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Abstract

We developed a chemical mechanism based on laboratory experiments that have
shown efficient oligomerization from methyl vinyl ketone (MVK) in the bulk aqueous
phase. Kinetic data are applied (if known) or fitted to the observed MVK decay and
oligomer mass increase. The mechanism is then implemented into a multiphase box5

model that simulates (i) oligomer formation upon uptake of MVK from the gas phase,
and (ii) SOA formation from isoprene, as a precursor of MVK and methacrolein (MACR)
in the aqueous and gas phases.

Model results show that under atmospheric conditions, the oligomer formation rate
strongly depends on the availability of dissolved oxygen. If oxygen is consumed too10

quickly or its solubility is kinetically or thermodynamically limited, oligomerization is
accelerated, in agreement with the laboratory studies. The comparison of predicted
oligomer formation shows that for most model assumptions (e.g. depending on the
assumed partitioning of MVK and MACR), SOA formation from isoprene in the gas
phase exceeds aqueous SOA formation by a factor 3–4. However, at high aerosol liquid15

water content and potentially high partitioning of oligomer precursors into the aqueous
phase, SOA formation in both phases might be equally efficient.

1 Introduction

Organic aerosol particles in the atmosphere comprise about 50 % of the total par-
ticulate matter mass (Zhang et al., 2007). A small fraction of them are emitted di-20

rectly by various sources (primary organic aerosol, POA); the major portion is formed
by chemical and/or physical processes during their residence time in the atmosphere
(secondary organic aerosol, SOA) (Kanakidou et al., 2005). Traditionally, it has been
assumed that SOA is formed by condensation of low-volatility or semivolatile organic
products that represent gas phase oxidation products from emitted precursor com-25

pounds. SOA formation from such products (“gasSOA”) is often described by the
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two-product model (Odum et al., 1996) or, more recently, by the volatility basis set
(VBS) (e.g., Donahue et al., 2006, 2011; Trump and Donahue, 2014). While this mech-
anism can explain a large amount of observed ambient SOA mass, specific SOA prop-
erties (e.g. high oxygen-to-carbon (O/C) ratio) and individual compounds, e.g., dicar-
boxylic acids, oligomers, cannot be predicted by chemical reactions in the gas phase.5

Several recent laboratory, field and model studies point to efficient chemical reac-
tions in the aqueous phase of cloud/fog droplets and aerosol particles that lead to low
volatility products that remain in the particle phase upon water evaporation (“aqSOA”,
Ervens et al., 2011). However, the contribution of secondary organic aerosol formation
in the aqueous phase of aerosol particles and in cloud or fog droplets to total ambient10

SOA loading has not been quantified yet due to the poor mechanistic understanding,
which makes a comprehensive implementation in models difficult and ambiguous. Sys-
tematic laboratory experiments have been performed in order to elucidate the SOA
formation potential of various precursors such as small carbonyl compounds (Kalberer
et al., 2004; Tolocka et al., 2004; Lim et al., 2010; Ervens et al., 2011 and references15

therein). Several laboratory experiments focused on SOA precursors that are formed
from isoprene. Isoprene emission rates exceed those of all other anthropogenic and
biogenic organics, and, thus even a small yield (< 5 %) might significantly contribute
to the total SOA burden (Carlton et al., 2009). Isoprene is not very water-soluble
(KH,isoprene = 0.013 M atm−1, Mackay and Shiu, 1981) and, thus, its fraction in the at-20

mospheric aqueous phases is < 0.001 %, related to the total atmospheric isoprene
concentration. Its first-generation oxidation products, methyl vinyl ketone (MVK) and
methacrolein (MACR), are more soluble (KH,MACR = 6.5 M atm−1; KH,MVK = 41 M atm−1,
Iraci et al., 1999), but, yet, their aqueous phase fractions in pure water is < 1 %. How-
ever, simultaneous measurements of similar small carbonyl compounds in the gas and25

particle phases have shown that a substantial fraction of them might be associated with
the particulate phase (Baboukas et al., 2000; Matsunaga et al., 2005; Kawamura et al.,
2013) and thus accumulate in aerosol water.
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Several recent laboratory studies have explored the reactivity of MVK and MACR in
the aqueous phase, and depending on the initial concentration, efficient formation of
oligomeric compounds has been observed (Zhang et al., 2010; Renard et al., 2013).
Organic compounds with oligomeric (or polymeric) structures have also been iden-
tified in ambient aerosol particles (Denkenberger et al., 2007; Polidori et al., 2008;5

Mazzoleni et al., 2010; Zhang and Ying, 2011) as well as in rainwater (Altieri et al.,
2009; Mead et al., 2013). However, to date the explicit chemical pathways leading
to oligomers are not fully implemented into atmospheric chemistry models since the
chemical mechanisms are not available. The current study aims at (partially) closing
this gap by presenting the kinetic and mechanistic details of chemical pathways to10

explain the observed oligomer formation from MVK during the bulk aqueous phase ex-
periments that were presented by Renard et al. (2013), and in the companion paper of
this study (Renard et al., 2014, referred to as “Part I” hereafter). By fitting kinetic rate
constants and combining them with known constants for basic chemical processes,
a comprehensive chemical mechanism for the oligomerization of MVK in the aqueous15

phase is derived (Sect. 2). This mechanism is used in a multiphase box model and
sensitivities of the oligomerization rate to various microphysical (liquid water content,
surface–volume ratio) and physicochemical (solubility of MVK and oxygen) parame-
ters are explored (Sect. 3). Finally, the question is explored under what atmospheric
conditions aqSOA formation from isoprene might be similarly important as gasSOA20

formation from its precursor. For this estimate, we include similar reaction patterns in
the aqueous phase for MACR as for MVK (Sect. 4).
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2 Experiment-model comparisons

2.1 Chemical mechanism development

2.1.1 Kinetic data for individual processes

The analysis of the resulting oligomers was performed by ultra-high-performance liq-
uid chromatography mass spectrometry (UPLC-ESI-MS). All analytical methods are5

discussed in detail in Part I. In brief, the temporal evolution of the MVK and O2 aque-
ous concentrations were recorded during the laboratory experiments using liquid chro-
matography UV absorbance spectroscopy (UPLC-UV, for MVK and H2O2 concentra-
tions). Dissolved oxygen concentration and pH were recorded by a multi-parameter
analyzer (Consort C3020). The OH concentration in the aqueous phase could not10

be directly measured. However, it could be derived based on the observed photolytic
loss of hydrogen peroxide. Experiments in the absence of MVK revealed a photolysis
rate of 1.01×10−5 s−1. This rate decreased with as a function of MVK concentrations
(Sect. 2.2.2). Cross reactions of OH, HOx and H2O2 were included to account for the
recycling of these species (HOx reactions in Table 1). The chemical mechanism of MVK15

decay and oligomer formation as suggested by Renard et al. (2013) has been adapted
here with some minor modifications in order to constrain the kinetic data (Fig. 1). Not
all intermediates were detected during the experiments; however, the structure of the
resulting oligomers was used to deduce the suggested reaction pathways. As an α,
β-unsaturated carbonyl, MVK bears highly reactive functional groups, i.e., conjugated20

carbon-carbon and carbon-oxygen double bonds. Therefore, its oxidation by OH might
occur via three reaction channels: OH might add to the vinyl group of the MVK molecule
either on (1) the β-carbon atom or on (2) the α-carbon atom, or (3) it might abstract
a hydrogen atom from either the vinyl group or the saturated end of the molecule.
Pathways (1) and (2) lead to isomeric hydroxyalkyl radicals with identical molecular25

weights and, thus, neither the initiator radicals nor the resulting oligomers, respec-
tively, are distinguishable with the analytical techniques (mass spectrometry) applied
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here. Theoretically, OH addition on the β-carbon atom (pathway 1) is favored on both
steric and resonance grounds; the propagating radical formed by this pathway (1) is the
more stable one (Odian, 2004). An attempt to distinguish between the three pathways
was performed by direct observation of the resulting alkyl radicals using continuous-
flow electron paramagnetic resonance (EPR) experiments with MVK concentrations5

from 1 to 25 mM (Sect. S1 in the Supplement). The obtained highly complex spectra
were the result of superimposition of various EPR signals. Using spectral simulations,
the signal of HO-CH2−CH−C(O)CH3 radical adduct resulting from pathway (1) was
clearly distinguished (dots in Fig. S1). The proportions of another transient radical was
found to depend on the initial MVK concentration (compare the spectra in Figs. S1.110

and S1.2 in the Supplement). A very similar behavior of concentration-dependency of
radical species was previously observed in experiments performed on acrylic acid by
Gilbert et al. (1994), and they attributed this behavior to the formation of dimer radicals.
Therefore, our concentration-dependent radical was attributed to a dimer radical such
as HO-CH2-CH(C(O)CH3)-CH2-CH-C(O)CH3, thus confirming the very fast oligomer-15

ization (recombination) pathway (Gilbert et al., 1994). More than two different radical
species were present in our experiments, but their respective signals remained uniden-
tified due to overlapping EPR signals in the spectra. Although it was not possible to
identify these other radical species, the occurrence of radicals resulting from pathways
(2) and (3) was expected, and the EPR experiments showed that their relative impor-20

tance was much lower than that of pathway (1). In the model, we lump pathways (1) and
(2) to the more likely radical from pathway (1) (kMVKOH(a), Fig. 1). H-abstraction (path-
way 3) might occur most likely on the most weakly bonded H atoms, which are the ones
in the methyl group (bond energy ∼ 94 kcal mol−1, as opposed to ∼ 111 kcal mol−1 for
the other H-atoms of the molecule, Blanksby and Ellison, 2003) and stabilization of the25

resulting radical due to the adjacent carbonyl group. The rate constant for the reaction
of MVK with OH has been recently determined as kMVKOH = 7.3×109 M−1 s−1 (Schöne
et al., 2014). Due to the lack of the exact rate constants for the different branching
reactions, we assume that pathway (3) might occur with a similar rate constant as
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H-abstraction from the structurally-similar acetone (kOH,Acetone = 1.2×108 M−1 s−1, Er-
vens et al., 2003; Monod et al., 2005). The ratio kOH,Acetone/kMVKOH ∼ 1.6 % is in qual-
itatively good agreement with the EPR results that suggest a minor contribution of the
H-abstraction pathway. The resulting alkyl radicals can react with dissolved oxygen to
form peroxy radicals RO2. The rate constant for this step for all radicals is assumed5

to be nearly diffusion controlled with kO2
= 3.1×109 M−1 s−1 based on the overview by

Neta et al. (1990). In previous model efforts to fit experiments of small organic com-
pounds in aqueous solution, it was assumed that kO2

could be substantially smaller

(kO2
∼ 106 M−1 s−1) (Guzman et al., 2006; Lim et al., 2010, 2013). However, a literature

review of rate constants for numerous similar compounds (Alfassi, 1997) reveals that all10

constants for such reactions are in a range of 2×109 M−1 s−1 < kO2
< 4×109 M−1 s−1.

Only for non-carbon-centered radicals (such as nitrogen-centered radicals), signifi-
cantly smaller rate constants are observed (∼ 107–108 M−1 s−1), and none of them
is as low as kO2

∼ 106 M−1 s−1. An explanation for this discrepancy is the continuous
depletion of oxygen during the reactant consumption (Sect. 2.2.3) that leads to a de-15

crease of the reaction rate (i.e., the product of rate constant and concentration) with
time. Thus, we suggest that in the previous experiments, the solutions were temporarily
depleted in dissolved oxygen but occurred with rate constants similar to kO2

as used
in the current study. In addition to the reaction with oxygen, the alkyl radicals can react
with MVK (kolig) by opening its double bond and forming larger molecules (oligomer20

radicals). This process leads to large radicals that contain multiple MVK units and can
recombine to form non-radical oligomers (Sect. 2.1.2).

At various places in the mechanism, rearrangement and recombination reactions of
radicals are inferred (karr and krecomb, respectively). Their rate constants do not have
a large influence on the overall oligomer formation rate that is largely determined by25

kolig and kloss. Since data for the exact compounds are not available, they have been
estimated based on those for structurally- similar compounds (NDRL/NIST, 2002).
These steps are assumed based on the carbon structure of the resulting detected
oligomers. Due to the lack of detailed data on the photolysis of organic hydroperoxides,
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all photolysis processes of such compounds were assumed to occur with the same rate
as H2O2 photolysis (Sect. 2.2.2). This assumption is supported by the similar aqueous
phase photolysis rate constants of CH3OOH, C2H5OOH and H2O2 (Monod et al., 2000,
2007).

2.1.2 Model treatment of oligomer series5

The evolution of the oligomer mass exhibits a three-step kinetics that is characterized
by different slopes, i.e., an initial slow increase, when oligomerization is not very effi-
cient yet, a fast increase and a later decrease (cf Figs. 3 and 6 in Part I). The observed
oligomer increase and decrease, together with the determined mass yield were used
to constrain the rate constants in the chemical mechanism for oligomer formation and10

loss (kolig, kloss in Fig. 1, respectively). Renard et al. (2013) identified thirteen oligomer
series, among which seven series differed in their initiator radical. Each oligomer series
showed the typical “haystack” pattern in the mass spectrum where signals differed by
∆m/z 70.0419 (exactly corresponding to the molecular mass of MVK). The addition of
similar unsaturated compounds to initiator radicals usually occurs with rate constants15

in the range of 102 M−1 s−1 < kolig < 104 M−1 s−1 (Odian, 2004). However, even apply-
ing the upper limit of this range did not lead to sufficiently fast MVK decay and oligomer
increase as compared to the observed behavior. Only a value of kolig = 5×107 M−1 s−1

gave a reasonable match between observed and modeled data. The reasons for this
discrepancy to literature values are not clear; they might include the facts that (i) no20

specific kinetic data for MVK oligomerization are available, and this compound may
have a higher reactivity than other species and/or (ii) not all MVK-consuming processes
are included in the mechanism in Fig. 1. Such potentially missing pathways will also
lead to oligomers, since the predicted oligomer total mass yield from the developed
chemical mechanism is similar to the observed one. For all series, we consider the for-25

mation of oligomers with up to ten MVK molecules, in agreement with the experimental
data that showed most oligomer series had a degree of polymerization (n) ≤ 10 (with
an average n = 5).
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In the termination step of the radical reaction chain (k1st), the oligomer radicals re-
combine and disproportionate to form one saturated and one unsaturated product,
i.e., yielding compound pairs with ∆m/z = 2.0157. In our chemical mechanism, these
oligomer pairs are lumped into one species per series (Oligomers I, III–VII, Fig. 1).
Only Oligomer II is explicitly represented, since it is the only one that originates from5

peroxy radicals. It does not form by recombination reaction with itself, but by reaction
with the more abundant HO2 radical. The intermediate radicals are treated explicitly in
the mechanism, i.e., 70 different radicals from seven initiator radicals for series I–VII
with up to n MVK molecules (1 ≤ n ≤ 10), whereas the resulting oligomers are lumped
into one single compound per series. For simplicity, we parameterized the termination10

step by a process of first-order kinetics (k1st). In the literature, second-order rate con-
stants of termination reactions in radical oligomerization are typically in the range of
107–109 M−1 s−1 (Long et al., 2001). Since these are second-order rate constants, this
range is not directly comparable to the fitted value of k1st = 6×104 s−1, but implies that
the total radical concentrations might be on the order of ∼ 10−5–10−3 M, which seems15

reasonable in the relatively highly concentrated solutions used here. Our mechanism
is somewhat simplified, since it is assumed that recombination reactions only occur
between molecules of the same series. In reality, these recombination reactions can
occur between all radicals. However, since the number of processes in our model would
become untraceable for recombination between all 70 radicals (∼ 5000 possible pro-20

cesses), we chose to only include recombination reactions within the same series. If all
possible recombination reactions were taken into account, k1st might be smaller since
the same reaction rate could be predicted by assuming a higher radical concentration.

The experiments showed that the oligomers continue to react and decrease (Figs. 7–
9 in Part I). It is assumed that this loss is caused by the continuous oxidation of25

oligomers by OH or by direct photolysis. For simplicity, we describe this loss in the
model exclusively by the OH radical, even though direct photolysis of carbonyl com-
pounds might be at least as efficient as OH reaction as a loss process (Epstein et al.,
2013; Reed-Harris et al., 2014). The fitted OH rate constant (kloss = 108 M−1 s−1) is
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on the same order of magnitude as for other large carbonyl compounds (Doussin and
Monod, 2013).

2.2 Experiment-model comparison: 0.2mM ≤ [MVK]0 ≤ 20 mM

2.2.1 Input data to the box model

Five laboratory experiments were carried out that differed in the initial MVK concen-5

tration ([MVK]0 = 0.2 mM, 2 mM, 5 mM, and 20 mM, respectively). The ratio of initial
MVK and H2O2 was constant in all experiments ([MVK]0/[H2O2]0 = 0.05), in order to
favor the reaction of OH with MVK over its reaction with H2O2 by more than 90 %.
The initial concentration of dissolved oxygen was different for the various initial H2O2
concentrations ([O2]0 = 284 µM, 358 µM, 436 µM and 505 µM for the four initial MVK10

concentrations). An additional experiment with [MVK]0 = 20 mM was also performed in
a nearly deoxygenated bulk aqueous phase where [O2]0 ∼ 60 µM. The concentration of
dissolved oxygen was highly variable with time and was continuously measured over
the course of the experiments. The solutions were continuously stirred during the ex-
periments. In order to constrain the oxygen concentration in the model, the measured15

oxygen concentrations for all experiments were fitted and the derived numerical ap-
proximations (Sect. S2 in the Supplement) were used as input data to the box model
since mixing (stirring) effects between gas and aqueous phases cannot be reproduced
within our simple model framework. The observed increase in dissolved oxygen to-
wards the end of the experiments (Fig. S2a–e) can be explained by oxygen formation20

in the recombination reactions of HO2/O−
2 with HO2 and OH radicals, once MVK is

nearly consumed (Table 1). While this reaction always occurs over the course of the
experiments, towards the end of the experiments, insufficient organic compounds are
available to form alkyl radicals that could efficiently consume oxygen.

A decrease in pH was observed from pH ∼ 6 to ∼ 3 for experiments with [MVK]0 ≥25

2 mM and to pH ∼ 4 for [MVK]0 ≥ 0.2 mM. This evolution was approximated by linear
fits as input to the box model (Sect. S3 in the Supplement). This decrease in pH is likely
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caused by the formation of organic acids, such as acetic and pyruvic acids (Fig. 1) and
possibly other compounds with acid functionalities that are formed upon oligomer de-
cay (kloss) as shown in Part I. These products are not further tracked in the mechanism.

2.2.2 H2O2 photolysis rates as a function of [MVK]0

The initial decay of MVK is only determined by its reactions with the OH radical5

(kMVKOH(a) and kMVKOH(b), Fig. 1 and Table 1). Once a sufficiently high concentration
of organic alkyl radicals is present, when most of the dissolved O2 is consumed, ef-
ficient oligomerization starts, which leads to additional loss of MVK. This transition
from MVK consumption by only OH to that due to oligomerization can be seen by
the two different slopes, denoted by the small blue arrows in Fig. 2a and b, where it10

is most pronounced as compared to less clear features at lower [MVK]0. Since the
initial MVK concentration and kMVKOH are known, the only unknown value in determin-
ing the initial MVK loss rate is the OH radical concentration in the aqueous phase,
which cannot be directly measured. In independent experiments, in the absence of
MVK, the loss of H2O2 in the aqueous phase was measured (jH2O2

). The photolysis15

rate should be independent of the initial H2O2 concentration and was determined as
jH2O2

= 1.01×10−5 s−1. However, using this value to simulate the initial decay of MVK
led to a significant overestimate of this reaction rate, i.e., to a too efficient consumption
of MVK, with the largest bias for experiments with the highest [MVK]0. This finding sug-
gests that the amount of MVK in the solution affects the H2O2 photolysis rate. Control20

experiments showed that, although MVK absorbs light above 300 nm (Renard et al.,
2013), loss by direct photolysis is negligible compared to oxidation by OH. As jH2O2

is proportional to the incident light intensity, it is likely that its values were sensitive
to the amount of absorbed light by MVK, depending on its concentration. Upon this
finding, the intensity of the 1000 Watt Xenon arc lamp (LSH 601, Oriel) at eight differ-25

ent wavelengths (327nm ≤ λ ≤ 337 nm) was determined as a function of MVK aqueous
concentrations by means of a spectrophotometer (SR-501, LOT-Oriel) placed under the
photoreactor’s pyrex double wall (Fig. 3). The decay in light intensity can be explained
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by absorption of light due to the conjugated double bonds in MVK that cause strong ab-
sorption at 211 nm and weak absorption at 296 nm (Renard et al., 2013). At the highest
MVK concentration ([MVK]0 = 20 mM), the light intensity is approximately an order of
magnitude lower than in the absence of MVK. Superimposed to these data are the re-
sulting jH2O2

values that were fitted to match the initial MVK decay (Fig. 3) as a function5

of the MVK concentration. These values differ by a factor of ∼ 40 between the value
for the lowest and highest initial MVK concentrations, respectively. The different data in
Fig. 3 show that the relationship between reduction in light intensity and resulting H2O2
photolysis rate are in reasonable agreement.

2.2.3 Predicted MVK decay10

Comparison of the MVK decay to the evolution of dissolved oxygen (Figs. 2 and S2)
shows that MVK consumption accelerates when oxygen is (mostly) consumed. Under
such conditions, the reactions of organic radicals with oxygen (kO2

in Fig. 1) become
negligible, and oligomerization under nearly anaerobic conditions takes place. At low
[MVK]0 (0.2 mM), the MVK consumption occurs over much shorter time scales than at15

higher initial concentrations, and the competition between OH reaction and oligomer-
ization is not clearly seen. Figure 2e shows MVK decay for [MVK]0 = 20 mM under
initially low O2 conditions, for which the reaction solution was saturated with argon.
In comparison to Fig. 2a, it is obvious that the initial slow MVK decay is missing, and
MVK is quickly consumed as of the beginning of the experiment. Note the different time20

scales in the figures that clearly show that the reaction is completed within about half
of the time at low oxygen concentrations. This sensitivity to oxygen concentrations is
in agreement with the general faster oligomerization rate under low oxygen conditions
that is well known from polymer chemistry (Odian, 2004; Mendez et al., 2013). While
the reaction cell represents an aqueous volume with a very small surface/volume ratio,25

the extent will be explored in Sect. 3.2.2 to which such oxygen depletion might occur in
atmospheric multiphase systems due to limited oxygen uptake from the gas phase.
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2.2.4 Predicted oligomer formation and decay

Figure 4 shows a qualitative comparison of predicted and observed temporal evolution
of the total oligomers for the five cases depicted in Fig. 2. The observed total oligomer
mass and yield were determined by means of scanning mobility particle sizer (SMPS)
measurements of the nebulized solutions (cf. Part I). The oligomer mass represents5

a net yield, since it is the steady-state concentration from simultaneous oligomer for-
mation (k1st) and loss (kloss) (Fig. 1). Despite different units, we compare the temporal
evolution and the relative differences for the predicted oligomer concentrations for the
four initial concentrations (and low oxygen for [MVK]0 = 20 mM) (Fig. 4a). Assuming
an average molecular weight for all oligomers (mass for initiator radical+n ·MVK units10

(n = 5)) the two units can be linearly converted; however, for model purposes, we show
all model results in M. The predicted differences of oligomer concentrations between
[MVK]0 = 20 mM and [MVK]0 = 2 mM are 1–2 orders of magnitude, in agreement with
the experiments. At even lower [MVK]0 = 0.2 mM, oligomer formation becomes very
inefficient. Reasons of this discrepancy might include the formation of small, volatile15

compounds, such as (di)acids, that are not explicitly treated by the model. Both ex-
perimental and model data show that at the highest [MVK]0, oligomer mass keeps
increasing beyond the experimental time scale (t = 5000 s), whereas it is decaying for
the lower [MVK]0. This behavior is in agreement with the results shown in Fig. 2, where
it is shown that for the lower initial concentrations, MVK is essentially consumed at20

that time, and no further oligomers can be formed and the loss reaction dominates.
While it has been discussed in Part I that oligomer formation is characterized by an
initially slow increase in mass, followed by a fast increase and then a decrease, the
first step is somewhat obscured in Fig. 4 due to the logarithmic scale. Model results for
[MVK]0 = 20 mM for high and low dissolved oxygen, respectively, shows initially a much25

higher oligomerization rate for the latter case, in agreement with the more efficient
and faster MVK decay in Fig. 2e as compared to Fig. 2a. Comparison of the oligomer
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increase to experimental data for the “low oxygen case” is not performed, since it was
not recorded during the experiments.

The predicted evolution of individual oligomer series is shown in Fig. 5 for [MVK]0 =
20 mM under conditions of high and low initial oxygen concentration. At high initial
oxygen concentration, Oligomer II (Fig. 1) is the main contributor to the total oligomer5

concentration. This oligomer series is the only one that is directly formed from a peroxy
radical whereas all others are formed from alkyl radicals and thus are suppressed as
long as dissolved oxygen is available. As expected, under low oxygen conditions, the
concentration of Oligomer II is (much) smaller and Oligomer I has the highest concen-
tration. Despite the lower oxygen concentration, the resulting concentration of Oligomer10

II is decreased by about an order of magnitude, but it still has the second highest con-
centration, followed by Oligomers III and VII. These oligomers need the fewest reaction
steps with (assumed) unity yield and, thus, form most efficiently as opposed to those
at the bottom of Fig. 1 (Oligomers IV, V, and VI).

UPLC-ESI mass spectra of the product distribution upon MVK oxidation and15

oligomerization showed that the concentration maximum of the individual series oc-
curred at ∼ 5400 s of photooxidation. At that reaction time, assuming the oligomer rel-
ative concentrations were proportional to the relative mass spectra peak intensities,
the concentrations of all detected oligomer series were in a range of two orders of
magnitude (Renard et al., 2013); in the mass spectra data treatment, any series that20

contributed < 1 % as the most intense peak was ignored. This result is not quite in
agreement with the model results shown in Fig. 5, where the spread between the dif-
ferent oligomer concentrations spans about four orders of magnitude. This discrepancy
might be due to our simplified assumptions that all oligomerization steps occur with the
same rate constant, independently of their initiator radical and of their chain length.25

Odian (2004) showed that (i) oligomerization slows down with increasing degree of
polymerization (n) and (ii) the initial oligomerization rates for small n might be different
for different initiator radicals. Due to the lack of any detailed information on these ex-
plicit steps and trends for the individual oligomer series in our mechanism, we did not
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perform any further refinement of the rate constants. Instead in the following section,
we limit our discussion to the prediction of total oligomers, i.e., the sum of Oligomers
I–VII since the total mass yield (nearly 100 %) is in agreement with experiments.

3 Multiphase simulations

3.1 Description of the box model and initial conditions5

In order to assess the importance of MVK oligomerization as an aqSOA source under
atmospheric conditions, we apply the same box model as in Sect. 2. However, instead
of initializing MVK, H2O2 and O2 in the aqueous phase, gas phase species are initial-
ized, and their uptake into the aqueous phase of aerosol particles is described by the
resistance model (Schwartz, 1986). Initial gas phase mixing ratios and uptake param-10

eters are summarized in Table 2. In the atmospheric multiphase system, MVK is also
oxidized in the gas phase by OH; other sinks that are likely less important (direct pho-
tolysis, reaction with O3) are not considered here. It is assumed that both H2O2 and O2
have constant gas phase mixing ratios over the course of the simulations (1 ppb and
0.21 atm, respectively).15

The aqueous phase is composed of aqueous particles with a diameter of Dwet =
200 nm and a concentration Na = 5000 cm−3, which gives a total liquid water content of
LWC ∼ 20 µg m−3, being typical for deliquesced aerosol particle loadings in the atmo-
sphere. In order to mimic the enhanced partitioning of carbonyl compounds into aerosol
water as compared to pure water (Kroll et al., 2005; Matsunaga et al., 2005; Healy20

et al., 2008; Volkamer et al., 2009; Kawamura et al., 2013), we assume an effective
Henry’s law constant K ∗

H,MVK = 2.1×106 M atm−1. This constant is about 50 000 times

higher than that determined in pure water KH,MVK = 41 M atm−1 (Iraci et al., 1999), and
about three orders of magnitude higher than that determined for MVK in concentrated
sulfuric acid solutions (80 %) (KH,MVK = 3000 M atm−1, Noziere et al., 2006). To date,25

it is not fully clear which parameters or processes lead to this enhanced partitioning;
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interactions with the carbonyl compounds with inorganic ions in the aqueous phase
might contribute to it (Yu et al., 2011). Another factor might be the accumulation of
MVK and its oligomers near the air/water interface as observed for other compounds
(Donaldson and Valsaraj, 2010). Such separation from the bulk aqueous phase would
favor heterogeneous reactions occurring at the interface, where organic concentra-5

tions are enhanced as compared to the bulk. While such systems cannot be accu-
rately described by Henry’s law constants, the assumption of a higher KH to account
for enhanced partitioning to the condensed phase might be considered as a proxy to
represent such a behavior. There are no observations specifically for MVK available
for proxy or ambient aerosol water. However, our assumption of K ∗

H,MVK implies that10

it behaves similarly to aliphatic carbonyl compounds such as glyoxal, methylglyoxal,
hydroxyacetone. This K ∗

H,MVK value results in a MVK fraction in the aqueous phase of
0.1 %, and an aqueous phase concentration of ∼ 2 mM, that can be considered as be-
ing typical for organics in aerosol water (Lim et al., 2010) and is within the range of the
concentrations that were used in the laboratory experiments.15

3.2 Model sensitivity studies

The sensitivity to oligomer formation is explored by multiple simulations where one
parameter at a time in Table 2 is varied. The various model cases are listed in Ta-
ble 3. A recent study has highlighted that the aerosol surface, or more specifically, the
surface-volume ratio of aqueous aerosol particles might limit the amount of OH-initiated20

aqSOA mass (Ervens et al., 2014), since the limited uptake of OH might control organic
oxidation reactions in the aqueous phase. Case B explores such sensitivities whereas
the LWC is constant but Dwet and Na are varied. The simulations and experiments, as
described in Sect. 2, have shown that oligomer formation in the laboratory experiments
is highly sensitive to the dissolved oxygen concentrations. In highly concentrated ionic25

solutions (40 % salinity) as possibly encountered in highly-concentrated aerosol water,
the solubility of oxygen is decreased by factor of ∼ 5 (Battino et al., 1983). In order to
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mimic an atmospherically-relevant change in oxygen solubility, in Case C the Henry’s
law constant for oxygen is reduced by a factor of two to KH,O2(5) = 0.0008 M atm−1.

All model simulations so far assume that MVK is the only organic compound in the
aqueous phase. However, the aqueous phase of aerosol particles usually contains
hundreds of water-soluble organic compounds (WSOC), less of 50 % of which can5

be typically identified on a molecular level (Herckes et al., 2013). All of them could
potentially react with OH in the aqueous phase (Reaction R1), resulting in alkyl radicals
R(org)· that subsequently form peroxy radicals RO2(org) (Reaction R2).

WSOC+OH → R(org)· (R1)

R(org)·+O2 → RO2(org) (R2)10

These aqueous phase reactions were added to the mechanism to account for addi-
tional OH and O2 losses. The further fate of the organic peroxy radicals RO2(org) is not
tracked. Based on the analysis in cloud and fog water samples, it has been recently
suggested that the average rate constant for Reaction (R1) is kWSOC = 3.2×108 M−1 s−1

(Arakaki et al., 2013). The rate constant for Reaction (R2) is assumed to be identical15

to kO2
= 3.1×109 M−1 s−1 (Alfassi, 1997). We assume a total WSOC concentration of

0.1 M that does not change over the time scale of the simulation (Case D in Table 3).
The total WSOC concentration in aerosol water might be much higher (1–10 M) (Lim
et al., 2010); however, our conservative estimate takes into account the possibility that
not all organics might be fully dissolved, and/or that they form separate phases and20

might not be available for aqueous phase reactions. In Case E, we assume that Re-
action (R1) does not efficiently consume OH, i.e. Reaction (R1) does not act as an
effective OH sink (i.e., the only OH sink is the reaction by MVK) and only forms R(org)·
radicals; thus, in these simulations, the OH concentration is the same as in Case A.
This assumption is justified by the facts that (i) this reaction likely leads to formation25

of HO2 that, in turn, becomes recycled to OH (HOx reactions in Table 1) and (ii) addi-
tional aqueous OH sources (e.g. Fenton reaction) might exist in aerosol particles that
replenish the OH concentration instantaneously.
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3.3 Model results

3.3.1 Surface-to-volume ratio

Figure 6a shows the predicted oligomer masses for the five cases as described above.
As opposed to Fig. 4a, here the oligomer mass is expressed in units of ng m−3, using
a conversion factor assuming an average chain length of n = 5 for all oligomer series5

as found in the experiments (Sect. 2.1.2). Since this is only an approximate molecu-
lar weight, the exact oligomer masses might differ by several percent, if the true chain
length is different, respectively. Figure 6a shows that – while the predicted oligomer
formation continues to increase in Case A – it starts decreasing after ∼ 100 min in
Case B. Due to the higher surface-volume ratio, both MVK and OH are more readily10

transported in the aqueous phase. Since OH-initiated aqSOA formation is often pre-
dicted to be limited by OH (Ervens et al., 2014), its enhanced uptake rate, favored by
a higher surface-to-volume ratio, lead to a higher OH concentration and, in turn, to
somewhat smaller MVK concentration (Table 3). Since the MVK concentration is much
higher than that of OH, the enhanced MVK uptake rate does not compensate for this15

loss. MVK is more quickly consumed and the resulting oligomers are more efficiently
oxidized by OH, leading to the faster decrease in oligomer mass. The fact that these
different oligomer formation rates are mostly due to the different OH concentrations
(8×10−13 M vs. 2×10−12 M, Table 3) is also supported by the very similar oxygen
concentrations for the two cases (Fig. 6b). Since usually the main OH source in the20

aqueous phase is the direct uptake from the gas phase, [OH(aq)] is not only depen-
dent on its reactants (e.g. WSOC) but also on the time of the day (zenith angle). While
we use a constant OH(gas) concentration and aqueous phase photolysis rate jH2O2

for
all simulations, changes in these parameters might affect OH-initiated oligomerization
to a similar extent than other factors affecting OH(aq).25
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3.3.2 The role of O2 solubility and consumption

If the amount of oxygen that can dissolve in the aqueous phase is lower by a factor of
two as compared to Case A, the predicted oligomer mass is higher by ∼ 40 % (Case C,
Fig. 6a), in agreement with results in Fig. 2a vs. Fig. 2e. While it is not clear, whether
oxygen solubility is indeed reduced in aerosol water, our sensitivity studies show that5

its concentration might significantly affect oligomerization rates. We caution here that
these model studies are very exploratory, since the oligomerization rate does not de-
pend on the absolute oxygen amount, but rather on the concentration ratio of MVK
to oxygen. The MVK concentration in our model study is set by our somewhat arbi-
trary assumption of K ∗

H,MVK, which could be quite different depending on the amount of10

aerosol water and composition.
If additional sinks for OH and O2 are introduced (Reactions R1 and R2, respectively),

the OH concentration in the aqueous phase is reduced by almost an order of magnitude
as compared to Case A (OH(aq) = 10−13 M, Case D, Table 3). In that case, MVK is less
efficiently oxidized to alkyl radicals that can form oligomers and the total oligomer mass15

is reduced by a factor of ∼ 3 as compared to Case A (Fig. 6a). If Reaction (R1) does
not act as an OH sink (Case E), the resulting OH concentration is identical to that in
Case A. However, since Reaction (R2) efficiently consumes oxygen, its concentration
decreases over the course of the simulation (Fig. 6b), and oligomerization is accel-
erated leading to slightly higher masses than in Case A (210 ng m−3 vs. 160 ng m−3,20

respectively).
Overall the sensitivity studies above show that the oligomerization rate strongly de-

pends on the microphysical characteristics of an aerosol population (Dwet, Na), but also
on the concentration and reactivity of the organics (WSOC and MVK) that control the
oxygen concentration in the aqueous phase. Given the numerous uncertainties in the25

chemical mechanism, our model predictions might not be fully quantitative; however,
the simulations clearly show that (i) aqSOA mass yields, related to the initial gas phase
MVK concentration are in a range of ∼ 1–10 % and that (ii) depending on assumptions
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on solubility and surface–volume ratio, the oxygen uptake rates might impact these
yields.

4 Atmospheric implications

4.1 AqSOA formation from isoprene

It can be expected that not only MVK, but also structurally similar compounds might5

initiate oligomerization via radical pathways; such compounds include unsaturated
water-soluble organic compounds (UWSOC). One of these compounds is methacrolein
(MACR) that represents the other main first-generation oxidation product from iso-
prene. MVK and MACR are formed with gas phase yields of 29 % and 21 % (with some
variation, depending on NOx levels), respectively (Galloway et al., 2011). Bulk aque-10

ous phase experiments have shown that also methacrolein (MACR) efficiently forms
oligomers in the aqueous phase (ElHaddad et al., 2009; Yao Liu et al., 2009; Michaud
et al., 2009), but mechanistic information as detailed as for MVK is not available. MACR
is less soluble than MVK (KH,MACR = 6.5 M atm−1), but it has a slightly higher rate con-

stant with OH in the aqueous phase, kMACROH = 9.4×109 M−1 s−1 (Schöne et al., 2014).15

The mass yields of oligomers from MACR are similar to those as observed for MVK;
however, the diversity of detected oligomer series is higher (Liu et al., 2012). Instead
of developing an explicit chemical mechanism for MACR, in the following, we only es-
timate its potential SOA formation efficiency scaled by that of MVK, given that both its
OH reactivity and its overall oligomerization potential are known.20

While the initial MACR decay might be somewhat faster than that for MVK, we as-
sume that the kinetics of the subsequent MACR decay due to oligomerization and
oligomer formation is comparable to that of MVK. Overall, the oligomer formation can
then be approximated by a single reaction:

MVK or MACR+OH → Oligomers (R3)25

21584

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/21565/2014/acpd-14-21565-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/21565/2014/acpd-14-21565-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
14, 21565–21609, 2014

Aqueous phase
oligomerization of

methyl vinyl ketone
through

photooxidation

B. Ervens et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

In order to estimate the rate constant for Reaction (R3), kR-3, we seek a rate constant
that represents best the oligomer formation as predicted by the explicit mechanism in
Fig. 1. In Fig. S3 in the Supplement, the solid lines are identical to those as for Cases
A–E in Fig. 6. The other lines show model results for which the reactions involving
MVK (i.e. initial OH reaction and the subsequent oligomerization steps) were replaced5

by Reaction (R3) with different kR-3. While it is obvious that such a single reaction
step cannot fully reproduce the wide range of oligomerization rates as predicted by the
explicit mechanism, kR-3 can be bounded by 1×109 M−1 s−1 < kR-3 < 1.5×109 M−1 s−1

as it reproduces for most cases both the temporal evolution and the final oligomer
mass reasonably well. Only for Case C, i.e., for lower oxygen solubility, the oligomer10

formation rate is higher and kR-3 = 2×109 M−1 s−1 seems more appropriate. In the
following model studies, we use therefore an average value of kR-3 = 1.5×109 M−1 s−1

in order to describe the OH-initiated oligomerization from MACR, whereas we apply the
full mechanism (Fig. 1 and Table 1) for MVK. We do not suggest that oligomerization by
any of these compounds should be indeed represented by R-3 in future model studies,15

since both the temporal evolution and the kinetics might be different for other conditions
(Na, LWC, [OH(aq)], [WSOC] etc). The only purpose of kR-3 is to develop a shortcut
that allows us to implement oligomerization from MACR in our model and to roughly
estimate and compare its aqSOA formation potential.

4.2 Comparison to gasSOA formation20

In the gas phase, only MACR forms SOA whereas MVK does not show any (detectable)
SOA formation (Kroll et al., 2006; Surratt et al., 2006). SOA yields from isoprene are
in the range of ∼ 0–5 %, depending on oxidant, RH and NOx levels (Carlton et al.,
2009), and irradiation sources employed (Carter et al., 1995; Bregonzo-Rozier et al.,
2014). In order to explore the simultaneous SOA formation from isoprene in the gas and25

aqueous phases, we simulate the multiphase system as shown in Fig. 7. The kinetic
data for gas phase reactions and uptake processes are summarized in Table 4. For
simplicity, the SOA yield from MACR is adjusted such that the overall gasSOA yield is
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∼ 2 % (= 21 % yield of MACR from isoprene multiplied by 10 % SOA yield from MACR,
resulting in a value (2.1 %) that is in the range of observed SOA yields from isoprene).
The other products (volatile organic compounds, VOCs) are not further tracked in the
model, since they do not contribute to SOA mass. AqSOA formation from MVK occurs
via the mechanism displayed in Fig. 1 and Table 1; aqSOA formation from MACR is5

approximated by kR-3. The model is initialized with 2 ppb isoprene and 5×106 cm−3

OH in the gas phase, both of which are kept constant; initial values for MVK and MACR
are set to zero.

Simulations are performed for model cases listed in Table 3 over 6 h. Results are
shown in Fig. 8 after two and 6 h of simulation time, respectively. GasSOA masses10

are not affected by the choice of aerosol conditions (Na, Dwet, LWC etc) and, thus,
are identical for all simulations, since OH and MVK concentrations are not affected
by different loss rates into the aqueous phase. The aqSOA formation rate is slower
than that of gasSOA formation: at t = 2 h aqSOA is ∼ 20 % of gasSOA mass (Cases
A, B, and D) whereas its contribution increases to ∼ 30 % after 6 h. Results for Case15

F (doubled LWC as compared to Case A) show that aqSOA formation is non-linear to
total LWC due to the loss processes of OH and oxygen to the air–water interface and
their subsequent consumption that do not scale with the total surface area.

It should be cautioned here that the results for cases A–F are all based on the as-
sumption that both MVK and MACR partition into aerosol water 50 000 times more20

strongly than into pure water (i.e. KH ·50000, cf Sect. 3.1). To our knowledge, there is
no direct measurement of the gas/particle partitioning available for MVK and MACR
on ambient particles. If the K ∗

H values were (arbitrarily chosen) smaller by two orders
of magnitude, the amount of aqSOA from oligomerization is negligible and amounts
to < 0.2 ng m−3 after 6 h (Case G in Table 3 and Fig. 8). However, one should keep in25

mind that MACR and MVK are only two selected precursors that lead to oligomers in
the aqueous phase. Many additional structurally similar compounds (UWSOC) exist in
the atmosphere that likely undergo similar chemical reactions. Their total concentration

21586

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/21565/2014/acpd-14-21565-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/21565/2014/acpd-14-21565-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
14, 21565–21609, 2014

Aqueous phase
oligomerization of

methyl vinyl ketone
through

photooxidation

B. Ervens et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

in the aqueous phase of aerosol particles might be substantial and increase total aq-
SOA mass due to radical oligomerization.

Unlike in chamber experiments, we assume a constant mixing ratio of isoprene
(2 ppb) throughout the simulation. Therefore, the total SOA mass cannot be directly
related to this initial mixing ratio in order to calculate a SOA yield as done in laboratory5

experiments. The ratio of resulting SOA mass to initial isoprene is ∼ 3 % for gasSOA
after 6 h (180ng m−3/2ppb) whereas it is in a range of < 0.01–3.4 % for aqSOA. The
upper limit is for the highest LWC (Case F), which can only occur at high particle load-
ing and hygroscopicity and/or high RH. In the latter case, it is likely that the particles
are more dilute, and thus, K ∗

H for MACR and MVK is likely smaller if the ionic strength10

of aerosol water is indeed a factor that determines the partitioning. Overall, our com-
parison to gasSOA production from isoprene suggest that oligomerization in the aque-
ous phase of aerosol water could be an additional source of SOA that should not be
neglected under favorable (e.g., high RH) conditions. However, our sensitivity studies
also reveal that the partitioning of MVK (K ∗

H,MVK) is one of the main uncertainties in15

estimating the importance of this SOA formation pathway, together with the solubility
and availability of oxygen in the aqueous phase.

Based on several bulk aqueous laboratory experiments (e.g. Part I, and Renard
et al., 2013) aqSOA yields of nearly 100 % have been reported for oligomerization
from MVK. The multiphase model simulations as performed here show that such val-20

ues should be discussed with caution in the context of atmospheric implications. Only if
simultaneous gas phase losses and uptake rates into the aqueous phase are taken into
account, a fair comparison of aqSOA and gasSOA yields is feasible. Our simulations
show that, even if 100 % of dissolved aqSOA precursors (MVK, MACR) is converted
into oligomers, the overall aqSOA yield in the multiphase system might be significantly25

smaller (< 0.1–3.4 % as an upper limit; even smaller if isoprene were assumed to be
consumed during the simulation), depending on aqSOA precursor solubility and micro-
physical characteristics of the aerosol size distribution.
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5 Summary and conclusions

We have derived a chemical mechanism of the oligomerization of methyl vinyl ketone
(MVK) in the aqueous phase, based on bulk aqueous phase laboratory studies that are
described in previous work (Renard et al., 2013, 2014 (Part I)). Using this mechanism,
model studies mimic the observed decay of MVK for a wide range of initial concentra-5

tions (0.2mM ≤ [MVK(aq)]0 ≤ 20 mM). The different oligomerization rates for high and
low aqueous phase concentrations of oxygen, respectively, can be reproduced by the
model. This sensitivity occurs because alkyl radicals that are formed by OH oxida-
tion of MVK can react either with oxygen forming peroxy radicals or with another MVK
molecule, which leads to oligomers.10

The chemical mechanism is implemented into a multiphase box model that is ini-
tialized with MVK (1 ppb) and OH in the gas phase. Under atmospherically relevant
conditions, up to several hundred ng m−3 oligomer mass are predicted to form over
the course of 6 h. The solubility of oxygen in aerosol water, together with oxygen’s
consumption rate by other organics in the aerosol aqueous phase, emerge as impor-15

tant parameters that determine the oligomerization rate in the atmospheric multiphase
system. MVK, together with methacrolein (MACR) represent the main oxidation prod-
ucts of isoprene in the atmosphere. Even small SOA yields from isoprene oxidation
products in the gas phase have been considered to contribute substantially to the to-
tal global SOA burden due to the high emission rate of isoprene. In an exploratory20

study, we compared the potential additional contributions of MVK and MACR oligomer-
ization in the aerosol aqueous phase to the total SOA mass. Our model results show
that at high relative humidity, aerosol loading and hygroscopicity, i.e., when the avail-
able aerosol liquid water content is substantial (∼ 40 µg m−3), oligomerization in aerosol
particles might contribute as much SOA as condensation of gas phase oxidation prod-25

ucts to preexisting particles. However, this assumption implies that the partitioning of
MVK and MACR into aqueous aerosol exceeds that predicted by their Henry’s law con-
stants by several orders of magnitude. While interactions of other highly concentrated
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compounds in the bulk aqueous phase could favor such behavior, the accumulation of
organic compounds at the air/water interface could lead to enhanced partitioning to the
condensed phase. Such effects would enable heterogeneous reactions that might oc-
cur with similar mechanisms as discussed in the current study but with possibly higher
rates due to the greater availability of aqSOA precursors in/on the condensed phase to5

gas phase oxidants. While simultaneous measurements of carbonyl concentrations in
gas and particle phase do support such trends, these assumptions need to be corrob-
orated further specifically for MVK and MACR.

The Supplement related to this article is available online at
doi:10.5194/acpd-14-21565-2014-supplement.10
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Table 1. Rate constants (at 298 K) for the processes in Fig. 1.

Symbol Description k Reference/Comment

jH2O2
Photolysis of hydrogen peroxide 1.01×10−5 s−1 Maximum value, cf discus-

sion in Sect. 2.2.2 and
Fig. 3 for adjustments as
a function of [MVK]0

kMVKOH(a) Oxidation of MVK by OH radical, H-
abstraction from allyl group

7.18×109 M−1 s−1 The total rate constant is
kMVKOH = 7.3×109 M−1 s−1

Schöne et al. (2014)
The branching ratio
(98.4 %/1.6 %) was deter-
mined based on H-NMR
studies

kMVKOH(b) Oxidation of MVK by OH radical, H-
abstraction from methyl group

1.17×108 M−1 s−1

kO2
Peroxy radical formation from alkyl
radicals

3.1×109 M−1 s−1 Average value of rate
constant R·+O2 Neta
et al. (1990)

kolig Addition of nth MVK
(1 ≤ n ≤ 10)

5×107 M−1 s−1 k = 102–104 M−1 s−1 in
Odian (2004)

kloss Oxidation of oligomers by OH radi-
cal

108 M−1 s−1 Average kOH for large or-
ganic compounds, e.g.,
Arakaki et al. (2013)

jROOH Photolysis of hydroxyperoxides Same as jH2O2

k1st Simplified 1st order reaction: con-
version of oligomer radicals to sta-
ble products

6×104 s−1 Estimated in order to
reproduce observed in-
crease in oligomer mass
(Sect. 2.2.4)

karr Rearrangement reaction 8×106 s−1

krecomb Recombination of radicals 2.4×106 s−1 Estimated as 30 % of karr

kMglyOH Oxidation of methylglyoxal by OH
radical

6.1×108 M−1 s−1 Schaefer et al. (2012)

kHAcOH Oxidation of acetic acid/acetate by
OH radical

1.5×107 M−1 s−1 (HAc)
108 M−1 s−1 (Ac−)

Chin (1994)

kHO2
Recombination reaction of RO2
with HO2/O−

2

8×105M−1 s−1 (HO2)
9.7×107 M−1 s−1 (O−

2 )
Estimated equal to HO2 +
HO2/O−

2
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Table 1. Continued.

HOx reactions

H2O2 +hν→ 2OH jH2O2
= f ([MVK]0) Experimentally derived, cf. Fig. 3

H2O2 +OH → HO2 +H2O 3×107 M−1 s−1 Christensen et al. (1982)
HO2 +HO2/O−

2 →O2 +H2O2 8×105M−1 s−1 (HO2)
9.7×107 M−1 s−1 (O−

2 )
Bielski et al. (1985)

OH+HO2/O−
2 →H2O+O2 1010 M−1 s−1 Elliot and Buxton (1992)

WSOC reactions (Sect. 3.2)

WSOC+OH → R·+HO2 3.8×108 M−1 s−1 Arakaki et al. (2013)
R·+O2 →RO2 3.1×109 M−1 s−1 Neta et al. (1990)
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Table 2. Initial conditions for box model multiphase simulations.

Parameter Value

K a
H MVK 2.1×106 M atm−1

Mass accommodation coefficient for all species αg 1
Gas phase diffusion coefficient Dg = 2×10−5 cm2 s−1

Diameter Dwet = 200 nm
Concentration Na = 5000 cm−3

LWC 20 µg m−3

Gas phase mixing ratios or concentrations

MVKb

Isopreneb
1 ppb
2 ppb

H2O2 1 ppb
O2 0.21 atm
OH 5×106 cm−3

a The value applied for KH here is estimated such that 0.1 % of MVK is present in the particulate phase. It
exceeds the physical Henry’s law constant by a factor 50 000 (cf. Sect. 3.1).
b Either of these concentrations is used. [MVK]0 = 0 for the simulations in Sect. 4.
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Table 3. Conditions for sensitivity studies using the multiphase box model (Figs. 6 and 8).
The listed MVK(aq) and OH(aq) concentrations are the average concentrations within the first
seconds of the model simulations. For Cases A–F, it is assumed that MVK (and MACR, only in
Case F) partitions into the aqueous phase according to equilibrium constants that are 50 000
higher than the Henry’s law constants.

Case # Dwet
nm

N
cm−3

LWC
µg m−3

KH (O2)
M atm−1

[WSOC]
M

kWSOCOH

M−1 s−1
[MVK(aq)]
mM

[OH(aq)]
M

Comment

A 200 5000 20 0.0013 0 0 2 8×10−13

B 100 40 000 20 0.0013 0 0 1.7 2×10−12

C 200 5000 20 0.0008 0 0 2 8×10−13

D 200 5000 20 0.0013 0.1 3.2×108 2 1×10−13 Case A, including Reactions
(R1) and (R2)

E 200 5000 20 0.0013 0.1 3.2×108 2 8×10−13 Same as Case D but Reaction
(R1) is not an OH sink

F∗ 200 10 000 40 0.0013 0 0 2 8×10−13

G∗ 200 5000 20 0.0013 0 0 2 8×10−13 Same as A but K ∗
H = 500×K ∗

H′ =
2.1×104 M atm−1

∗ These cases are only discussed in Sect. 4, i.e., they are initialized with isoprene instead of MVK only.
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Table 4. Kinetic parameters for gas phase reactions and Henry’s law constants for the multi-
phase simulations to compare aqSOA and gasSOA formation from isoprene (Fig. 8).

k (cm3 s−1) Reference

Gas phase reactions
Isoprene+OH → 0.29MVK+0.21MACR 1×10−10 Atkinson (1986)
MVK+OH → VOC 1.85×10−11 Atkinson (1986)
MACR+OH → VOC+0.1SOA 3.07×10−11 Atkinson (1986)
Henry’s law constants

KH (M atm−1)
MVK(gas) ⇔ MVK(aq) 41∗ Iraci et al. (1999)
MACR(gas) ⇔ MACR(aq) 6.5∗ Iraci et al. (1999)

∗ Note that these constants are assumed to be higher by factors of 50 000 or 500 for the multiphase
simulations discussed in Sects. 3 and 4, in order to account for the observed higher partitioning of
carbonyl compounds into aerosol water as compared to pure water (KH).
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Figure 1. Chemical mechanism, constrained by laboratory studies for different conditions of
[MVK]0, [H2O2]0. All rate constants are summarized in Table 1.
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Figure 2. Comparison of experimental and model results using the mechanism listed in Table 1
and jH2O2

in Fig. 3 for four initial MVK concentrations (a) 20 mM; (b) 5 mM; (c) 2 mM; (d) 0.2 mM.
(e) [MVK]0 = 20 mM; low oxygen concentration.
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Figure 3. Light intensity of the lamp measured below the reactor at 3 different wavelengths, by
means of a spectrophotometer, as function of MVK concentration (left axis) and photolysis rate
constants, fitted in order to match MVK decay profiles for experiments with different initial MVK
concentration (right axis).
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Figure 4. (a) Predicted oligomer concentrations (sum of all 6 oligomer series in Fig. 1) for differ-
ent initial MVK concentrations (constant [MVK]0/[H2O2]0). (b) Total oligomer mass, determined
by SMPS measurements from the nebulized solutions (see Fig. 7 by Renard et al., 2014, Part
I).
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Oligomer series

Figure 5. Comparison of predicted evolution for individual oligomer series I–VII (Fig. 1) for
[MVK]0 = 20 mM for (a) high (saturated) and (b) low initial oxygen concentrations.

21606

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/21565/2014/acpd-14-21565-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/21565/2014/acpd-14-21565-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
14, 21565–21609, 2014

Aqueous phase
oligomerization of

methyl vinyl ketone
through

photooxidation

B. Ervens et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

- 39 -

Figure 6. Results from the multiphase model for the cases listed in Table 3, (a) Oligomer masses

(b) Oxygen concentrations in the aqueous phase.

Figure 6. Results from the multiphase model for the cases listed in Table 3, (a) oligomer masses
(b) oxygen concentrations in the aqueous phase.
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0.29 Methyl vinyl 
ketone (MVK) 
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VOC  
+ 0.1 gasSOA 
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Aerosol 
aqueous 
phase 

Gas phase 

Figure 7. Schematic of SOA formation from isoprene in the atmospheric multiphase system;
parameters for all processes are summarized in Tables 1 and 4.
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Figure 8. Comparison of aqSOA and gasSOA formation from isoprene for model cases for
aqSOA in Table 3, solid bars for aqSOA denote predicted aqSOA mass from MACR, shaded
bars denote predicted aqSOA mass from MVK.
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