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To Reviewer 1 and Reviewer 2

Thanks for your effort and constructive comments. We think that you may most con-
cern about two questions, namely, (1) the relative importance of the aqueous isoprene
oxidation in the atmosphere and (2) the significance of our present work on the aque-
ous bulk oxidation of isoprene. Here are our responses to these two questions, and
other technical comments will be answered in another reply.

(1) The relative importance of the aqueous isoprene oxidation in the atmosphere

We agree that the aqueous bulk oxidation of isoprene may be not important com-
pared with its gas phase chemistry, because the solubility of isoprene is limited by its
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small Henry’s Law constant. However, we think that the surface reaction occurring on
droplets might be important for the oxidation of isoprene with OH radicals. The aque-
ous 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, (H,O)n,
which are ubiquitous in the atmosphere, are considered to potentially participate in
the atmospheric chemistry (Ryzhkov et al., 2006; Sennikov et al., 2005). Therefore,
generalized aqueous phase oxidation of organic compounds in the atmosphere can be
categorized into three chemical scenarios (Fig.6 in Chen et al., 2008): (i) in scenario
1 (the bulk reaction), both oxidant and organic compound stay and react in the aque-
ous phase; (ii) in scenario 2a and scenario 2b (the interfacial reaction), one reactant
stays in the aqueous phase and reacts, via collision, with another reactant from the
gas phase; and (iii) in scenario 3 (the interfacial reaction), neither oxidant nor organic
compound 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 reaction scope than that considered usually in previ-
ous multiphase chemical models. Then, what is the percentage for each of the three
reaction scenarios? This needs further laboratory and modeling studies. However,
we strongly recommend the reaction on the surface of droplets including scenario 2
and scenario 3 is significant for a rapid reaction such as the OH-initiated oxidation of
isoprene. Furthermore, Péschl et al. (2007) suggested a double-layer surface model,
“which comprises two monomolecular layers: a quasi-static surface layer consisting of
(quasi-)non-volatile particle components Yj (molecules, ions, or functional groups), and
a sorption layer consisting of adsorbed volatile molecules Xi (Fig. 2). Both the non-
volatile particle components Yj and the volatile molecules Xi can be reversibly trans-
ferred between the double-layer surface and the underlying particle bulk, in which they
can undergo diffusion and reaction”. If so, the Henry’s Law constant mentioned previ-
ously would no longer be a key factor restricting the aqueous phase reaction. In fact,
Finlayson-Pitts and Pitts described in their book (Finlayson-Pitts and Pitts, 2000) that
“Henry’s Law can be applied to predict solution concentrations only if certain conditions
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are met. Thus it assumes that there are no irreversible chemical reactions that are so
fast that the equilibrium cannot be established. It also assumes that the surface of the
droplet is an unimpeded air-water interface”. In this way, when isoprene molecule is im-
peded on the surface of aqueous droplet, there may be another concentration scenario
that is different from that predicted by Henry’s Law.

To our knowledge, in recent years there have been many studies focused on the aque-
ous surface/interface adsorption or oxidation of volatile organic compounds (VOC).
Goss (2004) emphasized that adsorption (on the surface) is different from absorption
(into the bulk), and the summation of these two parts represents the aqueous VOC
and SVOC quantity after their partitioning between the gas phase and condensed
phases. Some research groups studied the aqueous surface/interface adsorption of
poorly-soluble gases and generally found a much higher interface concentration com-
pared to the gas phase concentration. For example, Vacha et al. (2004) calculated
the free energy profiles associated with moving atmospheric gases or radicals (N2, O,
O3, OH, H,0, HO-, and H,0,) across the air/water interface, and then they estimated
the concentrations of these species in the gas phase, aqueous interface, and aqueous
bulk. Their result showed that the average aqueous interface concentration (C,;) was
much higher than the corresponding gas phase concentration (C,) and aqueous bulk
concentration (C,). For example, the ratios of C,,/C, are 3.62 for O3, 8800 for OH
radical, and 2.6x107 for H,O,, the ratios of Caqi/Caqp are 11 for O3, 8 for OH radical,
and 1.5 for H,O,. Interestingly, the ratio of C,q:/Cuq (11) for the poorly-soluble Os is
much higher than that (1.5) of the soluble HyO-. It is likely that the aqueous interface
concentration of hydrophobic gas would be much higher than the calculated concentra-
tions based on the Henry’s Law constant. So, we expect that isoprene would undergo
a similar fate as O3 does, namely, the interface concentration of isoprene may be much
higher than its gas phase and aqueous bulk concentrations. If combining the interface
concentrations of OH and isoprene, it is expected that the interface reaction of isoprene
with OH would be of much more important than the reaction in the aqueous bulk phase
based on the assumption that the interface rate constant for the reaction of isoprene
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and OH is comparative or even higher than that in the gas phase. Before this, as it
should be, the atmospheric applicability of the calculated result of Vacha et al. (2004)
needs further investigation. In addition, Reid and Sayer (2002) pointed out that “Solute
molecules may preferentially adsorb to the interface rather than undergoing full solva-
tion in the bulk liquid phase. Full solvation may lead to such disruption of the hydro-
genbonding network of water molecules that the energetically most favourable position
for the solute is adsorption at the interface”. Other works have also provided a simi-
lar view about the enhancement of interface concentration (Donaldson and Anderson,
1999; Ghosal et al., 2005). It can be concluded that the surface/interface concentration
of a compound is higher than the homogeneous phase concentration. Moreover, in a
fast aqueous reaction system, the amount of a reactant participating in the reaction is
determined not only by its thermal dynamic equilibrium concentration but also by its
reaction kinetic rate. If the kinetic rate is fast enough, the thermal dynamic gas-liquid
equilibrium would not be achieved, resulting in a much larger amount of this reactant
into the aqueous phase from the gas phase.

In addition, experimental evidence indicates a reactive uptake of VOC by atmospheric
water droplet, such as the interface reaction could facilitate the mass transfer, and
the enhanced concentration of a reactant at the interface may increase the probability
of encounter of another reactant with adsorbed molecules (Raja and Valsaraj, 2006).
Mmereki et al. (2004) experimentally investigated the interface reaction of gas phase
ozone with anthracene adsorbed at the aqueous interface, and suggested that the
interface ozone oxidation of anthracene may be of comparable importance to the gas
phase oxidation by OH. Similar works can be seen in the literatures (Mmereki and Don-
aldson, 2003; Kahan and Donaldson, 2007).0One can say that the polycyclic aromatic
hydrocarbon (PAH) and other previous research objects are not as volatile as the object
isoprene investigated in our present work, and it may be easier for PAH to adsorb on
droplets and react on the surface. However, the rate constant of the gas OH-initiated
oxidation ( 1.0x10~° cm3molecule~*s~!) of isoprene are higher than or comparable
with that of PAH (2.3x 10~ for naphthalene, 5.8 x 10~ !! for acenaphthene, 1.3x10~11
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for fluorene, 2.7x10~!! for phenanthrene, 1.1x10~!! for fluoranthene, and 1.9x10719
for anthracene in units of cm®molecule~'s~! measured by Brubaker and Hites, 1998)
, and the fact that atmospheric isoprene concentration (0.1—7ppbv) (Kuhlmann et al.,
2004) is several orders of magnitude higher than that of PAH (several pptv) (Man-
dalakis et al., 2002) needs to be considered. In a recent related work, Enami et al.
(2010) reported the fast reaction of terpene with ozone on aqueous surfaces and ob-
served carboxylic acids in <10 us once the gas phase ozone collisions with the surface
of aqueous terpene solutions happened, indicating a potential SOA contribution path-
way for the aqueous oxidation of poorly-soluble organic compounds. Moreover, Yu et
al. (2008) reported that the average residence time of alpha-pinene adsorbing onto the
aqueous interface was more than 0.1 ns in their study of nitrate ion photochemistry ox-
idation of alpha-pinene at the aqueous interface, and within 1 ns alpha-pinene resided
near the interface, thus the time was enough for the reaction of alpha-pinene and the
OH radical produced by the nitrate photolysis. For the aqueous isoprene—OH reaction,
the hydrophilia of isoprene is similar to alpha-pinene, and the reactivity of isoprene
is higher than alpha-pinene, so it is possibly important for isoprene to react with OH
radical at the interface of various aqueous solutions in the real atmosphere. In sum-
mary, all the studies mentioned above indicate that the relative importance of aqueous
reaction of a compound is not determined completely by its Henry’s Law constant. In
an overview, Kolb et al., (2010) indicated that the surface activity, concentration, and
impact of adsorbed compounds by aqueous particles need further studies. Conse-
quently, we suggest that the aqueous oxidation might be a potential sink of isoprene
in cloud/fog/wet aerosol, or inversely, the aqueous isoprene oxidation would modify
(age) the aerosols, although currently we have not quantified this sink or modification
yet. Obviously, the cloud/fog/wet aerosol environment provides a huge amount of water
molecules in forms of droplet, cluster and adsorbate, and these water molecules will
significantly affect the product yield and distribution of VOC oxidation.

(2) The significance of our present work on the aqueous bulk oxidation of isoprene

C2285

For isoprene, it would be better to study its surface oxidation on droplets. However,
there is a big challenge for investigating this surface reaction. This challenge arises
from the interference of the gas phase reaction. It is a difficult task for us to exclude
the gas phase reaction during performing the surface reaction of isoprene because of
its high volatility and reactivity and to prevent the gas phase products entering into the
aqueous phase, resulting in large uncertainties in determination of the product yield
and distribution. In addition, there are great uncertainties for the evaluation of the sur-
face area of droplets, and it is now difficult for us to simultaneously get the size distri-
bution of droplets and to collect the droplets for quantitative analysis. These problems
may significantly affect the estimation of the condensed water effect on the oxidation of
isoprene. Therefore, in the first place, we intended to investigate the aqueous bulk oxi-
dation of isoprene to identify the condensed water effect on the product distribution and
yield of the isoprene oxidation, and to quantitively tell the difference between the gas
phase and aqueous phase reactions. Next, we would like to study the aqueous surface
reaction of isoprene when our equipment and the monitoring technique are available.
In the future, we can make a comparison between the bulk and surface reactions.

We think the chemical pathways proposed in this study are possibly applicable to the
surface reaction of the droplets. Although the bulk OH-oxidation rate constant may be
significantly different from that on the aqueous surface, our work provide a value which
can be used for reference for the corresponding aqueous surface study. We expect
that our present study could add to the increasing body of literatures that cloud/fog/wet
aerosol processing contributes to the SOA formation in the atmosphere. In addition,
our present study is also related to the ocean isoprene SOA in the sea salt aerosol.
Increasing evidence has indicated that the ocean emission is a source of isoprene
in the ocean boundary layer (Milne et al., 1995; Shaw et al., 2003; Broadgate et al.,
2004; Sinha et al., 2007), and field measurement has revealed the SOA existing in
the sea aerosol (Cai and Giriffin, 2003; Gantt et al., 2010; Miyazaki et al., 2010). The
isoprene produced by the phytoplankton could react with OH radical in the sea water
before entering into the atmosphere across the water-air interface, and this process
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would contribute to the sea salt aerosol components. It is well known that the sea salt
aerosol arises from the spray of the sea surface water and its evaporation. One hand,
this sea salt aerosol possibly contains isoprene SOA components produced in the sea
water interface and bulk OH-initiated oxidation of isoprene. Another hand, this aqueous
phase reaction would result in an underestimation of isoprene emission by ocean.

We think that the present study is a sequel of our previous works about the aqueous
phase oxidation of isoprene and its oxidation products published in the Atmospheric
Chemistry and Physics (ACP) (Chen et al., 2008; Zhang et al., 2010), and is also a
commencement of the study on the aqueous surface reaction for isoprene. We are
trying to explore a possible important oxidation pathway for the large biogenic organic
compounds. Thus, we think ACP is a proper journal for publishing the series of our
works.

Reference:

Broadgatea, W. J., Malin, G., Kipper, F. C., Thompson, A., and Liss, P. S.: Isoprene and
other non-methane hydrocarbons from seaweeds: a source of reactive hydrocarbons
to the atmosphere, Mar. Chem., 88, 61-73, 2004.

Brubaker, W. W, and Hites, R. A.: OH reaction kinetics of polycyclic aromatic hydro-
carbons and polychlorinated dibenzo-p-dioxins and dibenzofurans, J. Phys. Chem. A.,
102, 915-921, 1998.

Cai, X. Y, and Giriffin, R. J.: Modeling the formation of secondary organic aerosol in
coastal areas: Role of the sea-salt aerosol organic layer, J. Geophys. Res., 108, D15,
doi: 10.1029/2002JD003053, 2003.

Chen Z.M., Wang H.L., Zhu L.H., Wang C.X., Jie C.Y. and Hua W.: A potentially
important source of atmospheric aqueous oxidants: Aqueous phase ozonolysis of
methacrolein and methyl vinyl ketone. Atmos. Chem. Phys., 8, 22552265, 2008.

Donaldson, D. J., and Anderson, D.: Adsorption of atmospheric gases at the air-water

C2287

interface. 2. C1-C4 alcohols, acids, and acetone, J. Phys. Chem. A., 103, 871-876,
1999.

Enami, S., Hoffmann, M. R., and Colussi, A. J.: Prompt formation of organic acids in
pulse ozonation of terpenes on aqueous surfaces, J. Phys. Chem. Lett., 1, 2374-2379,
2010.

Finlayson-Pitts, B. J. and Pitts, J. N.: Chemistry of the Upper and Lower Atmosphere,
Academic Press, New York, USA, 151-158, 2000.

Gantt, B., Meskhidze, N, Zhang, Y., and Xu, J.: The effect of marine isoprene emissions
on secondary organic aerosol and ozone formation in the coastal United States, Atmos.
Environ., 44, 115-121, 2010.

Ghosal, S., Hemminger, J. C., Bluhm, H., Mun, B. S., Hebenstreit, E L. D., Ketteler, G.,
Ogletree, D. F.,, Requejo, F. G., and Salmeron, M.: Electron spectroscopy of aqueous
solution interfaces reveals surface enhancement of halids, Science, 307, 563—-566,
2005.

Goss, K. U.: The air/surface adsorption equilibrium of organic compounds under am-
bient conditions, Crit. Rev. Env. Sci. Technol., 34, 339—-389, 2004.

Kahan, T. F.,, and Donaldson, D. J.: Photolysis of polycyclic aromatic hydrocarbons on
water and ice surfaces, J. Phys. Chem. A., 111, 1277-1285, 2007.

Kolb, C. E., Cox, R. A., Abbatt, J. P. D., Ammann, M., Davis, E. J., Donaldson, D. J.,
Garrett, B. C., George, C., Griffiths, P. T., Hanson, D. R., Kulmala, M., McFiggans,
G., Péschl, U., Riipinen, I., Rossi, M. J., Rudich, Y., Wagner, P. E., Winkler, P. M.,
Worsnop, D. R., and O’ Dowd, C. D.: An overview of current issues in the uptake of
atmospheric trace gases by aerosols and clouds, Atmos. Chem. Phys., 10, 10561—
10605, doi:10.5194/acp-10-10561-2010, 2010.

Kuhimann, R. V., Lawrence, M. G.., Pdschl, U., and Crutzen, P. J.: Sensitivities in global
scale modeling of isoprene, Atmos. Chem. Phys., 4, 1-17, 2004.

C2288



Mandalakis, M., Tsapakis, M., Tsoga, A., and Stephanou, E. G.: Gas—particle concen-
trations and distribution of aliphatic hydrocarbons, PAHs, PCBs and PCDD/Fs in the
atmosphere of Athens (Greece), Atmos. Environ., 36, 4023—4035, 2002.

Milne, P. J., Riemer, D. D., Zika, R. G., and Brand, L. E.: Measurement of vertical
distribution of isoprene in surface seawater, its chemical fate, and its emission from
several phytoplankton monocultures, Mar. Chem., 48, 237-244, 1995.

Miyazaki, Y., Kawamura, K., and Sawano, M.: Size distributions and chemical charac-
terization of water-soluble organic aerosols over the western North Pacific in summer,
J. Geophys. Res., 115, D23210, doi:10.1029/2010JD014439, 2010.

Mmereki, B. T., and Donaldson, D. J.: Direct observation of the kinetics of an atmo-
spherically important reaction at the air-aqueous interface, J. Phys. Chem. A., 107,
11038-11042, 20083.

Mmereki, B. T., Donaldson, D. J., Gilman, J. B., Eliason, T. L., and Vaida,V.: Kinetics
and products of the reaction of gas-phase ozone with anthracene adsorbed at the air—
aqueous interface, Atmos. Environ., 38, 6091-6103, 2004.

Péschl, U., Rudich, Y., and Ammann, M.: Kinetic model framework for aerosol and
cloud surface chemistry and gas-particle interactions — Part 1: General equations,
parameters, and terminology, Atmos. Chem. Phys., 7, 5989-6023, 2007.

Raja, R., and Valsaraj, K. T.: On the reactive uptake of gaseous PAH molecules by
micron-sized atmospheric water droplets, Atmos. Res., 81, 277-292, 2006.

Reid, J. P, and Sayer, R. M.: Heterogeneous atmospheric aerosol chemistry: labora-
tory studies of chemistry on water droplets, Chem. Soc. Rev., 32, 70-79, 2003.

Ryzhkov, A. B. and Ariya, PA.: The importance of water clusters (H,O)n (n=2,...,4) in
the reaction of Criegee intermediate with water in the atmosphere, Chem. Phys. Lett.,
419, 479-485, 2006.

C2289

Sennikov, P. G., Ignatov, S. K., and Schrems, O.: Complexes and clusters of water
relevant to atmospheric chemistry: H,O complexes with oxidants, Chem. Phys. Chem,
6(3), 392—412, 2005.

Shaw, S. L., Chisholm, S. W., and Prinn, R. G.: Isoprene production by Prochlorococ-
cus, a marine cyanobacterium, and other phytoplankton, Mar. Chem., 80, 227-245,
20083.

Sinha, V., Williams, J., Meyerhoéfer, M., Riebesell, U., Paulino, A. I., and Larsen, A.:
Air-sea fluxes of methanol, acetone, acetaldehyde, isoprene and DMS from a Norwe-
gian fjord following a phytoplankton bloom in a mesocosm experiment, Atmos. Chem.
Phys., 7, 739-755, 2007.

Véacha, R., Slavicek, P., Mucha, Finlayson-Pitts, B. J., and Jungwirth, P.: Adsorption
of Atmospherically Relevant Gases at the Air/Water Interface: Free Energy Profiles of
Aqueous Solvation of No, Oy, O3, OH, H,O, HO2, and H,O-, J. Phys. Chem. A., 108,
11573-11579, 2004.

Yu, Y., Ezell, M. J., Zelenyuk, A., Imre, D., Alexander, L., Ortega, J., Thomas, J. L.,
Gogna, K., Tobias, D. J., D’Anna, B., Harmon, C. W., Johnson, S. N., and Finlayson-
Pitts, B. J.: Nitrate ion photochemistry at interfaces: a new mechanism for oxidation of
alpha-pinene, Phys. Chem. Chem. Phys., 10, 3063—-3071, 2008.

Zhang, X., Chen, Z. M., and Zhao, Y.: Laboratory simulation for the aqueous OH-
oxidation of methyl vinyl ketone and methacrolein: Significance to the in-cloud SOA
production, Atmos. Chem. Phys., 10, 9551-9561, doi: 10.5194/acp-10-9551-2010,
2010.

Interactive comment on Atmos. Chem. Phys. Discuss., 11, 8515, 2011.

C2290



