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Abstract. Hydrogen peroxide (HOOH) is a significant ox- yields were approximately half those found in previous stud-
idant in atmospheric condensed phases (e.g., cloud and fogs conducted using-radiolysis, but this difference might be
drops, aqueous particles, and snow) that also photolyzes tdue to the much lower (and more environmentally relevant)
form hydroxyl radical {OH). *OH can react with organ- °OH formation rates in our experiments.

ics in aqueous phases to form organic peroxyl radicals and
ultimately reform HOOH, but the efficiency of this pro-
cess in atmospheric aqueous phases, as well as snow a|1d
ice, is not well understood. We investigate HOOH forma-

tion_from *OH attfalck on 10 environmentally re_levant Or- Hydrogen peroxide (HOOH) is a significant oxidant in at-
ganic compounds: formaldehyde, formate, glycine, pheny-ospheric condensed phases such as cloud and fog drops,
lalanine, benzoic acid, octanol, octanal, octanoic acid, 0C»queous particles, and snow. For example, aqueous HOOH

is one of the major oxidants that converts reduced sulfur

Introduction

tanedioic acid, and 2-butoxyethanol. Liquid and ice sam-

ples with and without nitrate (as d@H source) were illu- gy into sulfuric acid in the atmosphere (Finlayson-Pitts
minated using simulated solar light, and HOOH formation 5, pitts, 2000) and it can also oxidize ketocarboxylic acids
rates were measured as a function of pH and temperaturey,ch, a5 pyruvic acid (Carlton et al., 2006) and glyoxylic acid
For most compounds, the formation rate of HOOH with- (o, et a1, 2009). The two sources of HOOH in cloud and
out nitrate was the same as the background formation ratg,q grops and aqueous aerosol particles are partitioning from

in blank water (i.e., illumination of the organic species doesyhe gas phase and in situ photochemical production (Anasta-
not produce HOOH directly), while formation rates with ni- i ot al., 1994: Chameides and Davis, 1982: Moller, 2009).

trate were greater than the water control (i.e., reactic®bff In addition to acting as an oxidant itself, HOOH in solu-

with the organic species forms HOOH). Yields of HOOH, o s also a source of highly reactive hydroxyl radical, both

defined as the r_ate of HOOH production.divided by the_ratethrough direct photolysis (Chu and Anastasio, 2005; Zellner
of *OH production, ranged from essentially zero (glycine) o 4. 1990):

to 0.24 (octanal), with an average of 04£2.05 (95 % ClI).
HOOH production rates and yields were higher at lower pHHOOH+ hv — 2°OH, (R1)
values. There was no temperature dependence of the HOOH

yield for formaldehyde or octanedioic acid betweeB to  as well as through the photo-Fenton reaction (Arakaki and
20°C and ice samples had approximately the same HOOHaust, 1998),

yield as the aqueous solutions. In contrast, HOOH yields
in formate solutions were higher at 5 and°@ compared

to —5 and 20°C. Yields of HOOH in ice for solutions con- - »yqitional sources of agqueous-pha¥eH include photol-
taining nitrate and either phenylalanine, benzoate, octanal, or,

. . e ysis of nitrite and nitrate (Anastasio and McGregor, 2001;
octanoic acid were indistinguishable from zero. Our HOOH Chameides and Davis, 1982: Chu and Anastasio, 2003, 2007:

Dubowski et al., 2001; Ervens et al., 2003; Qiu et al., 2002),
. e.g..
Correspondence toC. Anastasio g
BY (canastasio@ucdavis.edu) NO; +hv (+HT) —*OH+NO, (R3)
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The rate of Reaction (R3) is independent of pH from pH
1.9 to 8.3 (Anastasio and McGregor, 2001); the proton is
included in Reaction (R3) to balance the equation. Hy-
droxyl radicals react quickly in aqueous drops, with the main
sink typically being organic compounds (Arakaki and Faust,
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R,CHOOOOCHR — RoC=0+R2CHOH+ O, (R12)
R,CHOOOOCHR — 2R,C=0+HOOH (R13)
R,CHOOOOCHR — 2R,CHO% O, (R14)
1998; Faust, 1994; Herrmann et al., 2005). This rapid reacR,CHOOOOCHR — R,CHOOCHR, + O, (R15)

tion leads to the formation of aqueous alkyl radicals, which
then (generally) add oxygen to form organic peroxyl radicals

The kinetics and product yields from the aqueous reactions

(Ervens et al., 2003; von Sonntag and Schuchmann, 1997pf *OH with a range of organic compounds have been stud-

For example, in the case of th®H-initiated reaction with

ied using gammay() radiation and pulse radiolysis (Chris-

hydrated acetaldehyde, this sequence is (Ervens et al., 2003gnsen and Gustafsson, 1972; Nese et al., 1995; Pan et al.,

"OH-+ CH3CH(OH); — CH3C(OH)2+ H0
CH3C(OH)2+ 0, — CH3C(OH),00"

(R4)
(R5)

1993a, b; Piesiak et al., 1984; Schuchmann and von Son-
ntag, 1984; Schuchmann et al., 1990, 1995; Schuchmann
and von Sonntag, 1977, 1979, 1982, 1983, 1988; Schuch-
mann et al., 1985; Stemmler and von Gunten, 2000; Ulan-
ski et al., 1996; Zegota et al., 1984). Overall HOOH yields

The fate of the resulting organic peroxyl radicals in aqueous, hese experiments (defined as the rate of HOOH produc-

phases depends on the type of peroxyl radical (von Sonnta
and Schuchmann, 1997). Peroxyl radicals with a hydroxyl
group on the peroxyl-bearing carbon (i.e., alpha-hydroxy

peroxyl radicals), can undergo fast decomposition to releasg;noH and H

a more oxidized organic compound and a hydroperoxyl rad

flon divided by the rate 0TOH production) ranged from 0.02
to 0.57, with an average yield of 0.38. However, radioly-
sis of aqueous solutions also results in primary formation of
Q/°0;, so HOOH yields solely from reaction
of *OH with organic will be lower than these overall yields.

ical (von Sonntag and Schuchmann, 1997). For example-oh 4150 undergoes self-reaction to form HOOH, but be-

this is the case in theOH-initiated oxidations of agqueous
formaldehyde and formic acid, two of the more abundant
organic compounds found in tropospheric aqueous phas
(Chameides and Davis, 1983; Ervens et al., 2003).
case of thex-hydroxy peroxyl radical derived from acetalde-
hyde in Reaction (R5) above, decomposition forms;t4@d
acetic acid (Ervens et al., 2003):

CH3C(OH)200> HOj + CHzCOOH (R6)

HO;, the hydroperoxyl radical, can dissociate to form super-

oxide and H (pKa=4.85, Bielski et al., 1985):
HO; <>*O5 +H™ (R7)

Dismutation of HQ and*O; can then form hydrogen perox-
ide (Bielski et al., 1985):

HO3 +HO3 — HOOH+ O,
HO3+"0; +H* — HOOH+ 0,

(R8)
(R9)

Peroxyl radicals that do not contain arhydroxy group fol-
low a variety of bimolecular pathways that can result in the
formation of HOOH, alkoxyl radicals, carbonyl compounds,

cause aqueous concentrations@H are extremely low this
reaction is not a significant source of HOOH in aqueous at-
fhospheric phases.) Unimolecular elimination of Hadi-

In thea1s froma-hydroxyperoxyl radicals (i.e., Reaction R6) rep-

resents a significant pathway for HOOH production in many
of these past experiments. However, the results also suggest
that bimolecular reactions (e.g., Reaction R11 followed by
Reactions R12—-R16) can compete with unimolecular elimi-
nation (Schuchmann and von Sonntag, 1984) and that super-
oxide can cross-terminate with other peroxyl radicals (Pan et
al., 1993b). Work by Stemmler and von Gunten (2000) using
the reaction of OH with 2-butoxyethanol found a yield of
HO, of 0.25 and a yield of HOOH through pathways other
than HG, of 0.17, further showing that substantial HOOH
can be produced via mechanisms other than th&/iQ9 dis-
proportionation reactions (Reaction R8 and R9). The yield of
HOOH from the'OH-mediated oxidation of aqueous organic
compounds probably varies considerably, depending on the
production rate ofOH, concentrations ofOH and organic
compounds, and other environmental conditions (Stemmler
and von Gunten, 2000). But this yield is an important param-

and alcohols (von Sonntag and Schuchmann, 1997). Thister since most aqueot@H reacts with organic compounds

is illustrated below for a generic organic compoungCRiy,
starting with hydroxyl radical reaction to form peroxyl radi-
cals (RCHOO):

2°0H+ 2R,CHy(+02) — 2R,CHOO' (R10)

The two peroxyl radicals can then combine to form an inter-
mediate tetroxide,

2R,CHOO— R,CHOOOOCHR,

which can undergo four possible decompositions:

(R11)

Atmos. Chem. Phys., 11, 7208222 2011

and since HOOH is an important component of the oxidative
capacity of cloud water droplets.

In addition to its role in aqueous reactions in the atmo-
sphere, HOOH is also an important constituent in snow and
ice. In long-term ice, HOOH has a half-life of approximately
5000 years in Greenland and 15000 years in the Antarc-
tic, and its presence in ice cores gives an indication of his-
torical atmospheric oxidative capacity (Hutterli et al., 2003;
Legrand and Mayewski, 1997). In the photic zone of the
snowpack, HOOH photolyzes ttOH, which can oxidize

www.atmos-chem-phys.net/11/7209/2011/
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compounds in the snow and form a variety of volatile species2 Methods
(e.g., HCHO and By, which in turn can be emitted from the

snow surface to the atmospheric boundary layer (Chu ang.1  Materials
Anastasio, 2005).

_ Laboratory experiments indicate that the photolytic life- acetonitrile (HPLC grade), ethylenediamine tetraacetic
time of HOOH in polar snows during the summer should be giq (EDTA, molecular biology grade), formaldehyde (as
on the order of \_/veeks to a few mqnths (Chu and Anastaparaformaldehyde, 95%), glycine-89%), phenylalanine
sio, 2005; Jacobi et al., 2006). Yet field measurements shovy_ gg %), benzoic acid (99%), octanol (99%), octanal
that HOOH is present throughout the snowpack (Legrand an\g>99 %), octanoic acid{99 %), octanedioic acid(98 %),
Mayewski, 1997; Sigg and Neftel, 1991), indicating its net 5, horseradish peroxidase (HRP) were from Sigma. Para-
lifetime in polar snow and ice must be long enough to sur-yqroxyphenylacetic acid (POHPAA) was from TCI. Sulfu-
vive burial by new snow until HOOH is beneath the photic (ic 4¢id (Optima grade), sodium borate (ACS grade), sodium
zone. For example, at Summit, Greenland, where the photigirate (ACS grade), sodium formate (ACS grade), potassium
zone for HOOH is approximately 30 cm (i.e., 2 times the e- hydrogen phthalate (KHP, ACS grade), and hydrogen perox-
folding depth, Galbavy et al., 2007) and the snow accumulajge (ACS grade) were from Fisher Chemical. Formaldehyde

tion rate is approximately 5cm mé, it would take approx-  sojtion (<1 %) was made from paraformaldehyde by stir-

imately 5mo to bury HOOH in surface snow to below the ing in 60°C water for 1 h (Sigma-Aldrich, 2010). All other

photic zone. This is much longer than the calculated 24-hr-chemicals were used as received.

average lifetime of HOOH on the summer solstice of 140 hr High purity water (“UV Milli-Q water”) was water from

(C'?Eeigda?gﬁt?esgt 2t\(/)v(())5).ossible explanations for the dis2 Millipore Milli-Q Plus system with an upstream Barnstead
P > €Xp o International DO813 activated carbon cartridge that was fur-

crepancy between laboratory-derived HOOH lifetimes and

those estimated from field observations in snow and ice_thertreated to remove residual organic compounds by adding

(1) HOOH in natural snow has a longer photolytic lifetime hydrogen peroxide (to make a 0.5mM solution) and then il-

than determined in laboratory ices, and (2) chemical reac_lummatmg for 24 h with 254 nm UVlight in a Rayonet RPR-

tions on snow grains might effectively recycle HOOH. This 200 photoreactor with 4 RPR-2537 bulbs.
first possibility has been examined in recent work and does . )
not appear to explain the HOOH lifetime discrepancy (Beine2-2 Solution and ice samples
and Anastasio, 2011). The efficacy of the second possibil-
ity — i.e., HOOH recycling—depends on the yields of HOOH To determine the yield of HOOH from the reaction ‘@H
from the reactions of snow grah®H with organics. In this ~ With an organic compound, we measured the rate of HOOH
mechanism, HOOH in snow or ice is photolyzed to form hy- formation during illumination of two parallel solutions: one
droxyl radicals (Chu and Anastasio, 2005), which then reactcontaining 0.20 mM of model organic compound and one
with organics to form peroxyl radicals, which lead to HOOH. containing 0.20mM of organic and 0.50 mM nitrate (as the
If the yields of HOOH are high enoughQH reactions with ~ source of'OH). At this concentration of organic compound
organics could effectively recycle HOOH in snow or ice and We expect that essentially all of the photoprodut@t will
significantly extend its lifetime. Recycling of HOOH via react with the organic. The pH in both solutions was iden-
*OH reaction with organics has been proposed to occur irfically adjusted by adding sulfuric acid (pki5) or sodium
cloud drops (Lelieveld and Crutzen, 1990), and has been proborate (pH>5). Working solutions were made the day of
posed as a mechanism to explain hydroperoxide formation ithe experiment, and stored in amber glass bottles until use.
nascent marine aerosols (Zhou et al., 2008), but has not been Aqueous samples were illuminated in airtight FUV quartz
studied on ice. cuvettes (2.cm path length, 8 émolume, Spectrocell). Ice
This work is motivated by two questions: (1) In atmo- samples were frozen in either capped air-tight 1cm FUV
spheric aqueous phases, how efficiently can the reaction ofuvettes (Spectrocell) or 1 ml PTFE beakers (Fisher Scien-
*OH with organic compounds form HOOH? and (2) In ice tific). For beaker samples, 0.5 ml aliquots of test solution
and snow, does recycling of HOOH through reactionifi were placed in each beaker and covered with Parafilm un-
with organic compounds significantly extend the net lifetime til illumination. For cuvettes, 1 ml of sample was placed in
of HOOH? To answer these questions we have measured theach 3-ml cuvette and capped. Samples were then frozen
yield of HOOH from the reaction of OH with ten model for 1 h at—10°C in a custom, Peltier-cooled freeze cham-
organic compounds, in both aqueous solution and ice, at varber (Paige Instruments). Cuvettes were frozen horizontally.
ious pH values and temperatures. Each method gave similar results in this investigation, but
had different advantages: beakers allowed more time points
to be collected (because more beakers than cuvettes could
be fit in our illumination system) and had a photon flux ap-
proximately two times that of cuvettes, while cuvette samples

www.atmos-chem-phys.net/11/7209/2011/ Atmos. Chem. Phys., 11, 72992011
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were sealed with caps, preventing exchange of materials besitions using previously determined correction factors (Ram

tween the ice sample and room air. and Anastasio, 2009). To determine these correction factors
we measureg (2NB) at every beaker or cuvette position sev-
2.3 lllumination setup eral times over the course of this study; the resulting correc-

tion factor (Fong ) for each beaker or cuvette positian)
Separate, but very similar, solar simulator illumination sys-relative to the position of maximum intensity (the reference
tems were used for aqueous and ice samples. Aqueous sarpesition, “ref”) was calculated as:
ples were stirred continuously, and maintained at the desired .
; ; ; : Jj(2NB),x
temperature with a recirculating water bath. The light SOUrCefNg » = (1)
was a 1000 W high-pressure xenon-arc source, filtered to ap- Jj (2NB), ref

proximate sunlight using the method of Faust (1993). Theya|yes of Fong , ranged from 0.71 to 1, i.e., photon flux cor-
illumination system held up to three cuvettes in series, with arections were relatively minor. During ice illumination, one
PTFE block behind the last cuvette to reflect light back into sample was removed at each illumination time point and an-
the cuvettes. During an experiment, aliquots of illuminated gyzed for HOOH. The amount of HOOH produced in each

solution were periodically removed to measure the HOOHice sample at a given position was corrected for differences
concentration. Dark control samples were placed in quartzn photon flux using:

cuvettes, completely wrapped in foil, and kept in the illumi-
nation chamber away from the light path. [HOOHIcorrected= [HOOHIo - [HOOH], —[HOOHIo @
For ice samples, the simulated sunlight illumination sys- Fong, x

tem generally followed the method of Ram and Anastasio, ;e e [HOOH} is the HOOH concentration at time zero and

(2009). However,_instead of diffusing the light with a PTFE [HOOH], is the measured concentration in the sample at po-
sheet, a 3-mm thick quartz (GE 021) plate, roughly groundsitionx (at some time)

on b(.)th sides, was gsed. Beakers containing ice samples Typical j(2NB) values for our simulated sunlight illumi-
sat directly on a Pelt|er-gooled copper plate. A th?rmocqu'nations were 0.019¢ for aqueous solutions and 0.017%s

ple probe Was_lljserted into one control bea"?r f_'"ed with for ice samples. These are similar to ambient values; for ex-
0.5 mI_of l_JV Milli-Q water for temperature monitoring and ample, j(2NB) was calculated as 0.018%at the snow sur-

to maintain sample temperat_ures% C. The p'?t.e Mea  face at Summit, Greenland, on midday on 5 August, 2005
sured 100 cnx 100 cm, allowing 49 beaker positions in a}(gGaIbavy et al., 2010), and measured as 0.0%3above a

;'Xh7 gr',d”; sa'mpl'es Werﬁ placed CgStirEd arcl)und the alrea are field at midday on the summer solstice in Davis, CA
ighest illumination at the center. Dark samples were placeq s - <tasio and McGregor, 2001).

toward the edges of the illumination area, and covered with

foil to prevent light exposure. One polished quartz plate, cov-3 5 calculation of HOOH yield

ering the entire illumination area, was placed over all beakers

to reduce air exchange. Dry air was blown across the topne define the HOOH yield as the ratio of the rate of HOOH
of this plate to prevent condensation. Cuvettes containingormation to the rate ofOH production:

ice samples were placed on the same cooled plate used for )

beaker illuminations, with 2 rows of 7 cuvettes each. Dark yje|d = R(HOGH) = R(HOOH)/j(2NB) ©)
samples were placed at the edges of the plate and covered R(OH) R(OH)/j (2NB)

with foil. The quartz cover plate and dry air were used as\yhere R(HOOH) is the measured rate of production of hy-
described above for beaker illuminations. drogen peroxide (Sect. 2.6) amOH) is the calculated
. rate of production of hydroxyl radical from nitrate photol-
2.4 Actinometry ysis (Sect. 2.7), both normalized {i{2NB). Because two
molecules of OH are required to produce one molecule of

2-nitrobenzaldehyde (2NB) was used as a chemical actiygon (e.g., Reactions R3, R10, R11, R13), complete con-
nometer to measure the photon flux in each illumination sys<,ersion of*OH to HOOH via reaction with oréanics should

tem on the day of each experiment, following the method Ofgive a yield of 0.5, i.e., this is the expected upper bound.

Ram and Anastasio (2009). As described recently (Galbavy(jcertainty in the yield was expressed by propagating the
et al., 2010), 2NB is a robust actinometer whose rate conyiandard errors aR(HOOH) andR(OH).

stant for photodecay is independent of phase (liquid or ice),

temperature, and illumination wavelength. For aqueous sam2 6 Measurement of HOOH concentration,R(HOOH),
ples, the rate constant for 2NB photodegradatip2B)) and R(HOOH)/ j (2NB)

was measured daily for each of the cuvette positions. For ice

samples, daily measurement of every illumination positionHydrogen peroxide concentrations were determined with the
was impractical, so we measurg¢(@NB) in a central, ref- HPLC post-column derivatization fluorescence method of
erence position each day and determined values at other pd<ok et al. (1995), using instrumentation previously described

Atmos. Chem. Phys., 11, 7208222 2011 www.atmos-chem-phys.net/11/7209/2011/
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in Chu and Anastasio (2005): only PEEK or Teflon compo- perature dependence of the quantum yield@id formation

nents were used between the sample injector and the detefrom nitrate photolysis (Chu and Anastasio, 2003):

tor. A standard curve for hydrogen peroxide in UV Milli-Q

water was run each day. llluminated samples were removet(ocon) = (—2400+ 480)7 +(3.6+£0.8) (4)

and analyzed for HOOH at known illumination times up to

6 h. Ice samples were thawed in the dark at room temperaturF

immediately before analysis. at
The rate of HOOH formationR(HOOH), for each illumi-

nated sample pair (i.e., with and without nitrate) was deter- g(OH) _ j(NO; — OH)

mined by performing a linear regression on the data points ij(Z—NB) =[NO3 Jx W ®)

[HOOH]correctegversus illumination time. Dark (not illumi-

nated) samples were run with each experiment. Of the 16@vherej(2NB) is the value measured on that day, and [NO

experiments we performed (both with and without nitrate), is the nitrate concentration (0.50 mM).

only 14 % had dark control HOOH production rates that were

statistically greater than zero (95% confidence limit). Of

these, the median ratio of dark control to illuminated produc-

tion rates was 0.15. We performed an evaluation of HOOH

production rates and yields both with and without a correc-

tion for statistically significant darks, and found no meaning- A remendous variety of anthropogenic and biogenic organic

ful difference in the re_sults. Because of the small_numberspecieS have been detected in atmospheric aqueous phases,
of dark controls showing non-zero HOOH production, the

; e snow, and ice, although only a small fraction of the individual
small magnitude of HOOH production in dark samples rel- i, jecyles have been identified (Altieri et al., 2009: Collett et

ative to illuminated samples, and the insignificant impact Ofal., 2008: Desideri et al., 1994: Fries et al., 2008: Grannas et
applying a dark correction, we did not include a correction 5 5006; Grannas et al., 2004; Grollert and Puxbaum, 2000:
for dark samples in ouR(HOOH) values. _ Hutterli et al., 2004; Laniewski et al., 1998; Legrand and
Values of R(HOOH) for each sample pair (with and with-  peangelis, 1995; Mazzoleni et al., 2010; Satsumabayashi et
out nitrate) were divided by the measurg@NB) value for 5 5001, For this study, we selected ten model organic com-
each sample to correct for any difference in light flux. To 5nds (Table 1) to span a wide range of organic functional
subtract any background production from direct photoreacqqps that have either been found, or could reasonably be
tion of the organic compoundR(HOOH)/j(2NB) for the  gypected to exist, in snow and atmospheric water drops. Of
sample without nitrate was subtracted from the value Ofihe compounds we chose, formaldehyde and formate are two
R(HOOH)/j(2NB) determined for the sample with nitrate. of the most abundant organic compounds in natural snow and
Listed uncertainties in values of the ne(HOOH)/j(2NB)  jce as well as in atmospheric aqueous phases (Barrie et al.,
are+1 standard error, determined from the SE of the slope of1992; Dibb and Arsenault, 2002; Finlayson-Pitts and Pitts,
[HOOH]correctedversus illumination time and including prop- - 2000: Hutterli et al., 2004; Perrier et al., 2002). Glycine was
agated errors froni(2NB). chosen because it is the simplest amino acid, phenylalanine
because it is the simplest aromatic amino acid. Both have
been found in atmospheric aerosols and fog waters (Zhang

We used 0.50 mM nitrate as a photochemical source of hy_amd Anastasio, 2001, 2003), and undoubtedly exist in snow.

droxyl radical (Reaction R3, Chu and Anastasio, 2003). InIn addition to phenylalanine, we studied one other aromatic

S compound — benzoic acid — which has been found in snow
order to calculate the rate 6®H formation in each sample, :
: . (Satsumabayashi et al., 2001). Four of our model compounds
we first measured the rate constant f0H formation from

nitrate photolysis,j(NO; — "OH), in our illumination sys- contain an 8-carbon chain, but with different terminal func-

: : L . tional groups: octanol, octanal, octanoic acid, and octane-
tems using pH 5 solutions containing 0.20 MM sodium ben- .. : . : . )
. ; : dioic acid (also known as suberic acid). Finally, we also in-
zoate and illuminated at®. Hydroxyl radical was trapped | : .
) . . . cluded 2-butoxyethanol, a widely used, highly soluble, gly-
using sodium benzoate to form para-hydroxybenzoic acid” . . X
: o col ether that has been studied previously for HOOH vyield
(p-HBA), which was quantified by HPLC and converted to (Stemmler and von Gunten, 2000)
an "OH equivalent using @-HBA yield of 19 % (Chu and ' '
Anastasio, 2007).j(2NB) was measured in the same sys- 32 Typical experiment — illumination of formaldehyde
tem on the same day. The averagel§¢) measured ra-
tio, i.e., (j(NO3 — " OH)/j(2NB))ef, in our systems was Figure 1 shows kinetic results for a typical aqueous ex-
(1.840.39)x 10~°s7Y/s71 (n = 6); there was no difference periment, conducted here with formaldehyde. Formalde-
in this value between the two illumination systems. This ratio hyde in aqueous solution undergoes hydration and is primar-
was adjusted to values at other temperatures using the tenily present as the gem-diol form, GKDH),; the ratio of

Using the value of [(NO3 — * OH)/j (2NB));ef, We calcu-
ed thej (2NB)-normalized rate of production 6OH in a
given illuminated solution with nitrate using:

3 Results and discussion

3.1 Model organic compounds

2.7 Calculation of R(OH)

www.atmos-chem-phys.net/11/7209/2011/ Atmos. Chem. Phys., 11, 72992011
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Table 1. Physical and chemical properties of model organic compounds.

Chemical Structure Formula Molecular weight ~ Water solubility pKa*
(gmol~1) (mol L—1y*
fo) HO OH
g = \c/
Formaldehyde H H HT H HCHO 30.0 13.3 na
o
I}
Formate " oH HCOOH 45.0 22.2 3.8
o
OH
Glycine NH, NH>CH,COOH 75.1 332 24,98
o
OH
Phenylalanine HO,CCH(NHp)CH,CgHs 165.2 0.121 22,93
Benzoic Acid Evj CgH5COOH 122.1 0.0278 4.2
eSO
Octanol CHs(CHy)70H 130.2 0.00415 na
eSO
Octanal CHs(CHy)gCHO 128.2 0.00437 na
(o]
Octanoic acid OH CH3(CH»)gCOOH 144.2 0.00548 4.9
HOMOH
Octanedioic acid o CgH12(COOH), 174.2 0.0689 4.5
P e
2-Butoxyethanol CH3(CH2)30(CH,)20H 118.2 8.46 na

* Howard and Meylan (1997).

CHz(OH); to HCHO in water at room temperature is 2000:1 the water, and not to photoreaction of the model compound.
(Bell et al., 1956). The squares and dotted line show theln contrast, HOOH does appear to be produced from illumi-
production of HOOH by formaldehyde when illuminated (in nation of formate solution without nitrate: the 95 % lower
the absence of nitrate), while the circles and solid line showconfidence limit (LCL) for HOOH production from formate
production of HOOH in the presence of nitrate during illumi- without nitrate (0.80 nMst/s™1), is slightly higher than the
nation. Adding nitrate (as a photochemical source@ffl) 95 % upper confidence limit (UCL) for HOOH production by
to the formaldehyde solution causes the rate of HOOH pro-UV Milli-Q water (0.64nM s 1/s™1).
duction to approximately double. To calculate the net HOOH 1o solid circles in Fig. 2 show th¢(2NB)-normalized
production rates and HOOH yields for each model compoundy5oH production rates for solutions with nitrate. Produc-
(discussed below), we subtract the production of HOOH inyiq, rates of HOOH in UV Milli-Q water with and without
the absence of nitrate from the production in the presence Ofjitrate are not statistically different (95 % confidence inter-
nitrate to account for any HOOH produced by direct reactlonvaD_ Glycine also shows similar production rates with and
of the model compound (Sect. 2.6). without nitrate, indicating thatOH reaction with glycine
does not form appreciable amounts of HOOH. While the rate
3.3 HOOH production rates in solution at pH 5 constant for reaction ofOH with glycine is modestk(=
8.9x 10° M~1s™1), the reaction products include alkyl, car-
Figure 2 shows a comparison of HOOH production rates,boxy, and aminyl radicals, which should be capable of react-
normalized by;j(2NB), with and without nitrate for nine ing with molecular oxygen to form organic peroxyl radicals
model organic compounds and UV Milli-Q at pH 5 anti (Stefanic et al., 2001). So the lack of HOOH production by
Without nitrate (open circles), all but one (formate) of the glycine remains unexplained. The other model compounds,
model organic compounds have HOOH production rates thahowever, do have statistically significant (95% confidence
are indistinguishable from that of UV Milli-Q water ata 95 % level) HOOH production rates in the presence of nitrate, indi-
confidence interval, so HOOH production rates for these so-cating HOOH is produced followinOH attack on the com-
lutions are probably attributable to background material inpound. j(2NB)-normalized production rates without nitrate
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Fig. 1. Production of hydrogen peroxide in illuminated solutions o

(pH 5, 5°C) containing 200 pM formaldehyde and either no nitrate

(squares) or 500 uM nitrate (circles). Rates of HOOH formation,

correlation coefficientsg?), and j (2NB) values for these two solu-
tions are 0.68 nM minl, 0.938, and 0.0143", and 1.3nM min1,
0.996, and 0.0148, respectively.

O without nitrate

®
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w
o
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Fig. 3. Yield of hydrogen peroxide from the reaction ®H with

each model organic compound (pH 5,G). Error bars £1SE) are

the absolute error (net indeterminate error), calculated based on the
propagated errors frolR(HOOH), j(2NB), andR(OH).

ranged from 0.19nM3sl/s~! (octanol) to 0.91nM3sl/s1
(formate), with an average of 0.490.20nM s /s~ (95 %
confidence). With nitrate, HOOH production rates were
0.49nMs /s~ (glycine) to 2.8 nMs1/s~1 (octanal), with
an average of 1.6:0.55nM s 1/s~1 (95 % confidence). The
average ratio of the HOOH production rate with nitrate
to that without nitrate was 4.6, and ranged between 1.2
(glycine) to 10.8 (2-butoxyethanol).

Figure 3 shows the HOOH yields frof®H reaction with
the model compounds at pH 596); as described in section
2.6, our yield describes the number of molecules of HOOH
formed for every reaction dOH with organic compound. As
could be expected, compounds with higher rates of produc-
tion of HOOH (Fig. 2) generally have higher yields. HOOH
yields for the model organic compounds at pH 53¢ range
from essentially zero (glycine) to 0.24 (octanal), with an av-
erage of 0.12: 0.05 (95 % confidence interval) and a median
of 0.11. Error bars in Fig. 3 show the net indeterminate error

Fig. 2. Production of hydrogen peroxide normalized to measuredfor each value expressed &4 SE; therefore, the error bars

J(2NB) in illuminated solutions (pH 5, ¥C) containing 200uM  represent the likely range of true values for each measure-

model organic compound and either no nitrate (open circles) orment, and are larger than just precision measurements based

;notdel ‘?O“:pound-) E”‘l’r kl)atr&d(fE) Zre tht‘; absolute et”gr (net i”f' average relative standard error for the HOOH yield for our

eterminate error), calculated based on the propagated errors fro . :

R(HOOH) andj(2NB). Some points are average values from sev-rgomlz)ou.nc.13 (excluding gly(.:me) \'Nas.34 %.' .

eral experiments with the same compound. Examining the HOOH yields in Fig. 3 indicates that the
number of carbons on the organic compound does not pre-
dict yield, as single-carbon compounds (formaldehyde and
formate) have yields in the same range as the 8-carbon
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compounds. Indeed, HOOH yields for most of the com- a) with nitrate
pounds fall within a relatively small range, regardless of 5.0 1
compound size or class. For three of the 8-carbon com- —~ ] 5°C

pounds (octanal, octanoic acid, and octanedioic acid) in- \40 ]
creasing the degree of oxidation decreases the HOOH yield. « ]
but this does not hold true for octanol, which is the least oxi- %

dized and has a low yield of HOOH. Both phenylalanine and E 3
benzoic acid contain aromatic rings, but this does not appeal 2 .
to influence HOOH production, as their HOOH vyields are = 2.0
not noticeably different than those of the other model com- 'g ]
pounds. Glycine, the simplest amino acid, is the only com- @

pound without any appreciable production of HOOH follow- <

s 1 00 Ty el O
ing reaction with’'OH. ]
0.0 +——rr T
3.4 pH dependence of HOOH production rates 12 3 4 5 6 7 8 9
and yields in solution pH
Figure 4a and b show the pH dependence of t{2NB)- 50 b) without nitrate
normalized rates of HOOH production with and without ni- &~ ] & Formaldehyde —&-Formate
trate, respectively. Results for UV Milli-Q are shown with 3=, 5 =4 Glycine —A—Phenylalanine
blue diamonds; error bars (shown only for UV Milli-Q) are & =~ ]  —#—BenzoicAcid —@—Octanal
the 95 % confidence interval around each measurement. Witt € , 1~ ~©- Octanoic Acid ~®- Octanedioic Acid
nitrate (Fig. 4a), most model compounds show HOOH pro- & 1 —uvma
duction rates significantly greater than UV Milli-Q water: & ]
at pH 2, all model compounds show production statistically § 2.0
greater than UV Milli-Q, while at pH 5 and 7, respectively, g ]
all but one (glycine) and two (formaldehyde and benzoic Q 1.0 ]
acid) compounds do so. As shown in Fig. 4a, all compounds &
show a pH dependence in solutions with nitrate, with in- 0.0
creased HOOH production at lower pH values. Octanal has 1 2 3 4 5 6 7 8 9
the highest production rate at pH 2, approximately 2.5 times pH

as high as the lowest producer, glycine. Octanal also has the
highest production rate at pH 7, approximately three timesFig. 4. pH dependence of hydrogen peroxide productiotsnor-
higher than most other model Compounds_ For all mode|ma|ized byj(ZNB)) for illuminated solutions containing: a) model
organics tested, the averagé@NB)-normalized production ~compound (200 uM) and nitrate (500 pM), and b) model compound
rate of HOOH &95% confidence limit) was 34 0.33, only. UV Milli-Q water did not'contaln.a model compognd. Error
1.740.26, and 1.3-0.36 nM sls1at pH 2, 5, and 7 re- bars (blue) are the 95% confidence interval of UV Milli-Q water
spectively. result.

In the absence of nitrate, illumination of most model com-
pounds gives HOOH production rates that are indistinguish-
able from UV Milli-Q water (Fig. 4b). At pH 2, formate served pH dependence of HOOH yield does not appear to be
and octanal have production greater than UV Milli-Q water related to acid-base differences in the organic molecules; for
at the 95 % confidence level; at pH 5, only formate does. Atexample, three of the model compounds (formaldehyde, oc-
higher pH values, model compounds generally show HOOHtanal, and octanal) will have the same molecular form at all
production rates similar to UV Milli-Q water, indicating that pH values tested. Glycine and phenylalanine contain amino
direct photoreactions of the compounds to produce HOOHnitrogens that are protonated (i.e., as Rgl\]Hit all pH val-
are insignificant at higher pH values. ues we tested. Based on their pKa values (Table 1), car-

Figure 5 shows the HOOH yields for aqueous solutionsboxylic acids on these two amino acids—as well as on four
of model compounds at pH values ranging from 2.0 to 8.5.o0f the other model organic compounds (benzoic acid, oc-
Similar to the HOOH production in the presence of nitrate tanoic acid, octanedioic acid, and formate)-will be primar-
(Fig. 4a), the HOOH yields also depend on pH, with higherily protonated (i.e., RC(O)OH) at pH 2 and primarily depro-
yields at lower pH. Octanal shows the largest yield for of tonated (i.e., RC(0)O) at pH 5 and above. The pKa for
any of the model compounds, with a maximum of 0.35 at pHthe carboxylic acid of glycine is 2.4 (Table 1), thus at pH 2,
2.0. Glycine, with a yield nearly zero at pH 5, has a yield 40 % of the carboxylic acid group is deprotonated, while it
(0.17) much closer to other compounds at pH 2. The ob-is essentially completely deprotonated at pH 5. While this
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0.40 - sults suggest our pH-dependent yields are not caused by pH
js°C - Formaldehyde  —-Formate dependence in the reactions of the tetroxide intermediates.
0-35 1 .\ ~4 Glycine ~A-Phenylalanine Another possibility is that the fates of H@nd*0; in solu-
030 1 —#-Benzoic Acid ~@-Octanal tion might be different. For example, Lelieveld and Crutzen
=0~ Octanoic Acid @ Octanedioic Acid (1991) found a tripling of aqueous HOOH concentrations in

a modeled cloud with a pH change from 6 to 4, because while
ozone is not a sink for HO (at pH 4), it is a sink for super-
oxide (at pH 6):

o

N

wv
L

Yield of HOOH
o
S]

0.15 4 03+0, +H20—"0OH+0OH™ +-20; (R16)
0.10 1 This reaction would deplete superoxide and thereby reduce
0.05 ] HOOH production via hydroperoxyl/superoxide dispropor-
T tionation (Reaction R8 and R9) at higher pH values. Ozone
0.00 1 formed from the minor channel of nitrate photolysis (War-
1.0 neck and Wurzinger, 1988) in our solutions might be respon-

sible for such superoxide depletion.

Another possible reason for the observed pH dependence
Fig. 5. pH dependence of the HOOH yield from reaction*6H in our HOOH production rates and yields is metal contam-
with each model compound af&. ination, e.g., from the sulfuric acid that we used to adjust
pH. While we used high quality (Optima grade}$y, it
certainly contains some metals, including iron and copper,

protonation state of the carboxylic acid group might be re-Which are redox-active metals that can enhance HOOH pro-
lated to the pH dependence of the HOOH vyield of glycine, duction from HG and’O; (Deguillaume etal., 2004). How-
phenylalanine has a similar pKa value of 2.2, but it shows sig-€Ver, one argument against this hypothesis is that the pH 2
nificant HOOH production at pH 5. Despite the differences Solutions contained approximately 1000 times mopS€y

in acid-base speciation, all of the model organic compoundd@nd, presumably, accompanying metal contaminants) than
have pH-dependent yields of HOOH. the pH 5 solutions, while the HOOH yields increased only

The HOOH yield for octanal remains noticeably higher by approximately a factor of 2 from pH 5 to pH 2.

than the yields for the pther model organic compounds aly ¢ Temperature dependence of HOOH yields
all pH values tested. With the exceptions of octanal, and of
glycine at pH 5, all other compounds have similar yields at aThe work described above was all for aqueous solutions at
given pH, and show a similar decrease in HOOH yield as pH5°C. As shown in Fig. 6a through 6¢c, we also examined
increases. The high yield for octanal resists ready explanaqOOH yields in solution at higher temperatures and in ice
tion, but might be related to the aldehyde group. For exam-pellets at—5°C. Neither formaldehyde (at pH 2 or 5) nor
ple, while the other 8-carbon compounds show lower yields,gctanedioic acid showed a temperature dependence. In con-
there is no other compound that is predominantly an aldetrast, HOOH yields from the reaction 6OH with formate
hyde in solution since formaldehyde in solution is present(rig. 6b) did vary with temperature, with very similar re-
mainly in the gem-diol form, CE{OH)2. In contrast, the  gy|ts for both the pH 2 and 5 samples. Oddly, the HOOH
aldehyde group in octanal does not hydrate to a significanyie|ds were greatest at the intermediate temperatures (0.10 to
degree (Zhao et al., 2005). 0.13 at 5 and 16C) and lowest at both ends of the temper-
It is unclear to us why the HOOH yields depend on pH. ature range (approximately 0.03 at beth and 20°C). For
This effect is not due to differences 1®H production from  all three organic compounds in Fig. 6, the HOOH yields for
nitrate photolysis, which is independent of pH between atice samples-{5°C) were not markedly different than values
least pH 2 and 8 (Anastasio and McGregor, 2001). Reacin solution: the average HOOH yield on ice was 0.12 at pH
tion (R8), the disproportionation of hydroperoxyl/superoxide 2 and 0.050 at pH 5. As in our solution experiments, it is
radicals to form HOOH, is pH dependent, with a maximum unclear why HOOH production is more efficient in the more
reaction rate constant at pH 4.8 (Bielski et al., 1985). How-acidic samples. Chu and Anastasio (2003) found thél
ever, if this reaction were the rate-limiting step, HOOH pro- quantum yield from nitrate photolysis is lower in ice samples
duction should be higher at pH 5 and lower at pH 2, which made from pH 2 solutions compared to ice samples made
is the opposite of the pattern seen in our data (Fig. 4a)from pH 5 solutions, which should reduce HOOH produc-
Stemmler and von Gunten (2000) found that bimolecular de+ion in our samples. In contrast, we found HOOH production
cay reactions of peroxyl radicals (corresponding to our Recais higher at the lower pH value.
tion R12—R14) were not pH dependent, and that the HOOH In contrast, we saw a different behavior for the four other
yield was not different between pH 3 and pH 6. These re-model organic compounds we illuminated in ice-&&°C:
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phenylalanine (pH 4.0), sodium benzoate (pH 5.0), octanal a) formaldehyde
(pH 5.6), and octanoic acid (pH 2.9 and pH 5.0). For these ] = s

. . 0.3 E- pH2 ©- pH5
compounds in the presence of nitrate, there was no apparer :
production of HOOH on ice, although each formed HOOH il
in solution. Thus, in contrast to the results obtained with 0.2 1

formaldehyde, formate, and octanedioic acid, it appears that ] iy

reaction of*OH with phenylalanine, benzoate, octanal, or 0.1 {____3 _____
octanoic acid does not produce HOOH in/on ice. In gen- ]
eral, production of HOOH on ice is related to solubility, with 0 A
more soluble compounds producing HOOH on ice, while less

soluble compounds do not. This might be because the less ;
soluble compounds are present at such low concentrations 0.3 ] DpH2 %O PHS

b) formate

in liquid-like layers of the ice that they are minor sinks for
the photoproducetDH. Alternately, the lack of HOOH pro-
duction in ice samples containing one of these four organic T
compounds might also be because the organic compound an 3 0.1

OOH

nitrate are partitioning to different compartments in the ice E’ ]
matrix; if these reactants are not collocated then the photo- 0 1 3l
producedOH is unlikely to react with the organic.

c) octanedioic acid
3.6 Comparison with previous work 03 3 - pHS
As noted above, the reaction WDH with organics has been 0-2 3
previously studied in aqueous systems, although with severa ]
important methodological differences compared to our work. 0.1 0) @
First, *OH in past studies was generated by radiolysis of wa- [ 1
ter, while we used simulated sunlight photolysis of nitrate. 0 oo oo T
One complicating factor in the pulse geradiolysis of wa- -10 0 10 20

ter used in previous studies is that they directly producg HO Temperature (C)

and ‘0, . As shown in Reaction (R8) and (R9), these com- Fig. 6. Temperature dependence of the HOOH yield for three model
pounds can combine to produce HOOH, possibly confound-compounds at pH 2 (blue squares) and pH 5 (red circles). The
ing experimental results, although a few of the past studiegverage HOOH yields (indicated by dashed horizonta_l lines) for
have examined the relative magnitude of the possible errofo'maldehyde were 0.18 (pH 2) and 0.088 (pH 5), while the av-
Second, the rate dfOH production iny-radiolysis is typi- eragedyleld f(_)r octanedioic acid is 3.046 ((ijdS). Error bars are the
cally much higher than our production rate; this difference in netindeterminate error (propagated standard error).
hydroxyl radical flux might change product yields by affect-
ing the steady-state concentrations of intermediates such adifferences in experimental methods, and the likely impact
peroxyl radicals. For example, the stand&@iH production  of *OH flux on HOOH vyields described below, these results
rate in the experiments of Stemmler and von Gunten (2000jhgree reasonably well.
was 245nMs?; in contrast, ours was 0.2nM$, which is One compound we studied, 2-butoxyethanol, was also
comparable to the rates 6OH production seen in ambient studied previously using g-radiolysis method (Stemmler
atmospheric aqueous drops (Anastasio and McGregor, 200knd von Gunten, 2000). Our HOOH yields from the reac-
Ervens et al., 2003; Faust and Allen, 1993). tion of *OH with 2-butoxyethanol (20C) are 0.09 at pH 6
Because previous authors typically did not correct mea-and 0.20 at pH 3. Stemmler and von Gunten fou@H
sured HOOH vyields for the direct radiolytic production of reaction with 2-butoxyethanol (pH 6, temperature unspeci-
HO;, it is difficult to draw conclusions about the actual fied) produced HOOH and HYat yields of 0.17 and 0.25,
source of HOOH production in these experiments. Von Son~espectively. Assuming all of the HQdisproportionated
ntag and Schuchmann (1997) summarize many of these stude form HOOH, the net yield of HOOH from th&OH + 2-
ies, often giving HOOH yields adjusted for the primary radi- butoxyethanol reaction would be 0.30. It is unclear why our
olytic production of HOOH, both directly and via BOO;, . value (0.09 at pH 6) is lower, but it is likely because of differ-
HOOH yields in this subset of experiments ranged from 0.02ences in the flux ofOH in the two experiments: Stemmler
to 0.42, with an average yield of approximately 0.22. In our and von Gunten ran an additional experiment with a lower
work at pH 5 (3°C), we found a range of 0 to 0.24, with an *OH production of 37 nMs! (instead of their standard flux
average of 0.12 0.05 (95 % confidence interval). Given the of 245nMs 1) and found a reduced overall yield of HOOH.
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Unfortunately, it is not possible to quantify the HOOH yield and Faust, 1998). Applying our average yield of 0.12
in this second experiment because the authors did not detegives an expected formation rate of HOOH of 1.2 uMh
mine the direct contribution of water radiolysis to HOOH for from ° OH-mediated reactions. In comparison, Anastasio
this condition. Nonetheless, it seems clear that lovi et al. (1994) found HOOH production rates in authentic
production rates lead to decreased yields of hydrogen pereloud waters of between 0.38 and 2.7 uMh suggesting
oxide; thus HOOH yields from our experiments are broadly that reaction of OH with organics in atmospheric aqueous

consistent with results from previous studies. phases could be a significant source of HOOH under some
conditions.
Our results indicate that HOOH yields from the reaction
4 Implications and conclusions of *OH with organics in ice are generally substantially lower

than in atmospheric aqueous phases; thus assuming that re-

As atmospheric chemistry models such as CAPRAM (Er-actions of*OH with organics in ice and snow proceed sim-
vens et al., 2003; Herrmann et al., 2005) continue to de-larly to aqueous reactions will likely overestimate HOOH
velop in sophistication and include additional reactions of production rates. As noted earlier, four of the seven com-
*OH with organics, accurate assessment of reaction rategounds tested in ice produced no HOOH; depending on the
and product yields will be required to optimize model out- mix of compounds in a particular snow pack, it may be that
puts. Comparing our range of HOOH yields to those fromthe rate of HOOH production fromOH radical attack on
radiolytic studies suggests that past HOOH yields might beorganics is zero. Looking only at the three compounds that
overestimated in previous work, and thus models that us&onclusively produced HOOH in ice, the average yield was
these past results might be biased. In addition, our find0.12 (pH 2) and 0.050 (pH 5); these yields could be used to
ings for some individual reactions indicate that HOOH yields estimate HOOH production rates fro@H reaction with or-
can be less than expected based on common assumptionganics in ice. On ice, formaldehyde had the highest HOOH
For example, atmospheric chemistry models often assumgields of the compounds we tested: 0.25 at pH 2 and 0.13 at
a-hydroxyperoxyl radicals will decompose with 100 % ef- pH 5.
ficiency to form an oxidized compound and a hydroperoxyl We can also use our ice data to address the second ques-
radical (see for example, the treatment of formaldehyde intion we raised in our introduction: does recycling of HOOH
Ervens et al.,, 2003). The resulting hydroperoxyl radical through reaction of OH with organic compounds signifi-
should readily form HOOH via Reaction (R9), especially cantly extend the net lifetime of HOOH in snow and ice?
when the solution pH is near the pKa of EEOHowever,  To address this, we consider the net HOOH lifetime in
our experimental yield for HOOH from formaldehyde (0.09, snow for two cases: (1) with photolysis of HOOH only,
pH 5, 5°C) is approximately 80 % lower than the complete and (2) with both HOOH photolysis and HOOH recycling
conversion (yield = 0.5) anticipated from the reaction schemevia *OH-mediated reactions of organics. Considering only
in the model. This suggests that models might overesti-HOOH photolysis, the rate constant for HOOH loss in sur-
mate HOOH production from theOH-mediated oxidation face snow at Summit, Greenland (summer solstice, mid-
of formaldehyde, and perhaps of other organics that fefrm  day), j(HOOH— OH), is 7x 10~3 h~1 (Chu and Anastasio,
hydroxyperoxyl radicals. 2005), corresponding to a photolytic lifetime {1for hydro-

In addition, our work shows a significant pH dependencegen peroxide of 143 h.
to HOOH production vidOH oxidation of organics that does  Taking into account HOOH formation vi¥DH reactions
not appear to be in current models of atmospheric aqueouswith organic compounds, the net lifetime) (of HOOH is:
phase chemistry. We found maximum HOOH yields of 0.35 [HOOH]
(pH 2) and 0.24 (pH 5). We believe these values represent (HOOH) = 1 2% Vield HOOH” (6)
reasonable upper-bound estimates for HOOH yields from (1=2>Yield) x Ra( H
*OH reactions with organic compounds in atmospheric aquewhere [HOOH] is the concentration of HOOH expressed on a
ous phases, and could be used in combination with the aveulk (melted snow) volume basis (typically 10 uM for surface
age yields presented earlier to validate model predictions. snow at Summit) R;(HOOH) is the rate of HOOH photol-

We can use our estimated yields to evaluate the signifiysis (R¢(HOOH)=;(HOOH— OH) x [HOOH]), and Yield
cance of HOOH formation from the reaction tbH with s the yield of HOOH from reaction dfOH with snowgrain
organic compounds in atmospheric aqueous phases. If agrganics. Using an HOOH yield in ice of 0.10 (e.g., Fig. 6)
preciable concentrations of HOOH are found in the gasresultsina netlifetime of HOOH of 179 h. Thus recycling of
phase, mass transport will dominate, with 1ppb of gasHOOH via the reaction 0fOH with organics can increase the
phase HOOH delivering 500 pM & to a 20 micron-diameter lifetime of HOOH by approximately 25 %. However, since
droplet. However, if HOOH is very low in the gas phase, it would take approximately 5mo to bury surface snow at
agqueous-phase processes may be the dominant source ®fmmit (see Sect. 1), the modest impact of HOOH recycling
droplet HOOH. In situ photoproduction 6OH in natural, ~ appears insufficient to explain the preservation of HOOH in
authentic cloud waters is on the order of 10 uMIgArakaki  Polar snowpacks.
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Supplementary material related to this Chu, L. and Anastasio, C.: Formation of hydroxyl radical from the
article is available online at: photolysis of frozen hydrogen peroxide, J. Phys. Chem. A, 109,
http://www.atmos-chem-phys.net/11/7209/2011/ 6264-6271¢0i:10.1021/jp0514152005.
acp-11-7209-2011-supplement.pdf Chu, L. and Anastasio, C.: Temperature and wavelength depen-

dence of nitrite photolysis in frozen and aqueous solutions, En-
viron. Sci. Technol., 41, 3626—36320i:10.1021/es062731q

. . 2007.
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