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Abstract. The kinetics and reaction mechanism for the het-1 Introduction
erogeneous oxidation of saturated organic aerosols by gas-
phase OH radicals were investigated under,M@e condi-  Atmospheric aerosols play an important role in atmospheric
tions. The reaction of 150 nm diameter Bis(2-ethylhexyl) se-chemistry, climate, visibility, and human health (Seinfeld and
bacate (BES) particles with OH was studied as a proxy forPandis, 1998; Finlayson-Pitts and Pitts, 2000; Ramanathan
chemical aging of atmospheric aerosols containing saturateét al., 2001). Knowing that organic matter can make up a
organic matter. An aerosol reactor flow tube combined withsignificant fraction of tropospheric aerosol (Jacobson et al.,
an Aerodyne time-of-flight aerosol mass spectrometer (ToF2000; Saxena and Hildemann, 1996), the question arises as
AMS) and scanning mobility particle sizer (SMPS) was usedto whether atmospheric organic particles can be chemically
to study this system. Hydroxyl radicals were produced bytransformed by heterogeneous reactions with gas-phase oxi-
254 nm photolysis of @in the presence of water vapour. The dants such as £) OH, Cl and N@. Chemical aging of or-
kinetics of the heterogeneous oxidation of the BES particleganic particles from heterogeneous oxidation modifies par-
was studied by monitoring the loss of a mass fragment ofticle physico-chemical properties such as size, morphology,
BES with the ToF-AMS as a function of OH exposure. We composition, hygroscopicity, and ability to act as cloud nu-
measured an initial OH uptake coefficient)p=1.3 &0.4),  clei. Therefore, aging may significantly impact the role of or-
confirming that this reaction is highly efficient. The den- ganic aerosols on climate, atmospheric chemistry and other
sity of BES particles increased by up to 20% of the origi- relevant environmental processes. Despite the importance of
nal BES particle density at the highest OH exposure stud-chemical aging of atmospheric organic aerosols, our current
ied, consistent with the particle becoming more oxidized.understanding of this process is limited.
Electrospray ionization mass spectrometry analysis showed Recently, there has been a focus of research on under-
that the major particle-phase reaction products are multifuncstanding the chemical transformation of atmospheric organic
tional carbonyls and alcohols with higher molecular weightsaerosol. Laboratory research has concentrated on the reac-
than the starting material. Volatilization of oxidation prod- tion of Oz with condensed-phase unsaturated organic com-
ucts accounted for a maximum of 17% decrease of the partipounds, e.g., oleic acid, as a proxy for chemical aging of
cle volume at the highest OH exposure studied. Tropospheriorganic aerosol (e.g., Moise and Rudich, 2002; Morris et al.,
organic aerosols will become more oxidized from heteroge-2002; Hearn and Smith, 2004; Katrib et al., 2004; Thorn-
neous photochemical oxidation, which may affect not only berry and Abbatt, 2004; Hearn and Smith, 2005; Katrib et
their physical and chemical properties, but also their hygro-al., 2005; Knopf et al., 2005; Ziemann, 2005). Fewer stud-
scopicity and cloud nucleation activity. ies have been conducted to investigate the chemical aging of
condensed-phase saturated organics by atmospheric radicals
(e.g., Bertram et al., 2001; Moise and Rudich, 2001; Elia-
son et al., 2004; Molina et al., 2004; Hearn and Smith, 2006;
Knopf et al., 2006; Hearn et al., 2007; Lambe et al., 2007).
OH is the most efficient atmospheric oxidant in the tropo-
Correspondence tal. P. D. Abbatt sphere, and therefore, it is expected to play an important role
(jabbatt@chem.utoronto.ca) in chemical aging of atmospheric condensed organic matter.
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o greater physical and chemical complexity of particles may
vi/\/ influence the aging process. Further, there have been no ef-
/\/jA" forts to simultaneously characterize both gas- and particle-
° phase products from the heterogeneous reaction of OH with
organic surfaces or particles. Therefore, because of the un-
certainties mentioned above, the reaction mechanism for this
process is not fully understood.
, ) ) To address the gaps in knowledge of the aging process
Several studies have shown that the reaction of organic Sufst organic particles, we investigate the heterogeneous reac-
faces with OH is highly efficient compared to reaction with (o of organic aerosols with OH under N@ree conditions
other radicals such as N@QMoise et al.,, 2002; Knopf etal., sing online particle analysis techniques. The experimen-
2006) and CI (Moise and Rudich, 2001), with OH reactive (5| NO,-free conditions in this study were chosen as an ini-
uptake prgbabllltles anging frOIT] 0.2 to 1 (Cooper and Ab- 5| simplified case, which simulates atmospheric conditions
batt, 1996; Bertram et al., 2001; M(_)Ima et al. 2004). Afew in remote regions. Bis(2-ethylhexyl) sebacated@qOu,
attempts have been made to elucidate the reaction mechggs) aerosols were selected as a proxy for atmospheric
nism for the heterogeneous reaction of OH with organic sur-4ro50] containing saturated organic matter. The chemical
faces by observing reaction products. Molina et al. (2004)gycture of BES is shown in Fig. 1. Because of its struc-
observed complete volatilization of alkane monolayers from;,.e BES has several properties that make BES particles a
reaction with OH, indicating that heterogeneous oxidation of 5 proxy for organic aerosols in this laboratory study. BES
organic aerosol by OH leads to the release of oxygenateq%as a very low vapour pressure (2806 Pa at 25C) to
volatile organic products into the troposphere. Molina et ninimize gas-phase reactions with OH. It also contains no
al. (2004) further suggest that volatilization from chemical ,nsaturated moieties and, therefore, will not react wigh O
aging by reaction with OH may be as important as wet de-gther, BES particles are liquid at room temperature elim-
position as a removal pathway for organic aerosols in thenaiing complications of particle shape on particle analysis.
lower atmosphere. However, other studies suggest that th¢pe yse of liquid organic aerosols allows for the study of het-
reaction pathway leading to release of volatile products fromggeneous kinetics including surface and bulk particle pro-
the oxidation of organic surfaces by OH plays a minor role cesses more closely mimicking aging processes occurring in
in the reaction mechanism. A more recent study by Kr‘Opforganic aerosols unlike the study of organic films.

etal. (2006) found that oxidation of alkang .mo.nolayers by The heterogeneous reaction of BES patrticles with OH was

atmospheric exposures of N@eads tg voIat|I|zat|or1 of no studied in an aerosol reactor flow tube coupled to an Aero-

more than 10% of the surface. Moise and Rudich (2001)dyne time-of-flight aerosol mass spectrometer (ToF-AMS).

meas.ured.ZO% carbon Io§s from an alkane monolayer dU? Qhere are four major objectives of this study: 1) measure the

reaction W|_th halogen_ radicals. The res_ults_ from these StUd'eﬁinetics of the heterogeneous reaction of OH with BES parti-

contra_st V\."th the Molina et al. (20(.)4) findings, even thOUQh cles by observing the reactive loss of particle-phase BES, 2)

the oxidation of a saturated organic surfacg by Cl or3N§_3 determine the effect of the reaction on the particle physical

ex_pec?ed to proceed through a s!mllar reaction mechams_m a]§roperties (particle size, density, and extent of volatilization),

omdagon by OH. Thgrefpre, the |mportaqce of voIat|I|zat|oq 3) characterize the particle-phase products, and 4) elucidate

resulting from _the oxidation .Of atmospheric saturated 0r9aniGhe reaction mechanism. This study focuses on the identi-

matter by OH is currently still unclear. fication of condensed-phase products, while a future paper
The study of condensed-phase products from heterogety/lasenko et al., 200§ will discuss the characterization of

neous oxidation of saturated organic surfaces has beefolatilized products.

largely restricted to X-ray photoelectron spectroscopy (XPS)

analysis of oxidized alkane monolayer surfaces, which pro-

vides information on the degree of oxidation and on they Experimental

presence of oxidized functional groups (Moise and Rudich,

2001; Molina et al., 2004; Knopf et al., 2006). Eliason et 2 1  Aerosol reactor flow tube setup

al. (2004) reported the formation of condensed-phase ke-

tones and short-chained aldehydes from the reaction of OHhe experimental system used to study the heterogeneous

with hexadecane film using GC-MS analysis. Although thesegxidation of BES particles is shown in Fig. 2. BES parti-

studies suggest that atmospheric organic aerosols shoulgles were generated by homogeneous nucleation by passing

become more oxidized from chemical aging, this has notg 3 sipm flow of N (BOC, 99.998%) through a Pyrex tube
yet been confirmed in the laboratory with saturated organic

aerosols. Laboratory studies involving the oxidation of or-  1lyjasenko, A., George, I., and Abbatt, J. P. D.: Formation of
ganic surfaces by OH have typically used organic monolay-yolatile organic compounds in the heterogeneous oxidation of con-
ers or films as proxies for organic particles, even though thedensed phase organic films by gas-phase OH, in preparation, 2007.

Fig. 1. Chemical structure of Bis(2-ethylhexyl) sebacate (BES).
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Fig. 2. Aerosol flow reactor setup for the study of the heterogeneous oxidation of organic aerosols.

containing liquid BES (Flukax>97%), that is heated to ap- lamp (UVP) inside the reactor flow tube. The UV lamp had
proximately 110C. The aerosol flow passed through a neu-a primary energy output at 254 nm and was surrounded by
tralizer (TSI model 3077), and the particles were then size-a Quartz sheath tube that was purged with compressed air
selected to monodisperse aerosol with a mode mobility diamto cool the lamp. The UV lamp housing was treated to fil-
eter (D,) of D,,=150 nm by a differential mobility analyzer ter out 185 nm light to prevent £Jproduction by the lamp.
(DMA) column (TSI model 3081). The ratio of sheath to The average reaction time of OH with the BES patrticles was
sample flow rates in the DMA was held at a constant valuecalculated from the illuminated volume (V=0.87L) and the
of 10. The monodisperse aerosol then passed through an aftew rate. An G denuder was placed downstream of the re-
tivated carbon trap to remove volatile organics from the flow. actor flow tube to destroy thez0n the flow. After passing

through the @ denuder, the reacted particles were analyzed
OH radicals were produced by the photolysis afi@the (see gects 2@3 and 2.4) P y

presence of water vapour as followsz @as generated by

passing a mixture of Nand G (BOC, 99.994%) throughan 2.2 OH quantification

O3 generator (Jelight model 1000),©oncentrations in the

flow tube ranged from approximately §&5 x 1016-5x 1018 The steady-state OH concentrations were calculated in each
molecules cm2. In general, @ concentrations positively experiment with a photochemical model using the Acuchem
correlated with @ concentrations and OH exposures. The in- program (Braun et al., 1988). Experimental inputs into the
fluence of Q concentration on the reaction was examined bymodel were @ and HO concentrations in the reactor flow
adjusting the @ concentrations at fixed OH exposures by the tube. The @ concentrations in the reactor flow tube, with the
addition of a pure @flow to the ozone flow. @concentra-  range of [Q]=0-3x 10'® molecules cm?, were determined
tions were monitored before entering the aerosol reactor flowfrom the @ concentrations at the {detector (see Fig. 2)
tube by measuring absorbance at 254 nm in a 14 cm long U\and the volumetric flow rates of thes@low and total mixed
absorption cell. The &flow was mixed with a humidified N flow. The relative humidity of the flow exiting the reactor
flow that had passed through a water bubbler. The humidiflow tube was measured with a hygrometer (VWR]%)

fied O3 and aerosol flows having a total volumetric flow rate and varied between approximately 30 and 60%.

of approximately 0.7 slpm were passed into a mixing flow The Acuchem model included gas-phase reactions in-
tube 0.8 L in volume. The mixed humidifieds@erosol flow  volved in the production of OH from $and water vapour
was then introduced into the reactor flow tube that was atand major OH loss reactions with kinetic rate constants asso-
1atm and room temperature of 2L The mixture was illu- ciated with these reactions taken from DeMore et al. (1997).
minated in the flow tube by a 22.9 cngdree Hg Pen-ray The model was validated in our laboratory by comparing

www.atmos-chem-phys.net/7/4187/2007/ Atmos. Chem. Phys., 7, 42812007
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modelled OH concentrations to measured OH concentrationabsent. The conditions under which particles are reacted (re-
under varying experimental conditions. Steady-state OHferred to as |) differed fromglonly in that the @ generator
concentrations were measured during the model validatiorwas turned, producing OH in the reactor flow tube. Control
experiments by reacting OH with S@Matheson, 99.98%) experiments showed that exposing BES particlestoiQhe

in the reactor flow tube. The decay of g@om its reac- UV lamp individually did not affect the particle composition
tion with OH was measured using a chemical ionization masr size within experimental error.

spectrometer (CIMS) in negative ion mode using 5 the

reagent ion. The CIMS setup has been previously described-4 Product characterization methods

in detail by Thornberry and Abbatt (2004).

The extent of decay of SOfrom its reaction with OH
was determined by monitoring intensity of the m/z 102 ion
peak corresponding to;BG, ion, a product of the reaction
of SF; with SO,. We measured the change in £6ig-
nal due to the illumination of the humidified:t5O,/aerosol
flow compared to dark reactor flow tube conditions. The
OH concentration was determined from the decay op SO
signal intensity using a rate constant for the reaction OH +
SO, calculated from DeMore et al. (1997). Control experi-

Several techniques were used to analyze the composition of
the condensed-phase and gas-phase reaction products. The
ToF-AMS provided the mass spectrum of the reacted parti-
cles, and the major mass fragments yield structural informa-
tion about the condensed-phase reaction products. However,
due to the nature of the ToF-AMS ion source (electron im-
pact at 70 eV), fragmentation of the reaction products was
too extensive to permit detection of the molecular ion. To
obtain the molecular ions, the particle-phase products were
e also analyzed by a Micromass QTOF Ultima mass spectrom-
ments showed that SQevels were not affected individually eter (ESI-MS). This instrument utilizes an electrospray ion-

H r UV lamp; levels onl lined when .~ . . -
by H20, Os, or UV lamp; SQ levels only declined whe ization (ESI) source that is sufficiently soft to preserve the
all were present. Two model parameters were adjusted t?nolecular ion peaks of the product. To prepare samoles
fit the measured OH concentrations: the photolysis rate con: P P i prep P

) for ESI-MS analysis, polydisperse BES aerosol with a mode
stant for @ (Jo) and an OH wall-loss rate constani)- diameter of 146 nm,=1.4) and number concentration of

The model predictions deviated from the measured values b 0 o3 s .
less thant-24% after these adjustments are made. Note thaé'6><1 cm was oxidized and collected for approximately
X h onto a glass fiber filter (GF/A 47 mm, Whatmann). A con-

SOy was present only for the experiments to validate the OH

model; it was absent when the aerosol oxidation experimentérOI sample was prepargq by collectmg.BES particles under
were conducted. unreacted particle conditions for 1 h. Filters were extracted

with approximately 10 mL of methanol (Fisher, HPLC grade)

in amber vials and sonicated for 30 min. The extracts were

transferred to clean vials and concentrated to 1 mL under a
Sflow of No.

2.3 Kinetic experimental methods

The kinetics of the heterogeneous reaction of OH with BE
particles in the aerosol flow reactor were investigated by

measuring the loss of particle-phase BES as a function o Rresults and discussion

OH exposure ranging from 0 toxd0 8 atm-s. As shown

in Fig. 2, the reacted particle flow was split after the d&- 3.1 Kinetic studies

nuder and the particles were analyzed by a scanning mobility

particle sizer (SMPS) and an Aerodyne time-of-flight aerosolWe studied the kinetics of the heterogeneous oxidation of
mass spectrometer (ToOF-AMS). The SMPS, including elec-BES patrticles by gas-phase OH radicals in ayNftee en-
trostatic classifier (TSI model 3080), neutralizer (TSI model vironment by monitoring the intensity of a mass fragment
3076), DMA column (TSI 3081) and condensation parti- characteristic to BES with the ToF-AMS. Figure 3a shows
cle counter (TSI model 3025), measured the reacted particlthe ToF-AMS mass spectrum of unreacted BES particles.
size distribution over the mobility diameter rangg £50 to Due to extensive fragmentation of organic molecules in the
300 nm with a scan time of 2.5 min. The ToF-AMS provided ToF-AMS, the molecular ion for BES at m/z 426 was not ob-
size-resolved chemical composition of the reacted particleserved in the TOF-AMS mass spectrum, even when the elec-
and particle mass distributions in terms of vacuum aerody-ron energy was lowered from 70 eV to 20 eV. This is consis-
namic size diameter. The ToF-AMS instrument has beentent with results reported earlier by Alfarra (2004). Instead,
described in detail elsewhere (Drewnick et al., 2005). Forseveral mass fragments characteristic of BES were monitored
the kinetic studies, 10 min averaged measurements of the urincluding the marked peaks in Fig. 3a. In Fig. 3b, the mass
reacted particles and reacted particles were compared. ABpectrum of the reacted particles clearly shows that these
measurements were normalized to SMPS particle numbeBES fragments have decreased in intensity. Note that the
concentration to compensate for variations in particle genermass intensities shown in Figs. 3a and b have been normal-
ation stability. Under unreacted particle conditions (referredized to the same particle number concentration. We found
to as b), the aerosols were entrained in a flow of, D», and that the mass fragment m/z 297 had the fastest decay rate as
water vapour with the UV lamp on continuously, bug Was a function of OH exposure, indicating that it is least likely to

Atmos. Chem. Phys., 7, 4184201, 2007 www.atmos-chem-phys.net/7/4187/2007/
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tions as the surface concnetrations of condensed-phase BES
Fig. 3. ToF-AMS mass spectra of BES particles normalized to samedecrease and OH increasingly reacts with particle products.
particle number concentratioia) unreacted particlegp) reacted  Therefore, we will focus on the determination of the initial
particles at OH exposure of 210~8 atm-s,(c) difference spectra reactive uptake coefficienig, whereyo is defined ag ex-
of reacted spectrum minus unreacted spectrum, with positive Value?rapolated to zero OH expos,ure which can be considered an
shown in green and negative values shown in red. . ’

upper limit fory .

The initial reactive uptake coefficientd of OH with BES

) particles was calculated using the formulation in Katrib et
be a fragment of the particle-phase products. Furthermorey| (2005):

the rate of loss of m/z 297 had yielded a comparable rate

constant value to that of the formation of several primary  _ —d ([1297) /[1297)0) V 4RT [BES, )
product peaks (see Sect. 3.3), validating our assumption that d ([OH] 1) A ¢

mass 297 has similar decay kinetics to BES. Therefore, theHere, the first term is the slope of the linear fit of the ex-

decay of the m/z 297 fragment was monitored as a functioryerimental data in Fig. 4, V/A is the particle volume to sur-
of OH as a proxy for the reactive loss of particle-phase BES face area ratio (particle diameter/6 for the spherical particles
In Fig. 4, the relative change in signal at m/z 297 is plotted as;sed in this study)? is the mean speed of gas-phase OH
a function of OH exposure (atm-s). The experimental condi-molecules, R is the gas constant, T is the temperature and
tions for | and b were described earlier in the Experimental [BES]y is the initial condensed-phase BES concentration. As
section. We note that the precision of the m/z 297 signal wasnentioned before, the signal at m/z 297 is used as a proxy
5% for a ten minute timescale in the absence of OH. for [BES]. To calculateyg from Eq. (1), the slope of a sub-
The measured reactive uptake coefficigntfor the reac-  set of the experimental data in Fig. 4 with OH exposures less
tion of OH with BES particles is defined here as the fractionthan 2.5¢10~2 atm-s was used. The experimental data used
of OH collisions with the particle surface leading to reactive to calculateyy are shown in the inset of Fig. 4. This cut-
loss of particle-phase BES. We make an assumption that theff point was chosen because the inclusion of further data at
reactive loss rate of particle-phase BES is equal to the rate afigher OH exposure significantly reduced thevalue and
OH reaction with BES. The validity of this assumption will the correlation coefficient of the linear fit of the experimental
be discussed below. As shown in Fig. 4, the rate of decay ofiata in Fig. 4, from which the slope was determined.
m/z 297 signal decreases at high OH exposures. The reac- The value ofyp calculated from experimental measure-
tive uptake coefficient will decrease at high OH concentra-ments using Eqg. (1) was corrected for gas-phase diffusion

www.atmos-chem-phys.net/7/4187/2007/ Atmos. Chem. Phys., 7, 42812007
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1.8+ Unreacted A initial reactive uptake coefficient value was calculated to be

1 - - -Reacted 10=1.3 &0.4). The reported error is one standard deviation
of the overall experimental errot-30%). Due to the high
uptake coefficient, the diffusion correction was significant,
with the adjustment being approximately 35%. Quwalue
is similar to those obtained in studies of the reactive uptake of
OH on organic films and monolayers, whexgvalues rang-
ing from 0.2 to 1 have been measured (Cooper and Abbatt,
1996; Bertram et al., 2001; Molina et al., 2004). It should be
noted that these studies determineldy measuring the reac-
tive loss of OH in the gas-phase as opposed to measuring the
loss of particle-phase species as in our study. In the first case,
y must be by definition less than or equal to unity. In con-
00 o ' trast, the latter case may leaditavalues that are greater than

50 60 70 80 90100 300 unity when secondary condensed-phase chemistry is an im-

Mobility Diameter / nm portant loss mechanism for condensed-phase species. For ex-

14007 Unreacted b ample, Hearn and Smith (2006) measuygd2.0 for OH ox-
1~ ~Reacted idation of BES patrticles, which is somewhat larger than our
value. From their results, Hearn and Smith (2006) suggested
that OH-initiated secondary chemistry lead to additional loss
of BES. Within our experimental uncertainties, we do not see
a strong indication of such secondary chemistry, but we can-
not rule out the possibility either. In a recent smog chamber
study, Lambe et al. (2007) studied the reaction of hexacosane
particles with OH using lower OH concentrations ([OH]=4-
7x10° molecules cm?) and calculated @ value ofy=1.04,
which is in agreement with oyr value .
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3.2 Particle size and density modification

0
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The SMPS and ToF-AMS were used in tandem in order to

gain information on the particle size and density changes

arising from the oxidation of organic aerosol by OH. These
Fig. 5. Size distributions for unreacted (black solid line) and re- changes may indicate whether this reaction leads to release
acted (red dashed line, OH exposures510—8 atm-s) BES par-  of oxygenated volatile organics from the particles. As sug-
ticles normalized to the same particle concentratio@: DMA gested by Molina et al. (2004), volatilization from hetero-
volume-weighted particle concentration as a function of mobility geneous oxidation may be a significant atmospheric sink for
diameter.(b) ToF-AMS nitrate-equivalent mass concentration as aparticle-phase organic matter. Figure 5a shows the SMPS
function of vacuum aerodynamic diameter. volume distributions as a function of mobility diameter for

unreacted and reacted (OH expost®x 10-8 atm-s) BES
particles normalized to the same particle number concen-
by applying an empirical formulation by Fuchs and Sutu- tration. Both volume distributions have approximately the
gin (Fuchs and Sutugin, 1970; Worsnop et al., 2002). Thesame mode mobility diameter (151 nm) and both are
gas-phase diffusion coefficient of OH ) needed for this  relatively monodisperse. The reacted particle size distribu-
calculation has not been measured i 8, or H;O. There-  tion shows a slight decrease in concentration of particles with
fore, we used gas-phase diffusion values @OHn N2, O2,  D,,=150 nm and corresponding increase in smaller particles
and HO as an approximation for OH (Massman, 1998), with D,,=100-130 nm. The mean number-weighted mobility
which was calculated to bedp=0.260cni s~ for our flow  diameter decreased from 148 to 142 nm. For an OH exposure
conditions. This value is close to the experimentglyalue of 5x1078 atm-s, total particle volume normalized for par-
measured in dry air (lvanov et al., 2007). ticle concentration decreased by 7%, even though the signal
The solid lines in Fig. 4 represent slopes calculated fromintensity at m/z 297 decreased by 70% at this exposure.

Eq. (1) using diffusion-correcteg values ranging from 0.1 In Fig. 5b, the ToF-AMS total organic mass distribu-
to 2. It is clear from the inset in Fig. 4 that a diffusion- tions for the unreacted and reacted aerosol populations are
correctedyg value close to 1 best fits the initial data used to displayed as a function of vacuum aerodynamic diameter
calculate the experimentg} value. The diffusion-corrected (D,,). The mass particle distribution shifted from a mean

Vacuum Aerodynamic Diameter / nm

Atmos. Chem. Phys., 7, 4184201, 2007 www.atmos-chem-phys.net/7/4187/2007/
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D,;,=133nm to 148 nm at an OH exposure of B8 atm-
s. The reaction-induced increase in vacuum aerodynamic di- 1.0 i .
ameter and corresponding decrease in mobility diameter sug- | i

gests that the particle density increases as a result of OH ex-
posure. Typically, oxygenated organic species have higher
material densities than hydrocarbon species. It is therefore g
likely that the density of reacted particles would increase
with oxidation if the oxidized products remain in the con- |
densed phase. The particle density of reacted BES was de-g L "

termined using the following equation (DeCarlo et al., 2004): o ]

Dua £0 (2) 0.2 B Unreacted
D,, ] ® Reacted
wherep, is the particle density angp is the standard den-
sity (po=1.0 g cn13). Equation (2) is valid only for spherical 0'0_0_6 " 04 02 00 02 o4 06
particles with no voids, which is the case for the liquid BES
particles used in this study. We confirmed that the particles
remained spherical even after reaction by measurement gfjg g particle beam width profile for unreacted (black squares) and
the divergence of the particle beam in the ToF-AMS as de-reacted (red circles, OH exposure=81D-8 atm-s) BES particles.
scribed by Katrib et al. (2004). The particle beam divergence
for spherical particles is smaller than for non-spherical parti- L4
cles of the same [). The particle beam shape is measured Clomowy,
by translating a 0.5 mm wire into the particle beam approx- 13 e ol
imately 10 cm from the vaporizer and measuring the result-
ing decrease in particle transmission as a function of wire
location. Figure 6 shows the change in transmission as a
function of wire “shadow” on the vaporizer for reacted (OH
exposure=&10~8 atm-s) and unreacted BES particles. Be-
cause the reaction has no effect on the beam width, we con-
clude that the BES particles remain spherical after reaction.
The relative changes in particle density and particle vol-
ume of reacted BES particles are displayed as a function
of OH exposure in Fig. 7. The average density of unre-
acted BES particles calculated from Eq. (2)ois=0.91 &
0.02) gent3, i.e., within one standard deviation of the ma- °-700 T de de | ao oo
terial density of liquid BES 4=0.915 g cm®). Figure 7 in- ' ' ' ' ' '
dicates that the particle densities of reacted BES increased
linearly with OH exposure. In contrast, the particle vol-
umes increased slightly at lower OH exposures (#V.04),

0.8 1

0.6

nsmissio

%
o

Pp =

Wire Position / mm

Density and Volume Change

OH Exposure / x10® atm-s

Fig. 7. Relative change in volume (black squares) and density (red

. i circles) of BES particles as a function of OH exposure. Error bars
then dgcreased. A_t the hlghegt OH exposures studied ( show one standard deviation of averaged data. Lines are fits to guide
9x 10 °atm-s), particle density increased by 20% and par-y,. eve.

ticle volume decreased by 17%. An increase in particle den-
sity was also found for the oxidation of particles coated with

oleic acid reacted with QJSiﬂg similar analytical teChniques to experiments carried out under similar OH exposures, sug-
(Katrib et al., 2004). These results suggest that the particlegesting that our results are relevant under conditions with at-
are becoming more oxidized with increasing exposure to OHmospheric @ concentrations.

Furthermore, volatilization causes a nonlinear decrease in the

particle volume, where measurable volume loss is not appar3.3 Product identification

ent until BES particles are exposed te 208 atm-s. The ef-

fect of O, concentration on particle volatilization was inves- Several analytical methods were employed to characterize
tigated by repeating oxidation experiments at OH exposureshe oxidation products arising from the reaction of OH with
of 1.1x102 and 1.4« 108 atm-s with the addition ofan©  BES particles in order to elucidate the reaction mechanism
flow to increase the @©concentration to near atmospheric for this heterogeneous process. We have studied the release
levels ([O]=3x10'8-4x10'"® molecules cm®). These ex- of gas-phase products from OH reaction with a BES film us-
periments showed no difference in volume change relativang proton-transfer reaction mass spectrometry (PTR-MS),
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25.0 4 v sl products. The change in the mass spectrum due to OH ex-

m/z 153 posure is shown more clearly in the subtraction spectrum in

210 T . mg if Fig. 3c. The peaks highlighted in red represent a decrease
in the characteristic BES fragments, whereas the green frag-

ments represent an increase in mass intensities, e.g., m/z 44,
127, 153, and 181. The kinetic production of these prod-
v uct fragments was measured as a function of OH exposure
as shown in Fig. 8. The kinetic data were fitted to expo-
nential rise to maximum fits. The average kinetic rate con-
stant (kyg) for the product fits for m/z 127, 153, and 181
(kavg=7.6(1.6)x 10" atm! s71) is close to the overall rate
constant of decay of m/z 297 4d=6.1(+0.4)x 10’ atm 1
s~1), which indicates that these masses are primary product
fragments. However, we are not able to determine chemi-
oo 20 40 80 8o 100 cal structures of the product fragments 127, 153, and 181
solely from the ToF-AMS data. The kinetic rate constant
for the production of m/z 44 (4), a mass fragment cor-

Fig. 8. Kinetic plot for product fragments m/z 44 (black squares), responding to CQ ion signifying presence of Ca7rb0xyllate
127 (red circles), 153 (green triangles), and 181 (blue trlangles)grOUps was significantly slowerf=1.5(0.2)x 10" atn

Error bars show one standard deviation of averaged data. Solid line§ ) than the values for the other product peaks. This sug-
are fits to data with the function y=1+a(1-e¥}¥). gests that the oxidized products containing carboxylic groups

arise from secondary chemistry and thus form more slowly

than primary products. Indeed, there is some indication that
a the intensities of product masses 127, 153, and 181 decrease
L at very high OH exposures (greater than>@10~8 atm-s) as

17.0

13.0

Normalized I/I0

©
o
1

5.0

OH Exposure / x10® atm-s

1000 - MH"

100 || H ‘\ M |
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a result of secondary chemistry.

High molecular weight organic species tend to fragment
extensively in the ToF-AMS, and molecular ion peaks are
frequently not present in the mass spectrum. Electrospray

! " ionization mass spectrometry (ESI-MS), which uses a softer

H ‘173 I, ‘ M | |‘ i L “ ”\ N ionization technique than electron impact, was employed in
o o0 o e e oo order to observe the molecular ion peaks of the products
MNE'+10 and thereby determine the molecular mass of these species.

MNa™+20 c

1000 MO a0 ) Figure 9 displays the ESI-MS mass spectra of unreacted
100 T R0 o (Fig. 9a) and reacted (Fig. 9b) BES particles. The two major
10 IH ‘ | ] l | ’ H ’ I | W peaks in Fig. 9a at m/z of 427 (MH and 449 (MN&) both
T T A 1 T correspond to BES. The stronger signal intensity at MNa
0 e 500 o %0 compared to MH is due to the fact that esters are readily
sodiated during electrospray ionization (Alex Young, private
Fig. 9. ESI-MS mass spectra of BES particl€a) unreacted parti- Commun'cat'on)j where the source ‘_)menS. may have
cles, b) reacted particles (OH exposures2lB—8atm-s), c) mag-  Peen from leaching of the glass container holding the extract.
nification of pane(b) for mass 450 to 550 amu. The intensities of these BES peaks visibly decreased in the
reacted spectrum, while a series of peaks appeared at masses
greater than 449 amu in the mass range of 450-550 amu. This
area is magnified in Fig. 9c.

MNa"
1000 5

127
100 A

Intensity / Counts

m/z

which will be presented in a forthcoming paper. Here, we
focus on characterization of particle-phase oxidation prod- We obtained precise masses of the product peaks from
ucts. The ToF-AMS provides size-resolved on-line chem-the high-resolution ESI-MS measurements, from which we
ical composition information of the particle-phase species.were able to accurately identify chemical compositions of the
Typical mass spectra of the unreacted and reacted particlgzroduct peaks. The ESI-MS software (Analyst QS 1.1) was
taken by ToF-AMS are shown in Fig. 3a and Fig. 3b, respec-used to identify the most likely chemical composition of each
tively. The characteristic mass fragments that are marked iproduct peak, where the calculated mass of the proposed
Fig. 3a have clearly decreased in intensity in the reacted parchemical formula was within a specified error range from the
ticle spectrum in Fig. 3b, whereas several fragments increasmeasured peak mass. For example, there were only two pro-
in intensity, corresponding to the formation of condensed-posed chemical formulas for m/z 449 within 10 ppm of the
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measured mass,?@45OO4Na+ (0.37ppm) and @H4904 Table 1. Condensed-phase product masses from high resolution
(5.0ppm). The first formula corresponds to sodiated BESgg)\s analysis of reacted BES particles and proposed chemical
as expected, which has the lower mass error. formulas. Relative intensities are scaled to the most intense peak at
Thus, from analysis of the precise product masses wen/z 463. Error in ppm is the fraction of error between calculated
found that the most likely chemical formulas of the prod- and measured masses. Number of added oxygen atoms is expressed
uct peaks corresponded to the multiple additions of oxygems number of added functional groups as carbonyls (C) or alcohols
atoms in the form of carbonyl or hydroxyl groups, or combi- (A).
nations thereof, in place of GHyroups in the BES molecule.

For example, the most likely chemical formulas for masses m/’z Relative Chemical ~ Number of Error
463 and 465 are £gH4g0sNa™ and GgHsoOsNat, respec- Intensity ~ Composition Added Oxygen  (ppm)
tively, which is consistent with the addition of a carbonyl —
and alcohol, respectively. Furthermore, each set of peaks 4633387 100.07 - CullaOsNa ¢ 21
g . ; 465.3571 24.4 CyeH5,OsNa 1A 3.2
shown in Fig. 9¢ moving from lower to higher masses repre- 1773258 e CoHuONa > s
sent; the addition of a successive numbgr of oxygen gtoms, 4793353 373 CoeHyONa" 1CHA 0.9
ranging from 1 to 6 oxygens, in all possible Comblnatlc_)ns 4813491 12 CoHsyOq Na* " 29
of carbonyls and alcohol groups. Because the BES particles—, 5, —5-, 93 CoHlLONa 3C 103
collected for the ESI-MS analysis were exposed t_o<2.0‘8 4933123 192 CuHyONa® 20+ 1A 37
atm-s with a corresponding OH to BES ratio of 3, itis not un- 405354 15.5 ChHgONa'  1C+24 -
reasonable that the BES molecules could have reacted with g, 14,6 34 CoHeyONa" 3A 57
a number of OH radicals to gain more than one oxygenated 55,7, 23 CoullyOs Na* aC 114
functional group. 507.2993 64  CyHuOgNa'  3C+1A -11.6
Table 1 summarizes the assigned chemical formulas for 5493105 96 CoHiOsNa™  2C 42A 29
the product masses and associated error in calculated mass. 513757 47 ColsOsNa®  1C+3A 2.0
We note that we did not quantify the relative ionization ef- 5133343 11 CyeHegOg Na™ 4A 10.8
ficiencies for BES and particle-phase products. Thus, we 5192637 0.6 CagHigOp Na* 5C 1129
cannot accurately compare product yields based on the rel- 5312781 18 C,H,ONa'  4C+ 1A 104
ative intensities. All assigned formulas, with the exception  523.2964 3.5 ColluONa™  3C+2A -15.5
of peaks with 6 added oxygens, had the lowest or second 5252982 3.2 CyHuONa™  2C+3A 11.0
lowest error of the proposed formulas, where in the second 5273242 1.7 CyHygOoNa™  1C +4A -8.7
case the formula with the lowest error had several more car- 5293439 04 CyeHsyOsNa™ 5A -16.3
bons than BES and thus was deemed an unlikely chemical 5332816 02 CaeH330yoNa' 6C -85.0
composition. All errors were within 20 ppm except for the  535.2818 0.5 CyHyOppNa™  5C+ 1A -55.8
peaks with 6 added oxygens, whose intensities were rela- 537.2856 1.2 CyHpOpNa™  4C +2A -33.6
tively weak and whose errors were within 100 ppm. There-  539.2725 L5 CyeHyuONa™  3C+3A 19.9
fore, it is clear from these results that the major condensed 541.2942 1.2 CyHygOpoNa™  2C +4A 8.6
phase products are high molecular weight molecules con- 5433093 0.7 CyHygOioNa™  1C +5A 9.6
taining carbonyl and alcohol groups. Several product frag-__545.2968 0.3 CagHsoO10Na" 6A 612

ments of reacted BES were observed in both the ToF-AMS

and ESI-MS mass spectrum, such as m/z 127, 153, and 181.

Tandem mass spectrometry (MS/MS) analysis confirmed that ) ) .
the fragments were indeed produced from fragmentation of>-€thylhexyl moiety with a carbonyl group on theposition
the protonated product peaks, as the sodiated peaks did n§8120N (i-e., CH(CHz)3CH(CH,CH3)C(O)"). Preferential

fragment in the mass spectrometer. For example, the majoP™ attack of carbon in the-position of the alkoxy group

peaks in the MS/MS fragmentation spectrum of m/z 441, theh@s been observed by Picquet-Varrault et al. (2002) from gas-
mass corresponding to the protonated form of a major prc)dphase OH oxidation of isopropyl, isobutyl and tert-butyl ac-
uct GogHagOs, included mass fragments 127, 153, and 181.6tates. The structures of m/z 153 and 181 are less clear, but
The most likely chemical formulas for product fragments It i apparent that m/z 153 results from a loss of CO from

miz 127, 153, and 181 as determined by precise masses a}g€ fragment represented by m/z 181. It appears from the

CgH150™, CoH1307, and Q.OH13O§_| respectively. Further MS/MS spectra _that these fragments_ are most likely from
MS/MS analysis of these fragment peaks revealed that m/3"€ sebacate moiety of the molecule (i.e., C(O){3€(0))

153 and 181 had similar fragmentation patterns, whereas m/#th an addition of an oxygenated functional group to the
127 had a distinctly different fragmentation pattern. There-a/kyl chain.

fore, m/z 127 likely originates from a different moiety of the  In separate experiments, we have characterized the volatile
product molecule than m/z 153 and 181. The most likely organic compounds (VOC) that evolved from OH oxidation
structure for m/z 127 would be a fragment consisting of theof a BES film by coated-wall flow tube-CIMS coupled to a
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RH accessible for tertiary Rradicals (Atkinson, 1997). The
alkoxy radical (RO) formed from the self-reaction of RO
l OH can react by three different pathways: isomerization (path-
way (3)), decomposition (pathway (4)), and reaction with O
R (pathway (5)). RO can isomerize through a 6-membered ring
transition-state leading to 1,5 H-shift (pathway (3)) or can
l 0, react with Q to form a carbonyl and H@radical (pathway

R02 ROH + (5)). Alternatively, the RO radical can decompose through C-
—_— R'R"C=0 C bond scission leading potentially to volatilization of small-
(2) -

HO
ROOH . RO,

(1) chained products (pathway (4)).
l Roz We determined from the ESI-MS analysis that OH reaction
with BES particles leads to the formation of more oxidized
3) RO O2 condensed-phase products. These results are supported by
/ \ the observed increase in particle density with OH exposure.
ROH (4)J () R'R”C=0  The ESI-MS mass spectra showed that the condensed-phase
(Isomerization) + HO, products consisted of high molecular weight carbonyls and
R'CHO alcohols. It is possible that organic peroxides have formed

N from the reaction of alkyl peroxy radical with H@1), but it
+R is unlikely that organic peroxides could have been observed
(Decomposition) due to their highly unstable nature. The slow increase of the
m/z 44 in the ToF-AMS data suggests that carboxylic acids
Fig. 10. Generalized reaction mechanism for OH-initiated oxida- were also being formed, possibly through secondary reac-
tion of a hydrocarbon. tions, e.g., OH-initiated oxidation of aldehydes. It is unlikely
that OH would attack the BES terminal carbon leading to
formation of a terminal acid with a higher mass than BES.
PTR-MS, from which the results will only briefly be touched Therefore, the rise in m/z 44 is likely due to shorter-chained
upon here and will be presented in a future publication. Theacids, which were not observed in the ESI-MS product spec-
major gas-phase products from heterogeneous reaction afa. The slow kinetics of acid formation and absence of acids
BES with OH are consistent with the formation of aldehydesin the ESI-MS spectra suggest that acids are not the major
and acids ranging in size from 1 to 8 carbons, with a VOC tocondensed-phase products.

OH product yield of approximately 10%. This is the first study of its kind to detect both carbonyl and
alcohol groups from heterogeneous oxidation of condensed-
3.4 Reaction mechanism phase saturated organic species by OH. These results indi-

cate that the channel (2) may be an important pathway. We

The reaction mechanism for the heterogeneous oxidation obbserved higher signal intensity from the carbonyl product
saturated organic species by OH has been assumed to prethan the alcohol, suggesting that another pathway may be
ceed in a similar manner to the gas-phase reaction mechaontributing to the formation of the carbonyl product. Be-
nism (Atkinson, 1994). A generalized reaction scheme forcause the relative product intensities measured by the ESI-
the reaction of OH with a saturated organic compound hasviS are uncalibrated, one should take caution in estimating
been proposed by other researchers (Molina et al., 2004elative yields from them. High molecular weight carbonyls
Eliason et al., 2004) and is reproduced in Fig. 10 undexNO may also be formed by channel (5). Furthermore, alcohols
free conditions. The reaction mechanism for gas-phase Oktould be formed from the isomerization of RO (4) and sub-
reaction with alkanes has been reviewed in detail by Atkin-sequent reaction of the radical to form a hydroxy-substituted
son (1997) and is summarized below. carbonyl. This reaction may explain the presence of prod-

Initially, OH abstracts a hydrogen atom from the alkyl ucts containing an addition of both alcohols and carbonyls.
chain, producing KO and an alkyl radical (R). The alkyl Because different reaction pathways lead to carbonyl and al-
radical R quickly reacts with @in the atmosphere to form cohol products, the relative importance of each pathway is
ROy, an alkyl peroxy radical. Alkyl peroxy radicals can not clear.
self-react through two reaction pathways, leading to the for- Other studies have also observed oxidized products from
mation of a carbonyl and alcohol (pathway (2)) or to two the oxidation of condensed-phase saturated organics. For ex-
alkoxy radicals (RO). Alkyl peroxy radicals may also re- ample, Docherty and Ziemann (2006) observed the formation
act with HG to form an organic peroxide ROOH (pathway of carbonyl nitrates and alcohol nitrates as oxidation prod-
(1)). The branching ratio for pathway (2) leading to forma- ucts from the heterogeneous reaction ofN@th oleic acid
tion of a carbonyl + alcohol is approximately 0.3—0.8 in the particles. Although the reaction mechanism differs from this
gas-phase for primary and secondary,R@dicals and not study in that the initial step involves addition of N@ the
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double bond of an unsaturated organic, it leads nonetheless 1.5+

to the formation of products containing carbonyl and alcohol " E\\)/(e\r/a .

groups similar to this study. Furthermore, Knopf et al. (2006) Laq __ _Carboiw + Alcohol

observed the formation of alcohol, carbonyl and carboxylic g | 3_' - - - - Decomposition -
acid groups from XPS measurements of a saturated mono-g g | -7

layer oxidized by NQ@ radicals, concluding that pathway (2) o 1.2 -7

may potentially be a major pathway in their system. In con- ] _
trast, Eliason et al. (2004) measured the production of car- % 1.1 s /Iﬂ}
bonyls but not alcohols from OH oxidation of hexadecane 2 T j/

film, and therefore concluded that pathways (4) and (5) were-$
most important. In a recent study, Hearn et al. (2007) inves-&
tigated the reaction of BES particles with Cl, whereby they |
estimated product yields of condensed-phase products from o3
this reaction. They also found high molecular weight car- :
bonyls and alcohols to be the major reaction products, which 0.7 - T : — T - T - ]

is in agreement with this study. Furthermore, they found that 0.0 20 4.0 6.0 8.0 100

the ratio of the product yields of carbonyls to alcohols to be a OH Exposure / x10° atm-s

function of G concentrations. Their study indicates that O

concentrations will not only affect the reaction rate by con- Fig. 11. Relative particle mass change as a function of OH ex-
trolling the formation rate of R but will also influence the ~ posure. Black squares are calculated mass values from the prod-
RO + O, channel as well. uct of density and volume measurements, red dashed and blue dot-

We observed volatilization of oxidation products indi- ted lines show theoretical contribution of carbonyl + alcohol and
rectly from the decrease in particle volume with OH ex- decomposition reaction pathways to mass change, respectively, as-

posure. The relative importance of the RO decompositionsummg a VOC/OH ratio of 0.1 and average VOC molecular mass

pathway to the pathways leading to the formation of high ?;:S?G%JI’ , and pink line shows theoretical overall mass change
molecular weight carbonyl and alcohols was examined by
comparing observed particle mass changes to predicted mass
change from the formation of condensed and gaseous oxi-
dation products . For this calculation, we assumed a producposure. At OH exposures belowx308 atm-s, the parti-
yield for the formation of volatile compounds of 10% with an cle mass increases to approximately 10% following the trend
average product molecular weight of 58 amu. These assumgfor the carbonyl + alcohol contribution. At higher OH expo-
tions are based on unpublished work by our group, in whichsures, the particle mass then decreases to no net mass change.
the masses and product yields of volatile organics from OHThis observation suggests that the volatilization contribution
oxidation of BES film were determined by use of coated-wall to the particle mass change is not linear. One possible expla-
flow tube coupled to a PTR-MS. We also assumed that carnation for nonlinear volume change is that at higher OH ex-
bonyls and alcohols were formed in equal amounts such aposures the condensed-phase products gain more functional
in pathway (2) as a simplified case and that the particle dengroups, so as the products react with OH they decompose
sity did not change from volatilization. Therefore, 1 of every more readily through channel (4) than BES. These results in-
10 OH collisions with a BES particle will lead to the loss of dicate that the particle mass change contributions from the
58 amu from a BES molecule. We assumed that the other $ormation of condensed-phase and volatile products cancel
collisions out of 10 ¢=1) lead to the formation of alcohol out to some degree, with 10% maximum change in particle
or carbonyl groups with average mass addition of 15 amu tamass. In this study, volatilization of products from pathway
BES molecule for each collision leading to this pathway. (4) was found to be a minor reaction pathway in the OH oxi-
Figure 11 shows the observed and predicted particle masdation of BES particles under our experimental conditions.
changes as a function of OH exposure based on the assumpur study is in contrast to the recent study by Molina et
tions explained above. The observed particle mass changed. (2004), who observed complete volatilization of an alkane
were determined from the density and volume measuremonolayer for an OH exposure of 3 OH collisions per alkane
ments. The red and blue lines represent the relative contribumolecule. At the same OH exposure (i.e., 2168 atm-s),
tions to mass change from the carbonyl + alcohol pathway (2we did not see any evidence of volatilization. It is possible
with a product yield of 90% and decomposition pathway (4) that because BES has a longer chain and higher molecular
with product yield of 10%, respectively. The pink line repre- weight than the alkane monolayer studied by Molina et al.
sents the overall predicted mass change from the two contri2004) BES may require more OH collisions for decompo-
butions stated, which indicates that the particle mass shouldition products to volatilize. Under our experimental condi-
increase linearly with OH exposure up to 10%. The observedions, particles would completely volatilize only if the VOC
particle mass does not however change linearly with OH ex{formation to OH loss product ratio was 0.7 or higher. The

ass

1.0

0.9
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studies by Knopf et al. (2006) and Moise and Rudich (2001)4 Atmospheric implications and conclusions
are more in line with our results. Knopf et al. (2006) found
that NQ; reaction with an alkane monolayer lead to a small In this work, we investigated the heterogeneous oxidation of
amount (up to 10%) of volatilization of the surface carbon. BES particles by OH under NGfree conditions. These con-
Furthermore, Moise and Rudich (2001) measured up to 20%litions were chosen as a simplified case simulating remote
loss of carbon from the oxidation of alkane monolayers byatmospheric conditions. The oxidation of organic aerosol by
Cl and Br radicals. Although N§ OH and halogen radicals OH is highly efficient with a reactive coefficient pf~1 for
should react with organics by a mechanism similar to thatthe reaction of OH with BES particles. This study serves
shown in Fig. 10, these studies suggest that the importancas a simple model for the chemical aging of atmospheric
of the pathways for RO may depend sensitively on specificderosols in the troposphere containing saturated organic mat-
experimental conditions. ter, such as primary organic aerosol, organic coatings on
One major difference between these studies and ours i§1arine aerosol, biomass burning aerosol and secondary or-
that we have studied the reaction using liquid aerosol partiganic aerosol (SOA) formed from photochemical oxidation
cles as opposed to monolayers on a solid substrate or solifif volatile organics (Finlayson-Pitts and Pitts, 2000). Al-
films. It has been suggested that the particle phase may irthough studies with more chemically complex particles are
fluence the reaction pathways (Knopf et al., 2006; Dochertyrequired, this system can be useful as an initial proxy for sat-
and Ziemann, 2006), with channel (2) suggested as beingrated organic aerosol in the troposphere.
the dominant reaction pathway for liquid organics (Russell, This study suggests that chemical aging of organic aerosol
1957). Eliason et al. (2004) detected small-chained product®y OH has an important impact on the physical and chemical
from the reaction of a thin liquid hexadecane film with OH Properties of tropospheric organic aerosol. We observed the
in the condensed-phase only, but did not detect products iccumulation of oxidized products in the condensed phase
the gas phase. Their results indicate that decomposition i§om the heterogeneous oxidation of BES particles. Several
an important pathway for oxidation liquid organic species by recent field studies have observed a greater degree of oxida-
OH, but it is unclear to what extent compared to the othertion of ambient organic aerosols with an increase in photo-
pathways. The results in our study clearly show that for lig- chemical age (de Gouw et al., 2005; McFiggans et al., 2005;
uid organic aerosols, the pathways leading to the productiodakegawa et al., 2006). Moreover, Robinson et al. (2006)
of carbonyls and alcohols, i.e., pathways (2), (3) and (5) arediscovered evidence for chemical oxidation of tropospheric
more important than the decomposition pathway. The sam@rganic aerosol during regional transport, especially during
conclusion may not hold, however, for solid organic parti- the summer.
cles, which will require further study. To determine the importance of heterogeneous oxidation
It is possible that the reaction mechanism for OH oxida- Of atmospheric organic aerosol by OH relative to the life-
tion of organic aerosols may be influenced by experimentatime of atmospheric organic aerosols, we calculated the ox-
conditions. For example, recent work by Hearn et al. (2007)idation lifetime () of a model tropospheric organic parti-
confirmed that pathway (5) is affected by Aoncentrations cle in a manner similar to that presented in Robinson et
as expected. It is possible that as Eobncentration is re- al. (2006). For this calculation, we assumed a 24-h aver-
duced, RO decomposition may be favored over reaction witheged OH concentration of [OH]=2@m~2 and thaty =1 for
O,. Note that we did not see an enhancement of volatiliza-réactive uptake of OH onto a model particle with a radius
tion at G concentrations two orders of magnitude lower R=50 nm containing saturated hydrocarbons with an average
than atmospheric levels. The chemical composition of themolecular weight of M=300 g mof'. The oxidation lifetime
model organic Compound, such as degree of oxidation, Cha"ﬁ)f the model organic aerosol is defined as the time needed
length and degree of branching, may also influence the reador every organic molecule initially present in the aerosol to
tion mechanism. For example, the branching ratio for path-be oxidized by one OH radical (Robinson et al., 2006). As
way (2) may be reduced during the oxidation of branchedWith our kinetic Calculations, we assume that the rate of re-
organic compounds such as BES compared to unbranche@ctive uptake of OH equals the rate of oxidation of the hy-
compounds as the mechanism requires an H-atom transféirocarbon molecules and that the hydrocarbons are equally
(Russell, 1957). Under the NGree conditions in this study, Mmixed throughout the particle. The latter assumption is rea-
itis ||ke|y that pathway (2) is enhanced Compared to the RO sonable as the diffusion time of a hydrocarbon ina particle
self-reaction |eading to RO formation. The presence ofNO with a diameter of 100 nm with an assumed diffusion coeffi-
may lead to increased yields of RO formation, thus reduc-cient of D~10-° cn? s~! was calculated to be 30s. Under
ing the yield of the carbonyl + alcohol (2) channel and per- the given assumptions, we calculated the oxidation lifetime
haps leading to nitrated products. The influence of these exof an organic particle as the number of initial hydrocarbon
perimental factors on the OH-initiated reaction mechanismmolecules in the particle (N) divided by the reactive flux of
should be systematically studied in the future. OH Iin(to the)particle (J) using the equation given in Robinson
et al. (2006):
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N %nRgpﬁa
T=—

_ PNa 3) particle phase may have a significant impact on the chemical
J  ymR2¢[OH]

yc[OHIM transformation of organic aerosol. This has been shown to
be true for the heterogeneous chemistry gfu@th organic
Here,c is the average thermal speed of OH anis the par-  aerosol containing oleic acid. Several researchers have found
ticle density assumed to he~1gcnm3. From Eq. (3) we  that mixtures of liquid unsaturated oleic acid with solid sat-
calculated an oxidation lifetime of 2.6 days, which is con- yrated organic species, such as stearic acid, may slow the
sistent with the oxidation lifetime calculated by Robinson et kinetics of chemical aging (Katrib et al., 2005; Hearn and
al. (2006). Smith, 2005; Knopf et al., 2005). These results may explain
This simple calculation suggests that organic aerosol canhe discrepancy in the short lifetime of oleic acid predicted by
be significantly oxidized within the typical lifetime of an at- experimental data and the much longer lifetimes measured in
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