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Abstract. In laboratory studies of organic aerosol particles 1 Introduction

reacting with gas-phase oxidants, high concentrations of rad-

icals are often used to study on the timescale of seconds reAerosols are important constituents of the Earth’s atmo-
actions which may be occurring over days or weeks in thesphere due to their role in climate (Charlson et al., 1989;
troposphere. Implicit in this approach is the assumption thatiobbs, 1993; Park et al., 2005; Park and Jeong, 2008), at-
radical concentration and time are interchangeable paramdhospheric chemistry (Andreae and Crutzen, 1997), visibil-
ters, though this has not been established. Here, the kinetid®/ (Baumer et al., 2008; Eidels-Dubovoi, 2002) and human
of OH- and Cl-initiated oxidation reactions of model single- health (Avol et al., 1979; Ondov et al., 2004; Penn et al.,
component liquid (squalane) and supercooled (brassidic acig005). Organic matter in tropospheric aerosols comprises
and 2-octyldodecanoic acid) organic aerosols are studied by0-90 % of the fine particulate mass (Andreae and Crutzen,
varying separately the radical concentration and the reactiod997; Putaud et al., 2004; Saxena and Hildemann, 1996).
time. Two separate flow tubes with residence times of 2 and1eterogeneous aging of organic aerosols by atmospheric ox-
66 s are used, and [OH] and [CI] are varied by adjusting ei-idants such as hydroxyl radicals, nitrate radicals and ozone
ther the laser photolysis fluence or the radical precursor conmay modify aerosol properties such as the ability to directly
centration ([Q] or [C|2], respective|y) used to generate the Scatter and absorb solar radiation and the abl'lty to act as nu-
radicals. It is found that the rates measured by varying theclei for cloud condensation which may indirectly influence
radical concentration and the reaction time are equal onlythe Earth’s radiation balance. The rates at which heteroge-
if the precursor concentrations are the same in the two apP€ous oxidation processes proceed and the products formed
proaches. Further, the rates depend on the concentrations 8 @ result of these reactions has become a topic of recent re-
the precursor Species with a Langmuir-type functional form search interest as they can influence the fate and properties
suggesting that ©and C} saturate the surface of the lig- Of organic aerosols in the troposphere.

uid particles. It is believed that the presence afighibits Among the most important oxidants responsible for atmo-
the rate of OH reaction, perhaps by reacting with OH radi- Spheric radical-initiated oxidation of organic particles in the
cals or by Q or intermediate species blocking surface sites,troposphere are hydroxyl radicals (OH). Chlorine radicals
while Cl, enhances the rate of Cl reaction by participating in (Cl) are also commonly used as a proxy for OH radicals in the
aradical chain mechanism. These results have important imlaboratory because they generally react by a similar mecha-
plications for laboratory experiments in which high concen- hism and can be generated in higher concentrations, though
trations of gas-phase oxidants are used to study atmospheribeir significance in the atmosphere is limited. Multiple ex-
reactions over short timescales and may explain the variabilPeriments have shown that both OH and ClI reactions with
ity in recent measurements of the reactive uptake of OH orprganic aerosols are very efficient with reactive uptake co-
Squa|ane partides in reactor Systems used in this and Oth@’fﬁCientS (the probability that radical—particle collision will
laboratories. result in reaction) between 0.1 and 3.0 (Bagot et al., 2008;
Bertram et al., 2001; Cooper and Abbatt, 1996; George et al.,
2007; Hearn and Smith, 2006; Hearn et al., 2007; Kessler et
al., 2010; Lambe et al., 2007; Liu et al., 2011; McNeill et al.,
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Numerous experiments have suggested that secondamtic study of 2-ODA oxidation as a function of the precursor
chemistry may play an important role in the rapid reactive concentration. Squalane and 2-ODA were chosen for these
uptake of radical species into organic aerosol. The reacexperiments because they are both branched species which
tive uptake coefficient of Cl (Hearn et al., 2007) and OH may form liquid particles at room temperature and are rep-
(Hearn and Smith, 2006; George et al., 2007) on dioctyl sebaresentatives of branched, saturated organic molecules found
cate sebacate (DOS) particles has been reported to be greaiarambient aerosols. Brassidic acid is an unbranched, un-
than unity, and the authors have suggested secondary radicshturated fatty acid that is able to be supercooled at room
chemistry to explain the rapid loss rate of DOS in these partemperature (Renbaum and Smith, 2009a, b) and is represen-
ticles. Similarly, Liu et al. (2011) have measured Cl uptake tative of unsaturated fatty acids in ambient aerosols. Also, all
coefficients as large as 3.0 on squalane particles and hawhree species have low vapor pressures at room temperature
attributed some of the observed reaction to secondary chenthus making them amenable to studying the heterogeneous
istry. Smith et al. (2009) and Che et al. (2009) have also meareactions between gas-phase oxidants and condensed phase
sured the reactive uptake of OH on squalane particles in twarganics.
separate reaction chambers that differed in the amount of re-
action time and found that at shorter times3(7 s) and aver-
age OH concentrations os1101° molecules cm?, the reac-
tive uptake of OH was 0:80.07 (Smith et al., 2009) whereas 2.1 Particle generation
at longer times (1.5-3h) and lower OH concentrations (1-"

7x10° molecules cm®) the reactive uptake was 050.10  paicles of Sq, 2-ODA and BA were generated through ho-
(Che et al., 2009). As a possible explanation of the differ- ,ogeneous nucleation by flowing 0.9 slpm (standard liters
ent reactive uptakes measured in these two experiments, Chr?er minute) of N through a reservoir containing either Sq,
et al. (2009) have suggested the importance of a secondary. ypa or BA heated to 135-14%. The aerosol was then

loss mechanism at low OH concentrations whereby a radicaloneated as it flowed throughp-inch o.d. glass tubing (4
intermediate, such as RO or Ranay abstract a hydrogen j,ches ong, 250C). Typically, reheating of the aerosol re-

from gquglane. ) . sults in narrowing of the patrticle size distribution from a ge-
A kinetic model, devised by McNeill et al. (2008), pre- ometric standard deviation (gsd) 6f1.4 to a gsd of~1.2.
dicts that due to secondary radical chemistry and surface reaq yoth 2-ODA and BA are solids at room temperature with
newal processes, decay kinetics may be observed in Whicﬁwelting points of 34-36C (Knothe, 2002) and 58-5€
time and concentration are not interchangeable variablesfchang and Miwa, 1972), respectively, their vapor nucle-
This model suggests that laboratory studies employing highyeq and formed supercooled liquid droplets as they cooled
radical concentrations (£0-10"molecules cm®) and short 1, 1oom temperature. Previous work from this lab (Renbaum
times (seconds to minutes) may not be representative of re5,q Smith, 2009a, b) has suggested that BA forms super-
actions which occur in the troposphere with much smaller.,eq particles when made this way, as evidenced by differ-

. 3 . .
concentrations-¢10° molecules cm®) and long interaction g ces in the uptake kinetics and relative product yields de-

times (days to weeks). Furthermore, in their recent study Ofpending on whether solidification is induced by pre-cooling

Cl uptake by squalane particles, Liu et al. (2011) concludey,o particles in a-78°C bath or not. With a melting point

that time and oxidant concentration are not interchangeablg, ,ch closer to room temperature, 2-ODA is also believed to
kinetic parameters when secondary chain chemistry is activéyist a5 supercooled droplets. Furthermore, no difference in
However, it is still an open question as to whether time andi,¢ kinetics or the product yields is observed when 2-ODA

concentration are equivalent variables in organic aerosol Oxparticles are pre-cooled indicating no phase change (i.e. the

idation kinetics in the absence of a radical chain or involving particles remained supercooled). What is more, when bulk
OH radicals, instead. _ ~ samples £10g) of 2-ODA were melted in a beaker and
In the present work, whether radical concentration g qwed to cool to room temperature, they remained lig-

and time are interchangeable variables during the OHyiq for several hours. The viscosity of the supercooled lig-

and Clinitiated oxidation reactions of squalane (Sq), 2-,iq appeared similar to the warm, melted 2-ODA, and it is
ocyldodecanoic acid (2-ODA) and brassidic acid (BA) par-jnferred that the supercooled droplets are good surrogates
ticles is explored. Two different reactor flow tubes, varying ¢, liquid droplets. The squalane, 2-ODA, and BA parti-
in the internal volume and in the reactant interaction time q sizes were typically 180-220 nm (gsd..20—1.24), 45—

by a factor of 33., were u;ed t(_) measure the kingtics in MOlzo nm (gse= 1.2-1.3), and 90-100 nm (gsdL.2—1.3), re-
ways: by changing reaction time and by changing radicalgyetively, as measured using a scanning mobility particle

concentration. To achieve the same radical exposure (fOH] i qr (SMPS) consisting of a DMA (TSI, Inc. model 3081)
or [CI]#) in the two flow tube systems, the radical concen- 4 cpc (model 3785, TSI, Inc.).

tration was varied by the same factor. Further, the influences
that the radical precursors g@nd Cbp) have on the measured
rates of these reactions are investigated through a system-

2 Materials and methods
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Fig. 1. Schematic diagram of the experimental setup to collect particle kinetic decays with: (1) fixed reaction time of 2 s (small flow tube) or
(2) variable reaction time up to 66 s (large flow tube). The chemical ionization schemes used for particle and gas-phase reference detectior

are described in the text.

2.2 Flow tube reactions
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and will be referred to from this point forward as the “small”
and “large” flow tubes, respectively. Upon exiting the flow

A schematic of the experimental setup is shown in Fig. 1. Af-tube, gas and particle phase species were analyzed by an
ter particle generation, the particles entered one of two flowAerosol Chemical lonization Mass Spectrometer. For the OH
tube reactors along with N Oz, Oz or Cl; and a gas-phase experiments, Sq or 2-ODA aerosols (0.9 slpm filéw), O,
reference species. Hydroxyl radicals were generated by pho0.125 slpm for the small flow tube and 0.100 slpm for the
todissociation of @ using the fourth harmonic (266 nm) large flow tube) and gas-phase referencé ¢ccm, standard
from a 10-Hz pulsed Nd:YAG laser (QuantaRay PRO-250,cubic centimeter per minute) were introduced into one in-
Spectra-Physics), and residual water vapor in the apparatugt port of the flow tube reactor. Ozone, the OH precursor,

was sufficient to react with @D) to generate OH radicals:

Os+hv — o(lD) +0,. (R1)

o(lD) +Hp0 — 20H (R2)

Chlorine radicals were generated by photodissociation pf Cl

using the third harmonic (355nm) of the same laser. The

radical concentration is believed to have remained nearl
constant between laser shots because reactions with the g

phase reference species, the precursor species and the r éj
icals, themselves, are not sufficiently fast (on the timescak%u
of 100 milliseconds) to cause a significant depletion of the

radicals. The concentrations of OH or Cl radicals generateqa

were varied by changing either the concentration gfdD
Cl, or the Nd:YAG laser fluence. The concentration of O
in the carrier flow was determined by Beer’s Law in a UV

was generated using a commercial ozone generator (Model
L11, Pacific Ozone Technology) and stored on silica gel at
—80°C. By passing a small flow (5—-10sccm) ob Nver

the trapped @and then diluting the ®in a Ny carrier flow
(1.48 slpm for the small flow tube and 0.7 slpm for the large
flow tube), G was introduced into the second inlet port of
the flow tube reactor. The total flow of 1.7 slpm for the large
flow tube and 2.5 slpm for the small flow tube thus contained
5-6% . For the Cl experiments, Sq, BA or 2-ODA parti-

ycles, N carrier flow and Q were added as described above,

t Ch was added as the radical precursor instead:p&0d

e 1.7 slpm and 2.5 slpm flows for the large and small flow
bes contained 20 % 4 Based on the total flow velocity
nd the volumes of the two flow tubes, the total reactant in-
eraction times were 2 s and 66 s for the small and large flow
tubes, respectively.

For the small flow tube, the beam from the Nd:YAG laser

absorption cell equipped with a UV pen lamp (254 nm) and(beam diametes ~1cm) was directed down the axis of
a photodiode detector with a 254 nm filter and corrected forthe flow tube so that the volume of the flow tube was filled
dilution upon meeting the particle ang @ows. For the Gi with light during the experiments. For the large flow tube, a
concentration dependence experiments, the concentration @bnvex quartz lens with a focal length of 6 cm was positioned
Cly in the flow tube was calculated from the flow of,@lom so that the beam would expand to approximately one inch in
a lecture bottle of known concentration. diameter as it passed through the one-inch window and then
Reactions were carried out at atmospheric pressure andontinue to expand to fill the flow tube withind cm of en-
293K in two separate glass flow tubes with the dimensiongtering the flow tube. The integrated OH exposure, [Q4H,
1.1cmi.dx90.0cm length and 5.1 cmi.ck91.4cm length, was determined using mixed-phase relative rates (Hearn and
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Smith, 2006; Hartz et al., 2007) with gas-phase referencegas-phase and heterogeneous relative rates experiments and
of methanol kon = 9.0 (£0.8)x 10~ 13 cm® molecule 1 s71) to infer from these results whether radical concentration and
(Picquet et al.,, 1998) and 2-hexanokofy = 1.21 time are interchangeable variables in studying particle oxi-
(£0.07)x10 M cm®* molecule 's™1) (Wallington et al.,  dation kinetics. In order to best compare the particle decay
1988) for the reactions of squalane and 2-ODA par-data obtained with each flow tube, the OH or Cl concentra-
ticle reactions, respectively. Acetong-dvas used as tion in each flow tube was adjusted so tha?0 % of the

the gas-phase reference for Sq+Cl, and its rate conparticle-phase species reacted away over the course of each
stant was measured previously in this lakgc(= 1.83 experiment. Reactions in the small flow tube were performed
(£0.28)x 10" 12cm® molecule ' s71) (unpublished). Ace- by discrete measurements where thgo®Cl, concentration
tone e = 2.07 (£0.31)x 10~ 2 cm® molecule 1 s~1) (Zhao  and laser power were set so that upon introducing the laser
et al., 2008) was used as the gas-phase reference for tHight into the flow tube, the particle phase species would react
2-ODA+Cl and BA+CI reactions. Because the uptake by ~20%. By alternately turning on and off the laser source
coefficients were calculated by measuring the particleinto the flow tube, the particle phase and gas-phase reference
reaction relative to a gas-phase reference reaction, wall lossignal were obtained before, during, and after each reaction.
of the radicals affected each equally and was not a factor. Because the particles have much more time to react with
The use of light to initiate the reaction also meant that thethe OH or Cl radicals in the large flow tube it was neces-
measurements were insensitive to wall losses of the particlesary to use smaller radical concentrations so that after the
and the gas-phase reference because those losses do B@is residence time onky20 % of the particle phase species
change upon introduction of the light. had reacted. This was achieved by adjusting the amount of
O3 or Cl, entering the flow tube and the laser power was
maintained at the same laser power used in the reactions in
the small flow tube above. For thes@nd Cp concentra-

tion dependence experiments, the&d Ch concentrations

Use of the small flow tube for studying heterogeneous "€ Wwere fixed and the laser fluence was adjusted in order to reach

actions between gas-phase radicals and organic aerosols hg : . : :
. . . uivalent radical concentrations in each flow tube.
been described in detail elsewhere (Hearn et al., 2007; Ren-a

baum and Smith, 2009a, b). In summary, the reaction tim(=2_4 Chemical ionization and detection

(~2s) is too short to enable the collection of many data

points as the aerosol species concentration decays as a fungre flow tube eluent containing aerosol and gas-phase ref-
tion of time. For this reason, in order collect particle de- grances was sampled into the mass spectrometer through
cay data, the radical concentration must be changed eithel giainless steel orifice (0.5mmi.d.) in a heated (180
continuously or in discrete steps by adjusting the power Ofgiainjess steel vaporizer tube (1/4incho.d., 4 inches long).

the photodissociation laser or the concentration of the radicaly,o vaporized aerosol flow then entered the heated (@50

precursor. In doing so, it is assumed that changing the radigsinjess steel ion tube (1/2inch 0.d., 8 inches long, 40 Torr)

cal concentration is equivalent to changing the reaction timeys he CIMS instrument where it mixed with a 2 slpm flow
in reaching a given radical exposure. The large flow tubeq¢ N containing H (H20), (wheren = 2,3) or NO' reagent

used here, however, allows the observation of particle ang,,q generated from a radioact?Po source (NRD). When
gas-phase reference decays as a function of time at nearly_-|+(H20)n ions were used for ionization, small amounts of

constant radical concentration as the particles and gas—pha@gz2 were added to the flow through tR&Po source in or-

species exit the flow tube. This “virtual injector” flow tube yar tg increase the HH.0), ion signal by approximately a
method will be described in detail in an upcoming paper fromg, o of two.

this lab. In short, upon introduction of the photodissociation For the reactions of 2-ODA and 2-hexanol with OH and
laser either OH or Cl is produced throughout the flow tubefor the reactions of 2-ODA, BA and acetone with Cl, pro-

and thel rgactiqn begins; particles neargst the end of Fhe fIO\Le/on transfer from H (H,0), was used to generate protonated
tub_e exit flrs_t with the least amount of time to re_act with the molecular ions. Squalane particles were detected through hy-
radical species, while those furthest from the exit of th_e flowdride abstraction and the acetonggas-phase reference (for
tube have the longest time (66 s) to react. Thus, particle defhe reaction with Cl) was detected via N@dduct forma-
cay data were collected: tion, both using NG ions. Methanol, the gas-phase refer-
1. As a function of radical concentration at fixed time in ence used for the OH + Sq reaction, is not efficiently ionized
the small flow tube. by NO*™ and thus in order to determine the OH exposure af-
ter a Sq particle reaction, ionization was rapidly changed to
proton transfer via F(H20), by replacing the NO through
the 210Po with O and the decay was repeated at the same
The goals of these experiments are to determine if the twdaser fluence and £¥low. This method was repeated approx-
methods of measuring kinetics yield the same result in botimately ten times and the time between recording respective

2.3 Collection of particle decay data in the two flow
tubes

2. As a function of time at a fixed radical concentration in
the large flow tube.

Atmos. Chem. Phys., 11, 6883893 2011 www.atmos-chem-phys.net/11/6881/2011/
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squalane and methanol decays (the time required to changeherek is the rate constant of the reaction of the reference
ionization schemes) was typically 0.5—1 min. species with OH or Cl. For the small flow tube measure-
The ions generated as described above were then sanments, the slope of the initial decay in Eq. (1) is approxi-
pled into the high vacuum region through a 200-um orifice mated by the discrete change:
te)ﬁtirgleans qf a small potenyal gradn?nt (2-5V) and differ- d([Par]/[Par]O) 5 A([Par]/[Par]O)
pumping. lons were filtered using a quadrupole mass a =~ 4 3)
spectrometer (ABB Extrel) and detected using a Channeltron ¢ ([radical -1) A([radica] -1)
electron multiplier (model 4816, Burle). The calculated uptake coefficients do not include a correc-
tion for limitation by gas-phase diffusion of the OH or CI
2.5 Gases and chemicals radicals. This correction was neglected because: (1) itis neg-
ligible for OH diffusion (<10 % with an OH diffusion coef-
Gases used were:2N99.99 %, National Welders), Qin- ficient in air of 0.22 crAs ™1 (lvanov et al., 2007)), and (2) it
dustrial grade, National Welders), and NO (CP grade, Nas not clear how to correct for Cl diffusion when the observed
tional Welders). Flows were measured and maintained Usrate of reaction includes secondary chemistry (indicated here
ing mass flow controllers (MKS). 2-hexanol, methanol and py ) ,,>1). Furthermore, the conclusions drawn about the
acetone were pUrChaSEd from Slgma Aldrich and had pudependence of the uptake coefficients gna®Cl, concen-
rities greater than 99%. Squalane99 %) and brassidic  tration are not influenced by whether or not the gas-phase
acid (~99 %) were purchased from Sigma Aldrich and MP (diffusion correction is made.
Biomedicals, respectively, and 2-octyldodecanoic acid (2- Sample decays of 2-ODA aerosol particles as a function
ODA) was provided by Jarchem Industies, Inc. (Newark, of OH and CI exposure in the two reactor flow tubes are
NJ). shown in Fig. 2a and b, respectively. Here, the uncertainty
bars for the small flow tube measurements made in a step-
) . wise fashion with and without the light are derived from the
3 Results and discussion 20 of the 2-ODA and gas-phase reference measurements av-
eraged for one minute. The reactions in the large flow tube
were made by following the losses of the 2-ODA and gas-
phase reference in a continuous manner, and so estimates of
Reactions between OH and Sq and 2-ODA aerosols and pdhe uncertainties were not made on the individual points; in-

tween Cl and Sq, 2-ODA and BA aerosols were studied instead, the @ uncertainty of the slope associated with the fit

each flow tube. The concentration of the r Cl, radi- is estimated and shown as the range of slopes representing

cal precursor was adjusted in order to reach the same extettltfe ur;ccejrtamty on thetas;:) ciated upt?ke coeifflmen:. kFrom
of reaction in each flow tube while maintaining a constant 'SPEAEC MEASUTEMENS, IN€ avenage for reactive uptaxe

laser fluence. The effective reactive uptake coefficients forolt (()::_' Wt':]h 2283 : and Slq partlc(;e;:nd t?_el reactive l(ijttake
the gas-particle reactions were calculated using the follow>" ~! Wi “ODA, squalane an particles were deter-
ing equation (Hearn and Smith, 2006): mined and are displayed in Fig. 3a and b as a function of the

average radical concentration, respectively.

3.1 Reactive uptake experiments in the small and large
flow tubes

d([Parl/[Parlo) | 4RT V The data in Fig. 3a show that in the two flow tube ex-
Ypart= { J(radi } — S—[Pario. (1) periments, where different OH concentrations were needed
([radica] -1) € 24 to reach the same nominal exposure, the effective reactive

uptake coefficienty par, increases with decreasing OH con-
gentration. This trend is consistent with the results of Che
£t al. (2009) and Smith et al. (2009) for OH + Sq aerosols,
also shown in Fig. 3a, in which the effective uptake coeffi-
8ient was larger for the longer-residence-time (1.5-3 h) ex-
periments relative to the shorter-residence-time (37 s) exper-

the temperature; is the mean speed of OH or Cl, and [Part] |rk:1ents. 'I_'he dgLaclT F'g.' 3?’ ohn thfelf other hand., show tEat for
is the initial concentration of Sq, 2-ODA, or BA in the unre- the reaction wit radicals the effective reactive uptake co-

acted particles. The term in brackets represents the slope &If“f|C|ent;rr:crez_atses with decrgfzat\ﬁmg fl co?centrtz_;ltlon. Atfirst
the initial decay of the particle-phase species with respect t ance, then, it appears as it the rates ot réaction are some-

radical exposure=f[radical]¢) which is determined from the . ow related to the radical .concentrlatio.n implying that exper-
measured fractional loss of the gas-phase reference specié@ents conducted by varying reaction time are not equivalent

Here, ypart is the effective reactive uptake coefficient of OH
or Clin the aerosol particle as measured from the rate of los
of the aerosol species. The [radical] term is the concentratio
of OH or Cl, V/S4 (= d/6) is the volume to surface area ratio
of the particles determined using the surface-area-weighte
particle size data from the SMPR,is the gas constant; is

[ref)/[refo: to' those conducted by changing the radical concentration.
While other studies have also measured the rate of OH and

. 1 [ref] Cl uptake by organic particles recently, these results are not
([radica] -r) = _zln([refh) @) included in Fig. 3 because they used solid particles (Lambe

www.atmos-chem-phys.net/11/6881/2011/ Atmos. Chem. Phys., 11, 68832011
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Fig. 2 S le 2-ODA icle d ¢ Il and | Fig. 3. (a)Effective reactive uptake coefficientpart, of OH on 2-
fl '9- .b (@) Famﬂ € e | parrt]lc € e?aysOFr'om Zn:)aDAan arge opa particles and Sq particles in the large and small flow tubes as
ow tubes. For the examples showpart for on = Parti- 5 function of OH concentration. The data of Che et al. (2009) and

cles were 0.22 (S50nm particles) a_nd 0.39 (58 nm particles)_for theSmith et al. (2009) are shown for comparisén). Effective reactive
small and large flow tubes, respectivelly) Sample 2-ODA patrticle uptake coefficientypar, of Cl on 2-ODA, Sq, and BA particles in

decays from small and Iqrge flow tubes. For the e>.<amples showny, o large and small flow tubes as a function of Cl concentration.
ypartfor Clon 2-ODA particles were 1.43 (52 nm particles) and 0.87

(58 nm particles) for the small and large flow tubes, respectively.

These reactive uptake coefficients were not corrected for limitation 12 1.1
of uptake by gas phase diffusion. kon = 8.66x10"12cm? molecules1, Wu et al., 2003; 2-

hexanol: kon = 1.21x 1011 cm® molecule 1 s~1, Walling-

ton et al., 1988). Thus, it appears as if only the rates of

] ) ) _ the gas-particle reactions, and not the gas-phase-only reac-

etal., 2007; McNeill et al., 2008), mixed particles for which ions are influenced by the radical concentrations. However,

uptake coefficients are difficult to define (Weitkamp et al., jt myst be noted that in these experiments not only were the

2008) or may have included secondary chemistry which canggical concentrations different in the two flow tubes, but so

be a complicated function of [OH] or [CI] (George et al., \yere the concentrations of the precursors (@& OH and

2007; Hearn and Smith, 2006; Hearn et al., 2007). Cl, for Cl); a higher concentration of precursor was used in
To investigate the apparent dependence on radical conthe small flow tube to generate a higher concentration of the

centration, several measurements of the relative rates afadical. What effect, if any, does the precursor concentration

just gas-phase species with OH and Cl were made akave on the radical uptake kinetics?

well, and it was found that no such discrepancy was ob-

served between the small and large flow tubes. For ex3.2 Rate of reaction of 2-ODA with OH with [O3]

ample, for the OH reactions the rate of 1-butanol rela- held constant

tive to that of 2-hexanol was measured to be 0.£8.07)

and 0.61 £0.04) in the small and large flow tubes, re- To explore the effects of £and Ch concentrations on the

spectively, compared to a ratio of 0.72@.07) calculated reactive uptake of OH and CI, respectively, systematic ex-

from published rate constants of these reactions (1-butanolperiments were carried out using 2-ODA particles. Brassidic
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[OH]*t (10" molecules/cm™* sec) Fig. 5. Effective reactive uptake coefficiengpart, of OH on 2-

] ] ) ) ODA particles as a function of §concentration. The Langmuir-
Fig. 4. 2-ODA decay from reacstlon with OH |n3the small and large e adsorption isotherm used to fit the data, Eq. (4), is also shown
flow tubes with [Q] = 3—4x10*°molecules crm®. with 95 % confidence intervals. The best fit parameters pge=

0.56 (4:0.07),K =2.60 (+1.40)x 10~ 15 cm3 molecule™, and f =
. . . . 1.86 (+£0.16). Also shown are the results of a gas-phase relative
acid particles were not chosen for this study since BA cOn-5tes experiment in which the ratio of the rate constants of 1-butanol
tains a double bond and thus undergoes reactions with O and 2-hexanol reacting with OH was determined as a function of
the OH precursor. Squalane particles were not used befog].

cause the squalane + OH experiments are relatively time-

consuming since different chemical ionization schemes are

used to observe the reaction of the squalane (using)N@d  sured as a function of Dconcentration in the small and

methanol, the gas-phase reference species (usiig+D),) large flow tubes (Fig. 5). In these experiments, the laser

(see Sect. 2.4). For these reasons, 2-ODA particles were chdluence was used to control [OH] at a fixeds @on-

sen to investigate the effects of precursor species on the resentration which ranged from 2370 molecules cm? to

active uptake of OH and CI. 8.3x10% moleculescm®. The reactive uptake coefficient
The reaction of 2-ODA with OH was performed in the initially decreases with increasing §Pand then reaches a

small and large flow tubes using the fluence of the pho-plateau where a further increase ingl®as no effect on the

todissociation laser to control the amount of OH produc- reactive uptake of OH. In order to ensure that this trend was

tion at fixed Q concentrations. Generally, the laser flu- not due to a change in the reactivity of the gas-phase ref-

ence was adjusted such that the 2-ODA reacted by approxerence species, a gas-phase relative rates experiment using

imately 20 % over the length of each flow tube. As before, the reactions of 1-butanol + OH and 2-hexanol + OH was per-

2-hexanol was used as the gas-phase reference. The resultsmed as a function of @concentration (grey triangles in

of one such experiment, where the concentration pfv@s Fig. 5). No variation in the ratio of the rate constants was ob-

3-4x 10 molecules cm® are shown in Fig. 4. Now, when served across the range of ozone concentrations used indicat-

O3 concentration is the same in the two flow tubggart is ing that the trend observed in the 2-ODA uptake coefficient

nearly the same despite the fact that the reaction times ani$, indeed, specific to the particles.

[OH] differed by a factor of 33:ypart=0.31 and 0.32 for The uptake coefficient data in Fig. 5 are fit well by a

the small and large flow tubes, respectively. In other words,Langmuir-type isotherm with the form:

[OH] and time are truly interchangeable parameters in these

gas-particle kinetics experiments as long as thec@ncen- ) =y (1_ ﬂ) (4)

tration is fixed. These results suggest thatiaffecting the f

particle reaction kinetics in some way warranting a systeM-yherey , corresponds to the uptake coefficient in the absence

atic study as a function of §xoncentration. of O3, f is an adjustable parameter which accounts for the

incomplete inhibition of the rate of reaction even at the high-

3.3 Rate of reaction of 2-ODA with OH as a function of est values of [@)], andé is the fractional surface coverage of

(0]

(O3] Oas:

To better understand the effect thag @as on the rate K[Os]

of reaction of 2-ODA particles with OHypart Was mea- =11 K[Og]' (%)
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where K is the G adsorption/desorption equilibrium con- the reaction, (2) the incomplete coverage of the surface by
stant. The fact that this modified Langmuir function fits Os islands or other such phenomena whereby OH can still
the data in Fig. 5 well suggests that @ adsorbing to the react with 2-ODA that is not covered bysQOor (3) the for-
particle surface where it affects the observed rate of reacmation of long-lived reactive oxygen intermediates (ROI’s)
tion of 2-ODA with OH. If Oz were simply diffusing into  from the interaction of @ with the particle surface as sug-
the bulk of the particle, it would be difficult to explain gested recently by Shiraiwa et al. (Shiraiwa et al., 2011).
how the observed rate of reaction would initially decrease An Os layer may act as either a physical barrier, where
with increasing [@] and then level off because most of the only OH that is able to diffuse through thesQayer may
O3 would reside inside the particle and not at the surfacereact with 2-ODA, or a chemical barrier which reacts with
The best fit parameters arg’o = 0.56 (+0.07), K = 2.60 OH to form HG. From gas-phase rate constants of OH
(£1.40)x 10~ 5 cm® molecule’®, f =1.86 (+0.16). and HQ reactions with analogous organic species (Lloyd,
The value ofy, = 0.56 represents the predicted effective 1974; Ohta, 1984; Atkinson et al., 1982; Gierczak and Rav-
uptake coefficient in the absence of any inhibition by ad-ishankara, 2000) it is expected that the conversion of OH to
sorbed Q. Very few experiments exist in which the reac- HO, would slow considerably, if not halt entirely, the reac-
tive uptake coefficient of OH on organic films or particles hastive loss of 2-ODA. The formation of island-like structures
been measured in the absence gt@whichy, can be com-  of O3 would be feasible if @ self-adsorption is favored rel-
pared. In one such study, Bagot et al. (2008) have determinedtive to & adsorption to the 2-ODA surface once a critical
the reactive uptake of OH on squalane films using 355-nmconcentration of @ exists at the surface. Alternatively, the
laser photolysis of a low pressure of HONO to generate OHformation of ROI's with lifetimes much longer thans®as
above the squalane surface. In that study, the reactive uptakecently been suggested by Shiraiwa and co-workers (Shi-
coefficient of OH on squalane films was 0#4®.04 which is  raiwa et al., 2011) to be formed from the interaction af O
comparable to the value ¢f, = 0.56 (£0.07) reported here with aromatic surfaces. While the mechanism of formation
for 2-ODA aerosols. Likewise, these values are similar to theof ROI's from interaction of @ with a saturated organic acid
results of Che et al. (2009) in whigh=0.51 was measured surface as used here is unclear, it is possible that ROI's are
for reaction of squalane particles with OH over a timescaleformed and could affect the observed dependence of the ef-
of 1.5-3h using a presumably low concentration gft@  fective reactive uptake coefficient org©@oncentrations. As
generate OH, though this concentration was not measured. no change in particle signal was observed upon the addition
The adsorption/desorption equilibrium constant af @ of O3 even at the highest £concentrations used here, any
the 2-ODA patrticle surface deduced from the Langmuir fit in ROI's formed here must be unreactive with the 2-ODA parti-
Fig.5isK = 2.6 (+1.4)x 10 > cm® molecule * and is com-  cles or be formed in low yields. If formed in sufficient yields
parable to the adsorption/desorption equilibrium constant obto block reactive sites of OH on the particle surface, ROI's
tained from experiments of £adsorption on other organic may participate in the decrease in OH reactive uptake with
surfaces (Mmereki and Donaldson, 2003; Kwamena et al.jncreasing @.
2004, 2007; Mmereki et al., 2004). In particular, Kwa-
mena et al. (2007) describe the Langmuir-Hinshelwood ad3.4 Rate of reaction of 2-ODA with Cl as a function of
sorption of @ on various liquid organic aerosols, and for [Cl2]

supercooled liquid azelaic acid aerosols they report a value , ) .
of K = 2.2x 105 cm® molecule L. This good agreement is Unlike the reaction of OH with 2-ODA, for which the rate of

not surprising, as both the azelaic acid particles used in thaf€action decreased at higher OH concentration, it was found

study and the 2-ODA aerosols used here are supercooled lighat the apparent uptake coefficient for the Cl reaction with

uid organic carboxylic acid particles. .-ODA mcre_ased W|t_h Cl concentration (Fig. 3b): Is it pos-
The parametey in the modified Langmuir function used sible t.hat this trend is relat(_ad to .thc_e concentrations of Cl

to fit the data is a measure of the degree to which the reactive/Sed in those experiments in a similar way that the rate of

uptake coefficient is affected by the presence paCthe par- ~ OH reaction was influenced by the concentration gfdo

ticle surface. A value of = 1 would represent a Langmuir investigate this possibilityy part Was measured as a function

adsorption isotherm for which the reaction is completely in- ©f Cl2 concentration (shown in Fig. 6) with the laser fluence
hibited at saturation (whefi= 1), whereas a value of >1 adjusted in each experiment to achieve approximately 20 %
represents incomplete inhibition even at saturation. In the fif®action of the 2-ODA. Experiments were conducted in both

to the data in Fig. 5, the value gf is 1.86 (-0.16) indicat- the small flow tube and in the large flow tube, and it was
ing that when @ haé reached its surface saturation concen-found that the effective reactive uptake coefficients are equal
tration, the reaction between OH and 2-ODA still proceeds@t & given Ci concentration even though [CI] and reaction

at 54 % (1/1.86) of the rate if @ were absentyo). This time diffgred by a factor of 33 in_ the two flow tubes.. Thus,_
partial hindrance of the reaction could be due to: (1) the ex]Cl] and time are equivalent and interchangeable variables in

istence of a layer of @that acts as a barrier between OH and Measuring the reactive uptake of Cl on 2-ODA particles for
the 2-ODA particle surface which slows but does not inhibit & 9iven Cb concentration.
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1.8 other 2-ODA molecule thereby enhancing its rate of loss.
In essence, there is a higher Cl concentration at the surface

-

] than is calculated based on the gas-particle collision rate de-
1.4 rived from the measured rate of loss of the gas-phase ref-
1 7zl &1 - --p------=---=----"- erence, and this increases the effective uptake coefficient.
121 This secondary loss of 2-ODA also explains why effective
1.0 uptake coefficients greater than one are measured. Further
. evidence for this radical chain mechanism was observed in
> 08y reactions carried out in the absence ofi@which the effec-
06 W small flowtube data \ tive uptake coefficient was measured to be as high as 10 (not
] o :g":he[':’l:i:ui;‘;;a molecules/cm shown), presumably because the competitive R fe@ction
0-4‘_ mogdiﬁed Langmuir fit was eliminated allowing the chain to propagate to a larger ex-
024 = = -95% confidence limits for fit tent. The value of the uptake coefficient in the absence of the
; enhancement from the adsorbed €an be estimated from
0.0 r - T - T - T - A the y, parameter obtained from the Langmuir isotherm fit:

Yo =0.92 (£0.07). Thus, the reaction between Cl radicals
[CL] (x10° molecules/em’) from the gas phase and the 2-ODA occurs at nearly the gas-
particle collision rate, consistent with analogous reactions in
Fig. 6. Effective reactive uptake coefficientpar, for Cl on 2-  the gas phase which typically occur near the gas-kinetic col-
ODA particlgs a§ a function of @Icpncentration. The Il_angmuir- lision rate (Atkinson et al., 2006). The paramefein the
type adiorptloq 'SOthe.rm used to fit the dat_a, Eq. (4), is alSO.Showri_angmuir fit represents the degree to which the rate of 2-
\(’)V'g; 95% confidence intervals. Tblesbest fit paranlelters A= ODA reaction increases or decreases because of the adsorbed
.92 (4:0.07),K =1.72 (+1.23)x 10~ cm® molecule !, and f = : _ N
—1.42 (+0.30). B adsorption decreases the observed rate of reac-CIZ' The bestfit value oy is —1.42 ¢£0.30) indicating that
tion. the adsorbed Glenhances the rate of 2-ODA loss (because
f<0) by a factor of 70 %+£1/1.42), which is effectively a
measure of the radical chain length.
As seen in Fig. 6, the reactive uptake coefficient increases The adsorption/desorption equilibrium constant of Qi
with increasing [GJ] and then reaches a plateau where a fur-the 2-ODA particle surface deduced from the Langmuir fit in
ther increase in [G] has little to no effect on the observed Fig. 6 is K = 1.72 (+1.23)x10 >cm® molecule’l. There
rate of reaction. As with the OH uptake dependence ex-dis currently a lack of adsorption/desorption coefficients in
periments, these data are well represented by a Langmuithe literature for Gl on organic surfaces, but as there are
type isotherm (Eg. 4) with:y, =0.92 (+0.07), K =1.72 no chemical reactions (and thus no chemisorption) between
(£1.23)x10 > cm® molecule’®, and f = —1.42 (£0.30).  Cl, and 2-ODA, adsorption is due to physisorption. Ph-
To ensure that the observed change in the rate of 2-ODA reagysisorption is expected even for nonpolar adsorbents on non-
tion was not due to a change in the reactivity of the gas-phaseolar surfaces because of the attraction ofitistantaneous
reference species, a gas-phase relative rates experiment dipole moments in the surface species and adsorbent arising
Cl+methanol and CI+ n-propanol was performed. The ra-from the instantaneous positions of the nuclei and electrons.
tio of the rate constants was measured to be 2462 16), For adsorbent species with near-zpermanentdipole mo-
in good agreement with the ratio of 2.92@59%%) cal- ments, such as gland @, the attraction to a mostly non-
culated from the values recommended in the IUPAC Gas Ki-polar surface such as 2-ODA (although 2-ODA is slightly
netic Data Evaluation (Atkinson et al., 2006). The fact thatpolar due to the presence of a carboxylic acid moiety, the
the ratio is independent of [¢]lindicates that the trend ob- long carbon chains are essentially nonpolar) is expected to
served in the 2-ODA uptake coefficient is, indeed, specific toresult in physisorption of Gland/or Q to the particle sur-
the particles. face. Because the permanent dipole moments pfaad
The observed Langmuir-type dependence indicates tha€l, are on the same order of magnitude, it is expected that
Cly is adsorbing to the surface of the particle with a con-the Ch adsorption/desorption coefficient would be similar to
comitant enhancement in the rate of loss of 2-ODA. Thethat of G;, which was measured in the OH experiments to
most likely cause of this enhancement is from a radical chairbe K = 2.60 (4-1.40)x10~1°cm? molecule . Thus, the ad-
mechanism in which the alkyl radicals (R) formed from the sorption/desorption equilibrium constant obtained from the
initial reaction of Cl+2-ODA react with Glto reform a CI  modified Langmuir isotherm for @lon 2-ODA, K =1.72
radical and an alkylchloride product, RCI. In fact, evidence (+1.23)x 101 cm® molecule’?, is reasonable.
for the formation of the RCI product is observed by the ap- It may seem counterintuitive that a lightweight, volatile
pearance of a peak at/z= 347 amu ([(2-ODA-H+CI)H1]) halogen, G, would adsorb to the surface of a liquid 2-ODA
in the mass spectrum (not shown). The ClI radical that isparticle instead of dissolving in it. To further investigate the
formed from the R+ Gl reaction can then react with an- plausibility of this, experiments were performed in which
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Bro was added to the flow tube along witho@b determine  particles for some reason. Otherwise, an explanation for the
whether Bp would adsorb and affect the rate of 2-ODA loss. discrepancy between the two studies is not apparent.
Br, was used to decouple the effect of adsorption from the
radical reactions since the Br radicals generated by photoly-
sis of Bk should not react with the gas-phase reference, ace4 Implications and conclusions
tone, or the particles; for example, the Br + acetone rate con-
stant is estimated to be only xQ0-2°cm®molecule s~ No difference is observed in the reaction kinetics of 2-ODA
at 298K (King et al., 1970), and reactions between Br andaerosols with OH or CI when the decay profiles are con-
gas-phase organic compounds are typically orders of magnistructed by changing the radical concentration (small flow
tude slower than analogous reactions with Cl (Bierbach et al.fube) or the reaction time (large flow tube) as long as the pre-
1996; Finlayson-Pitts et al., 1999; Ezell et al., 2002). In fact,cursor (@ or Cl) concentration is the same in both cases.
no reaction of the 2-ODA particles is observed in the absencdhus, it is appropriate to consider the radical concentration
of Cl, indicating that, indeed, Br radicals do no react with and reaction time as interchangeable parameters with the
2-ODA to an appreciable extent. Bioes react with Cl radi-  product of the two, the exposure-[OH]-¢ or [CI]-7), being
cals decreasing the Cl concentration, but this decrease affecgpnserved. Consequently, it seems reasonable to extrapolate
both the particles and the gas-phase reference species afesults from laboratory aerosol flow tube studies, in which
should not alter the measurement of the rate of particle reacreactions are studied with high radical concentrations on the
tion. However, the Bris expected to interact with the surface timescales of seconds to minutes, to atmospheric processes,
in a similar way as Gldoes thereby providing a probe of sur- Which involve much lower radical concentrations and occur
face adsorption. The effective uptake coefficient measured@ver several days to a few weeks.
from the 2-ODA loss decreased from=1.23 in the absence However, it has also been observed that the rates of re-
of Bro toy = 0.94 in the presence 06210 molecules cm? action are functions of the concentrations of the precursor
of Bry (Fig. 6 open square), a statistically-significant differ- species, @ or Ch. It was inferred from these dependencies
ence at the 99 % confidence level. This decrease could hawhat these species affect the reactivity of the radicals by ad-
resulted from either or both of two possibilities: (1Btthe  sorbing to the surface of the liquid particles. This finding has
surface “deactivates” the Cl radicals by reacting with them: implications for many gas-particle uptake experiments since
high concentrations of precursors are almost always required
Cl+Brp, — BrCIl+Br, (6) to carry out the reactions on the seconds-minutes timescale.
For example, in the case of OH reaction with 2-ODA parti-
or (2) Ch is displaced by Brat the surface thereby reducing cles, extrapolation of the high-gDuptake coefficients to the
the significance of the R + €lreaction in the radical chain atmosphere, wheref@oncentrations rarely exceed 250 ppbv
mechanism. Either way, the decrease observed in the 2-ODAKleinman et al., 2002) (still 50 times smaller than the small-
reactivity indicates that Brhas adsorbed to the particle sur- est concentration used here) would underestimate the rate by
face, and by extension implies that the; @Gdsorption in-  50%. The only way to determine the magnitude of this ar-
ferred from the Langmuir-type plot (Fig. 6) is reasonable. tifact is to carry out a systematic study as a function gf O
While it would have been interesting to study this effect asconcentration.
a function of [Bp] to see if Bp also saturates the surface, it  The adsorption of @is also believed to be responsible
was not possible to increase it without adversely influencingfor the slower rate of reaction observed for squalane in the
the H"(H,0), reagent ion signal. small flow tube { = 0.10) compared to the large flow tube
Very recently, Liu et al. (2011) have measured the up-(y =0.28) (Fig. 3a) where higher [§)was used in the small
take of Cl radicals by squalane particles and found that timeflow tube. Interestingly, @adsorption may also explain the
and [CI] are not interchangeable kinetic parameters becausenge of values reported by Wilson and co-workers (Che
of secondary radical chain chemistry. In that work, they et al., 2009; Smith et al., 2009) for the reaction of OH +
found that the uptake coefficient increased directly propor-squalane in which they also used @hotolysis to generate
tionally to [Cl], just as is observed in the present work, OH (shown for comparison in Fig. 3a); in an aerosol flow
albeit at a slower rate, over the same range ob][@)— tube study (with a residence time of 37 s), they report a
8x 10" molecules cm?d). It is possible that Liu et al. (2011) value ofy =0.30, and in a continuous flow stirred tank re-
did not observe the plateau demonstrated in Fig. 6 simply beactor (residence time of 1.5-3 h), they report a higher value
cause they did not use a large enough]CThey also found of y =0.51. It seems reasonable that they probably used a
that the uptake coefficient depends inversely proportionallylarger G concentration in the shorter flow tube study and that
on [CI], and from this they conclude that time and [CI] are O3 adsorption resulted in a smaller uptake coefficient, but O
not interchangeable. Such a dependence is not observed doncentrations were not reported in either study. Likewise,
the present study as long as thejds controlled and does the effect that Gl has on the rate of reaction with Cl radicals
not vary, perhaps because the secondary chemistry is lestoes not seem to be unique to reactions with 2-ODA parti-
significant in the 2-ODA particles compared to the squalanecles; the effective uptake coefficients measured for brassidic
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