Responses to Referee # 1:

We thank the reviewers for the consideration and the constructive comments. The manuscript
is revised based on the suggestions made and detailed responses to the reviewers are addressed

as follows.

The authors present a detailed study of the aqueous-phase oxidation of methyl ethyl ketone
(MEK). Their most significant finding is that this species may be a precursor for methylglyoxal
in the aqueous phase. The experiments were carefully performed and a detailed modeling
analysis was used to determine the reaction mechanism and rate constants. The paper is

suitable for publication in ACP after a few minor points are addressed.

1) My main concern about this paper is that 1 would like to see a discussion of the relative
importance of this source of methylglyoxal as compared to uptake from the gas phase. The
Henry’s Law constant of MEK is very low, 2-3 orders of magnitude lower than that of
methylglyoxal itself. Considering mass transfer limitations, how significant of a source of

methylglyoxal, and by extension, agueous SOA, is this pathway?

Author’s comment
In Table 1 the Henry constants of MEK and methylglyoxal as well as measured concentrations

in the gas, particle and aqueous phase are summarised.

Table 1: Henry constant and concentrations of MEK and methylglyoxal in gas-, particle- and aqueous phase.

Henry constant Concentration gas Concentration particle  Concentration aqueous
[M atm™] phase [ppb] phase [ug m?] phase [umol L]
0 - 0.65(CW)%;
_ £ (jabedefg _ 4 Ebijkimn _oai < 0.0005(0BW) and
MEK 7.7 -50 0.02-15 0-0.1 0.00228 (SML)"
Methyl- 37 x10%" <0.05 - 0.09° ; o
glyoxal 3 x 104 0.03 - 270.6% 0-0.075 03 -18(CW)

CW cloud water, OBW ocean bulk water, SML surface microlayer

a Buttery et al., 1969; b Snider and Dawson, 1985; ¢ Ashworth et al., 1988; d Zhou and Mopper, 1990; e Morillon et al., 1999; f Karl et al.,
2002; g Schitze and Herrmann 2004; h Betterton and Hoffmann, 1988; i Grosjean et al., 1982, 1983, 2002; j Riemer etal., 1998; k Singh et al.,
2004; | Goldan et al., 1995; m Miller et al., 2005; n Feng et al., 2004; o Munger et al., 1995; p Kawamura et al., 2013; q Ortiz et al., 2006;
r Matsunaga et al., 2004; s leda et al., 2006; t Grosjean and Wright, 1983; u van Pinxteren et al., 2005; v Zhou and Mopper, 1997; w Collett
etal., 1990

As it can be seen, MEK has a lower Henry constant with 50 M atm™ as the maximum available
value (Schiitze and Herrmann, 2004) compared to methylglyoxal (Kn = 3.7 x 10® M atm™,
Betterton and Hoffmann, 1988) leading to the conclusion that the transfer from the gas in the

aqueous phase is, according to the Henry constant, more important for methylglyoxal than for
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MEK. Noticeably, van Pinxteren et al. (2005) found higher concentrations of MEK in cloud
water as it was expected according to the Henry constant. Thus, phase transfer could be more
important than it is known at this moment. Besides it transfer from the gas phase, the formation
of MEK in the aqueous phase of clouds and hygroscopic particles should be considered as
additional source for aqueous MEK as well. The so-formed aqueous MEK will react to form
methylglyoxal with a molar yield of 9.5%.

Methylglyoxal present in the aqueous phase originates from i) uptake from the gas phase and
il) aqueous-phase reactions. The uptake of methylglyoxal from the gas phase in the aqueous
phase is not fully understood. Kroll et al. (2005) investigated the uptake of methylglyoxal on
inorganic seed particles under various relative humidity. It was found, that the uptake was not
relevant for methylglyoxal even under high relative humidity. Contrary, Zhao et al. (2006)
measured an uptake coefficient of y = 7.6 x 10 on acidic solution. They found an irreversible
uptake, which decrease with increasing acidity. Fu et al. (2008, 2009) determined an uptake
coefficient on aqueous particles and cloud droplets y = 2.9 x 10, which is in good agreement
with the uptake coefficient measured by Zhao et al. (2006). Lin et al. (2014) modelled an
uptake coefficient for several case studies with different multiphase process mechanisms. The
uptake coefficient in deliquescent particles was determined to be y = 1.47 - 2.92 x 10, Overall,
y was two orders of magnitude lower compared to the values determined by Zhao et al. (2006)
and Fu et al. (2008, 2009) highlighting the discrepancies between the different literature
studies.

As the uptake as well as the formation mechanisms of methylglyoxal are not fully understood,
it cannot be excluded that the oxidation of MEK represents an important reaction channel for

methylglyoxal formation.

Based on the Referee’s comment the following paragraph was added to the manuscript:

Page 31907 Line 1 “4. Atmospheric relevance

The sources of methylglyoxal in the aqueous phase are thus-far not fully elucidated.
Methylglyoxal can originate in the atmospheric aqueous phase through i) uptake from the gas
phase, and/or ii) formation in the aqueous phase. The importance of the uptake from the gas
into the aqueous phase is discussed in the literature but large discrepancies can be found. Kroll
et al. (2005) investigated the uptake of methylglyoxal on inorganic seed particles under varying
relative humidity. It was found that the uptake was not relevant for methylglyoxal even under
high relative humidity. Contrary, Zhao et al. (2006) measured an uptake coefficient of

y = 7.6 x 107 on acidic solution. They found an irreversible uptake, which decreases with



increasing acidity. Fu et al. (2008, 2009) determined an uptake coefficient on aqueous particles
and cloud droplets y = 2.9 x 1073, which is in good agreement with the uptake coefficient
measured by Zhao et al. (2006). Lin et al. (2014) modelled an uptake coefficient for several
case studies with different multiphase process mechanisms. The uptake coefficient in
deliquescent particles was determined to be y = 1.47 2.92 x 10°°. Overall, y was two orders of
magnitude lower compared to the values determined by Zhao et al. (2006) and Fu et al. (2008,
2009) showing the discrepancies between the different studies available in literature.

The in-situ formation of methylglyoxal in the aqueous phase could be an important source as
well (Blando and Turpin, 2000; Sempere and Kawamura 1994). Within the present study, MEK
was found as a new precursor compound for methylglyoxal in the aqueous phase yielding
methylglyoxal with a molar yield of 9.5%. Although the Henry constant of MEK (up to
Ky =50 M atm™?, Schiitze and Herrmann, 2004) is lower compared to methylglyoxal
(Kn = 3.7 x 10° M atm™*, Betterton and Hoffmann, 1988), van Pinxteren et al. (2005) found
higher concentrations in cloud water as it was expected. Thus, the phase transfer of MEK from
the gas in the aqueous phase could be more important as currently derived from the available
Henry constants. Besides the phase transfer, the in-situ formation of MEK in aqueous phase
formation might also represents an important source.

As, the oxidation of MEK yielding methylglyoxal has not been studied much before, it should
be considered as a formation process of methylglyoxal. ”

Minor comments:
1) Methylglyoxal is conventionally one word in English, please change throughout.

Author’s comment
The authors agree with the reviewers comment. The term “methyl glyoxal” was changed to
“methylglyoxal” throughout the manuscript.

2) Was there any gas phase in the reactor? Was it in equilibrium with the aqueous phase?

Author’s comment

The bulk reactor was filled with 300 mL of the aqueous solution at the beginning of the
experiment containing the precursor compound and H>O,. Over the course of the experiment
samples were taken in steps of 15 minutes (and for some cases 1 hour). Thus, the gas phase

increased during the experiment. To take samples, the bulk reactor was opened. Even that the
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opening time was kept as small as possible the gas phase of the bulk reactor might be mixed
with the laboratory air changing the chemical composition. Nevertheless, the Henry constant
of methylglyoxal (Ku = 3.7 x 10> M atm™; Betterton and Hoffmann, 1988) indicates that
methylglyoxal will mainly stay in the aqueous phase even when the bulk reactor was opened.
Contrary, the Henry constant of MEK was measured to be Ky = 7.7 — 50 M atm, thus a loss
of MEK from the aqueous phase in the gas phase is possible. To proof the hypothesis, the
results of blank experiment 2 can be used. As it was mentioned in the manuscript, no loss of
MEK was observed. This indicates that MEK stays in the aqueous phase even during opening

of the reactor.

3) p. 31898 line 7-8: please elaborate on how the relative photolysis rate constants ’confirm

the experimental results’

Author’s comment

Fig. 1 B shows the molar yields of the oxidation products methylglyoxal, hydroxyacetone and
2,3-butanedione over a reaction period of 4 hours. As it can be seen, further reactions are taking
place leading to lower molar yields of methylglyoxal, hydroxyacetone and 2,3-butandione
towards the end of the experiment.

The following rate constants for the OH radical reaction are reported in the literature:
Konw =5.3x 108 - 1.1 x 10° M st (Monod et al., 2005; Ervens et al., 2003; Herrmann et al.,
2005; Tan et al., 2010) for methylglyoxal, kon = 0.8 - 1.2 x 10° M s (Stefan and Bolton,
1999; Herrmann et al., 2005) for hydroxyacetone and kon =1.4-1.8x108M?s?
(Gligorovski and Herrmann, 2004, Lilie et al., 1968) for 2,3-butanedione. Additionally,
photolysis  rates  were  determined in the present study to  be
kp=3x10°s? 2x10°stand 9 x 10° s for methylglyoxal, hydroxyacetone and 2,3-
butandione, respectively.

According to the rate constants for the OH radical reaction reported in the literature and the
measured photolysis rates, a faster consumption of methylglyoxal and hydroxyacetone can be
expected than for 2,3-butanedione. Such a faster consumption can be clearly seen form Figure
1B because methylglyoxal and hydroxylacetone are completely consumed at the end of the
experiment whereas 2,3-butanedione was still present. This might be caused by the smaller rate

constant as well as by the lower photolysis rate.

According to the Referees” comment, the following sentence was added to the manuscript:



Page 31898 Line 7-9 was changed to: “This indicates a faster decomposition compared to 2,3-
butanedione of methylglyoxal and hydroxyacetone, which showed a complete consumption at
the end of the experiment (Fig. 1). 2,3-Butanedione was not completely consumed during the

reaction time of 4 hours, which might be a result of the lower photolysis rate constants. ”
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The following changes were made to the manuscript

The term “methyl glyoxal” was changed to “methylglyoxal” in the manuscript text as well as
in Fig. 1 and 4 and Table 1 and 2.

Page 31898 Line 7-9: “This indicatesa faster decomposition of methyl glyoxal and
hydroxyacetone and confirms the experimental results. was changed to “This indicates a
faster decomposition compared to 2,3-butanedione of methylglyoxal and hydroxyacetone,
which showed a complete consumption at the end of the experiment (Fig. 1). 2,3-Butanedione
was not completely consumed during the reaction time of 4 hours, which might be a result of
the lower photolysis rate constants. ”

Page 31898 Line 24-25: “This is in good agreement with the experimental results obtained in
the the present study.” was changed to “This is in good agreement with the experimental results

obtained in the present study.”

Page 31906 Line 1: The paragraph “4. Atmospheric relevance

The sources of methylglyoxal in the aqueous phase are thus-far not fully elucidated.
Methylglyoxal can originate in the atmospheric aqueous phase through i) uptake from the gas
phase, and/or ii) formation in the aqueous phase. The importance of the uptake from the gas
into the aqueous phase is discussed in the literature but large discrepancies can be found. Kroll
et al. (2005) investigated the uptake of methylglyoxal on inorganic seed particles under varying
relative humidity. It was found that the uptake was not relevant for methylglyoxal even under
high relative humidity. Contrary, Zhao et al. (2006) measured an uptake coefficient of y = 7.6
% 10 3 on acidic solution. They found an irreversible uptake, which decreases with increasing
acidity. Fu et al. (2008, 2009) determined an uptake coefficient on aqueous particles and cloud
droplets y = 2.9 x 10-3, which is in good agreement with the uptake coefficient measured by
Zhao et al. (2006). Lin et al. (2014) modelled an uptake coefficient for several case studies
with different multiphase process mechanisms. The uptake coefficient in deliquescent particles
was determined to be y = 1.47 2.92 x 10-5. Overall, y was two orders of magnitude lower
compared to the values determined by Zhao et al. (2006) and Fu et al. (2008, 2009) showing
the discrepancies between the different studies available in literature.

The in-situ formation of methylglyoxal in the aqueous phase could be an important source as
well (Blando and Turpin, 2000; Sempere and Kawamura 1994). Within the present study, MEK
was found as a new precursor compound for methylglyoxal in the aqueous phase yielding

methylglyoxal with a molar yield of 9.5%. Although the Henry constant of MEK (up to KH =



50 M atm 1, Schiitze and Herrmann, 2004) is lower compared to methylglyoxal (KH = 3.7 x
103 M atm-1, Betterton and Hoffmann, 1988), van Pinxteren et al. (2005) found higher
concentrations in cloud water as it was expected. Thus, the phase transfer of MEK from the
gas in the aqueous phase could be more important as currently derived from the available
Henry constants. Besides the phase transfer, the in-situ formation of MEK in aqueous phase
formation might also represents an important source.

As, the oxidation of MEK yielding methylglyoxal has not been studied much before, it should

be considered as a formation process of methylglyoxal.” was included in the manuscript.
Page 31906 Line 1: “4. Summary” was changed to “5. Summary”

Page 31908 Line 13: The reference “Blando, J. D., and Turpin B. J.: Secondary organic
aerosol formation in cloud and fog droplets: a literature evaluation of plausibility, Atmos.
Environ., 34, 1623-1632, 2000.” was included in the manuscript.

Page 31909 Line 28: The references “Fu, T-M., Jacob, D. J., Wittrock, F., Burrows, J. P.,
Vrekoussis, M., and Henze, D. K., Global budgets of atmospheric glyoxal and methylglyoxal,
and implications for formation of secondary organic aerosols, J. Geophys. Res, 113, 1-17,
2008.” and “Fu, T-M., Jacob, D. J., and Heald, C. L., Aqueous-phase reactive uptake of
dicarbonyls as a source of organic aerosol over eastern North America, Atmos. Environ., 43,
1814-1822, 2009. ” were included in the manuscript.

Page 31911 Line 16: The reference “Kroll, J. H., Ng, N. L., Murphy, S. M., Varutbangkul, V.,
Flagan, R. C., and Seinfeld, J. H., Chamber studies of secondary organic aerosol growth by
reactive uptake of simple carbonyl compounds, J. Geophys. Res, 110, 1-10, 2005.” was added

to the manuscript.

Page 31911 Line 18: The reference “Lin, G., Sillman, S., Penner, J. E., and Ito, A., Global
modeling of SOA: the use of different mechanisms for agueous-phase formation, Atmos. Chem.
Phys., 14, 54515475, 2014.” was included in the manuscript.

Page 31912 Line 31: The reference “Sempere, R., and Kawamura K.: Comparative
distribution of dicarboxylic acids and related polar compounds in snow, rain and aerosols

from urban, Atmos. Environ., 28, 449-459, 71994.” was included in the manuscript.

Page 31914 Line 1: The reference: “Zhao, J., Levitt, N. P., Zhang, R., and Chen, J.,

Heterogeneous Reactions of Methylglyoxal in Acidic Media: Implications for Secondary



Organic Aerosol Formation, Environ. Sci. Technol., 40, 7682-7687, 2006. ” was added to the

masnucript.

General changes made to the supplement

The term “methyl glyoxal ” was changed to “methylglyoxal ” in the supplement text and Fig,
S1, S2 and S3.



