oxalic acids were analyzed in the ESI-MS neg-
ber (ESI). Samples and standard solutions were directly inative mode, and methacrolein, hydroxyacetone and acetic
troduced into the ESI source at a flow rate ofi@25nin~1. acid were analyzed in the ESI-MS positive mode. Quan-
The full-scan mass spectrum of the sample solutions werdification of these compounds was conducted on the basis
recorded every hour during the experiment. In order to avoidof mixed standard solutions, using the same instrumental
sample storage, two experiments (h and i) were performedonditions as the sample analysis described above. Statis-
by directly coupling the aqueous phase photoreactor with theical error limits and detection limits of the calibration for
ESI-MS-MS (Table 2), according to Poulain et al. (2007). each compound (in the range covering the concentrations

www.atmos-chem-phys.net/9/5093/2009/ Atmos. Chem. Phys., 9, 50032009
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-a- tified using standards of methacrolein and hydroxyacetone
whereas peroxymethacrylic acid (PMA) was quantified us-
1.4 ing standards of methacrylic acid.

1.2 A
3 Results
1.0 A

3.1 Kinetics of OH-oxidation of methacrolein in the
agueous phase

A very good agreement between experiments 1 and 2 was
obtained (Fig. 1a). Taking into account thg value, we
obtained: kmacr.e-c=5.80.9)x10° M~1s~1. The uncer-
tainty was taken as twice the standard deviation on the linear
regression, calculated taking into account errors on both ab-
0.0 o1 02 03 o4 05 06 scissa and ordinate scales using the program developped by
Brauers and Finlayson-Pitts (1997). This rate constant, ob-
tained at “free pH”, shows a very good agreement with the
previous determinations by Buxton et al. (2000) (at pH=4)
and Szeremeta et al. (2009) (at pH=7) (Fig. 1b). The values
-b- obtained show that the rate of OH-oxidation of methacrolein
is high, near the diffusion limit. Compared to the rate con-
lerll stants of G-Cs saturated aldehydes (which range from 2 to
4x10°M~1s~1 Monod et al., 2005), the obtaindghacr
is significantly higher, thus suggesting that OH-oxidation
mainly proceeds by addition on the C=C bond. Moreover,
Szeremeta et al., 2009 the value ofkmacr is in good agreement with those reported

rerto | . for other unsaturated aldehydes, namely: crotonaldehyde
i\‘\t\n\? and acrolein, withkcrotonaldehydecrc=5.8x10° M~1s1 and
Buxton et al., 2000 kacrolein2,c=7.0x10° M~1s~1 (Lilie and Henglein, 1970).

This further supports the notion that, for unsaturated alde-
hydes, the mechanism of OH-oxidation should mainly pro-
ceed via a fast addition on the C=C bond. This is in
i i i i i good agreement with Buxton et al. (2000) who observed
31 32 33 34 35 36 37 the formation of OH-adducts during the OH-oxidation of
methacrolein in the aqueous phase. Furthermore, the Ar-
rhenius parameters, obtained from the data compiled in
Fig. 1b were used to calculate the free Gibbs enetgyt)

of OH-oxidation of methacrolein. The obtained value

#_ 1 . .
periments 1 and 2 (squares and triangles) are reported here. T?‘?G __16'O:t3'5 kJ mol‘ ) 1s .S“ghtly lower than those
uncertainty of the slope was calculated using the method develope&t€rmined by previous studies for saturated compounds

by Brauers and Finlayson-Pitts (1997), taking into account both theMonod et al., 2005; Gligorovski and Herrmann, 2004; Er-
standard deviation on the linear fit and the analytical uncertaintiesvens et al., 2003). This result may provide further evidence
of methacrolein and 1-propanol. Indicated errors ate 2(b) Rate  for a faster OH-attack mechanism than the H-abstraction one.
constants of OH-oxidation of methacrolein as a function of tem-

perature: comparison between the values obtained by Szeremeta 8t2 Reaction products of OH-oxidation of methacrolein

al. (2009) at pH=7 (black), Buxton et al. (2000) at pH=4 (blue) and in the aqueous phase

this work at “free pH” (pink).

R2=0.93
Slope =2.2+0.3

In ((MACR] g / [MACR]})

In ([propanol] @/ [propanol] ¢)

k/(M1sd

le+9
(1K)t x 103

Fig. 1. (a)Kinetics of OH-oxidation of methacrolein in the aqueous
phase relative to 1-propanol at® in unbuffured solutions. Ex-

The formation of eight reaction products was observed,

including methylglyoxal, formaldehyde, hydroxyacetone,

acetic, methacrylic, oxalic, glyoxylic, and pyruvic acids
encountered in the experiments) are summarized in Table ZFig. 2). Figure 2 shows that an excellent agreement was
Additionally, some suspected polyfunctional oxidation prod- obtained between experiments performed in the same con-
ucts were quantified using standards whose chemical struditions: this is illustrated for methacrolein and several oxi-
tures are similar: 2,3-dihydroxy-2-methylpropanal (DHMP) dation products by the excellent agreement between exper-
and 2-hydroxy-2-methylmalonaldehyde (HMM) were quan- iments h (grey) and i (white), and between experiments a

Atmos. Chem. Phys., 9, 5093105 2009 www.atmos-chem-phys.net/9/5093/2009/
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Fig. 2. Concentrations of methacrolein and its reaction products during OH-oxidation of methacroleinCatn26nbuffured solution
(experiments a=blue, b=red and c=green, h=grey and i=wh({&))Time profiles;(b) Reaction products’ yieldsA [methacrolein] is the

consumed concentration of methacrolein.

(blue), b (red) and c (green). The pH of the unbuffered solu-hydroxy-2-methylmalonaldehyde (HMM), 2,3-dihydroxy-
tion, which started at 5.6, decreased down to 4.5 due to th@-methylpropanal (DHMP), and 2,3-dihydroxymethacrylic
formation of the organic acids, thus indicating the aging of acid (DHMA). Their identifications are explained hereafter.

the solution. Due to their low pK(<4.2), the observed acids

were in their ionic form, except for methacrylic/methacrylate

and acetic/acetate (pk4.7 for both) for which both neu-

tral and ionic forms were present. Among the major reac-
tion products, hydroxyacetone, acetic acid/acetate, methyl-
glyoxal and formaldehyde (Fig. 2b) were primary reaction
products (i.e. first generation reaction products, formed di-
rectly without other intermediate molecular reaction prod-

ucts).

Methacrylic acid/methacrylate was both a primary

and a secondary reaction product. The time profile of the
latter shows that it also reacts rapidly during the course
of the reaction (Fig. 2a), certainly due to the fast reaction

of OH by addition on the C=C bond. Glyoxylate, oxalate

and pyruvate (Fig. 2a and b) were secondary products (i.e.
second generation reaction products, formed via the reac-
tion of primary reaction products). The very small quan-
tity of pyruvate observed can be due to its fast reactiv-

ity towards direct photolysis in addition to OH-oxidation
(Guzman et al., 2006; Altieri et al., 2006; Carlton et al.,
2007).

Finally, using the ESI-MS/MS identification tech-
nique, the formation of four polyfunctional compounds

was observed, namely peroxymethacrylic acid (PMA), 2-

www.atmos-chem-phys.net/9/5093/2009/

2-hydroxy-2-methylmalonaldehyde (HMM: 102 g/mol)
was detected in the positive modenatz103™ amu. As

we have verified with commercial hydroxypropanedial
which has the same chemical structure (except for a
methyl group), after ionisation, the fragmentation of
HMM can occur either on the carbonyl function, or on
the alcohol one, thus explaining the major daughter ions
observed in the MS/MS spectrum (Fig. 3a).

Peroxymethacrylic acid (PMA: 102 g/mol) was detected
in the negative mode ah/z101~ amu. This peak was
intense, and its intensity as a function of consumed
MACR clearly showed a primary behaviour (Fig. 3c).
The MS/MS fragmentation of this peak produced one
neutral loss of 44, thus denoting the presence of an
acid function. After ionisation, the fragmentation of
this peak gave exactly the same spectrum as the one ob-
tained with a standard of synthesized PMA (Fig. 3b).

2,3-dihydroxy-2-methylpropanal (DHMP: 104 g/mol)

was detected in the negative modenatz103~ amu.
As we have verified with commercial glyceraldehyde

Atmos. Chem. Phys., 9, 50032009
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Fig. 3. Identification of 2-hydroxy-methylmalonaldehyde (HMM) and peroxymethacrylic acid (PMA) during the course of the reaction.
(a) HMM was identified by ESI-MS/MS fragmentation mechanism (collision energy=8 eV on a sample taken after 16 h of reés}tion).

PMA was identified by comparison of the ESI-MS/MS fragments of a sample (taken after 17.5h of reaction) to those of the synthesized

molecule (with a 8 eV collision Energy for both() intensity of peak 101 (PMA) (obtained by on-line ESI-MS) as a function of consumed
methacrolein during 14h of reaction. The synthesis of PMA consisted of mixing 2&(Qpure methacrylic acid with 2501 of H,O, (50%)
and 125u1 of pure acetic acid for 10 days.

which has the same chemical structure (except for a
methyl group), after ionisation, the fragmentation of
DHMP can occur either on the carbonyl function, or
on the alcohol one, thus explaining the major daughter
ions observed in the MS/MS spectrum (Fig. 4a). The
OH-oxidation of DHMP leads to the formation of 2,3-
dihydroxymethacrylic acid (DHMA)

2,3-dihydroxymethacrylic acid (DHMA: 120 g/mol)
was detected in the negative moderdz119- amu. Af-

ter ionisation, the fragmentation of this peak gave ex-
actly the same spectrum as the one obtained with a stan-
dard of synthesized DHMA (Fig. 4b), using the proto-

Atmos. Chem. Phys., 9, 5093105 2009

col of Claeys et al. (2004b). The intensities of peaks
103 (DHMP) and 119 (DHMA) as a function of con-
sumed MACR clearly shows that they correspond re-
spectively to a primary and a secondary reaction product
(Fig. 4c), in good agreement with the proposed mech-
anism (Fig. 5). It can be noted that DHMA was pre-
viously identified in ambient aerosols (Claeys et al.,
2004a; lon et al., 2005) and as a major reaction product
of the oxidation by HO, of methacrylic acid in aqueous
solution acidified with formic acid (Claeys et al.,2004b).

www.atmos-chem-phys.net/9/5093/2009/



Y. Liu et al.: In-cloud processes of methacrolein under simulated conditions

.a-
Bet6 HC 0 HC HC
HsC P J <o . -H,0 |
103 g _— —2 /c\ i
Ho. HO OH H,C o
6e+6 HO oH oH -
[M-H] - [M-CO-H] - [75-H,0-H]
2 2,3-dihydroxy-2- o /O ESI-MS? miz = 103- miz =75 miz =57
'g de+6 methylpropanal e —
£ HO on M HC, /o HCHO HsG /0
2,3-dihydroxy-2- _— H
2e+6 59- 30 methylpropanal o on H HO H
= —
o 73‘—. MM=104 g/mol M-H] - [M-HCHO-H] -
sl 28 miz = 103 miz=73
0 Il T m
0 20 40 60 80 100 120
m/z
-b-
3.0e+7 1.8e+9
HO: o 119-
25e+7 | Sample taken at 17.5 h 11s- o
1.2e+9 e o
2.0e+7 -2e i .
> > 2,3-dihydroxymethacrylic
g 15647 g Acid (synthesized)
= £
1.0e+7 6.0e+8
73-
5.0e+6 S s s
45- g 45- 71 g
87-
00 X \ ‘ oo \ 1A ‘
0 20 40 60 80 100 120 20 40 60 80 100 120 140
miz - m/z-
-C.
1.2e+7 2.5e+6
<&
f 2.0e+6
™ 9.0e+6 'L ~
2 103 (DHMP) .ﬁn‘ﬂ 9
) e LI F15e+6 o
> 6.0e+6 --'l' <§5§> >
@ & L 1.0e+6 @
c Sy c
£ " o L3
£ 3.0e+6 - 6559 DHMA | soers =
%M
u
0.0 T 0.0

5099

0 2e-4 4e-4 6e-4 8e-4 le-3

A [methacrolein] (M)

Fig. 4. Identifications of 2,3-dihydroxy-2-methylpropanal (DHMP) and 2,3-dihydroxymethacrylic acid (DHEAANPHMP was identified

as the most probable product (in the absence of standards) by ESI-MS/MS (with a 8 eV collision Energy on a sample taken after 17.5 h of
reaction);(b) DHMA was identified by comparison of the ESI-MS/MS fragments of a sample (taken after 17.5 h of reaction) to those of the
synthesized molecule (with a 10 eV collision Energy for boft) DHMP (1037) and DHMA (119") intensities as a function of consumed
methacrolein during 14h of reaction (obtained by on-line ESI-MS).

We have verified that the peaks (at/z101~, 103F, 4 Discussion

103~ and 119) corresponding to the four above mentioned

molecules were not present in a standard mixture containing.1 Mechanism of OH-oxidation of methacrolein in the

the quantified reaction products, even at high concentrations  agueous phase

(i.e. methacrolein (2103 M), hydroxyacetone, methylgly-

oxal, formaldehyde, acetic and formic acidx<(®0~4M), As with most short chain aldehydes, methacrolein is able to
methacrylic acid, pyruvic acid, glyoxylic acid and oxalic hydrateinthe aqueous phase (Melichercik and Treindl, 1981)
acid (3x10-5M). This shows that the observed formation (Reaction R1).

of PMA, HMM, DHMP and DHMA was not an analyti-

cal artefact occurring during the electrospray ionisation, (i.e. HZC\;\ //o A\

/
adducts formed in the ionisation chamber by the combination /C—C\ + HO /C—C\—OH
of smaller molecules). HC H HsC H (R1)
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Fig. 5. Chemical mechanism of the three main pathways for the OH-initiated oxidation of methacrolein in the aqueous phase. DHMP=2,3-
dihydroxy-2-methylpropanal; HMM=2-hydroxy-2-methylmalonaldehyde; PMA=peroxymethacrylic acid; MM=Molecular mass.

40 311 nm, comparable to that of acetone, which hydration con-
A Formaldehyde & stant is as low as 0.0014 (Guthrie et al., 2000). Compared to
. cobmyrasenyde isobutyraldehyde (l,q=0.5-0.6 (Bell et al., 1966; Guthrie

301 ¢ Glyoxal . etal., 2000), the absorbance of methacrolein is more intense.
X Acetone . This may be due to a mesomeric effect between the C=C and

C=0 bonds in methacrolein, which prevents hydration. Fi-
nally, based on the method developed by Hilal et al. (2005)
the SPARC on-line calculator (SPARC on-line v4.2) evalu-
ates the hydration constant of methacrolein to 0.046. For all
these reasons, we assumed that methacrolein is mainly in its
carbonyl form in the aqueous phase.

As mentioned earlier, OH-oxidation of methacrolein can
proceed via addition on the C=C bond (pathway A) (Fig. 5).
We also consider here the H-abstraction of the carbonyl func-
tion (pathway B). The external addition of OH (A2) is more
likely than the internal addition (A1), because i) it leads to a
Fig. 6. Molar extinction coefficients in the UV-visible for carbonyl ~tertiary radical, which is more stable than the primary radical
compounds compared to that of methacrolein in the aqueous phaséormed in pathway Al, and ii) the internal addition of OH
(Al) generates more steric hindrance than the external one
(A2) (Buxton et al., 2000). The H-abstraction on the methyl
group is not presented here because no reaction product as-
sociated with it was detected: this pathway is certainly of mi-

€ (cm ol '1L)
3

Wave length (nm)

However, its hydration equilibrium constant has not been
experimentally determined to date (to our knowledge). In

the aqueous phase, carbonyl groups absorb UV light in th or importance compared to the three others (Buxton et al.,

region 200-350 nm. Carbonyl compounds that are known t°2000' Herrmann, 2003; Monod and Doussin, 2008). Here-
be totally hydrated in the agueous phase, such as formalded : ’ ' ’

hyde and glyoxal, do not absorb in this region (Fig. 6). fter are presented and discussed the three possible pathways

X ; ) _ resented in Fig. 5.
Methacrolein shows a strong absorption with a maximum atp 9
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4.1.1 Pathway A: OH-addition on the C=C bond faster than @ addition (Schuchmann and von Sonntag,
1988), leading to a diol radical, which undergoes &idi-
Pathway Al: internal addition tion, and eliminates H®to form acetic acid/acetate. Path-

way A2.13c was considered to be a minor process because
The internal addition of OH leads to the formation of an alkyl 3-hydroxy-2-oxopropanal has not been detected in our ex-
radical, which rapidly adds to dissolved oxygen to form a periments.
peroxy radical (R1) which can react following two different  A|l the reaction products obtained through pathways
pathways: A2.13a, b, and d are in good agreement with our experiments,
Pathway Al.1radical RA; reacts with itself to form an un-  except formate and HMHP which were not measured.
stable tetroxide which rapidly decomposes to form different pathway A2.2radical B, can also react with Dto form
reaction products through pathways A1.11, 12, 13, and 14he corresponding hydroperoxide. However, the latter was
(von Sonntag and Schuchmann, 1997). DHMP and HMMnot detected in our experiments.
were observed as primary reaction products in good agree-
ment with pathways A1.11 and 12. The peroxide formed in4.1.2 Pathway B: OH-attack by hydrogen abstraction
pathway Al.14 contains a weak O-O bond which is sensitive on the carbonyl function
to UV-Visible radiation. This compound was not detected:
it is thus likely that, under our experimental conditions, its This pathway leads to the formation ofeacarbonyl rad-
photolysis undergoes a homolytic break of the O-O bondical which may hydrate through pathway B1, leading to
leading to the alkoxy radical formed via pathway A1.13. methacrylic acid as primary reaction product. However, the
This alkoxy radical can further decompose to form formalde-time profile of methacrylic acid/methacrylate (Fig. 2) shows
hyde and methyglyoxal as primary reaction products in gooda singular behaviour which can represent both a primary and
agreement with our observations (Fig. 2). The obtained mo-a secondary reaction product (explained in Sect. 3.2). It is
lar yields for DHMP+HMM were 10.25.2% with standards  probable that the hydration of thecarbonyl radical is slow
of methacrolein, and 4#42.0% with standards of hydroxy- because of the mesomeric effect between the C=C and the
acetone. We can thus deduce a branching ratio for pathway€=0 bonds which stabilises the radical, thus enabling the
A1.11+A1.12 ranging from 3 to 11%. addition of @, through pathway B2. This reaction leads to
Pathway Al.2radical R can also react with Dto form the formation of a peroxycarbonyl radical. Schuchmann and
the corresponding hydroperoxide (Docherty et al., 2005).von Sonntag (1988) found that an analogous radical formed
However, the latter was not detected in our experiments.  from non hydrated acetaldehyde was found to react towards
O, to form peroxyacetic acid. Extrapolating these findings
Pathway A2: external addition to our compound, it is probable that pathway B2 leads to the
formation of peroxymethacrylic acid (PMA) as a primary re-
The external addition of OH leads to the formation of an alkyl action product (Fig. 3c), in good agreement with our obser-
radical, which rapidly adds to dissolved oxygen to form an- vations. Furthermore, Schuchmann and von Sonntag (1988)
other peroxy radical (B). have shown that peroxyacetic acid slowly reacts with non hy-
Pathway A2.1radical R\, reacts with itself to form an un-  drated acetaldehyde to yield acetic acid, under experimen-
stable tetroxide. Due to the absence of Hriposition, this  tal conditions similar to ours. It is thus probable that PMA
tetroxide can decompose through only two different path-slowly reacts with methacrolein to form methacrylic acid.
ways (A2.13 and 14). The peroxide formed through path-This explains the observed formation of methacrylic acid as
way A2.14 was not detected in our experiments, it is thusa secondary reaction product.
likely that it was photolyzed under our experimental condi- PMA represents only pathway B2. This compound was
tions, leading to the alkoxy radical formed through pathway quantified using standards of methacrylic acid whose struc-
A2.13. This alkoxy radical undergoglsdecomposition via  ture is very similar. The resulting branching ratio for path-
pathways A2.13a, b, and d (von Sonntag and Schuchmannyay B2 is 4.}12.6%. Therefore, taking into account the
1997) to form formaldehyde, hydroxymethylhydroperoxide yield of methacrylic acid, we deduced a branching ratio for
(HMHP), formate (Monod et al., 2000, 2007) and methyg- pathway B (=B1+B2) of 4.8:3.0%. This low branching ratio
lyoxal as primary reaction products (channel A2.13a); hy-confirms that H-abstraction by OH on the carbonyl function
droxyacetone and formate (Mc Elroy and Waygood, 1991)of methacrolein is of minor importance compared to the OH
as primary reaction products (channel A2.13b) and acetic@ddition on the C=C bond.
acid/acetate, formaldehyde, formate and HMHP (channel The mechanism shown in Fig. 5 explains the forma-
A2.13d). Although this last pathway requires a number oftion of methylglyoxal, formaldehyde, hydroxyacetone, acetic
simultaneous bond breaks, a special attention was paid to iacid/acetate, DHMP, HMM and PMA as primary reaction
because it was the only one that could explain the formatiorproducts, and methacrylic acid/methacrylate as a primary
of acetic acid/acetate observed in our experiments. Radicadnd a secondary reaction product, as observed in our ex-
CH3C=0 hydrates in the aqueous phase,y(JéZ.lcf‘ s 1 periments (Table 3). Most of these reaction products are
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Table 3. Molar yields and total carbon yield during the OH-oxidation of methacrolein in the aqueous phase for all the experiments (described
in Table 1).

| Molar yields (%} | Total carbon yield (%)
Reaction products | Exp. A Exp. B Exp. A Exp. B Exp. B°
a,b,c d,e f,g,h,i a,b,c d,e, f,g,h,i d, e f,gh,i
Methylglyoxal 6.0+1.2 9.1+1.7
Formaldehyde 10.2£1.0 12.2£1.7
Hydroxyacetone 9.8+5.5 15.0+6.2
Acetic acid/acetate 8.7+5.4 17.0+6.0 21.4£9.5 30.3+9.8
Methacrylic 26516 0.7£0.4 25-57
acid/methacrylate (and secondary)| (and secondary)
HMM + DHMP not measured 3-119%
PMA not measured 4.142.6 9%
Pyruvate
Oxalate
Glyoxylate Secondary products
DHMA

& Uncertainties take into account the analytical uncertainties of both the reaction products and the consumed methacrolein. The values
reported for Exp A are the means of experiments a, b and c. The values reported for Exp B are the means of experiments d, e, f, g, h and i.
b Total carbon yield taking into account the estimated formation yields for HMM, DHMP and PMA.

¢ Estimated formation yields based on standards of other compounds, with similar chemical structure (see text).

highly reactive towards OH radicals, and can be oxidized4.2 Carbon balance
under our experimental conditions to form secondary prod-
ucts. For example, the aqueous phase OH-oxidation offhe molar yield of the primary reaction products was de-
one of the major products, methylglyoxal, is relatively fast termined by plotting their concentration versus the concen-
(kon25c=5.30.4)x 10° M~1 s~ Monod et al., 2005), and tration of consumed methacrolein at the same reaction time
leads to the formation of pyruvate, glyoxylate and oxalate(Fig- 2). The slope of the linear regression gives the molar
(Altieri et al., 2008). This can explain the formation of these Yield of each product. For each primary reaction prodijct (
three reaction products observed as secondary products #fie carbon yield was determined by Eq. (2).
our experiments (Fig. 2 and Table 3).

The comparison between the branching ratios observed igarbon yield(i) =
the aqueous phase and those known for the gas phase oxi-
dation of methacrolein via OH gives some interesting infor- Where: n¢(i) is the number carbon atoms of prodigcand
mation on the mechanism of the first step OH-attack. Them, (i) is the molar yield of produgt Finally the total carbon
branching ratio of the hydrogen abstraction pathway (B) isyield was calculated from the sum of the carbon yields of
only 4.8£3.0% in the aqueous phase while it is betweeneach quantified primary reaction product. The molar yields
45 and 50% in the gas phase (Pimentel and Arbilla, 1999pbtained for all the experiments are summarized in Table 3,
Orlando et al., 1999; Chuong and Stevens, 2004). Thigogether with the total carbon yields. The comparison be-
difference can be explained by the findings of Mellouki et tween experiment type A and B shows a good agreement,
al. (2003) and Smith and Ravishankara (2002) who proposethus indicating that initial concentrations do not significantly
that, in the gas phase, OH radicals form strong hydrogerinfluence the yields. However, taking into account the esti-
bonds with the carbonyl groups. Compared to the direct hy-mated formation yields of HMM+DHMP and DMA, the totall
drogen abstraction pathway, these hydrogen bonds lower thearbon yield ranges between 25 and 57%, thus indicating that
activation energy of the reaction, and increase its kinetics. Ima large part of the reaction products is missing.
the aqueous phase, hydrogen bonds between water and oxy-Formate and HMHP were not measured in our experi-
genated groups may inhibit the formation of the hydrogen-ments, and their detection limits (with ESI/MS) are too high
bonded complexes between OH radicals and oxygenated ote establish an experimental upper limit. Therefore using the
ganic compounds (Monod et al., 2005). Therefore, path-mechanism (Fig. 5), we have evaluated an upper limit for
way B is doped in the gas phase compared to the aqueouseir yields:
phase. As a consequence, the reaction products are very dif-
ferent in the two phases.

nc (i)

X my (i) @
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