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Abstract. The reactive uptake af-pinene oxide ¢PO) to Liquid—liquid phase separation in bulk experiments, along
acidic sulfate aerosol was studied under humid conditionswith our observations of decreased uptake to particles with
in order to gain insight into the effects of liquid-liquid the largest growth factors, suggests an organic coating forms
phase separation on aerosol heterogeneous chemistry amgbon uptake to particles, limiting reactive uptake.
to elucidate further the formation of secondary organic
aerosol and organosulfates from epoxides. A continuous
flow environmental chamber was used to monitor changes
in diameter of monodisperse, deliquesced, acidic sulfatel Introduction
particles exposed taPO at 25% and 50% RH (relative
humidity). In order to induce phase separation and probelhe reactive uptake of volatile organic compounds (VOCs)
potential limits to particle growth from acidic uptake, by tropospheric agqueous aerosols has recently gained
«PO was introduced over a wide range of concentrationsattention as a potential source of secondary organic aerosol
from 200 ppb to 5ppm. Uptake was observed to be highly(SOA) and organosulfate species (Ervens et al., 2011,
dependent on initial aerosol pH. Significant uptakex®0  Lim et al., 2010; McNeill et al., 2012; Volkamer et al.,
to aerosol was observed with initial pHO. When exposed 2009; Sareen et al., 2010; Kroll et al., 2005; Nogi et
to 200 ppbaPO, aerosol with pH= —0.5 showed 23% al., 2010; Galloway et al., 2009; Liggio et al., 2005).
growth, and 6% volume growth was observed atpH Volatile compounds can react in the particle phase (e.g.,
0. Aerosol with pH=1 showed no growth. The extreme hydrolyzing or oligomerizing) after uptake to form low-
acidity required for efficienttPO uptake suggests that this volatility products. Recently, interest has grown in reactive
chemistry is typically not a major route to formation of uptake for aerosols with significant water content (McNeill
aerosol mass or organosulfates in the atmosphere. Effectivet al., 2012). Aqueous uptake and processing of organic
partition coefficients Kpef) were in the range of (0.1- matter may be important in explaining the extreme levels of
2)x10~*miug-! and were correlated to initial particle oxidation (O:C> 1) observed in secondary organic aerosol
acidity and particle organic content; particles with higher (Lee et al., 2011; McNeill et al., 2012). The focus of this
organic content had lower partition coefficients. Effective study is the reactive uptake of epoxides to acidic sulfate
uptake coefficients yr) ranged from 0.1 to 1 x 104 aerosol and understanding the effects of particle composition
and are much lower than recently reported for uptake toon acid-mediated reactive uptake.
bulk solutions. In experiments in whiahPO was added to Epoxides have been identified as potential SOA precursors
bulk H,SO4 solutions, phase separation was observed forin both laboratory studies and thermodynamic calculations,
mass loadings similar to those observed with particles, andn particular through their ability to form organosulfates
product distributions were dependent on acid concentration(OSs) through acid-catalyzed ring opening (linuma et al.,
2009; Lal et al., 2012; Minerath and Elrod, 2009; Paulot et
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al., 2009). Recent observations of OSs in ambient sample2 Experimental methods
have led to laboratory studies aimed at determining their
formation mechanisms and organic precursors (Surratt eR.1 Aerosol reaction chamber setup and operation
al., 2006, 2007, 2008; Lin et al., 2011; Hatch et al., 2011,
Lal et al., 2012; Minerath et al., 2008, 2009; Minerath All chamber experiments were conducted in~&3.5m?
and Elrod, 2009; Darer et al., 2011; Hu et al.,, 2011; Teflon chamber as shown in Fig. 1. The chamber is run in
Perri et al., 2010). OS yields are known to depend onsteady-state operation with a constant gas flow of 13Lpm
particle acidity and total aerosol volume (Surratt et al., for a chamber residence time of about 4 h. Previous static
2007; linuma et al.,, 2009; Lal et al., 2012; Hu et al., chamber studies of epoxides with similar aerosol acidity,
2011). In addition, while initial OS formation may drive particle concentration, andPO concentration indicate that
uptake to aerosol, less-substituted OSs or those with nearbyeactive uptake reaches steady state after about 2h (Lin et
electron-withdrawing groups may readily hydrolyze to diol al., 2011; linuma et al., 2009). While uptake timescales
compounds (Hu et al., 2011). A recent study employing lowvary with particle composition an@&PO concentration,
«PO concentrations reacting in bulk sulfuric acid solutionsthe previously observed timescales for uptake suggest our
did not show significant formation of organosulfates; ratherchamber residence time is long enough to accommodate
unsaturated compounds formed almost exclusively followingcomplete uptake. We confirmed this experimentally, as
opening of theaPO 4-member ring (Bleier and Elrod, described below.
2013). Laboratory experiments have observed monoterpene- Prior to each experiment, the bag was rinsed with de-
derived epoxide uptake to extremely acidic aerosol {pH ionized water and flushed with dry nitrogen to remove
0), but results at acidities above 0 and less than 7 havany material present on the chamber walls. All chamber
not been reported. We conducted experiments over a widexperiments were conducted at approximately 50% RH
range of aerosol pH an@PO concentrations to explore the (relative humidity) and 25C, except for experiments with
importance of epoxide uptake under ambient conditions.  a particularly high particle acidity of p& —1, which were
Reactive uptake can be strongly affected by particlerun at 25% RH. A hygrometer (Vaisala) was used to monitor
morphology and phase separation of particle organic andhe humidity and temperature of the chamber. The conditions
inorganic components. After liquid—liquid phase separation,for each experiment are listed in Table 1; also shown are the
a core-shell morphology with the organic phase coating theresults of each experiment to be discussed below.
outer surface of the particle has been observed (Bertram et The bag was filled with a combination of three flows:
al., 2011; Smith et al., 2012; You et al., 2012; Song et al.,humidified nitrogen, ammonium sulfate/sulfuric acid aerosol
2012a, b; Ciobanu et al., 2009). Such a morphology changén nitrogen, andxPO in nitrogen. The final humidity was
is expected to impact aerosol heterogeneous chemistry bgdjusted by combining a nitrogen flow that passed through
changing the surface composition from aqueous to organi@ water bubbler filled with de-ionized water and a second
(You et al., 2012). Zuend and Seinfeld (2012) also showedlow of dry nitrogen. The total humid-nitrogen flow was
via calculations that liquid—liquid phase separation canllLpm. An atomizer (TSI-3076) produced seed particles
dramatically impact gas-particle partitioning of semivolatile by atomizing solutions of 50O, with (NH4)2SO, (total
species (Zuend et al.,, 2010; Zuend and Seinfeld, 2012)solute concentration 0.2M) with a nitrogen flow rate of
Particles with significant water content may exist in ~2Lpm. Particle acidity was altered by adjusting the ratio
several morphologies. These could include a fully mixedof HoSOy: (NH4)2SOy in the atomizing solution. Particle
aqueous/organic particle, a phase separated aqueous cqukl values were calculated at the designated chamber RH
with an organic shell, and an aqueous phase partialljusing E-AIM (Wexler and Clegg, 2002; Clegg et al.,
engulfed by an organic phase (Smith et al., 2012; Ciobanul992; Carslaw et al., 1995; Clegg and Brimblecombe,
et al., 2009; Kwamena et al., 2010; Reid et al., 2011; Song2005; Massucci et al., 1999), assuming particles have the
et al., 2012a). The organic-rich phase of phase-separatesame inorganic composition as the atomizing solutions. pH
acidic particles may be proton-depleted, with the aqueousvas calculated using E-AIM mole fraction-based activity
phase retaining the initial acidity (Pavia et al., 1999). In data: pH= —log;g(an+). In order to achieve precise
addition, uptake studies with bulk phase mimics of acidic growth measurements, the atomizer output was size-selected
sulfate aerosol particles (e.g., sulfuric acid solutions) dofor 150 nm particle diameter using a DMA (TSI-3080)
not replicate this complicated phase behavior and may onlyperating at a 80.8 sheath to sample flow (Lpm) ratio.
represent initial uptake rates to systems with low levels ofParticle concentrations in the bag were in the range of
organics. By studying uptake to both bulk solutions and 1000-3000 cm?. «PO (Sigma-Aldrich> 97 %) vapor was
particles over a range of organic content and acidities, wenjected at variable concentrations by passing nitrogen
begin to elucidate the effects of particle morphology on over liquid «PO held at varying temperature, which was
uptake to acidic aerosol. controlled using a cold finger setup. To run below ambient
temperatures, the cold finger was immersed in a dewar
filled with either ice (O°C) or an NaCl/ice bath-{20°C).
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Fig. 1. Schematic of the continuous flow experimental chamber time (h)

setup.
Fig. 2. Growth curves for uptake akPO to~ 150 nm diameter
acidic sulfate particles with varying pH artPO concentrations.
The concentration of therPO delivered from the cold Blue (pH=0, [xPO]=5ppm), cyan-dashed (pH—0.5, [«PO]
finger was calibrated in a separate set of experiments= 0.2ppm), red-dashed (pH —0.5, [xPO]= 1 ppm), gray (pH=
with a custom-built chemical ionization mass spectrometer—1, [«PO]=1ppm), black-dashed (pH —1, [«PO]= 5 ppm).
using HOt.(H20), as the reagent ion. See Sareen et a|_The.data are aligned so tha:t:lo corresponds to the‘beglnnlng of
(2010) for a description of the instrument and its operation.IoartICIe grovvth_. Chamb?r residence time wag h. Final growth
aPO was detected as the protonated moleculen/atl53 values are attained within 4-8h.
(C10H160 + H™), its cluster with water am/z171, and the

protonated dimer (Z10H160 + H) at m/z205. . layer was formed at the solution surface within several hours
Data from typical experiments with a range of acidities 4y continued to thicken with longerPO exposure. The
and«PO concentrations are shown in Fig. 2. To show all 3 solution became slightly cloudy, and none of the other
the experiments on the same axes, the measured diametet§|,tions formed visible products fromPO exposure. The
(Dy) are normalized to the final diameteDg for each o5 and bottom layer of the acid solutions were extracted
gxpenment). After a stable |n|.t|al diameter measurement ;i o pipette, and the UV-Vis absorbance spectra of these
is achieved for the seed particles {50nm), theaPO  fractions were measured. Digital photographs of the 10 M
flow was initiated. After injectingrPO for between 4 and  reaction vials were used to monitor the time-dependent
8h, the particles in the chamber attain a stable outpuhenetration of the colored reaction products into the bulk
diameter. Previous studies using this chamber under similagtion and estimate the aqueous-phase diffusion coefficient
operating conditions (Sareen et al., 2013) have shown thagt ,po. Control experiments in which the acid solutions
additional mixing did not perturb the outlet flow gas or were exposed to ambient laboratory air under the trapped

aerosol concentrations, suggesting that at these flow rates anghaker in the absence @PO resulted in no color change.
with the existing chamber configuration, the reactor is well-

mixed. 2.2.2  Slow addition of liquid PO to bulk acid solution

2.2 Bulk uptake studies To deliver a large volume fraction @fPO, 3mL of liquid
«PO was slowly added at 750 uthto 3mL of sulfuric

2.2.1 Gas phase uptake to bulk surfaces acid solutions with a syringe pump to achieve a 50 % volume

) S ) fraction of« PO after 3 h. In contrast to the gas-phase uptake
The phase behavior and diffusivity ePO reactive uptake 456 (Fig. 3a), for both the 10 M and 3 M acid concentrations,

products were observed in additional experiments in whichy;sihje phase separation occurred; the vial with 10 M acid is
gas-phasePO was taken up by bulk agueous sulfuric acid gnown in Fig. 3b.

samples. Four vials with 10 mL of sulfuric acid of varying

concentration in water (10, 3, 1, and 0.1 M) and one vial

with 3mL of pureaPO were placed beneath a large inverted 3 Results and discussion

beaker. These concentrations of the bulk solutions were

picked to match roughly the pH values predicted by E-3.1 Uptake ofaPO to particles: effect ofaPO

AIM for the particles in the chamber experiments( concentration and particle acidity

—0.5, 0, 1). This created a sustained exposure of the acid

surface to room temperatute®O vapor (0.82 Torr, 25C) The volume-growth factor, defined as the ratio between
(Lal et al.,, 2012). Vials after 18 h okPO exposure are the final and initial volumesV/V;), increased with the
shown in Fig. 3a. In the 10M acid solution, a light-red gas-phasexPO concentration. These results are displayed
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Table 1. Summary of experimental conditions.

Expt. # 1 2 3 4 5 6 7 8 9 10
Atomizing solution: BSOy : (NH4),SO, 1:0 1:0 1:0 1:0 1:0 5:3 5:3 5:3 5:9 5:9
Temp ¢/ —2°C) 26 26 26 26 26 26 26 26 26 26
RH (+/ —5%) 25% 25% 50% 50% 50% 50% 50% 50% 50% 50%
Aerosol pH -1 -1 -05 -05 -05 0 0 0 1 1
aPO (ppm) 5 1 5 1 0.2 5 1 0.2 5 1
Initial diameter (nm) 160 146 163 155 147 170 165 165 175 170
Growth factoP 255 193 192 148 123 144 11 106 0 0
Fraction water lo$t - 030 0.27 042 051 045 - - - -
Init. water conterft (vol/vol) 41% 41% 52% 52% 52% 24% 24% 24% 24% 24%

@ pH values calculated using atomizing solution composition in E-AIM calculations.
b Ratio of final to initial particle volumeV; / V;.

35F
ey H,S04 (pH~-1)
Control a=PO .~ 3.0 H,SO4 (pH~-05) o
! : " ! 9 (NH4)280,4:H,S0, (pH ~ 0) 4
- —-— I E (NH,)580,:H,SO4 (pH ~ 1) =
- - -~ N S 25
. _ . N >
~
(a) (b) g 20
. . . . . . =
Fig. 3. (a) Photograph of vials with sulfuric acid solutions: 10, 3 15
10, 3, 1, and 0.1 M (left to right). At the far left is a control >
vial of 10M acid exposed to room air for 19 h; the others were . a—— -
exposed to the room temperature vapor pressueP@ for 19 h. 1o ) " ) ) ) .
0 1 2 3 4 5

(b) Photograph of a reaction vial with slow addition of liqui€?O . .
(750 uLh 1) to 10 M acid solution. Two distinct layers are present: [@—pinene—oxide] (ppm)
a dark-red bottom layer and a lighter-colored yellowish top layer.

The appearance of a dark layer on top is an optical effect. Fig. 4. Effect of acidity andxPO concentration on the growth factor

of acidic sulfate particles (pH1: magenta diamonds, pH0.5: red
circles, pHO: blue triangles, pH 1: black squares). Growth due to
aPO uptake increases with acidity a@BO concentration.

in Fig. 4 and Table 1 for experiments for several
particle acidities. High particle acidity and gas-phag®0 3.2 Partitioning coefficients
concentration resulted in very high growth factors and
particle organic content. For particles with pH-0.5 and
5ppm «PO, the growth factor is greater than 2 and the P
organic fraction of the particle(Vs/ Vi — 1)/ Vs, reaches  Kpeft (M Ug™):
nearly 50 %. ACp ot

The clear trend of increased uptake with particle acidity Kpefft = ~—~—. (1)
indicates thatxPO only forms SOA under conditions of g =ptot
reactive uptake. This is consistent with the relatively low where ACptot is the increase in total particle mass
aqueous solubility o&PO (219 mgL? or roughly 0.02%  concentration from gas uptak€y the mass concentration
by mass). Previous measurements have also shoR@ of organic precursor in the gas phase, @lot the total
uptake to be strongly dependent on particle acidity (Surratparticle mass concentration, all expressed in pg.nGiven
et al., 2006, 2007; Lin et al., 2011; linuma et al., 2009; the chamber operating parameters, and assuming that the
Lal et al., 2012). linuma et al. (2009) ran experiments with chamber behaves as a classical continuous-flow stirred-
acidic (pH= 0) and neutral aerosol, but only observed uptaketank reactor (CSTR), the finaly value in the chamber
at pH=0. Surratt and co-workers also observed a strongwill typically be within 10% and never less than 70 %
pH dependence for the reactive uptake of isoprene-derivedf the input concentration o&PO (Fogler, 2009). The
epoxides, with greater uptake at low pH, consistent withresulting uncertainty inKp et is small compared to the
acid-catalyzed reactions driving uptake to aerosol (Lin et al.,variation in the measure&p e values. The partitioning
2011). coefficient is shown as a function of particle growth factor

To quantify the partitioning of a gas-phase component to the
aqueous aerosol, we use an effective partitioning coefficient,

Atmos. Chem. Phys., 13, 8258263 2013 www.atmos-chem-phys.net/13/8255/2013/
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in Fig. 5. A value of 28 x 10~*m3pg~! was measured by
linuma et al. (2009) under conditions of 50 ppPO, 4x
108 cm®m—3 seed concentration, and particles with $H
0 (linuma et al., 2009). For that study this corresponded <
to a volume growth factor of- 1.1. We measuredp f g
under similar conditions with 200 ppePO to be in the
range of 0.4—-0 x 104 m3ug. This is good agreement
given measurement uncertainty and our observation that
the partitioning coefficient decreases with increasii®RO 0sk
concentration (Fig. 5).
As shown in Fig. 5, the partitioning coefficient decreases 1 . . . ]
with increasing growth factor. In other words, as the organic 1.0 15 2.0 2.5 3.0
fraction of the particle becomes greater, the affinity of Growth Factor
«PO for the particle decreases. Thg trend. of uptake \_N_'thFig. 5. Effective partitioning coefficients as a function of particle
growth factor suggests that changes in particle compositionyowth factor. Data are shown for three particle pH levels:
and/or morphology uporrPO uptake play a major role in _1 (magenta diamonds)-0.5 (red circles), 0 (blue triangles).
determiningxPO partitioning to acidic particles. Partitioning coefficients increase with increasing particle acidity
and decrease with increasing growth factor.

H,SO, (pH~-1) &
2.0f HySO,; (pH~ -05) o ]
(NH4)2S04:HyS0, (pH~0) &

1.5}

Y

K,(10

3.3 Uptake ofaPO to bulk solutions

The uptake ofaPO to bulk sulfuric acid solutions was
strongly pH-dependent. The reactive uptakexBfO by the
10 M H2SO; solution was made evident by the formation

of a visible red layer at the top of the solution within ;s ~5culated to be 9 10-6cns-1. This value is similar

3h. When left to sit over 48h, this layer darkened andy, the yoom temperature, low-concentration limit of glucose

grew thicker. The mass loading @fPO in the sulfuric i, \yater (Gladden and Dole, 1953), and does not indicate
acid solution is low enough that phase separation is ”Obarticularly low diffusivity.

evident. Comparing the relevant timescales in the system Liquid—liquid phase separation was observed at higher
(uptake, reaction, and diffusion), our observation of a quickly oo loadings okPO. Using a syringe pump, liquidPO
forming yet slowly growing colored layer suggests that, ,s sjowly injected to the surface of sulfuric acid solutions.
diffusion of organics through the liquid phase is the rate- o fio, rate was set to give a similar volume-addition
limiting step. Due to structural similarities, we expect the ..o of PO to the acid solution as was observed in the
diffusivities of «PO and its reaction pr_oducts to be similar. particle uptake experiments, doubling the solution volume
We note that, from the results of Bleier and Elrod (2013), 5\er 31, Phase separation occurred for both the 10 and

the timescale for reaction a#PO in 10M sulfuric acid 3 gyifuric acid solutions, but the organic phase in the
will be ~5min, suggesting a short reacto-diffusive length 3\ sojytions was not colored, consistent with our other
of ~0.05cm. Therefore, we conclude thaPO will react 1, experiments. ThePO concentration in a solution or

near the interface, and analysis of the depth of the coloredyaicie will affect the product distribution, because a higher
layer can give an estimate of the diffusivity of the colored yanic concentration will favor oligomerization. Lal et al.
products. UV-Vis spectrophotometry confirms the formation (2012) observed a change in the product distribution in
of strongly light-absorbing products at high solution acidities bulk studies of the mixed liquids with differeatPO : acid
and that this chemistry is reversible upon dilution with water i ace ratios, suggesting that the concentration of organics
(see S_upplement). The chgnge in thickne;s O,f .the red Iayeét the bulk surface or in a particle affects the product
over time allowed an estimate of the diffusivity for the isyinution. Standard organic synthesis has shown that, at
reactive uptake products @fPO. After 45h the products g5 in bulk sulfuric acid solutions, the hydrolysis products
formed a layer roughly 1.5 cm thick. Fick’s law (Eq. 2) gives ;e opening of the 4-member ring @PO (Coelho et
a relationship between diffusivityp, the distance traveled in al., 2012). This reaction mechanism was also evident in the
a given directiony, and the elapsed time, recent work of Bleier and Elrod (2013). This chemistry is
42 not likely to be reversible and retains a double bond that
D=—. (2) will allow for further reaction, such as oligomerization at
2 high «PO concentrations. The estimation of relatively fast
For our systemx is the depth of the colored layer, or diffusion rates in these systems and the decre&Sgedhlues
the distance from the solution surface to the bottom of thein high-mass loading experiments suggest that products of
colored region, and is the elapsed time after beginning «PO uptake will saturate the particle volume and then phase
exposure taxPO. The diffusivity of the reaction products separate with increased loading.

www.atmos-chem-phys.net/13/8255/2013/ Atmos. Chem. Phys., 13, 823 2013
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3.4 Loss of water upon drying o

Particles were dried after organic uptake in order to get more’s 4t
information about their phase/morphology. The results from £
drying are shown in Table 1 and also Fig. 6 as diameter &
growth vs. the fraction of water lost from the particle. The
fraction of water lost is calculated as

Mmov:

0.5

e
'S

et
W

Py

Vet — Vdry
V (H20)RH,wet—V (H2O)RH,dry

where Vet and Vgry are the particle volumes before and . . . . .
after the drier, andV (H2O)rH,wet @and V(H20O)RrH,ary are 0 5 10 15 20
the volumes of water at the RH conditions before and after Diameter Growth (nm)
the drier. The volumes of water were calculated using E'Fig. 6. Fraction of water removed during drying from patrticles after
AIM, models | and Il (Wexler and Clegg, 2002; Clegg et uptake ofePO vs. diameter growth.
al., 1992; Carslaw et al., 1995; Clegg and Brimblecombe,
2005; Massucci et al., 1999). We observe a clear trend in
the fraction of the total particle water lost with the increase -
in particle diameter. Greater particle diameter growth (i.e., a 328 Ei:; - 7(1)"5’; M
thicker organic coating) was correlated with decreased water (NH,)sS04 H,80, (pH ~ 0) &
loss from the particles. The residence time in the drier was
~7s. It may be the case that on longer timescales (from,
~ 1 min to several minutes) particles may reach equilibrium. =
Nonetheless, our results suggest that the organic component;
of the particle inhibited water evaporation, as we discuss in 50}
the following paragraphs.

Varying particle size and changes in water activity may
partially explain the trend in particle organic content.

S
o

©)

Fioss=

Fraction Water

et
=

e
>

150[

100}

Given the relation between particle diametey)( diffusion 2.0 25

coefficient () and equilibration time) (Shiraiwa et al., Growth Factor

2011), Fig. 7. Uptake coefficient dependence on growth factor for particles
d2 in the pH range of-1 to 0. Calculated pH values for the seed

Tp —p, (4) aerosol are-1 (magenta diamonds);0.5 (red circles), and 0 (blue
D triangles).

the variation in therelative amounts of drying is greater

than would be explained by the variation in particle diameter

alone. As seen in Fig. 7, the variation in final particle 5, ns the moles of solutes “s”. The variation in water
diameter i§~ '152—182 nm, vyhich would only give' risg 10 activity for our systems was calculated using this equation
~ 30 % variation in equilibration timescales. The diffusivity \yith the molalities of the inorganic species (including water)
of the_ partlcles_ is indeed likely to de<_:rease with 'ncrease%redicted from E-AIM and assuming thé®O SOA organic
organic material, regardless of particle morphology, butyaterial to have a density of 1 gcry van't Hoff factor of
particle size alopg .does nc_)t explain the variability in 1, and a molecular weight of 150 gmdl The Raoult's law
approach to equilibrium. This suggests that at least thgmgle fraction) part of the water activity expression only
e_ffectlvewa_lter dlffu_swlty may decrease significantly with explains about 7% of the variation in water evaporation,
higher particle fractions afPO SOA. much less than the factor of 2 exhibited. Thus the variation

Another possible cause for the variation in the fraction of i, raction of water lost would be parameterized, empirically,
water loss is a change in the water activity of the particles;, varying the water activity coefficient.

after organic deposition. Water activity can be calculated as The trend in water loss due to drying will be partially

(Bilde and Svenningsson, 2004) due to differences in equilibration timescales and the
nw mole fractions of water present. Empirically this could be
w=VYw_—"<~ () represented as a change in the water activity coefficient for
nw + Zsls”ls

particles with different amounts afPO SOA. The large
whereyy, is the activity coefficient for waten,, the moles  variation in activity coefficients is not inconsistent with
of water, is the van't Hoff factor for solute species “s”, formation of an organic coating.

Atmos. Chem. Phys., 13, 8258263 2013 www.atmos-chem-phys.net/13/8255/2013/
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Separation of the particles into water-rich and organic-richthe presence) of organic material. Our low values for the
liquid phases is suggested by our bulk-phase studies. Thisffective uptake coefficients show that the uptake coefficient
is consistent with recent studies by Bertram et al. (2011),depends on the volume fraction of organics and decreases as
which showed phase separation for particles of ammoniunthe particle accumulates organic material. SinB®© uptake
sulfate and organic compounds that have atomic O : C ratioss driven by reaction with acid in the aqueous phase, this is
of less than 0.7, and product studiesx®¥O + bSOy suggest  again consistent with the formation of an organic-rich phase
material with O:C of 0.2-0.5 is formed (Lal et al., 2012; at the gas—aerosol interface.
linuma et al., 2009; Coelho et al., 2012; Song et al., 2012b).

In their studies, Bertram et al. (2011) observed a core-shell ,

morphology for phase-separated particles, with the organi@ Conclusions
phase on the outside. Inhibition of water loss from particles
with high organic content is consistent with slow diffusion
of water out of the particle through the organic-rich phase Ofaerosol is self-limiting. Liquid—liquid phase separation at
the particle. The observed trend in water loss highlights th '

s . o igh organic loadings, supported by experiments with bulk
Eg:zgz{);n;portance of phase separation in predicting Watermixtures, is a likely cause of this phenomenon. Both

the effective partition coefficients and uptake coefficients
decreased for particles with higher volume fractions of
organics, and inhibited water loss was observed at high

The dynamic uptake of gases to the particle surface isPrganic loadings. In experiments using bulk solutions, phase
determined by the uptake coefficient. It characterizes theSeparation was observed for solutions with high volume
collision efficiency for uptake of an organic molecule to fractions ofe PO and its reaction products. Similar effects are
a surface. Assuming a set timescale to grow to the finalpossible for aqueous aerosol SOA formation in other systems
diameter, we can estimate this parameter, and then compaméith O: C ratios < 0.7 (and therefore liquid-liquid phase
this value to previous measurements and values for similafeparation is predicted) (Bertram et al., 2011; Song et al.,
cases. Our experiments do not directly yield the timescale2012b). In scenarios where isoprene epoxydiols or glyoxal
to reach the final growth factor, because the experimentaflominates uptake to the aerosol aqueous phase, the O:C
timescale is determined by the time to reach steady statéatio is expected to be- 0.7, so this effect may not limit

in the continuous-flow chamber. We can use the estimateSOA formation via those pathways (McNeill et al., 2012).
of ~1.5h from the batch reactor experiments of linuma However, more eXperimental evidence is needed to confirm
et al. (2009) as a guide . Assuming a constant particlethis prediction.

density, there is a simple relation between the mass flux and To date, studies have only shown uptake of monoterpene-
molecular collision with a particle that yields the effective derived epoxides atan aerosol pH of zero. Our results support

We have demonstrated via bulk and aerosol chamber
measurements that the reactive uptakea®O to acidic

3.5 Uptake coefficients

uptake coefficient (Seinfeld and Pandis, 2006): this fact and show that, even at an aerosol pH of 1.0, no
observable uptake occurred faPO. This suggests that,
ADp = VeffwcgasMWgasAt’ 6) under typical ambient conditions, significant formation of
4p monoterpene-derived SOA or organosulfate compounds is

not likely to occur. Both our observations of complex phase
behavior and pH-dependent product formation suggest that

species' gas-phase concentration, MWthe molecular flow tube measurements of epoxide uptake to bulk solutions
P gas-p W may only apply to particles with low organic content and

vAveltghht ?jf thet. conc:censngg spet(':lestf;\e pa;yclte densﬂy, art1'd equivalent acidity, and that particle organic content strongly
t the duration of condensation. As a first approximation, _e . product yields/fidentities,

we can use this relation to calculate an average uptake
coefficient during the course of an experiment. Using the
timescale from linuma et al. (2009), we calculate reactiveSupplementary material related to this article is

uptake coefficients betweenx110-6 and 110« 10°%. These  available online at: http://www.atmos-chem-phys.net/13/
values, shown in Fig. 7, are particularly low for reactive 8255/2013/acp-13-8255-2013-supplement.pdf

uptake of organics. Lal et al. (2012) have measured uptake

coefficients foraPO to bulk sulfuric acid surfaces to be

2 . . . .
4.6x 10, and uptake coefficients for other reactive organics AcknowledgementsThis work was supported by the Camille &

i -3 i
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al., 2005). The apsorbing phase in thg previous studigs O&hemistry and the NASA Tropospheric Chemistry program (Grant
«PO to bulk solution does not reach high volume fractions NNX09AF26G).

of organics, so these measurements might reflect only initial
uptake ofaPO to particles, before accumulation (or without Edited by: D. Topping

whereA Dy is the change in particle diameteg the uptake
coefficient, w the molecular speedCyas the condensing
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