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Abstract. Recent studies indicate that isoprene and its gas-
phase oxidation products could contribute a considerable
amount of aerosol through aqueous-phase acid-catalyzed ox-
idation with hydrogen peroxide (H2O2), although the source
of H2O2 is unclear. The present study revealed a po-
tentially important route to the formation of aqueous oxi-
dants, including H2O2, from the aqueous-phase ozonolysis
of methacrolein (MAC) and methyl vinyl ketone (MVK).
Laboratory simulation was used to perform the atmospheric
aqueous-phase ozonolysis at different pHs and temperatures.
Unexpectedly high molar yields of the products, includ-
ing hydroxylmethyl hydroperoxide (HMHP), formaldehyde
(HCHO) and methylglyoxal (MG), of both of these reac-
tion systems have been seen. Moreover, these yields are al-
most independent of pH and temperature and are as follows:
(i) for MAC–O3, 70.3±6.3% HMHP, 32.3±5.8% HCHO
and 98.6±5.4% MG; and (ii) for MVK–O3, 68.9±9.7%
HMHP, 13.3±5.8% HCHO and 75.4±7.9% MG. A yield
of 24.2±3.6% pyruvic acid has been detected for MVK–
O3. HMHP is unstable in the aqueous phase and can trans-
form into H2O2 and HCHO with a yield of 100%. We sug-
gest that the aqueous-phase ozonolysis of MAC and MVK
can contribute a considerable amount of oxidants in a direct
and indirect mode to the aqueous phase and that these com-
pounds might be the main source of aqueous-phase oxidants.
The formation of oxidants in the aqueous-phase ozonolysis
of MAC and MVK can lead to substantial aerosol forma-
tion from the aqueous-phase acid-catalyzed reaction of H2O2
with MAC, even if there are no other sources of oxidants.
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1 Introduction

An increasing amount of attention has been paid to organic
aerosols because of their significant climate effect and be-
cause they have an important role in key atmospheric pro-
cesses (Gelencsér and Varga, 2005) (e.g. acting as cloud con-
densation nuclei, Navakov and Penner, 1993, and scattering
and absorbing solar radiation, Andreae and Crutzen, 1997).
Photooxidation products of monoterpenes, which are im-
portant biogenic volatile organic compounds (VOCs) emit-
ted mainly by terrestrial vegetation, contribute to the sec-
ondary organic aerosol (SOA) budget (Kavouras et al., 1998;
Kavouras and Stephanou, 2002). Recently, the potentially
increasing importance of isoprene regarding SOAs has been
realized (Wiedinmyer et al., 2006). It has been estimated that
a global isoprene emission flux of 500–750 Tg yr−1 (Guen-
ther et al., 2006), which accounts for∼50% of global VOCs.
Contrary to previous assumptions, Claeys et al. (2004a) re-
ported, for the first time, isoprene and its gas-phase oxi-
dation products could contribute to the formation of SOA
with an amount of 2 Tg yr−1. Subsequent studies of addi-
tional SOA production pathways confirmed this conclusion
and increased this estimation. Henze et al. (2006) estimated
that the amount of SOA produced directly from isoprene is
6.2 Tg yr−1, only considering the contribution from OH oxi-
dation. Hoyle et al. (2007) estimated that the amount of SOA
from the oxidation products of isoprene is 15 Tg yr−1. Mat-
sunaga et al. (2005) estimated a source of SOA from isoprene
in the range of 10–120 Tg yr−1. Obviously, the amount of
isoprene SOA may be larger as more and more laboratory and
field evidences are found. This is a substantial contribution
to the global biogenic SOA budget (8–40 Tg yr−1) (Penner et
al., 2001).

The estimations about the amount of isoprene SOA in-
clude the amount from both the gas-phase reaction and
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aqueous-phase reaction. Recently, several laboratory stud-
ies have revealed that SOA can be formed from isoprene and
its gas-phase oxidation products through the acid-catalyzed
aqueous-phase reaction in solution (Claeys et al., 2004b; Ge-
lencśer and Varga, 2005; Quivet et al., 2007; Ervens et al.,
2008), the reaction in the presence of droplets with a yield of
SOA from isoprene about 0.22% (Böge et al., 2006), the pro-
cess of cloud processing with an amount about 1.6 Tg yr−1

(Lim et al., 2005) and the reaction on acidic humid particles
(Surratt et al., 2006; Tsigaridis and Kanakidou, 2007). In the
studies conducted so far, however, an important question has
not been addressed: what is the source of aqueous oxidants
that cause the formation of SOA from isoprene and its gas-
phase oxidation products? Therefore, we suggest that much
better insights into the source of aqueous oxidants are vital
for a better understanding of the mechanisms by which iso-
prene and its gas-phase oxidation products yield SOA.

It has been assumed that the major aqueous-phase oxi-
dants – namely, hydrogen peroxide (H2O2) and HOx (OH
and HO2) radicals – come mainly from the gas phase. How-
ever, with increased knowledge of aqueous-phase reactions,
it has been found that many such reactions can also produce
oxidants and, sometimes, aqueous-phase oxidants are pro-
duced mainly from aqueous-phase reactions (Anastasio et al.,
1994; Finlayson-Pitts and Pitts, 2000; Valverde-Canossa et
al., 2005). Smog chamber experiments have revealed that hu-
mid conditions are more favorable for the production of per-
oxides than are the dry conditions in the gas-phase ozonol-
ysis of alkenes (G̈ab et al., 1995; Neeb et al., 1997; Sauer
et al., 1999). Accordingly, the aqueous-phase ozonolysis
of alkenes might also produce a considerable yield of per-
oxides because of the abundance of water molecules (Gäb
et al., 1995). Taking into account the huge emissions of
biogenic alkenes, it is logical to presume that the aqueous-
phase ozonolysis of alkenes might contribute a considerable
amount of oxidants to the aqueous phase, even if only a small
number of alkenes participate in aqueous-phase reactions.

Methacrolein (MAC) and methyl vinyl ketone (MVK), as
the major constituents of first-generation carbonyl products
in the oxidation of isoprene, account for a combined molar
yield of >50% in the conversion of isoprene (Montzka et
al., 1993; Li et al., 1997; Griffin et al., 1999; Simpson et
al., 1999; Atkinson and Arey, 2003). Besides the secondary
source from the oxidation of isoprene, MAC and MVK might
also be directly emitted by anthropogenic sources (Biesen-
thal and Shepson, 1997). Hence, it can be estimated that
there is>320 Tg yr−1 of MAC and MVK present in the at-
mosphere. Moreover, the tropospheric lifetimes of MAC and
MVK are estimated to be 6–10 h (Gierczak et al., 1997).
Therefore, it can be presumed that MAC and MVK partic-
ipate in and profoundly impact atmospheric chemistry with
their huge quantities and high reactivity. However, the sig-
nificance of their aqueous-phase reactions in the atmosphere
requires evaluation.

Iraci et al. (1999) estimated that only 0.02% of the total
amount of MAC and 0.1% of the total amount of MVK enter
the aqueous phase under a condition of gas–aqueous parti-
tion equilibrium at 298 K, based on the Henry constants of
the compounds (i.e. 6.5 M atm−1 for MAC and 41 M atm−1

for MVK, Allen et al., 1998; Iraci et al., 1999), choos-
ing 1×10−6 cm−3 H2O/cm3 air (1 g H2O/cm3) as a gener-
ous estimate of cloud liquid water content (Pruppacher and
Klett, 1997). According to this arithmetic, it can be esti-
mated that only 0.00004% of the total isoprene present will
reside in the aqueous phase at 298 K, based on its Henry
constant of 1.3×10−2 M atm−1 at this temperature (Allen et
al., 1998). If this ratio were combined with the global iso-
prene emission flux of 625 Tg yr−1 (Guenther et al., 2006),
the amount of SOA derived from the aqueous-phase reaction
of isoprene would be only 0.00025 Tg yr−1, even though iso-
prene molecules partitioning in the aqueous phase are com-
pletely transformed into SOA. Among the gas-phase oxi-
dation products of isoprene, MAC, which is estimated as
160 Tg yr−1 in the atmosphere, is an important contributor
to SOA (Claeys, et al., 2004b; Surratt et al., 2006). How-
ever, even though the total amount of MAC partitioning in
the aqueous phase (0.02%, Iraci et al., 1999) were com-
pletely transformed into SOA, its burden to SOA could be
estimated to be 0.032 Tg yr−1. This value is much lower than
the amount of isoprene SOA from aqueous-phase reaction
estimated from the field measurements and laboratory stud-
ies mentioned earlier. This indicates that the Henry constant
might not be the crucial factor in determining the amount of a
compound that participates in aqueous-phase reactions in the
atmosphere. The reasons for higher partitioning into the par-
ticle phase may be: (i) the Henry constant could be enhanced
significantly by ionic strength effects; (ii) the reactant parti-
tions into non-aqueous moieties of the particles; (iii) in pres-
ence of a reaction, the reaction removes the reactant driving
more of it from the gas phase into the liquid. Consequently,
in the atmosphere, the amount of a compound that partici-
pates in the aqueous-phase reaction should be much larger
than the equilibrium amount calculated from the simple gas-
aqueous equilibrium determined by its Henry constant. Sim-
ilarly, it can be estimated that a huge amount of MAC and
MVK participates in the aqueous-phase reaction. Therefore,
it is extremely important to study aqueous-phase reactions of
MAC and MVK.

In the present study, an experimental investigation of the
ozonolysis of MAC and MVK in the aqueous phase was car-
ried out to determine the source of oxidants in the aqueous-
phase reaction of isoprene and other alkenes. The major
products, including second-generation carbonyls, peroxides
and organic acids, were identified and quantified, and their
yields were determined. In addition, reaction mechanisms
were proposed on the basis of experimental results. Finally,
the atmospheric implications regarding the source of oxi-
dants in the atmospheric aqueous phase are discussed.
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2 Experimental

The solutions were prepared using MVK (Avocado, 95+%)
and MAC (Sigma, 95+%) diluted in ultrapure water (Mili-Q).
The concentrations of MAC and MVK used were 2–5µM.
As blank experiments, the mixtures of water with MAC or
MVK were tested before the final series of aqueous-phase
reactions were carried out, and no peroxides, other carbonyl
compounds or organic acids were detected. These reactant
solutions were adjusted to different pHs in pH-conditional
experiments.

The experimental apparatus comprised an ozone genera-
tor, an ozone solution generator and an aqueous reactor, each
of which was made of quartz glass. Ozone solution was pre-
pared by bubbling ozone through a 2.6-l water solution at a
flow rate of 60 ml/min. O3 was generated by UV irradiation
of O2, and the concentration of gas-phase O3 was∼280 ppm
at 298 K. The concentration of the O3 solution did not in-
crease after 120 min, and was in the order of several micro-
molar.

The aqueous-phase experiments were performed by mix-
ing 450 ml of O3 solution with 50 ml of organic reactant solu-
tion in the aqueous reactor. The reaction solution was shaken
thoroughly and placed in a thermostat in darkness. A 15-ml
gas space was left over the liquid level so that the reaction
solution could be mixed. Because of the existence of the top
gas space, the upper limits for the loss of aqueous ozone,
MAC and MVK were estimated to be∼7.1%, 0.02% and
0.006%, respectively, at 298 K, based on their Henry con-
stants. Therefore, the contribution of the gas-phase reaction
was mostly eliminated and, thus, the reaction could be re-
garded as an aqueous-phase reaction. Additionally, a small
amount of H2O2 (<10% of the H2O2 produced from the re-
actions) was found in the ozone solution before the organic
reactant was added. Several possible mechanisms exist for
aqueous H2O2 formation from O3 and involve species such
as HO, HO2 and O−

2 acting as intermediates (Heikes et al.,
1982; Chameides and Davies, 1984). The H2O2 formed in
the O3 solution was measured in each experiment and was
considered in the data analysis.

Both the reactants and the major products were determined
in the experiments. Carbonyl compounds were analyzed by
determining their derivatives of 2,4-dinitrophenyhydrazine
(DNPH) with high-performance liquid chromatography
(HPLC) (Agilent 1100, USA). Peroxides were analyzed on-
line using post-column derivatization method by HPLC, in
which hydroxyphenylacetic acid was oxidized to a fluores-
cent dimer by peroxides and catalyzed by hemin; this method
was described in detail in our previous work (Xu and Chen,
2005). Organic acids were analyzed using ion chromatog-
raphy with an ED50 conductivity detector (DIONEX 2650,
USA). The concentration of ozone in the aqueous phase was
determined by indigo disulphonate spectrophotometry.

3 Results and discussion

The ozonolysis of MAC and MVK in the aqueous phase
was studied at different pHs (pH=7.0, 5.4 and 3.0) and tem-
peratures (t=4◦C, 10◦C, 25◦C and 40◦C). In the MAC–
O3 system, four products were identified: formaldehyde
(HCHO), methylglyoxal (MG), hydroxylmethyl hydroperox-
ide (HMHP) and H2O2. In addition to these products, pyru-
vic acid (PYA) was detected in the MVK–O3 system. The
molar yields of these products were determined relative to
the conversion of MAC or MVK.

A typical pattern of kinetics curves for the ozonolysis of
MAC is shown in Fig. 1a. It can be seen that the ozonoly-
sis time was<5 min. The concentration of MAC decreased
quickly within 5 min and then remained constant, indicat-
ing that ozone was completely consumed within this time,
which was confirmed by ozone analysis. The concentration
of MG was unchanged after 5 min, but the phenomena were
different for HCHO, H2O2 and HMHP. The concentration of
HMHP decreased with reaction time; the opposite was true
for HCHO and H2O2. The results were similar for the MVK–
O3 aqueous-phase reaction (Fig. 1b).

According to the results described, we speculate that
HMHP decomposes in the aqueous solution, yielding HCHO
and H2O2. The yields of HCHO and H2O2 from the decom-
position can be derived from the linear regression in Fig. 2,
and the values of1HCHO/1HMHP and1H2O2/1HMHP
are 0.95 and 1.13, respectively. These values indicate that
HMHP formed in the aqueous-phase ozonolysis of MAC and
MVK decomposes at a rapid rate exclusively into HCHO and
H2O2. The half-life of HMHP in the solution,τHMHP,1/2,
was calculated. At neutral pH,τHMHP,1/2 is in the order
of several tens of minutes but, under slightly acidic condi-
tions (i.e. pH≤5.4),τHMHP,1/2 is at least 100 min. Hence, the
HCHO and H2O2 observed were produced not only by direct
generation but also by decomposition of HMHP. The real pri-
mary yields of HCHO and H2O2 in the reaction systems were
obtained based on further experimental results.

As illustrated in Fig. 3, HMHP was stable and its yield was
unchanged during the experimental period under the condi-
tions t=4◦C, pH=3.0. Correspondingly, the yields of HCHO
and H2O2 did not increase against the reaction time. Under
these conditions, H2O2 had a negligible yield (0.29±2.0%),
indicating that the ozonolysis reaction cannot produce H2O2
directly. Thus, H2O2 detected in the reaction was derived
from the decomposition of HMHP. However, the case is dif-
ferent for HCHO, which has two sources – direct forma-
tion and decomposition of HMHP – even under the con-
ditions t=4◦C, pH=3.0. The experimental results indicate
that HMHP was decomposed partially during the 24-h pe-
riod for the derivatization of HCHO–DNPH, although no
distinct decrease in HMHP was observed during the 95-
min ozonolysis reaction period (Fig. 3). However, during
the derivatization period, the proportions of the decomposi-
tion of HMHP in different samples collected at the different
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Fig. 2. Regression of the transformation ratios of
1HCHO/1HMHP and1H2O2/1HMHP.

ozonolysis reaction times should be the same because of the
same derivatization conditions (pH=2.0) of HCHO. There-
fore, the calculated yields of HCHO are the same in the sam-
ples (Fig. 3). Consequently, the yield of HCHO obtained un-
der the conditionst=4◦C, pH=3.0 is still not its real primary
yield in the aqueous-phase ozonolysis of MAC because of the
limitation of the offline analytical method used for HCHO.
The yield of HCHO obtained under these conditions should
actually be higher than the real primary yield. According
to the analysis described, the real primary yield of HCHO
should be equal to the difference between the yield of HCHO
when HMHP has decomposed totally and the real primary
yield of HMHP. This is similar to the values of the MVK–O3
system.

The experimental results under different conditions are
summarized in Table 1. The yields of peroxides and second-
generation carbonyls are almost independent of pH and tem-
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Fig. 3. Temporal yield profiles of HMHP, HCHO and H2O2 in
MAC–O3 aqueous-phase reactions under the conditionst=4◦C,
pH=3.0.

perature in the aqueous ozonolysis of MAC and MVK. The
organic acids were also determined at pH=7.0 andt=25◦C.
PYA was detected as the only organic acid in the ozonolysis
of MVK in the aqueous phase, with a yield of 24.2±3.6%,
and no organic acids were detected in the ozonolysis of MAC
in the aqueous phase. Both of these reaction systems have
a fine carbon balance approaching 100%: 99.6±6.3% for
MAC–O3 and 95.4±9.7% for MVK–O3.

Such high yields of peroxides and second-generation car-
bonyls are unexpected. In particular, the total yield of per-
oxides is∼70% for both MAC–O3 and MVK–O3 aqueous-
phase reaction systems, and this value is much higher than
those previously reported for the aqueous ozonolysis of
alkenes. G̈ab et al. (1995) determined the yields of alkyl and
hydroxyalkyl hydroperoxides in the ozonolysis of ethene,
isoprene and three other alkenes under two conditions: in

Atmos. Chem. Phys., 8, 2255–2265, 2008 www.atmos-chem-phys.net/8/2255/2008/



Z. M. Chen et al.: Aqueous-phase ozonolysis of MAC and MVK 2259

Table 1. Yields (%) of products in the aqueous ozonolysis of MAC and MVK under different conditions.

MAC–O3 MVK–O3

t (◦C) pH HCHOa MG HMHP HCHOa MG HMHP

4
3.0 34.9±3.0 96.1±2.4 67.6±3.2 14.4±1.2 73.7±1.1 67.8±2.2
5.4 32.6±2.6 97.2±3.0 69.9±2.0 13.1±1.9 76.1±1.9 69.1±2.8
7.0 33.8±2.5 97.4±2.6 68.7±5.5 10.0±2.9 74.9±1.8 72.2±3.2

10
3.0 33.2±5.5 99.1±2.0 69.3±2.9 12.9±2.1 74.2±1.0 69.3±3.0
5.4 30.0±1.9 97.4±3.2 72.5±5.4 14.7±5.1 76.2±1.0 67.5±2.7
7.0 30.1±2.3 96.5±2.8 72.4±6.3 12.2±2.3 75.7±0.8 70.0±2.8

25
3.0 31.9±3.6 98.6±5.4 70.6±4.5 18.3±1.7 74.3±2.7 63.9±4.8
5.4 31.4±4.7 98.9±4.8 71.1±3.2 15.5±3.0 74.2±2.1 66.7±4.1
7.0 30.6±3.7 102.2±5.4 71.9±3.7 13.4±4.9 75.4±1.7 68.8±2.4

40
3.0 30.9±5.0 100.2±5.0 71.6±5.0 11.6±4.8 74.6±8.5 70.6±9.5
5.4 34.1±5.8 99.5±4.5 68.4±6.2 12.3±5.8 77.4±7.1 69.9±9.7
7.0 32.7±3.6 100.0±3.5 69.8±4.2 11.5±4.7 78.2±7.9 70.7±7.0

Mean 32.3±5.8 98.6±5.4 70.3±6.3 13.3±5.8 75.4±7.9 68.9±9.7
Total Cb 99.6±6.3 95.4±9.7c

a The real primary yield of HCHO was calculated by subtracting the yield of HMHP from the yield of HCHO when HMHP had decomposed
totally.
b Total C = (YieldHCHO + YieldHMHP + YieldMG×3 + YieldPYA×3)/4.
c The yield of PYA (24.2±3.6%) has been added to the measurement of carbon balance of the MVK–O3 aqueous reaction system.

dry air and in water. The ozonolysis in water produced al-
most exclusively 1-hydroxyalkyl hydroperoxides, in 10–30%
yields, whereas the dry gas-phase ozonolysis produced few
peroxides (<1%), unless there were methyl substituents in
the double bonds, in which case a yield of up to 5% of
methyl hydroperoxide was produced. It is difficult to com-
pare the results of the present study with those of Gäb et
al. (1995) because the reaction conditions were different.
Gäb et al. (1995) carried out their reactions at concentra-
tions ∼20–40 times those in the present study. Moreover,
the MAC and MVK we studied were different from the
alkenes that they studied. However, the yields of peroxides
in aqueous-phase reactions were much higher than those in
the gas-phase reaction for both their study and the present
study. Therefore, we conclude that water molecules can sig-
nificantly contribute to the increased yield of peroxides in the
ozonolysis of C=C-containing compounds via the pathway of
generating 1-hydroxyalkyl hydroperoxides (namely, HMHP)
for vinyl compounds.

The stoichiometric proportions of the ozonolysis of MAC
and MVK in the aqueous phase were obtained using a lin-
ear regression method based on the experimental results,
with strong linear relationships (i.e. RMAC/O3=0.98 (n=21)
and RMVK /O3=0.99 (n=24)) (Fig. 4). The proportions of
1MAC/1O3 and 1MVK/ 1O3 were obtained as 0.93 and
1.03, respectively, which indicates that the aqueous ozonol-
ysis of MAC and MVK proceeds at a stoichiometric propor-
tion of 1:1.

We propose possible mechanisms for the ozonolysis of
MAC and MVK in the aqueous phase based on the experi-
mental results discussed (Fig. 5).
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The aqueous-phase reaction of ozone with alkenes is,
through analogy with the gas phase, believed to proceed via
the addition of ozone to the double bond to form a molo-
zonide, which decomposes rapidly into a carbonyl compound
and a corresponding Criegee radical (Hatakeyama and Aki-
moto, 1994). There are two possible pathways for the for-
mation of molozonide following the addition of O3 to MAC
or MVK, yielding [CH2OO]* and [CH3C(OO)CHO]* for
MAC–O3, and [CH2OO]* and [CH3COCHOO]* for MVK–
O3. Then, [CH2OO]* is collisionally stabilized and reacts
with H2O to form HMHP (G̈ab et al., 1985). HMHP is
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unstable and decomposes rapidly into H2O2 and HCHO un-
der a condition of pH>3. [CH3C(OO)CHO]* formed in
the MAC–O3 reaction system reacts with H2O after sta-
bilization to form CH3(HOO)C(OH)CHO, which is much
more unstable than is HMHP and decomposes rapidly into
MG. However, H2O2 cannot form during the decomposi-
tion of CH3(HOO)C(OH)CHO because, unlike in HMHP,
it is difficult for its α-OH to react with the –OOH group
because of a bigger steric effect caused by the carbonyl
group in this molecule. Further study is needed to sup-
port this assumption. CH3(HOO)C(OH)CHO was not de-
tected in the experiment owing to its poor stability in the
aqueous phase (Neeb et al., 1997; Sauer et al., 1999). The
case is similar to the [CH3COCHOO]* formed in the MVK–
O3 reaction system, which is followed by the formation
of CH3COCH(OH)OOH. Unlike CH3(HOO)C(OH)CHO,
there is a hydrogen atom on the carbon atom that bonds
with the –OOH group in CH3COCH(OH)OOH, and thus the
decomposition of CH3COCH(OH)OOH has two pathways,
forming PYA and MG (Sauer et al., 1999; Aplincourt and
Anglada, 2003). CH3COCH(OH)OOH was not detected in
the experiment because of its poor stability. However, there
is also a hydrogen atom on the carbon atom that bonds with
the –OOH group in HMHP but no acid is formed, which
seems to be inconsistent with the formation of PYA from
CH3COCH(OH)OOH. Crehuet et al. (2001) confirmed that
the water-assisted HMHP decomposition produced a lower
activation barrier for the formation of HCHO + H2O2 than
that in the formation of HCOOH+H2O. This is consistent
with the results of our study. In fact, Neeb et al. (1997)

concluded that HMHP decomposed to yield HCOOH+H2O
almost exclusively, in agreement with the unimolecular pro-
cess reported by Crehuet et al. (2001).

According to our experimental results, the formation of
[CH2OO]* dominated both of the aqueous MAC–O3 and
MVK–O3 systems (Fig. 5). In the MVK–O3 reaction system,
the value of b2 was larger than the yield of HCHO, possibly
because some other compounds were formed from the de-
composition of molozonide. In summary, because of the ex-
istence of huge amounts of water molecules, the Criegee rad-
icals formed from the decomposition of ozonides in the aque-
ous ozonolysis of MAC and MVK were inclined to stabilize
and then form peroxides and corresponding carbonyl com-
pounds, rather than directly decompose into other products.
Consequently, high yields of both peroxides and second-
generation carbonyls were produced in both the MAC–O3
and MVK–O3 aqueous-phase reaction systems. The chem-
ical stoichiometry of the aqueous ozonolysis of MAC and
MVK can be presented as Reactions (1–3):

MAC + O3 → 0.99MG+ 0.70HMHP+ 0.32HCHO (1)

MVK + O3 → 0.75MG+ 0.24PYA+ 0.69HMHP
+0.13HCHO+ 0.18C1unknown

(2)

HMHP → HCHO+ H2O2 (3)

In summary, when one molecule of ozone is consumed in the
aqueous-phase ozonolysis of MAC and MVK, 0.7 molecules
of peroxide and 1.6–2.0 molecules of carbonyl compound are
produced. Therefore, in these processes, the type of oxidant
is changed and the amount of oxidant is amplified.
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4 Atmospheric implications

The aqueous-phase reaction includes not only the reaction in
the bulk of droplets but also the reaction on the surface of
droplets. Moreover, nanometer-size water clusters, (H2O)n,
which are ubiquitous in the atmosphere, are considered to po-
tentially participate in the atmospheric chemistry (Ryzhkov
et al., 2006; Sennikov et al., 2005). Therefore, general-
ized aqueous-phase ozonolysis of MAC and MVK in the at-
mosphere can be categorized into three chemical scenarios
(Fig. 6): (i) in scenario 1 (the complete aqueous-phase reac-
tion, i.e., bulk reaction), both O3 and MAC (or MVK) stay
and react in the aqueous phase; (ii) in scenario 2a and sce-
nario 2b (the interfacial reaction), one reactant stays in the
aqueous phase and reacts, via collision, with another reac-
tant from the gas phase; and (iii) in scenario 3 (the interfa-
cial reaction), neither O3 nor MAC (or MVK) stays in the
aqueous phase but both can contact the aqueous phase si-
multaneously from the gas phase and react at the instant of
contact. These scenarios may enlarge the aqueous-phase re-
action scope than that considered usually in previous multi-
phase chemical models. Then, what is the percentage for
each of the three reaction scenarios? This needs further lab-
oratory and modeling studies. However, we strongly recom-
mend the reaction on the surface of droplets including sce-
nario 2 and scenario 3 is significant for a rapid reaction such
as the ozonolysis of MAC and MVK. If so, the Henry con-
stants mentioned previously would no longer be a key factor
restricting the aqueous-phase reaction. Of course, this hy-
pothesis should be further evaluated. In summary, the par-
ticipation of the water molecules in the reaction is the key
point for all three scenarios of the aqueous-phase reactions.
Scenario 2 and scenario 3 cannot be carried out in laboratory
simulations because, to our knowledge, it is difficult to distin-
guish between gas-phase and aqueous-phase reactions. Al-
though only scenario 1 of aqueous reactions was performed
in the present study, we suggest that the results can be ex-
tended to the whole aqueous-phase ozonolysis of MAC and
MVK, including scenario 2 and scenario 3.

In the atmospheric aqueous phase, MAC and MVK may be
oxidized potentially by O3, OH radicals, and NO3 radicals.
On the basis of the rate constants and concentration levels
of these oxidants, their relative importance in the oxidation
of MAC and MVK can be compared with the lifetimes, as
shown in Table 2.

From the lifetimes in the bulk of droplets estimated in Ta-
ble 2, it seems that in the daytime, the OH radicals would
dominate the oxidation of MAC and MVK, and in the night-
time when the OH concentration is very low, the O3 would
dominate or compete with NO3 radicals. As can be seen from
the abovementioned data, however, up to date, there are not
enough studies for the aqueous-phase rate constants for the
oxidation of MAC and MVK (Lilie and Henglein, 1970; Ku-
mar et al., 1990; Pedersen and Sehested, 2001). Obviously,
more studies for the accurate aqueous-phase rate constants
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Fig. 6. Different reaction scenarios for the aqueous-phase reaction.
Ra, reactant a; Rb, reactant b; P, product.

are needed to evaluate the relative importance of the three
kinds of oxidants in the oxidation of MAC and MVK in the
atmospheric aqueous phase.

The aqueous-phase reaction includes not only the reaction
in the bulk of droplets but also the reaction on the surface
of droplets, as shown in Fig. 6, and especially, the latter
may be more important and more ubiquitous than the for-
mer in the atmosphere. The surface reaction rate depends
upon the reaction rate constant and surface concentration of
reactants. The surface concentration of reactants can be es-
timated according to the surface accommodation coefficients
(αs), when the desorption process could be negligible at the
stage of initial adsorption or when the surface reaction rate
is much larger than the desorption rate.αs is defined as the
probability that the molecules undergoes neither scattering
nor immediate chemical reaction upon collision with the par-
ticle but is accommodated in the sorption layer of the par-
ticle (0≤αs≤1) (Pöschl et al., 2007; Ammann and Pöschl,
2007). Based on the aqueous-phase reaction rate constants
and the surface accommodation coefficients (αs) of oxidants,
the lifetimes of MAC and MVK reaction with oxidants on
the surface of droplets may be estimated as following.

The uptake rate of the absorbate OX (ra=d{OX}/dt; here
OX indicates an oxidant) by droplets can be given in Eq. (4):

ra =
d{OX}

dt
= αsZ (4)

Z =
1

4
cAs[OX] (5)
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Table 2. Comparison of atmospheric lifetimes of MAC and MVK reaction with different oxidants on the surface and in the bulk of droplets.

MAC MVK
O3 OH NO3 O3 OH NO3

[OX]g(cm−3)a 7×1011 1.6×106 5×108 7×1011 1.6×106 5×108

H(M atm−1)b
1.14×10−2 25 0.6 1.14×10−2 25 0.6298 K

[OX]a,e(M)c 3.2×10−11 1.6×10−12 1.2×10−11 3.2×10−11 1.6×10−12 1.2×10−11

αd
s 1 1 1 1 1 1

Molecularweight 48 17 62 48 17 62

k(M−1 s−1) 2.1×104 e 5.8×109 f 103–106 g 4.4×104 e 8.5×109 h 103–106 g

τbulk(h) 36 0.03 23–23 000 19 0.02 23–23 000

τsurf ratioi 1 1.1 38–38 000 1 1.4 70–70 000

a where [O3]g , the 24 h daytime and nighttime average concentration of O3 in the troposphere; [OH]g , the 12 h daytime average concentration
of OH radicals in the troposphere; [NO3]g , the 12 h nighttime average concentration of [NO3] radicals in the troposphere.
b Ervens et al. (2003);
c [OX]a,e aqueous-phase concentrations of oxidants at the gas-aqueous equilibrium;
d Although bulk accommodation coefficients (αb) are available (Ervens et al., 2003), 0.05 for OH, 0.05 for O3 and 0.004 for NO3, there are
no measurements of surface accommodation coefficients (αs ) for these oxidants, they are likely to be very close to 1 (M. Ammann, private
communication, 2008);
e Pedersen and Sehested (2001);
f In analogy with CH3CH=CHCHO, (Lilie and Henglein, 1970);
g estimated from other organic compounds, Herrmann et al. (2005);
h Lilie and Henglein (1970);
i τsurf ratio is estimated by the surface concentrations of oxidants and their aqueous-phase reaction rate constants with MAC and MVK. The
surface concentration estimates from adsorption flux determined byαs , without considering desorption.

c =

√
8RT

πMOX

(6)

where Z is the rate of collisions between the gaseous
molecules and droplet surface,αs is the surface accommo-
dation coefficient of oxidant,c is the mean molecular veloc-
ity of the gas molecules,As is the effective surface area of
droplets,R is the gas constant,T is the temperature andMOX

is the molecular weight of the oxidant.{OX} indicates the
concentration of oxidant on the surface of droplets, whereas
[OX] indicates the gas-phase concentration of oxidant.

We can obtain:

ra =
d{OX}

dt
∝ αs

[OX]
√

MOX

(7)

at the beginning the surface concentration of oxidant were
zero, then the concentration at time t is

{OX} ∝
[OX]

√
MOX

t (8)

By combining the aqueous-phase rate constants in Table 2
with Eq. (8), the ratio of the lifetimes of MAC and MVK

reaction with different oxidants on the surface of droplets can
be estimated as:

τMAC−O3 : τMAC−OH : τMAC−NO3 =

1

{O3}kMAC−O3
:

1

{OH}kMAC−OH
:

1

{NO3}kMAC−NO3
(9)

τMVK −O3 : τMVK −OH : τMVK −NO3 =

1

{O3}kMVK −O3
:

1

{OH}kMVK −OH
:

1

{NO3}kMVK −NO3
(10)

Noticeably, in the description above, the desorption process
on the surface of droplets is not considered. In fact, the sur-
face concentration of a species should be obtained by com-
bining the rates of adsorption and desorption. Obviously, the
surface concentration without considering desorption should
be higher than that with considering desorption. However, in
the presence of a rapid surface reaction, such as the ozonoly-
sis of MAC and MVK, the actual residence time of a reactant
on the surface is much shorter than its desorption lifetime. In
this case, the surface concentration of reactant may be lim-
ited to a low level, but its amount participating in the surface
reaction may be considerable. Thus, it is difficult to esti-
mate the accurate surface concentration of reactant, resulting
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in the difficulty in estimating the accurate lifetime of reac-
tant. Additionally, up to date, there are no measured values
of surface accommodation coefficients (αs), although bulk
accommodation coefficients (αb) are available (Ervens et al.,
2003).αs is the maximum value forαb (Pöschl et al., 2007),
and the values ofαs are likely to be very close to 1 for many
atmospheric relevant conditions (M. Ammann, private com-
munication, 2008). In order to obtain the relative lifetimes
of MAC and MVK oxidation on the surface of droplets, we
choose the values ofαs as 1 for OH, O3, and NO3, as shown
in Table 2. The lifetime ratio results are shown in Table 2.
We think the ratio of the lifetimes of MAC and MVK reac-
tion with different oxidants on the surface of droplets may
not be influenced greatly, especially for the case in the pres-
ence of rapid surface reaction, even though the desorption
process is considered. Of course, this needs further study.

From Table 2, it can be seen, unlike the case in the bulk,
that the O3 oxidation is comparable with the OH oxida-
tion for MAC and MVK on the surface of droplets, whereas
the NO3 oxidation is negligible. Obviously, this conclusion
should be further evaluated using the more accurate parame-
ters such as mass accommodation coefficients and aqueous-
phase rate constants. Although there is a great uncertainty,
we suggest that the O3 oxidation of MAC and MVK is sig-
nificant in the atmospheric aqueous phase.

Under simulated atmospheric conditions, including differ-
ent temperatures and pHs, the present laboratory study re-
vealed that the ozonolysis of MAC and MVK in the aque-
ous phase can produce unexpectedly high yields of HMHP,
MG and HCHO, and HMHP can transform rapidly into H2O2
and HCHO with a yield of 100% because of its instability.
In particular, these newly produced compounds are much
more soluble than their precursors and are strongly inclined
to stay in the aqueous phase (HHMHP=5.0×105 M atm−1,
HH2O2=1.0×105 M atm−1 at 295 K; HMG=3.7×104 M atm−1

at 295 K; HHCHO=6.3×103 M atm−1 at 298 K) (Pandis and
Seinfeld, 1989; Zhou and Lee, 1992; Lee and Zhou, 1993).
However, the significance of a reaction in the atmosphere
depends not only on the yield of its products but also on
its reaction rate. The ozonolysis rate constants of MAC
and MVK in the aqueous phase are extremely high (2.4
(±0.1)×104 M−1 s−1 and 4.4 (±0.2)×104 M−1 s, respec-
tively, Pederson and Sehested, 2001), so the rate bottleneck
for these reactions is the amount of these two species partic-
ipating in aqueous-phase reactions.

To the best of our knowledge, there have been no re-
ports regarding the amount of MAC and MVK participating
in aqueous-phase reactions, although it can be roughly esti-
mated. According to recent studies, the yield of SOA from
isoprene is about 1–3% under different atmospheric condi-
tions, including the gas-phase reaction and aqueous-phase
reaction (Henze et al., 2006; Hoyle et al., 2007; Matsunaga
et al., 2005; Kroll et al., 2005, 2006). In accordance with the
estimation of B̈oge et al. (2006) and Lim et al. (2006), the
yield of SOA from aqueous-phase reaction is about 0.22%.

Obviously, this yield should be controlled by two factors: (i)
the amount of isoprene and its gas-phase oxidation products
participating in aqueous-phase reactions; and (ii) the yield of
SOA produced by the aqueous-phase oxidation of isoprene
and its gas-phase oxidation products.

Like the aqueous-phase oxidation of sulfite [S(IV)] (Se-
infeld and Pandis, 1998), and compared with oxidation by
H2O2, oxidation by O3 might be the predominant path-
way for the aqueous-phase oxidation of isoprene and its
gas-phase oxidation products under a weak acidic condition
(i.e. pH≥5). Moreover, this pH condition is typical in the
atmospheric aqueous-phase over the tropical rain forest zone
where there is abundant vegetation and little anthropogenic
activity. Consequently, in this region, oxidation by H2O2
could be a minor reaction pathway for isoprene and its gas-
phase oxidation products, and thus the yield of SOA might be
low in atmospheric aqueous-phase reactions. Hence, it can
be estimated that a considerable amount of isoprene and its
gas-phase oxidation products reacts with oxidants on the sur-
face or in the bulk of the aqueous phase. This is similar to the
situation with MAC and MVK. Therefore, it is reasonable to
conclude that a considerable amount of MAC and MVK can
participate in aqueous-phase reactions in the atmosphere.

According to this analysis, the aqueous-phase ozonolysis
of MAC and MVK produces a huge amount of peroxide and,
thus, provides a direct source of oxidants to the atmospheric
aqueous phase. Moreover, these reactions can also contribute
a huge amount of MG and HCHO. These two carbonyl com-
pounds might contribute a considerable amount of HOx (OH
and HO2) radicals and H2O2 by photolysis (Atkinson and
Arey, 2003). Furthermore, HCHO can complex with S(IV) in
the aqueous phase to produce hydroxymethanesulfonate (Se-
infeld and Pandis, 1998), resulting in the reduction of perox-
ide consumption by S(IV). Therefore, the formation of MG
and HCHO in the aqueous phase can be regarded as an indi-
rect source of aqueous oxidants.

In conclusion, the aqueous-phase ozonolysis of MAC and
MVK might be an important source of atmospheric aque-
ous oxidants. These aqueous oxidants, especially the per-
oxides, produced by the aqueous-phase reaction itself ef-
fectively confirm the formation of SOA from MAC via the
mechanisms proposed by Claeys et al. (2004b), even if there
are no other sources of aqueous oxidants. Moreover, the
present study also provides supporting laboratory evidence
for the field measurement. In this respect, Valverde-Canossa
et al. (2005) suggested that organic peroxides, which were
observed only in cloud samples, contributed to the total
peroxides, from 14% during daytime to 80% during night-
time, and that the cloud ozonolysis reaction of alkenes was
the main source of H2O2 during nighttime and of hydrox-
yalkyl hydroperoxides throughout the day. Therefore, the
oxidants from aqueous-phase reactions might have a major
role in aqueous-phase chemistry, especially in the formation
of secondary aerosols (SAs), including sulfates and SOA, via
aqueous-phase reactions.
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Further detailed laboratory and field experiments must be
performed to determine the kinetic, phase-partitioning and
other properties of the aqueous-phase reactions that would
enable both a better understanding of the source of aqueous
oxidants and judgment of the overall significance of aqueous-
phase chemistry in the formation of SAs.
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Gäb, S., Turner, W. V., and Wolff, S.: Formation of alkyl and hy-
droxyalkyl hydroperoxides on ozonolysis in water and in air, At-
mos. Environ., 29, 2401–2407, 1995.
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