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Abstract. Recent evidence has suggested that heterogeneods Introduction
chemistry of oxygenated hydrocarbons, primarily carbonyls,
plays a role in the formation of secondary organic aerosolGas-phase oxidation of hydrocarbons has been considered
(SOA); however, evidence is emerging that direct uptake ofa key step in the formation of secondary organic aerosols
alkenes on acidic aerosols does occur and can contributéSOA) in the atmosphere. This process is an area of sig-
to SOA formation. In the present study, significant uptakenificant interest due to its climatic relevance (Pilinis, et al.,
of monoterpenes, oxygenated monoterpenes and sesquiter995), its effect on regional visibility (Eldering and Cass,
penes to acidic sulfate aerosols is found under various con1996), and its potential for negative health effects (Gold-
ditions in a reaction chamber. Proton transfer mass specberg, et al., 2003; Hannigan, et al., 1998). Comprehension
trometry is used to quantify the organic gases, while anof these effects is complicated by the fact that the composi-
aerosol mass spectrometer is used to quantify the organition of SOA greatly determines the extent of these effects.
mass uptake and obtain structural information for heterogeConsequently, there is a need to determine the mechanisms
neous products. Aerosol mass spectra are consistent witbf formation and the nature of SOA compaosition, particularly
several mechanisms including acid catalyzed olefin hydrafrom biogenic sources.
tion, cationic polymerization and organic ether formation, Emissions from terrestrial vegetation are a significant
while measurable decreases in the sulfate mass on a per pafource of non methane hydrocarbons (NMHCs) globally,
ticle basis suggest that the formation of organosulfate comcontributing upwards of 850 Tg of organic carbon per year,
pounds is also likely. A portion of the heterogeneous re-considerably surpassing annual anthropogenic emissions
actions appears to be reversible, consistent with reversiblg125 Tg/year) (Hoffmann, et al., 1997). Emissions of these
olefin hydration reactions. A slow increase in the organicbiogenic volatile organic compounds (BVOCS), including
mass after a fast initial uptake is attributed to irrevel’Sib|eisoprene, monoterpenes, oxygenated terpenes and sesquiter-
reactions, consistent with polymerization and organosulfatgpenes, are an important source of secondary organic aerosol
formation. Uptake coefficients/( were estimated for a fast (SOA), particularly due to their high atmospheric concen-
initial uptake governed by the mass accommodation coeffitrations and their intense reactivities with atmospheric oxi-
cient @) and ranged from £10-°—2.5x10~2. Uptake coef-  dants. Although many products from the oxidation of bio-
ficients for a subsequent slower reactive uptake ranged frongenic NMHCs are volatile and remain in the gas-phase, a
1x10~"—1x10-%. These processes may potentially lead to significant number possess vapor pressures sufficiently low
a considerable amount of SOA from the various biogenic hy-such that their partitioning to aerosols occurs. Many of these
drocarbons under acidic conditions, which can be highly sig-low volatility products have been observed in both laboratory
nificant for freshly nucleated aerosols, particularly given thegenerated biogenic SOA (Boge, et al., 2006; Kroll, et al.,
large array of atmospheric olefins. 2006) and ambient aerosols over forested regions (Kavouras,
etal., 1999).

Recent work has shown heterogeneous and liquid phase
reactions, often leading to polymeric material, as a potential
route for SOA formation from volatile and semi-volatile ox-
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fioaryophyiiene - Exp.17 (Liggio, et al., 2007), the present paper reports on the re-
70 v 50, Mass sults of a series of lab studies on the direct uptake of bio-
ot genic olefin species, including various monoterpenes, oxy-

------ Surface Area x10'°

genated monoterpenes, and sesquiterpenes, to acidic sulfate
aerosols. The organic mass uptake, reaction mechanisms for
the heterogeneous reactions of several of these compounds,
the reversibility of such reactions, and the importance of this
process in the ambient atmosphere are discussed.
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Eight terpenoid species were exposed to acidic sulfate seed
. . . . . . . ‘ . aerosols in a 2 Teflon reaction chamber, enclosed in a
-150 -100 -50 ] 50 100 150 200 250min .. . .

Relative Time (min)® framed aluminium container to prevent potential photochem-

istry. The details of the chamber design and configuration

Fig. 1. Example of the time dependent mass loading curves;(SO have been given previously (Liggio and Li, 2006b), with
and Organics), particle number concentration and total surface areg|ight modifications described herein. A summary of the ini-
for the uptake of biogenic speciea) Time=0 indicates the injec- a1 56050l composition, the hydrocarbon gases and other
tion of the olefin into the chamber, initial conditions is given in Table 1. In a typical experi-

ment, the chamber was filled first with aerosols of known

Noziere and Riemer, 2003; Gao et al., 2004; Hastings ef12504/(NH4)2SOs composition and size, to a concentration
al., 2005; Kalberer et al., 2004; Tolocka et al., 2004). ThisOf aPProximately 10003000 crd, followed by the addition
pathway may aid in explaining the current underestimation of0f @ gaseous monoterpene or sesquiterpene (Sigma-Aldrich,
SOA mass by global models (Heald, et al., 2005), and could™ 98%) at a given relative humidity (RH, 1.4-73%). The rel-
prove important with respect to CCN activity. Heteroge- a’uvg humidity was controlled by injecting o_le-_lonlzed and or-
neous reactions have been proposed to lead to the transform@@nic free water onto the surface of a resistively heated ele-
tion of VOCs and SVOCs to various high molecular weight ment within the chamber, prior to and during the addition of
compounds, oligomers or organosulfate species, specificall#erosls:

via compounds containing oxygenated functional groups
(carbonyls and alcohols). Several mechanisms, including

oligomer formation, hydration, hemi-acetal and acetal for- 5o 5015 were generated by atomizing a solution consisting
mation, polymerization (Jang and Kamens, 2001), aldol CoN~ approximately 0.011M (Nk)>SOs and 0.3 M HSOy
densation (Noziere and Riemer, 2003) and organosulfate for\'/vith a constant volume atomizer (TSI Inc)) at different

mation (linuma, et al., 2007a; linuma, et al., 2007b; Liggio gy (anq slight differences in temperature) to give the dif-
and Li, 2006a; Surratt, et al., 2007), have been proposed t?

) ) rent acidities in the aerosols of Table 1. Approximately
explain observed heterogeneous products and possible aciﬁono-dispersed aerosols, of 300400 nm in diameter (463—
catalysis in laboratory studies.

X : . 527 Vacuum aerodynamic diameter), were selected with a
Although oligomer formation from oxidized products of

k X , ~'scanning differential mobility analyzer (DMA, TSI Inc.) and
primary hydrocarbons is now well known, comparatively lit-

A - ' | - introduced into the chamber over a period of several hours or
tle is known regarding the SOA forming potential of primary nj| 4 sufficient particle concentration was obtained. Drift-

unsaturated biogenic hydrocarbons (e.g., alkenes). Bulltyy of the DMA sheath and aerosol flows over this time, and
liquid studies suggested that acid catalyzed polymerizationyjgerences in water uptake from one experiment to the next,
of isoprene may be feasible (Limbeck, et al., 2003), and,..qunt for the stated size range.
more elaborate chamber studies have demonstrated that in-
deed isoprene ang-pinene can be taken up significantly by 2.2 Gas delivery and measurement
acidic aerosols via polymerization of these olefins and sub-
sequent polymer hydration (Liggio, et al., 2007). However, it The terpenoid gases were introduced to the chamber, one for
has been unclear whether reactions leading to polymers angach experiment, by injecting their pure liquids into a stream
oligomers are reversible, which in turn determines their im-of zero air (Aadco Inc.) which contains no measurable lev-
portance to SOA formation in the atmosphere. Evidence forels of oxidant or other contaminants. The terpenoid com-
both scenarios has been observed with respect to the heterpeunds were chosen to span the range of compound classes
geneous uptake of glyoxal (Hastings, et al., 2005; Kroll, etthat are commonly observed in the ambient atmosphere.
al., 2005; Liggio, et al., 2005). These include non-oxygenated and oxygenated monoter-
Extending the previous work on isoprene amginene  penes and sesquiterpenes (Table 1). Structures associated

.1 Aerosol generation
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Table 1. Initial gas and aerosol parameters associated with each experiment

Exp.# Species [Ga&[ppm) RH (%) Initial Seed Aerosol Composition (moles®y®  Initial Aerosol pH  Initial Diam. (nm) 0')°
Monoterpenes
1 Limonene 2.3 1.6 M=33.2 HS@=34.1 Sci*:0.82 NHI:Z.S -4.74 463 (4.6)
2 Limonene 0.40 3.1 H=28.0 HS@=28.1SQ =10 NI—Q:Z.l -4.40 482 (2.0)
3 Limonene 11 18.8 H=15.8HSQ =13.6 s§—=1.7 NHf=1.1 -3.10 517 (3.4)
4 Limonene 1.4 45.8 H=10.0HSQ =6.8 SG=1.9 NH} =0.63 -2.05 527 (4.2)
5 B—pinene 1.8 3.3 Fi=27.5HSQ =27.5 scj*=1.0 NHf=2.1 —-4.37 468 (2.5)
6 B—pinene 1.8 17.1 M=16.4HSQ =143 s%*:us NHf=1.15 -3.20 515 (3.9)
7 B—pinene 1.8 24.2 M=14.3 HS@=11.7SQ =18 NHIzl.O -2.85 476 (2.9)
8 B—pinene 1.8 54.2 H=8.7 HSQ =5.5 S@‘:l.Q Nl-q:0.53 -1.78 503 (3.6)
9 3-Carene 1.0 24 H=29.7 HSQ =30.1 Sci‘ =0.93 NHj{=2.2 —4.54 498 (3.5)
10 3-Carene 11 40.0 H11.0 HSQ =7.9 S(%_=l.9 Nl-g=0.7l -2.25 491 (4.4)
1 3-Carene 1.0 73.0 H5.9HSQ =3.3SG =1.5NH[=0.35 -117 491 (2.7)
12 Linalool 0.08 1.4 H=34.3 HSQ =35.4 SCE* =0.79 NH:(:Z.G -4.80 464 (4.8)
13 Linalool 0.42 475 Fr=9.7 HSQ =6.5 sci*:1.9 NHI:0.61 —-2.00 517 (5.0)
14 Geraniol 0.03 21 H=30.8 HS@ =314 Sci‘ =0.88 NHj{:Z.3 -4.62 506 (5.4)
Sesquiterpenes
15 B—Caryophyllene 0.15 14 H=34.2 HSQ@=35.2 S%‘ =0.78 NH:{:Z.G -4.81 473 (6.8)
16 B—Caryophyllene 0.10 1.8 H=32.3 HSQ =33.1SG =0.84 NHj{=2.5 -4.70 486 (4.4)
17 B—Caryophyllene 0.19 18.8 H=15.8HSQ =13.5SG =1.7NH =1.1 -3.11 517 (3.1)
18 B—Caryophyllene 0.20 55.5 8.5 HSQ =5.4 S(ﬁ*=1.8 NI—E{:O.SZ -1.74 523 (4.3)
19 a—Humullene 0.12 14 H=34.3HSQ =35.4 SG =0.79 NHf =2.6 -4.80 488 (6.3)
20 a—Humullene 0.30 66.5 H=6.9 HSQ =4.0 Sszl.? NHI:0.41 -1.39 498 (3.0)
21 Nerolidol 0.64 25 Fr=29.5 HS@=29.9 sci—:o.93 NH;’:Z.Z -4.52 511 (7.0)

@ Mean of the measurements during the experiment.
b Based on equilibrium thermodynamic calculation (Clegg et al., 1998).
€ Initial mean vacuum aerodynamic diameter as measured by the Q-AMS.

with the studied compounds are given in Fig. 1 — Supportingin the chamber was constant to withitb—~20% over the
Information http://www.atmos-chem-phys.net/8/2039/2008/ time scales of each experiment. It is estimated that the un-
acp-8-2039-2008-supplement.pdhe gas phase concentra- certainty in the gas phase measurement is 20%. Examples of
tion in the chamber during a given experiment was monitoredthe PTR-MS results are given in Fig. 2 of the supplemental
on a1 stime resolution with a Proton Transfer Reaction Massnformation http://www.atmos-chem-phys.net/8/2039/2008/
Spectrometer (PTR-MS, lonicon Analytik Inc.), the opera- acp-8-2039-2008-supplement.pdf

tion principles and application of which have been described

previously (Steinbacher, et al., 2004). Brieflyz®f ions 2.3 Aerosol measurements

are used to ionize gases via the transfer of a proton, yield- . , .
ing primarily M+1 ions with little or no fragmentation. The The aerosol composition, size, and number concentrations

ionization efficiency is based upon the proton affinity, which were quantified during the_experiments with an Aerosol Mass
is significant for most unsaturated compounds. lons are thepPectrometer (AMS) equipped with a quadrupole mass de-
accelerated into a quadrupole mass spectrometer for detel€CtOr (Aerodyne Research Inc.), which has. been described
tion which was operated in the single ion mode. The responsd Previous publications (Allan, et al., 2004; Jayne, et al.,
of the PTR-MS for a species was calibrated with a known gag?000: Jimenez, etal., 2003). In summary, particles are sam-
phase concentration, produced by injection of a given mas®led through a critical orifice and aerodynamic lens system,
of the species into a known flow of zero air. The PTR-MS which collimates the particles and accelerates them into the
was directly connected to the chamber via a 10 cm length ofime of flight region. The velocity, related to the particle size,
1/8 Teflon tubing which was continuously heated to approx-C&" be calculated from the time needed to reach a heated sur-
imately 60 C, to minimize adsorption of gases and subse 2c€ from a chopper located downstream of the inlet. Par-
guent sample contamination. The sampling line was autolicles are t'he.n impacted and yaporlzed on a heated surface
matically purged with zero air every 5 min to reduce sam- (~>80C), ionized by electron impact (El, 70 ev) and the re-

ple carry-over. The gas phase concentration of most speciestant fragments carried into a quadrupole mass spectrome-
ter for mass analysis. The AMS is capable of detecting single
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Fig. 2. Time dependent normalized organic mass (per particle) for selected experiments.

particle events for particles which contain sufficient massganic material is added to the initial acidic seed particles in
(~300nm NHNO3) (Jayne, et al., 2000). Initial aerosol all cases, although to varying degrees, where the maximum
diameters greater than 300 nm were deliberately chosen torganic mass loading ranged from 1-546 m—2 and cor-
take advantage of the efficient single particle detection in thissesponded to a maximum 3@eed mass of 47.7-137u3
size regime. Although the most highly acidic aerosols in them=2. The time dependent mass loading curves were approx-
troposphere may be nucleation mode nano-particles, subsémnately the same for all compounds during this study and
quent coagulation/condensation can lead to fresh acidities iis given in Fig. 1 for a typical experiment. From Fig. 1 it
the few hundred nano-meter range. From an experimentak evident that the onset of organic uptake occurs very soon
point of view, the larger particles enable the single particleafter the addition of the terpenoid species (denoted-83,
detection and chemical composition detection with the AMS.and the maximum in the organic mass was usually achieved
The AMS was operated with a time resolution of 5 min, and within the first 20—-50 min of each experiment. This suggests
sampled continuously for the length of each experiment (2.5-that the uptake mechanism is rather fast. However, the time
3 h). dependent mass loading, although useful as an indicator of
uptake, is complicated by particle wall losses and the ensu-
ing decrease of total organic and inorganic mass freth
3 Results and discussion This obscurity is removed by normalizing the mass concen-
trations (+g m~3) by the number concentrations (CR) of
Twenty-one experiments were performed under acidic partithe approximately mono-disperse aerosols. The result is the
cle conditions which were controlled by varying the relative mass on a per particle basis (g particlg given in Table 2
humidity within the chamber. A summary of the results of and reported as the value at the end of each experiment. The
uptake for each experiment is given as an organic mass cortime dependent normalized organic mass for selected exper-
centration tg m~3) in Table 2, representing the maximum iments are shown in Fig. 2. The normalized organic mass
organic mass observed. The organic and inorganic mass wast the end of each experiment was highly variable, ranging
calculated based on the algorithm of (Allan, et al., 2004). Or-

Atmos. Chem. Phys., 8, 2032655 2008 www.atmos-chem-phys.net/8/2039/2008/



J. Liggio and S.-M. Li: Reversible and irreversible processing of biogenic olefins 2043
Table 2. Measured organic mass uptake and calculated uptake parameters.
Exp No. Gas Phase Species Org MassSO;Mas€  Org/ part® (g)x10'€  SOy/parf(g)x 106 K‘;Aeﬁ (M3ugHx100  afx10° yix107
(mgm=3)  (ugm=3)  (+o) (*0) (*0) (*0) (*0)
1 Limonene 5.0 60.6 41.3 (4.6) 377.6 (20.0) 4.3(1.1) 2.6 (1.3) 6.6 (3.0)
2 Limonene 4.9 137.2 25.0 (4.1) 678.8 (24.0) 12.3(7.5) 5.4 (2.4) 36.5 (16.6)
3 Limonene 1.25 76.8 5.0 (3.5) 447.6 (32.7) 1.5 (1.0) 0.9 (0.6) -
4 Limonene 1.0 49.0 2.4 (4.7) 661.9 (33.0) 0.61 (1.0) - -
5 B—pinene 9.7 116.8 81.5 (9.0) 589.3 (16.6) 8.7 (1.4) 4.1(1.9) 45.5 (20.4)
6 B—pinene 1.29 51.6 11.5 (2.0) 427.1(28.3) 2.0 (0.57) 0.30(0.16)  0.87 (0.49)
7 B—pinene 0.77 77.7 3.2 (1.3) 371.4(27.2) 0.4 (0.13) 0.11(0.07)  1.1(0.56)
8 B—pinene 1.2 60.0 7.4(1.8) 301.8 (18.1) 1.4 (0.4) 0.12(0.06)  1.1(0.53)
9 3-Carene 23.6 100.2 91.7 (5.5) 408.0 (21.0) 35.5(6.2) 12.6 (5.8) -
10 3-Carene 2.8 47.7 7.3(5.8) 387.0 (26.4) 2.9(2.0) 1.6 (0.9) -
11 3-Carene 2.6 94.0 5.4 (1.7) 281.0 (18.0) 27(1.2) 0.28(0.16)  1.1(0.50)
12 Linalool 63.3 59.7 456.8 (26.5) 476.8 (20.4) 1161 (282) 881 (403) -
13 Linalool 0.99 57.9 6.4 (4.1) 421.2 (25.4) 4.3 (1.6) 0.71(0.38)  4.4(2.0)
14 Geraniol 21.9 80.8 104.4 (7.3) 345.8 (32.4) 1260 (216) 435 (196) 255.7 (198)
15 B—Caryophyllene 546 79.6 5305 (289) 316.2 (11.8) 761.8 (130) 2568 (1600) 739 (432)
16 B—Caryophyllene  69.4 65.0 849.1 (61.8) 388.7 (15.9) 774.1 (150) 422 (212) 980 (550)
17 B—Caryophyllene 7.6 79.1 49.0 (3.6) 369.6 (25.1) 58.1 (9.6) 12 (6.5) 41.7 (18.7)
18 B—Caryophyllene 1.5 77.4 8.7 (3.1) 437.5(23.8) 10.5 (2.1) 1.1 (0.55) 6.0 (2.9)
19 a—Humulene 114.8 70.1 1393 (89.0) 452.3 (30.6) 810.3 (144.9) 535 (247) -
20 a—Humulene 1.1 72.7 4.9(1.1) 351.5(11.9) 1.8(0.7) - 8.7 (3.9)
21 Nerolidol 13.7 52.6 82.7 (7.4) 417.8 (27.1) 34.2 (6.7) 17.3 (10) -

@ Maximum mass as measured by the Q-AMS, neglecting particle wall losses.

b Organic mass normalized by AMS number concentration, near the end of the experiment (mean over the last 30 min).

€ Sulfate mass normalized by AMS number concentration at the end of the experiment, where no decrease in sulfate mass was observec
Where a decrease in 3@er particle was observed a value prior to gas phase addition is reported.

d Assuming a near steady state was reached at the end of the initial fast uptake.

€ Assuming uptake is controlled by mass accommodation in the fast initial phase (i.e):

f Calculated from the slow increase in organic mass after an initial fast uptake. A slow increase in organic mass per particle was not always
observed (refer to text).

from 2.4x10716-5.31x10713 g particle ! and was depen-
dent upon relative humidity (RH); the largest uptake being
observed under the lowest RH conditions (see next section)although experiments were conducted with acidic aerosols
It is important to note that previous experiments with a sim-to varying degrees (Table 1), even aerosols with the weakest
ilar BVOC, under comparable conditions but with entirely acidity contained substantial acidity (pH1.17) likely suffi-
neutral aerosols, has shown that a negligibly small uptake ocgjent for acid catalysis to occur were it an important aspect of
curs (Liggio and Li, 2006b ). In addition, the AMS spectra of the reactions. Thus, the changes in uptake due to the changes
the pure BVOC:s are very different than those observed fromn the aerosol acidity in these experiments were likely not
the acidic aerosols in this study (see Sect. 3.2). There wagrge. In comparison, the effect of relative humidity (RH) is
also a significant difference in the normalized organic massmore pronounced. Significant differences in the magnitude
between classes of biogenic compounds. The mass takegf organic uptake were observed by varying the RH within
up for simple monoterpenes such as limonehejnene and  the chamber, regardless of the species studied. These results
3-carene under similarly acidic conditions was appreciablyare highlighted in Fig. 2. Increasing the RH from less than
less than that of oxygenated monoterpenes or sesquiterpenesy, (Fig. 2a) to 20-73% (Fig. 2b), and thus more realistic
This likely reflects the large differences between the vaporatmospheric RH conditions, reduced the normalized organic
pressures of such compounds, and ultimately the accommanass uptake, often by an order of magnitude, but still in-
dation of gases to the particle surface. Furthermore, the timglicates that this process occurs under atmospheric RH con-
dependent normalized mass curves in Fig. 2 typically exhibitditions. The reduced uptake at increased RH (and thus in-
afast initial uptake followed by a slower increase in mass forcreased aerosol liquid water content) also suggests that the
the remainder of the experiment. This suggests the existenceo|ubility of the terpenoids plays an important role; the sol-
of multiple reactions/equilibria and is discussed further in theypility of the hydrocarbons is typically small in water, but
following sections. can be significantly enhanced in acidic solutions. Increasing
the RH, thus increasing water content on the particles, in the
experiments likely has the effect of decreasing the terpenoid

3.1 Effect of relative humidity and acidity

www.atmos-chem-phys.net/8/2039/2008/ Atmos. Chem. Phys., 8, 20882008
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. . /. . 380 this effect and are likely not observable over the ppm levels
A which are initially present. The reverse reaction in Eq. (1)
elarve time i above is obviously driven by the increase in particle water
14x10™ > Gl .14 R e [ oo content. However, data clearly show that the reverse reaction
o BT ] 1 in Eq. (1) is not complete, and as indicated by Eq. (1) that
£ " Feo [ 5 some of the dissolved terpenoids in particles probably end
s | _4o§_‘ "5 up in the reaction produgp2) which is not reversible. This
g 4 Cae0 is demonstrated by the clear difference in the aerosol organic
£ : 20 L 40 mass uptake of experiments of different RH in Fig. 3. Ex-
S o-jestpengmad ). L 400 periment 8 §-pinene, 54% RH) and 11 (3-carene, 73% RH)
o g0 o0 s 00 150 200 20 30 were conducted as high RH cases to show low organic up-

Relative Time (min)

take as a baseline. Experimentdginene) and 9 (3-carene)
were conducted with RH which began low (3.3% and 2.4%,
respectively), leading to high initial uptake. The RH was
then increased (eventually80%) approximately 150 min
after the gas exposure of the particle and the initial uptake
took place (Fig. 3). Although the organic mass decreased
significantly in both cases upon the RH increase, it did not
solubility and limiting the amount available for further reac- reach the low organic mass in the baseline Exp. 8 and 11, re-
tive transformation in the particles which may be acid Cat'spectively, at the same RH. The difference is represented by
alyzed. A secondary effect of increased RH is the dilution ofthe arrows in Fig. 3, and implies that a portion of the uptake
acidity in the particles, although in these studies the particleproductS, prior to the RH increase, is formed via irreversible
acidities were not entirely controlled without changing the reactions, likely in the liquid phase as shown in Eq. (1)
liquid water content, and thus this secondary effect could notay, increase in particle diameter (Fig. 3) is also observed im-
be observed. mediately upon the increase of the RH, suggesting that wa-
The importance of RH and solubility is also highlighted ter is fairly well mixed within the particle, since a relatively
in several experiments where the RH was increased after redydrophobic organic layer is unlikely to take up such signif-
active uptake had already occurred (Exp. 5, 9, 14 and 19)icant amount of water. This removes the possibility that the
the results of which are shown in Fig. 3. The equivalent ex-elevated organic mass (after increasing the RH) compared to
periments utilizing 3-carene argipinene at fairly high RH  the base case was caused by a limitation of water uptake by
from the start of each experiment is also shown in the fig-the organics. Regardless, there was likely sufficient time for
ure for comparison. As illustrated in Fig. 3, increasing the diffusion through the organic layer if necessary. It is likely
RH after uptake has occurred immediately reduces the orthat these irreversible reactions occur continuously through-
ganic mass per particle in all cases. This is evidence that aut the experiment but become increasingly important during
type of equilibrium must exist between reaction products andthe slow increase in organic mass observed for many exper-
the original terpenoid species. Increasing the RH, and hencenents, after an initial steady state has almost been reached
the particle water content, likely decreases the solubility of(Fig. 2). These irreversible reactions act to slowly shift the
the parent terpenoid and shifts the equilibrium from aerosolequilibrium of Eq. (1) to the right. The nature of these re-
phase producty) to gas-phase specieg) (@s depicted below. versible and irreversible products is discussed below.

Fig. 3. Effect of increasing RH after initial uptake on the per parti-
cle normalized organic mass for selected experimgajsvacuum
aerodynamic diameter.
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spectra of the pure compoun(t) Aerosol spectra for 3-carene reaction products of Exp. 9, at low RH compared to the relative spectra of
the mass spectral difference (Low RH, Exp. 9—High RH, Exp. 9) (C-inset). AMS derived spectra of pure 3-carene.

3.2 Aerosol spectra, reaction mechanisms and reversibilityand sesquiterpenes collected near the end of a given exper-
iment are presented in Fig. 4 and 5. Numeroyg frag-

It is probable that the uptake of organic material in this studyments appear in the spectra of Fig. 4 and Fig. 5 which are
has arisen from heterogeneous reactions subsequent to phyfer greater than the molecular weight of the parent species
ical absorption and solubility. Firstly, a pure physical ab- (136 g/mol, 154 g/mol, 204 g/mol), up to the mass limit of
sorption or adsorption to the aerosol phase, based on the théhe AMS (1/z 300), despite the fact that the harsh ionization
ories of Pankow (Pankow, 1994), could not account for theand heating of the AMS tends to result in smaller fragments.
amount of mass taken up in these experiments. The high Furthermore, the reaction product spectra can be com-
vapor pressures associated with these compounds preclugrmred with the AMS derived spectra of the pure liquid ter-
these physical processes from being a significant contributopenes/sesquiterpenes. AMS spectra of the pure compounds
assuming that the species is not transformed to a low volatilwere generated by rapidly heating and cooling the pure
ity product as would be the case in a neutral aerosol. Al-liquids, resulting in sufficient nucleation and growth into
though adsorption/absorption coefficients for these volatiledroplets, which could be measured with the AMS. These re-
terpenes have not been studied, partition coefficients (absorgsults are also shown in Fig. 4 and Fig. 5. Itis clear from these
tion/adsorption) for similarly volatile compounds such as low figures that the AMS spectra for the studied compounds are
MW aldehydes are estimated to be less than'®n®..g, far  in all cases very different than the spectra of the pure organic
less than what has been observed in this study (Table 2). Seaerosol products. Pure compound spectra do not contain any
ondly, the observed aerosol mass spectra are consistent wifragments greater than the parent molecular weight, in stark
heterogeneous products of low volatility. Typical aerosol contrast to the reaction product spectra. In addition, the pure
mass spectra for monoterpenes, oxygenated mono-terpenesectra are quite different in the low mass range. This is clear
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evidence that heterogeneous reactions were undoubtedly réion products, some of which are reversible in response to

sponsible for the uptake that was observed.

There is evidence that more than one type of reaction
mechanism was at play, leading to different types of reac
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changes in RH that probably changed the aerosol water con-
tent, while others are not. A representation of possible path-
ways for the direct uptake of limonene and geraniol is given
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spectra of limonene (Fig. 5), 3-carene (Fig. 48)pinene
= naieor Gt (Fig. 5) andu-pinene (Liggio, et al., 2007).
e ety Although a similar mechanism is likely to occur for
the non-oxygenated sesquiterpenes, the obtained spectrum
(Fig. 4b) is largely skewed towards higher/z fragments,
reflecting the larger molecules of the sesquiterpenes with
the additional GHg functional group compared to the ter-
penes. Nonetheless, as an example, the mass spectrum of
B-caryophyllene products is again consistent with a cationic
polymerization mechanism. Given that the parent of
B-caryophyllene is 204, the unusually large abundance of
m/z 205 compared to that of the pure compound specta
(Fig. 4b) implies that initial protonation leading to a carbo-
100 % 0 % 100 e 50 cation (M+1) and hence further polymerization has occurred,
Refadve Time mi) while other polymer fragments are also observable in the
mass spectrum.

50x10"°
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Fig. 7. Decrease in the AMS measured $S(er particle) after
the addition of the biogenic gas (time=0) for selected experiments

suggesting the formation of organosulfates. 3.3 Esters and ethers in aerosols

Oxygenated monoterpenes (or sesquiterpenes) may take an

additional potential route to oligomerization products; the
in Fig. 6. It should be noted that these mechanisms do nosame conditions which foster cationic polymerization are
represent all possible pathways or chemical structures, notonducive to ester/ether formation. A generalized mecha-
do they take into account the stability of products. In fact nism for geraniol is presented in Fig. 6 to illustrate this point.
there are likely many other reaction pathways, some of whichin addition to carbocation formation from double bonds, pro-
may be more energetically favorable than what has been préonation of the alcohol group on the geraniol molecule can
sented. Given the presence of olefins in the starting comalso occur. This results in the attack of an electrophillic OH
pounds, the observed large/z fragments, and the aerosol group as shown in Fig. 6 via aryd mechanism leading to
acidity, it is very likely that a cationic polymerization has the ether product H, which can be further hydrated partially
occurred, of which the final structure and size may be someor fully (). Ether formation under these conditions (acidic
what unclear, but likely resembles the structures in Fig. 6.and<150 C) is favored over thejeelimination (Wade, 2003)
As noted previously (Liggio, et al., 2007), the uptake of iso- which would lead to a dehydration of the alcohol group. At-
prene andv-pinene to acidic aerosols proceeds primarily via tack of an electrophillic olefin at the same position via path
a cationic polymerization mechanism. Similarly, the uptakeb (L) may also occur and would lead to similar products
of the non-oxygenated monoterpenes and sesquiterpenes @&s the reaction of non-oxygenated monoterpenes. The mass
the present study likely also proceed via this route. As exemspectrum of geraniol products is in fact different than other
plified in Fig. 6 for the uptake of limonene by cationic poly- monoterpenes (e.g. limonene, Fig. 5), being slightly shifted
merization, the initial protonation (regardless of the position)to largerm /z.
under acidic conditions can lead to complex polymeric struc- In addition to organic ethers, inorganic esters may also
tures such as B (Fig. 6) (or others), where polymers are terarise as illustrated in the mechanisms for limonene and
minated by HO (C) and may be further hydrated, either par- geraniol (Fig. 6). The mechanisms of Fig. 6, leading to
tially or fully (D). Fragments possibly associated with this organo-sulfates, are slightly different than reported previ-
mechanism, and observable in the mass spectrum, indicateusly for carbonyl containing species (Liggio and Li, 2006a).
that polymerization of at least 2 limonene units had occurred|n that case, nucleophilic attack of S&4was required, how-
although the mass range of the AMS (300) is limiting. Nu- ever, under many conditions sulphate is a weak nucleophile.
merous other polymer orientations (too many to show), areHence steps A—E and G—K in Fig. 6 may be somewhat less
possible from different combinations of ring cleavage andfavorable, although they may occur when few other nucle-
further polymerization. As a result of potential ring cleavage, ophiles are present. A more favorable scenario is the addition
and since all non-oxygenated monoterpenes have the sanwd sulfuric acid to olefins leading directly to organo-sulfates
molecular weight (gH1) and are reactive with respect to via attack of the olenific bond (E and K); a reaction which is
the olefin bonds present, they are expected to undergo simknown to occur for most alkenes (Wade, 2003). Evidence for
lar polymerization reaction mechanisms, potentially leadingthe existence of organosulfates in this study is based upon
to similar products. Due to the intense heating and ionizatiora decrease in the measured sS&r particle after the ad-
associated with the AMS, one might expect these polymers talition of the hydrocarbons, as shown in Fig. 7 for several
break down similarly, and may explain the similarity in the experiments. A decrease in the measured 8Qring the
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reactive uptake of a biogenic oxidation product (pinonalde-ficient (K p_eff):
hyde) has also been attributed to the formation of organosul-
fates previously (Liggio and Li, 2006a). This decrease in
SOs was most evident in experiments with the lowest rela- (Cp/C1sP)
tive humidity which also resulted in the highest proton con- Kpetf = . @
centrations in the aerosols. Organosulfates may also form ¢
during less acidic experiments; however, the decrease in SO
is obscured by the uncertainty in the $@er particle mea- whereC, represents the total organic mass derived from the
surement. The formation of organosulfates in this study isstudied species, regardless of its current fopg (—3), C,
consistent with recent evidence of their formation in otherrepresents the concentration of the species in the gas-phase
acidic aerosol experiments, and their detection in the ambi{xg m~3) and Ctsp represents the total suspended particle
ent atmosphere (linuma, et al., 2007a; linuma, et al., 2007bmass ftg m3). EstimatedK p ¢ values during this study
Surratt, et al., 2007). Currently, AMS spectral evidence forare given in Table 2. In most experiments a relatively fast ini-
any organosulfate products is not definitive given that mosttial uptake is observed, which as described above is attributed
fragments derived would have the same nominal mass as any a fast reversible process; possibly hydration. Based on the
other heterogeneous reaction product fragment. fast rate of the initial uptake compared to the slow organic in-
The proposed mechanisms are also consistent with the oksrease afterwardX p e can be approximated from the nor-
served relationship between the normalized organic mass panalized organic mass after this initial period, assuming that
particle and RH (Fig. 3). Typically, the addition of monomers a semi-steady state has been reached and irreversible liquid
to carbocations forming polymers, organic ether formationphase reactions do not control the overall organic mass up-
and the addition of sulfuric acid to alkenes are irreversibletake at this point. Although a steady state may not always
(at ambient temperatures), as depicted in Fig. 6. Converselype entirely achieved during these experiments due to the
protonation of olefins and subsequent hydration is relativelypresence of liquid phase irreversible reactions, the additional
fast and entirely reversible (Wade, 2003). Hence, it is likely mass added beyond the initial uptake is usually quite small,
that the irreversible reaction products of Fig. 3 are due toand thusk , eff can be approximately determined. This es-
oligomerization or organosulfate formation, which is some-timation would only be applicable for the ambient atmo-
what insensitive to increases in RH provided that sufficientsphere if a near steady state was actually achieved, similar
acidity remains to catalyze reactions. Furthermore the rapido that observed in these experiments. Whether this steady
response to increases in RH (water content) is likely a resulstate in ambient particles is ever achieved is unclear. The
of the hydration of olefins and potentially the formation of TSP mass used in the calculation was determined as the sum
the first generation hydrated terpenoid products depicted aef the inorganic and organic mass during the same period.
F and J in Fig. 6. As noted above, the increase in the aqueEstimatedk , e values are highly variable, ranging from
ous content of the aerosol would decrease the solubility 00.4x107%-1.3x10~3m? .g~! depending on the RH or acid-
the terpenoid, thus shifting the equilibrium to the gas phasdty; with the highest values for any given species observed at
via Eq. (1). A comparison of the relative mass spectrum dif-the lowest RH and hence highest acidity. This is consistent
ference (difference before and aftes® addition of Exp. 9)  with a reversible hydration mechanism. Furthermdfg e
with the relative spectrum at the end of a 3-carene experifor the oxygenated monoterpenes or sequiterpenes were of-
ment (Exp. 9) is given in Fig. 4c. The spectral difference ten several orders of magnitude higher than those for simple
represents the mass spectra of the organic material lost uporon-oxygenated monoterpenes. This may reflect the lower
increasing the RH during Exp. 9. This spectrum is clearly vapour pressures associated with sesquiterpenes or the in-
composed of lower mass fragments, particularly when com-<creased solubility in acidic solution of oxygenated species.
pared to the residual spectrum. This implies that a volatileHowever, even the smallegi, e values (simple monoter-
species is lost, possibly 3-carene from the reversibly formedpenes) are large when compared with other species which
hydrated 3-carene. The difference spectrum in Fig. 4c is simhave experimental partition coefficients in a similar range
ilar to the AMS spectrum of pure 3-carene (Inset, Fig. 4c),(Chandramouli, et al., 2003) yet significantly lower vapour
although the relative intensities are slightly different. Simi- pressure than those compounds studied here. Although in-
larly, lower mass fragments are also observed in the differcreased physical solubility can occur in acidic media, it is

ence spectra of Exp. 5, 14 and 19. unlikely that this increase would span the several orders of
magnitude required to explain the observations here. This

3.4 Quantitative results suggests that the fast initial uptake and approximate steady
state is not purely a physical process. Although the applica-

3.4.1 Steady state partitioning bility of the TSP in these experiments to that of the ambient

atmosphere may be limited to situations where aerosol acidi-
Under steady state conditions partitioning of gases toties are high, the calculateXi, e values are a first step in
aerosols can be described by an effective partitioning coefassessing the importance of this process.
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3.4.2 Kinetics of uptake fact that their reactivity with respect to hydration were likely
similar. Thus, measured uptake coefficients in this region
Conversely, the rapid initial increases in the organic massare more likely an estimation of the mass accommodation
per particle (Fig. 2) may be more appropriately describedcoefficient ). The resistances to mass transfer for the sec-
via uptake coefficientsy{). Uptake coefficients have been ond phase, characterized by a slow increase in the organic
shown previously to be useful in assessing the importancenass, is not so easily decoupled even though the curvature in
of oligomer formation under kinetic control (Liggio, et al., Fig. 2 does indeed suggest that a change in the factors con-
2005), and are also presented in Table 2 for this study. Therolling the uptake has occurred, and thus Eq. (3b) still holds
measured uptake coefficient is defined as the probability thagpproximately true. Although this increase in organic mass
a collision between a gas molecule and the aerosol surfacg expected to be a result of irreversible reactions, it is not
will result in uptake, taking into account all aspects of the up-possible to determine if either of thealbr 1/, resistance
take process including diffusion, mass accommodation, soluterms are controlling, or of similar magnitude. In principle,
bility and reactivity. These processes can be decoupled, anghass accommodatiom ) could be reduced in this region as
formulated as individual resistances (ignoring surface reacthe surface characteristics of the particle change over time
tions) which sum to the overall uptake coefficient as ShOWﬂ(become more organic)_ if is not reduced, then the uptake
in Eq. (3) (Shi, etal., 1999), coefficients calculated for this phase could repreSgnton-
1 1 1 1 trolled by reactivity. Uptake coefficients from the first phase
(38)  as determined from Eq. (3c)ifitiai~a) are more likely ap-
plicable to freshly nucleated4$0, particles or pre-existing
whereTgitr represents the effects of diffusiom,represents  particles which have been freshly coated withS@y. On
mass accommodation, aiig accounts for solubility and lig-  the other hand, uptake coefficients from the second region of
uid phase reactivity. Given the particle diameters and estiig. 2 may be more applicable to aged aerosols.
mated diffusion coefficients for terpenoids, the resistance to  Uptake coefficients are obtained by fitting a simple uptake
mass transfer due to diffusion (L) can be estimated in  model to the organic mass of the irreversible uptake region,
the manner described by Shi, et al. (1999). The calculategvhich is shown for several experiments in Fig. 8. The change
diffusion resistance for these experiments was in the range o the normalized organic massifrg) added to an aerosol

0.86-1.45; significantly less than the smallest measur)ed 1/ exposed to gaseous Organic can be described by'
below (13-10). Thus the Iy term can be effectively

y Ta o Ty

ignored and Eq. (3a) becomes: dmorg —yrdl<c> C, (4)
dt
1.1 1
; = + T, (3b) wherea, <c¢> andC, represent the particle radius, mean

molecular speed, and gas phase concentration respectively.
As noted previously, the mass uptake curves (Fig. 2) ingjnce in these experiments the addition of organic mass to
most cases, can be described by a fast initial uptake folyhe aerosol results in a negligible increase in particle radius
lowed by a slower uptake region. Accordingly, uptake Co- (1) from an initial seed diameter of greater than 300 nm,
efficients may be determined for both regions. In the initial the radius is treated as a constant. Integration of Eq. 4 from
phase of fast uptake, the resistance to mass transfer is &j; = to m=morg andr=rg to r wherem is the initial or-
ther due to mass accommodatian ©r hydration reactions  ganic mass at the beginning of each uptake region:gie

are assumed to contribute little, at least initially. Acid cat- ymass uptake as a function of time

alyzed hydration of alkenes is invariably a first order pro-

cess with the olefin protonation being the rate determiningMorg = kt +C (5)
step (Chwang, et al1977). First order rate constants for hy- ) .
dration of structurally similar compounds (in weaker acidic Wherek=yma“<c>C, and C=—kg-+mo. The uptake coeffi-
solutions) (Slebocka-Tilk et al., 1996) imply an olefin life- Ci€Nty is derived fromk assuming all other parameters are
time on the order of several seconds or less, with an effectiv&Onstant. The density of an appropriatgS@, solution was
steady state reached very quickly and favoring the protonateS€d t0 estimate the mobility diameter and henae Eq. 4.

alkene. Given that the initial fast uptake phase takes as Ion§Or cases where a very high organic mass uptake is observed
as 20-40 min in some cases it is likely that the resistance t4EXP- 15 and 16), a similarly derived equation describing the

mass transfer is dominated by mass accommodation, i.e.: uptake, but accounting for an increasing diameter, is fit to the
' mass data;

1 1
— ~ — 3 . .
(V)initial o %) Morg = (]t_l)g—f (6)

This is also consistent with terpenoids having lower va-

por pressures exhibiting a larger initial uptake, despite the where
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fate formation. Given that for those experiments in Table 3
a decrease in SQwas observed, it is possible that a portion _. _ .
. . P . P Fig. 8. Selected fits of uptake model to the organic mass per par-
of this SQ loss was quantified as organic. Consequently, .. -~ . .
. . . ‘ticle for the initial uptake phase and subsequent slow increase. Fit
assuming a mass conservation, the total uptake of bIOger"Barameters were used to determine uptake coefficients.
species and hence their uptake coefficients (Epds) may

be somewhat lower than reported. Nonetheless, the derived

uptake coefficients can serve as a useful first approximatiomyde, and somewhat larger than those of glyoxal on aerosols
for the overall importance of this process. (Liggio, et al., 2005), and other carbonyl species on sulfuric
The derived uptake coefficients for both uptake regionsagid films (Iraci and Tolbert, 1997) or bulk solutions (Tol-
(« or y) were highly variable ¢~1x10"7-1x10"* and  pert, et al., 1993). The implications of these uptake coeffi-
y~1x10"°-2.5x10"?) and are larger for low RH/high acid-  cients and equilibrium partition coefficients to the ambient
ity experiments than those at higher RH. In all caseBom  5tmosphere are discussed in the next section.
the initial phase was at least an order of magnitude larger than
y of the slower uptake region, implying that uptake on fresh
acidic aerosol coatings is considerably faster than on a mor@a Atmospheric significance
aged particles. Furthermore, uptake coefficieatsr(y) for
oxygenated monoterpenes and sesquiterpenes were signifithe current experiments suggest that biogenic species, par-
cantly larger than those for simple monoterpenes. Currentlyticularly those with functional groups containing oxygen, can
there are no other measurements of reactive uptake coeffbe taken up directly to acidic aerosols without the need for
cients or mass accommodation coefficients for these comprior oxidation in the gas phase, resulting in a large vari-
pounds on any surface type; however, the estimated coeffiety of polymeric structures, organic ethers and organosul-
cients for simple monoterpenes during the initial uptake arefates. Given the vast array of unsaturated species present in
similar to those measured for tlepinene oxidation prod- the atmosphere of both biogenic and anthropogenic origin,
uct, pinonaldehyde, under otherwise similar conditions (Lig- it is likely that such processes could contribute to the atmo-
gio and Li, 2006b), whiley of the slower uptake region are spheric particle burden. The acidic nature of the aerosols
generally smaller than those of pinonaldehyde. The coeffi-in these experiments implies that these heterogeneous pro-
cients for oxygenated terpenes and sesquiterpenes are appesses may be more relevant in the aerosols within power
ciably larger than those measured previously for pinonaldeplant plumes, from freshly nucleated, 50, particles, on
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pre-existing aerosols on whichoBO, has recently con- dependence upon vapour pressure, make it more likely that
densed, or in the free troposphere where particle acidity isnass accommodation is the controlling factor in this process.
expected to be high. Although the pH of aerosols in theAlso, significant organic uptake was nonetheless measured
lower troposphere has been reportech&s-5 (Hindman, et for several experiments performed under somewhat similar
al., 2006; Pszenny, et al., 2004), significantly lower aerosolconditions but significantly lower gas-phase organic concen-
pH values (-2.4-0.2) approaching the range of values usettation. For example, Exp. 1 and 2 utilizing limonene at sig-
in this study (—4.81—1.17), have also been reported (Fereknificantly different gas-phase concentrations did not have a
et al., 1983; Li, et al., 1997; Katoshevski, et al., 1999). Duesignificant effect on the uptake. In addition, the uptake of
to the lack of aerosol acidity measurements, it is unclear howgases was observed over a large range of gas phase concen-
acidic particles might be in regions strongly influenced by trations spanning 80 ppb to 2.3 ppm. Previous studies of the
biogenic activity. However, given that most nucleation eventsoligomerization reactions of aldehydes (with a similar rate
involve sulfuric acid, even in forested areas (Riipinen et al.,determining protonation step) in aerosols have also shown
2007; S.-M. Li, personal communication), a significant up- that there is no gas-phase concentration dependence for that
take via this process may occur shortly after nucleation angprocess (Liggio and Li, 2006b). It may also be possible that
the subsequent coagulation/condensational growth and priaiates of liquid phase oligomerization are limited by the frac-
to neutralization. The importance of polymerization to par- tion of SOA formed in the organic phase; ie: a liquid phase
ticle growth may be related to the duration required for suchconcentration dependence. Recent modelling efforts have
particles to become fully neutralized, which in turn dependsshown that this could be an important effect (Chan, et al.,
on the available ammonia. 2007) although the effect for this study is currently unclear.
Although polymeric material has been identified in am- The estimates of partitioning coefficientX £ eff) for
bient aerosols (Kalberer, et al., 2006; Zappoli, et al.,1999;monoterpenes and sesquiterpenes may be used to assess the
Denkenberger, et al., 2007) it is not possible to discern ifpotential for SOA formation via the near steady state pro-
they arise from polymerization of olefins by examining masscesses observed in this study. Whether this steady state actu-
spectra alone. This is likely since levels are probably low,ally occurs in the atmosphere is not known. While the com-
and BVOC (or other VOC) olefin polymers may not be obvi- plexity of ambient aerosol processing may mean a steady
ously different than other types of polymers or high molecu- state is never reached, and the applicability of these seed
lar weight hydrocarbons in a mass spectrometer. Howeveraerosols to the ambient atmosphere may be limited to sit-
terpene-like polymers have been detected in ambient suruations where aerosol acidities are high, calcula#f)gest
face films (Lam, et al., 2005) which have been potentially and applying it to the real atmosphere may be an instructive
attributed to secondary reactions. The results of this papeexercise, and a useful first step in understanding the impor-
corroborate those ambient observations. tance of this process. Ambient gaseous monoterpene lev-
The irreversibility of some of the reactions, as observedels are somewhat variable but are typically measured in the
by the residual organic after increases in RH (Fig. 3) hasrange 0f<0.1-2.5 ppb per species (Hakola, et al., 2000; Har-
implications for the ambient atmosphere. Since increasingison, et al., 2001) depending upon location. On the other
the RH in this study did not reduce the organic mass com-hand, measurements of oxygenated terpenes and sesquiter-
pletely, heterogeneous products formed irreversibly at thepenes are very limited due primarily to technical difficul-
onset of BSOy nucleation, or where acidic particles exist, ties associated with their measurement and their low ambi-
may remain present even if subsequent neutralization or hyent concentrations. Assuming a total simple terpene concen-
dration of aerosols occurred. This suggests that typical meatration of 10 ppb, a total oxygenated terpenes/sesquiterpene
sured neutral aerosols could also contain a significant amourlevel of 100 ppt, and ambient aerosol levels of@pm 3 (of
of heterogeneous products from previous irreversible reacsignificant acidity), and the averadg, f values of Table 2,
tions as described here. Thus, organic mass correlations witbhpper and lower limits to the mass accumulated may be es-
particle acidity may not be a useful indicator of the poly- timated. This simple calculation implies that 3.5-25 ngm
merization process. Furthermore, equilibrium with water asof terpene mass and 0.6—25 ng frof sesquiterpene mass
demonstrated above may explain why attempts to quantifymay form under steady-state conditions. This SOA burden
water soluble organic carbon (WSOC) as a measure of hetis somewhat small, yet it is comparable to measured iso-
erogeneous processing have been unsuccessful (Peltier, et girene oxidation products, such as methyltetrols, and other
2007) ; particularly since collection of aerosols in agueouscondensable biogenic species which have been measured in
solvents would inadvertently shift the equilibrium, and since ambient aerosols (Boge, et al., 2006; Li and Yu, 2005). These
what large molecular weight irreversible polymers remain af-estimations are intended as lower and upper limits only but
ter this shift are likely insoluble in water. will change depending on ambient gaseous and aerosol lev-
The possibility that polymer formation is concentration els. Under some circumstances concentrations significantly
dependent and enhanced at the high gas phase levels dwgreater than 50 ppt for a single oxygenated monoterpene may
ing this study cannot be completely ruled out. Howeverbe possible (Hakola, et al., 2000), resulting in the potential
as noted previously, the fast initial uptake and the apparentor increased SOA mass via this steady state process.
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A perhaps more realistic scenario is encountered if it is as- Edited by: G. McFiggans
sumed that a steady state is not achieved, especially if ambi-
ent aerosols are intermittently exposed to condensy&4
during their lifetime (of which the acidity in unclear). In
this case, the potential for SOA becomes more significanftéferences
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