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Abstract. Recent advances in secondary organic aerosokecondary organic aerosols (SOA) based on empirical data
(SOA) research are reviewed and the status of current unfrom smog chambers (e.g., Odum et al., 1997; Griffin et al.,
derstanding is investigated using a box model of SOA for-1999), with a correction factor applied to the equilibrium
mation. Benzene and isoprene are newly identified precurconstant based on temperature (Strader et al., 1999; Pun et
sors that are included in this SOA model; these precursoral., 2003). A few models have limited treatment of agueous
form SOA via secondary products. The model is also ex-dissolution (e.g., Jacobson, 1997; Aumont et al., 2000; Pun
tended to include some representation of aqueous partitioret al., 2002; Griffin et al., 2003) or simple parameterizations
ing and the formation of high molecular weight products via of other processes (e.g., Morris et al., 2006). The early 2000s
oligomerization. Experimental data and empirical relation- have seen several major advances in SOA research. Precur-
ships are used where possible, because a detailed represensa+s have been identified that were previously believed not to
tion of SOA formation is not supported by the current state oflead to SOA formation, including benzene (Martin-Reviejo
information. Sensitivity studies are conducted with the SOAand Wirtz, 2005) and isoprene (Jang et al., 2002; Czoschke
model and SOA predictions are found to be very sensitiveet al., 2003; Claeys et al., 20044, b; Matsunaga et al., 2005).
to the treatment of the interactions between particulate wateNew processes have been identified that may lead to signif-
and organic compounds. While uncertainties due to modelcant SOA formation, including oligomerization (Jang and
formulation are significant, influential model parameters in- Kamens, 2001; Jang et al., 2002; Czoschke et al., 2003; Lim-
clude the aerosol partitioning ratios for several small prod-beck et al., 2003; Gao et al., 2004b, linuma et al., 2004;
ucts of isoprene and the partitioning constants for uniden-Jang et al., 2005, 2006) and cloud processes (Warneck, 2003;
tified products (currently, the partitioning constants are de-Ervens et al., 2004a, b; Lim et al., 2005). In light of the
rived by fitting experimental data). The pH value used as thepoor model performance typical of PM models for organic
reference for the activation of oligomerization is also a criti- aerosols (e.g., Seigneur and Moran, 2004), it is desirable to
cal parameter. Recommendations for future work needed tancorporate recent advances in SOA research into models to
improve SOA models include the elucidation of the water- obtain an understanding of the impact of new pathways even
organic relationship, the extent of phase separation, and lalthough our theoretical understanding of many SOA forming
oratory experiments conducted under conditions more releprocesses is still incomplete. Such investigative modeling
vant to ambient studies (e.g., lower concentrations, highewill allow us to identify the most uncertain parameters and
relative humidity). processes and to recommend experiments needed to develop
improved models of SOA formation.

In the current study, we focus on gas-phase, gas/particle
1 Introduction partitioning and particulate-phase processes. Aqueous-phase
reactions in clouds are not considered. An investigative SOA

Most three-dimensional air quality models use aerosol modP0x model is formulated based on a synthesis of published

ules that are based on the state-of-the-science from the laf8formation. This work is presented in three sections: the

1990s, including the partition of anthropogenic and biogenicformulation of the box model; sensitivity analyses conducted
with the model; and conclusions and recommendations for

Correspondenceto: B. K. Pun future work. The box model formulation includes new rep-
(pun@aer.com) resentations for the formation of SOA from isoprene and
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benzene and for the oligomerization of SOA species. Parameensable products may be added to an already existing reac-
eters for the formulations are derived in each case based otion. We assume that the yield of SOA from phenol is anal-
available laboratory and ambient measurements. The modealgous to the yield of SOA from toluene and other monosub-
formulations are tested against observations to gauge howtituted aromatic compounds based on Odum et al. (1997).
well they reproduce SOA Yyields for isoprene and benzeneTherefore, the reaction of PHENOL with OH forms the con-
and SOA enhancements due to oligomerization. Key asdensable compounds PHENAER1 and PHENAER?2 (see Ta-
sumptions and parameters used in the model formulationgle 1 for stoichiometric coefficients). The partitioning co-
are then revisited in the sensitivity section. Sensitivity testsefficients of PHENAER1 and PHENAER2 are 0.053 and
are conducted to understand the parameters (e.qg., partitior®.0019 n3/ug, respectively at 310 K. Because the partition-
ing constants, observed aerosol partitioning ratios, fractioring characteristics of PHENAER1 and PHENAER?2 are the
of SOA prone to oligomerization, pH required for oligomer- same as those of TOLAER1 and TOLAERZ2, the condensable
ization) and conditions (e.g., presence of particulate waterproducts may be lumped in SOA modules based on Odum
that influence SOA prediction. Based on these results, recet al. (1997) with suitable corrections for the differences in
ommendations are made for additional information that will molecular weight (MW).
be the most useful to improve the formulation of more accu- Benzene is one of many sources of glyoxal. Anhy-
rate SOA models. drous glyoxal has a vapor pressure of approximately 18torr
(0.02atm) at 20C (Hastings et al., 2005), and is, there-
fore, not very condensable. However, in chamber experi-

2 Model formulation ments, glyoxal condenses at low concentrations (Liggio et
al., 2005; Hastings et al., 2005). The partitioning into an
2.1 Benzene aqueous phase is enhanced by the formation of ethan-tetrol

(glyoxal monomer dihydrate) and oligomers of the hydrate
The yields of SOA from benzene range from 8 to 25% molecules. The effective Henry's law constaifef), i.e.,
based on recent chamber data from Martin-Reviejo and Wirtzhe ratio of aqueous monomer and dihydrate concentrations
(2005). They found that the formation of SOA from benzeneto the gas-phase glyoxal concentration, is>36° M/atm.
occurs only after the consumption of a threshold amount ofThe effective Henry’s law constant leads to negligible partic-
benzene. Both the threshold and final SOA yield depend onulate glyoxal in the ambient atmosphere. Oligomerization is
NOy concentrations. The presence of N@elayed SOA for-  expected to shift the effective partition behavior of glyoxal
mation but enhanced the total amount formed. They alsaowards the particle phase (Jang et al., 2002; Liggio et al.,
concluded that the formation of SOA does not occur as a2005).
first oxidation step, but as a result of the oxidation of sec- Glyoxal is also expected to participate in cloud processes
ondary compounds, including ring-retaining products and(Lim et al., 2005) to give rise to oxalic acid, which can result
ring-opening products. Because many uncertainties still existn SOA formation if the cloud droplet evaporates to form a
in the reaction mechanism of benzene degradation, a semparticle. This process needs to be incorporated in a cloud
empirical approach is, therefore, used here to incorporate thenodule and, therefore, is not represented here in the aerosol
formation of SOA from benzene into models. module.

While there have been several attempts to develop detailed For the partitioning of glyoxal, a formulation that repre-
mechanisms for benzene degradation, condensed mechgents the effective partitioning due to the hydrated form is
nisms are typically used in three-dimensional models of airused with a correction to the Henry's law formulation due
quality. Such condensed mechanisms typically represent firsio an acid-catalyzed oligomerization, which is discussed in
reaction steps, generic secondary radicals, and lumped progect. 2.3. This formulation, therefore, requires the inputs of
ucts. Here, we choose to start with a benzene reaction useltjuid water content (LWC), RH, and pH.
in the Statewide Air Pollution Research Center (SAPRC) Koehler et al. (2004) suggested that furandione (a product
mechanism (Carter, 1990, 1996), as shown in Table 1. Thef benzene oxidation with a gas-phase yield%) can react
three first-step oxidation products (besides peroxyl radicalswith water to form dicarboxylic acid in the particulate phase.
are phenol, glyoxal and a lumped species representing ringAcidity can subsequently increase the partitioning of aldehy-
opening products. The stoichiometric coefficients of the re-des into the particulate phase, presumably due to enhanced
action were determined based on model fits to environmentabligomerization in the presence of acids. These processes
chamber data. are not represented here because of a lack of quantitative in-

Phenol is an intermediate reactant that can lead to the forformation.
mation of aromatic compounds with multiple substituents As a group, ROP (ring-opening products) include many
(e.g., nitrophenol, catechol) that may become SOA precuryet unidentified, multifunctional compounds. Some mem-
sors. The reaction PHENOL + OH may be added to a mechbers of this group are aerosol precursors (e.g., muconalde-
anism that does not track PHENOL (OH may then be addechyde) and there is no a priori basis to define their parti-
as a product to retain the original chemical dynamics) or contioning characteristics or those of their products. To form
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Table 1. SOA-forming process for benzene.

Type? Reaction or equilibrium Rate constahor equilibrium constarft
G BENZENE + OH— 0.24 PHENOL + 2.5x10"12exp (-0.397/RT)
0.21 GLYOXAL + 1.44 ROP + 0.24 H@+
0.76 RQY
G PHENOL + OH— 0.071 PHENAER1 +  2.63x10°11
0.138 PHENAER?2 + Oft
K PHENAER1< APHENAL 0.053
K PHENAER2 < APHENA2 0.0019
H GLYOXAL < AGLYOY 0 if RH<26%
3.6x 10° if RH>26% or f(pH)’
G ROP + OH— ROPAER 1.1410 711
K ROPAER <> AROPA 0.0013

2 Type is eitherG, K, or H. G is used for gas-phase reactioisjs used for gas/particle equilibrium reactiors,is used for gas/particle
equilibrium reactions where the particulate phase is aquébBeaction rate constants are given in3¢molecule/s. If the Arrhenius form
is used,R is 0.0019872 kcal/deg K/molé. Gas/particle equilibrium constant& ) are given in m/xg. Henry’s law constants (or effective
Henry's law constants) are given in M/atrfl.ROP stands for ring-opening products. R@presents a generic peroxyl radical that reacts
with NO to give NG. € The experimental mass-based stoichiometric factors are used as the molar stoichiometric coefficients, implicitly

assuming that the PHENOL, PHENAER1, and PHENAER2 share the same molecular weight. The molar yield can be adjusted if the MW

of the condensable products are assumed to be different from the MW of PHEN®I310 K. 9 AGLYO stands for the aqueous forms
of glyoxal including the glyoxal monomer dehydrate (ethan-tetrBIEﬁective H due to hydration;Hef can be adjusted to account for
oligomerization (e.g., as a function of pH)Determined based on experimental data and SOA model formulation, see text.

second-generation products, ROP are expected to react witthe stoichiometry of phenol and PHENAER species, cor-
OH (Carter et al., 1996). Partitioning characteristics of ROPrected for the difference in MW. Then, the amounts of partic-
are determined as described next so that 8—25% of the redlate phase APHENAL and APHENAZ2 were estimated based
acted benzene forms aerosols under dry conditions (Martinen the partitioning constant and the total amount of par-
Reviejo and Wirtz, 2005). ticulate matter (PM) present in the environmental chamber.
Four condensable products are assumed to be formegne amount of AROPA was then estimated from the differ-
in the reactions of benzene (see Table 1): two second€"C€ between the experimental SOA yield and the estimated

generation products originating from the reactions of phenol Yi€lds of APHENAL and APHENA2. The gas-phase con-

glyoxal, and a lumped second-generation product via ring_centration of ROPAER was calculated from the stoichiome-

opening reactions. In theory, a portion of the ROP prod_tfy of the reaction and the amount of reacted benzene. For

ucts is expected to be condensable, characterized by sonf@Ch experiment, the partitioning coefficient of ROPAER
partitioning coefficient. Because of the uncertainties assoVVaS then calculated using the ratio of mass fraction in the

ciated with the amount of ROP formed and subsequentlyparticwate phase to the gas-phase concentration. The aver-

reacted, a two-parameter characterization seems incompade Partitioning coefficient for ROPAER was calculated to

ible with available mechanistic data. One approach is to us&® 0-0013 g, with a range of 0.0008 to 0.00Z?m_g.
a default stochiometric coefficient of 1 for a condensableWhen the model is used to simulate individual experiments

product from ROP, and to derive a partitioning coefficient IN Martin-Reviejo and Wirtz (2005), it predicts SOA yields to
for this condensable product. The partitioning coefficient is"@ng€ between 11% and 25% (vs. the observed range of 8%

treated as an adjustable parameter to achieve the experimel 25%). The average model bias is +5%, and the average
tal yields of 8-25%. In this case, the experimental condi-Model erroris approximately 20%.

tions of Martin-Reviejo and Wirtz (2005) were used. Gly-

oxal formation was considered to be negligible due to the use.2 Isoprene

of low RH experimental conditions and the SOA mass was,

therefore, assumed to consist of AROPA, APHENAL, andThe formation of SOA from isoprene is supported by both
APHENA2. The yields of APHENA1 and APHENA2 were ambient observations as well as smog chamber and labora-
estimated for those experiments, assuming the reactions wetery studies (Claeys et al., 2004a, b; Edney et al., 2005; Kroll
complete when the maximum mass of particles was formedet al., 2005a, 2006; Limbeck et al., 2003; Matsunaga et al.,
First, the total amount of each condensable phenol produck005). Several theories are available. The first one is the
was estimated based on the amount of reacted benzene agds-phase formation of condensable compounds. Kroll et
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al. (2005a) reported 0.9 to 3.0% (by mass) yield of SOA from Matsunaga et al. (2005) found that in the ambient at-
gas-phase reactions. Under their highsN&perimental mosphere, small multifunctional compounds, such as gly-
conditions, the OH + isoprene reaction was expected to domeolaldehyde (GLYALD), hydroxyacetone (HYACET), and
inate over the @+ isoprene reaction. Oxidation reactions of methylglyoxal (MGLY), show much higher affinity towards
isoprene products such as methacrolein, 3-methylfuran anthe particle phase than predicted based on their Henry’'s law
other minor products are postulated to lead to SOA forma-constants. The observed aerosol partition ratio (APR; the di-
tion. Kroll et al. (2006) characterized SOA formation from mensionless ratio of the particulate-phase concentration over
isoprene under both high and low N@onditions. The de- the total [gas + particulate] concentration) correlates linearly
pendence of SOA on NQOconcentrations implied different with RH, and the authors proposed oligomerization as a pos-
chemical mechanisms and products under different condisible reason.
tions. Low NG, experiments are expected to be more rep- Another mechanism that has been explored involves aque-
resentative of the ambient atmosphere than high Bixperi- ous reactions in clouds (e.g., Lim et al., 2005; Ervens et al.,
ments. Henze and Seinfeld (2006) parameterized the SOR004a, b; Warneck, 2003). As mentioned above, our focus
yield from low NOy experiments using a two-product ap- here is to investigate aerosol processes; cloud processes are
proach and applied the formulation in a global model. discussed extensively in the publications referenced above.
Edney et al. (2005) found evidence for an S&¥sisted The exact mechanism for SOA formation from isoprene
mechanism for SOA formation. Among SOA products, they has not been elucidated, and factors affecting each potential
found 2-methylglyceric acid and 2-methyl-butyl-1,2,3,4- process, e.g., competing oxidants, NO, RH, to name a few,
tetrols, and attributed the remaining SOA mass to oligomersare still being studied. At this time, we use two different
The same tracer products were identified by Surratt etalgorithms for modeling isoprene SOA to represent differ-
al. (2006) under low N conditions. Claeys et al. (2004a, ent SOA species implicated in an ambient experiment (Mat-
b) proposed mechanisms to form 2-methylglyceric acid andsunaga et al., 2005) and laboratory experiments (Henze and
2-methyl-butyl-1,2,3,4-tetrols from the reaction of isoprene. Seinfeld, 2006 and Kroll et al., 2006). The first approach
In their subsequent paper, they disputed the mechanism prasses specific organic compounds for SOA formation whereas
posed in the original paper, which required gas-phase reache second approach uses two surrogate compounds to fit the
tions under low N conditions. Their current theory in- smog chamber experimental results. Both approaches are
volves the reaction of isoprene and methacrolein (a first-represented in Table 2. Differences in SOA predictions from
generation isoprene product) withp®&, in acidic particles. these two algorithms represent uncertainties due to different
(The authors contended that the lifetime of the reaction is in-model formulation approaches.
consistent with the lifetimes of clouds.) The proposed reac- To formulate a modeling approach based on the ambient
tion is analogous to the oxidation of $CPrevious work has  data of Matsunaga et al., we start with the gas-phase re-
concluded that S@oxidation occurs mostly in cloud droplets actions for isoprene from the SAPRC mechanism (Carter
because the same reactions in aqueous particles cannot bad Atkinson, 1996), although similar gas-phase reactions
significant due to the very low liquid water volume avail- are available in many common mechanisms. The main gas-
able for reaction (Saxena and Seigneur, 1987; Meng and Sgzhase products, methacrolein (MACR) and methylvinylke-
infeld, 1994). Since isoprene is less soluble thanp,3Be  tone (MVK), are tracked specifically, but other products are
reaction in agueous particles cannot account for the di- andumped into unidentified isoprene products (ISOPRD). The
tetra-hydroxy products and such reactions are more likely tcSAPRC mechanism accounts for the fate of the isoprene
occur in clouds. As mentioned above, we do not attempt herg@roducts relating to @production. Here, we focus only on
to represent cloud reactions. second-generation products leading to the formation of SOA.
Surratt et al. (2006) confirmed that organic peroxides are Matsunaga et al. (2005) expected the partitioning of
key gas-phase reaction products under lowxNOnditions.  GLYALD, HYACET, and MGLY to be a function of RH.
Both Kroll et al. (2006) and Surratt et al. (2006) expected Based on ambient observations, they reported a linear fit of
organic peroxides to undergo further reactions in the atmothe APR as a function of RH, but the coefficients of determi-
sphere. nation were low £2=0.4, 0.2, and 0.2 for three compounds)
High MW products or oligomers are formed from iso- due to significant scatter of the data. GLYALD, HYACET,
prene in the presence of acid catalysts (Czoschke et aland MGLY are small compounds with two hydrophilic func-
2003; Limbeck et al., 2003). With ammonium sulfate seeds tional groups, some of which interact with protons. At any
Kroll et al. (2005a) found no evidence of high MW products. given RH, ambient particles can be associated with different
However, subsequent experiments by Kroll et al. (2006) andamounts of water and proton concentrations due to differ-
Dommen et al. (2006) found high MW products under both ences in inorganic and organic PM composition. Such differ-
high and low NQ conditions. Surratt et al. (2006) identi- ences can account for the range of partitioning characteris-
fied acidic oligomers under high N@onditions and neutral tics. An inspection of the raw data reveals that the RH effect
oligomers under low NQconditions among the SOA prod- may be modeled more appropriately in terms of ranges of
ucts of isoprene. separate values of APR for specific ranges of RH, as shown

Atmos. Chem. Phys., 7, 2199-2216, 2007 www.atmos-chem-phys.net/7/2199/2007/
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Table 2a. SOA-forming process for isoprene using the data from Matsunaga et al. (2005).

Type?  Reaction or equilibrium Rate constnequilibrium constarftor
aerosol partitioning rat
G ISOPRENE + OH- 0.91 RO2 + 0.09 RNO3 + 0.62 2.5x10 11 exp (408/T)
HCHO + 0.23 MACR + 0.32 MVK +
0.36 ISOPRB
G ISOPRENE + @ — 0.27 OH + 0.066 R@ + 0.008 7.86x10 1°exp (-1912/T)

RNOs + 0.59 HCHO + 0.1 ISOPRD + 0.39 MACR +
0.16 MVK + 0.2 HCOCH +

0.15 RCOOH
G ISOPRENE + N@ — 0.19 NO, + 0.75 RQ + 0.064 3.03x10 12exp (—448/T)
RNO3 + 0.94 ISOPRIB
G MVK + OH — 0.7 GLYALD + 0.3 MGLY® 4.14x10 12exp (453 /7T)
G MACR + OH — 0.42 HYACET + 1.86x10 1 exp (176/T)
0.08 MGLY®
H MGLY < AMGLY 0.21if RH < 60%
0.25 if RH>60%
H HYACET <> AHYACET 0.24 if RH < 60%
0.36 if RH>60%
H GLYALD <> AGLYALD 0.10if RH < 60%

0.36 if RH>6094

Table 2b. SOA-forming process for isoprene using the smog chamber data of Kroll et al. (2006) as analyzed by Henze and Seinfeld (2006).

Type? Reaction or equilibrium Rate constgntaquilibrium constarttor
aerosol partitioning ratf

G ISOPRENE + OH— 0.91 RQ + 0.09 RNQ + 0.62 2.5x10 11lexp (408/T)
HCHO + 0.23 MACR + 0.32 MVK + 0.36 ISOPRD +
0.232 ISOAERL1 + 0.028BISOAERZ

K ISOAER1 <> AISOAL 0.00862

K ISOAER2 <> AISOA2 1.63

a=C see notes for Table 19 aerosol partitioning ratio (P/(G+P) — observation based, representing effective partitioning (including effects

of oligomerization); values represent the median observed value at each RH range (raw APR data from Matsunaga, private communication,
2006);® RNO3 stands for alkyl nitrates; HCHO is formaldehyde; MACR is methacrolein; MVK is methyl vinyl ketone; ISOPRD is other
isoprene products, ISOAER1 and ISOAER?2 are condensable isoprene products (Henze and Seinfeld, 2006 formulation); HCOOH is formic
acid; RCOOH is acetic acid; GLYALD is glycolaldehyde; HYACET is hydroxyacetone; MGLY is methylglyc?xblbnze and Seinfeld

(2006).

in Table 2a, rather than with a weak linear correlation be- Environmental chamber experiments are typically con-
tween APR and RH. ducted at relative humidity below 60% (e.g., Kroll et al.,
Of the first-generation isoprene products, Kroll et 2006; Dommen et al., 2006). The APR approach results in a
al. (2005b) did not find evidence for the uptake of MGLY maximum SOA vyield of 7% for isoprene when RH is below
and other simple carbonyls on neutral or acidic seed particles60%. This value is slightly higher than but not inconsistent
Zhao et al. (2006) found heterogeneous reactions of MGLYwith the ranges of SOA yields of 0.9 to 5.5% reported by
to decrease with acidity. Discrepancies between these studkroll et al. (2006) and 0.2 to 5.3% reported by Dommen et
ies regarding MGLY uptake remain to be resolved. Neverthe-al. (2006).
less, a model formulation for MGLY based on acid-catalyzed
oligomerization is not supported by current evidence (Kroll
et al., 2005b; Zhao et al., 2006).

Henze and Seinfeld (2006), based on data from Kroll et
al. (2006), proposed an absorption model involving two sur-
rogate products to represent the formation of SOA from iso-
prene under low NQconditions. The two product model for

www.atmos-chem-phys.net/7/2199/2007/ Atmos. Chem. Phys., 7, 2199-2216, 2007
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the overall SOA yield is implemented as the first-generation One school of thought involves acid-catalyzed associa-
of a semivolatile product followed by a condensation step.tion or oligomerization reactions (Gao et al., 2004; Jang
Kroll et al. (2006) postulated that organic peroxides consti-et al., 2005). Aldehyde moieties have been found to be
tute key components of isoprene SOA. This is supported bymore reactive than ketones (Jang et al., 2003, 2005) in acid-
the product study of Surratt et al. (2006), which also identi- catalyzed association reactions. (Double bonds are also pos-
fied other multifunctional products, including those in Claeys tulated to be a candidate reactant for oligomerization; Lim-
et al. (2005) and oligomeric products. Second-generatiorbeck et al., 2003.) In this case, the monomers are SOA
products, and further reactions in the particulate phase arwith hydrated carbonyl groups. Jang et al. (2005) derived
implicitly represented by the parameter fits (Kroll and Se-a semi-empirical yield expression for oligomeric products
infeld, 2005). Therefore, this approach (Table 2b) repre-based on the dimerization reaction. Although the forma-
sents an alternative formulation of SOA from isoprene to thattion of dimers is a second-order process under experimental
based on GLYALD, HYACET, and MGLY (Matsunaga et al., conditions, a pseudo-first-order formulation can be used un-
2005). der atmospheric conditions. Each monomer can react with a
pool of other monomers, and the assumption is that the to-
tal concentration of the monomers stays relatively constant.
We reformulate the yield of Jang et al. (2005) using a pseudo-
first-order approach, and derive a first-order equilibrium con-
stant for the particle-phase reaction converting monomers
to oligomers. This first-order equilibrium constant depends
The term oligomerization is used here to describe a range ofn pH according to the semi-empirical derivation of Jang et
processes that form high MW compounds. To date, severayj. (2005). A reference state is defined where some small
reactions have been postulated to contribute to the formagmount of oligomers is formed without added protons to
tion of high MW species in SOA, including hemiacetal and catalyze the reactions (Gao et al., 2004). The equilibrium
acetal formation, trioxane formation, polymerization, aldol constants at different pH are calculated relative to that refer-
condensation (Jang et al., 2003, 2005), and peroxyhemiagance state and then applied as a correction to the gas-particle
etals (Johnson et al., 2005; Docherty et al., 2005). Howeverpartitioning constant to account for further particulate-phase
the precursors and oxidants involved, condensing species thgtansformations based on Kroll and Seinfeld (2005).

are subject to oligomerization, and the environmental condi- The model system of Jang et al. (2005) is based on an alde-
tions favorable for such reactions remain poorly characterqyde hydrate undergoing polymerization, but can be gener-
ized. Itis possible that multiple processes, including onesyjized to a variety of acid-catalyzed reactions. In that for-
not yet identified, are involved in the formation of high MW myjation (M. Jang, personal communication, 2006), the so-
compounds in the ambient atmosphere. A few studies havea)|led “second-order relative organic aerosol yield) (pro-

attempted to account for association reactions by assumingortional to a mass fraction equilibrium relationship) is de-
stable, nonvolatile products that increase SOA mass via irfined as

reversible reactions (e.g., Johnson et al., 2005). This as- 5
sumption may be an oversimplication because (1) current, _ 10°MW; - OM )
laboratory data support a hypothesis that such products may — Mseed K, Cinit)?
decompose back to precursor species (e.g., Hastings et al., .
b P P (e.g g here MW is the MW of the monomer compourigd OM

2005; Ziemann, 2005) (hence they may not be detectablé h Grair) of the higher MW
in routine experiments) and (2) some theoretical Calcula_represents the mass (mgfrair) of the higher com-

tions show that the high MW products formed are not al- pounds Mseed(mg/n? air) is the concentration of initial par-

ways thermodynamically favored over the lower MW reac- t[culate m.atte.r (seed) n the experiment, is the equilib-
tants (Barsanti and Pankow, 2004, 2005). rium partitioning coefficient of the monomer between the

gas and particulate phases afig; is the initial concentra-

Kroll and Seinfeld (2005) shqw that if a partitioning com- tion of the monomer in the gas phase (m@/ir). The term
pour_1d reacts furt.her in the p_art|culate phase,_ thgn as Ior!g aﬁp « Cinit represents the monomer mass fraction in the par-
the final product is less volatile than the partitioning Speciesyiq |ate phase that is in equilibrium with the gas phase under
an apparent partitioning constant can be used to describe thg o imental conditions. Therefork, is second order with
system to account for the abundance of SOA due to the parzagphect to the monomer mass fraction. This yield is propor-

ticulate phase reaction. In this case, the apparent or effeGjq | 15 the second-order partitioning coefficient assuming
tive partitioning constant ;) qualsk ,(1+Knm), Where o oot reaction of in the particulate phase:

K, is the gas-particle partitioning constant akigh, is the

first-order equilibrium constant of the particulate phase re-Monomer+ Monomer< High MW Productoligomer

action. Such a formulation seems appropriate to represent

SOA oligomerization, and a first-order equilibrium constant [oligomer |

is derived below for the oligomerization reaction. Keq = m ©

2.3 Oligomerization

2.3.1 Partitioning module formulation
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B. K. Pun and C. Seigneur: Investigative modeling of new pathways for SOA formation 2205

where [] represents the particulate phase concentratiortwo orders of magnitude more reactive towards oligomeriza-
(mole/L) of x. To account for ambient conditions rather than tion than ketones. Therefore, as a first approximation, only
experimental conditions, we calculate the “second-order rel-aldehyde groups are assumed to participate in oligomeriza-
ative organic aerosol yield whereMaom replacesVseeqas tion reactions. The empirical model of Jang et al. (2005) is
the absorbing medium, ard, ; (gas-phase concentrations) simplified to:

replacesCinit (initial concentrations). Under experimental

conditions, seed aerosols are controlled; however, in the am!09Y = xX +2Z +rlog(Kgn+) +11.79 (5)

bient atmosphere, monomer condensation and oligomer praznere 7 is the pH function £=10g(Chaw), whereCri.
ductiqn can take place in a mixture of primary (inorgani'c OT s the proton concentration (mole/L) ang is the water ac-
organic) and secondary compounds. Thus, the change in rey;iry (=RH)). X is a function of proton concentrations and
resentation from seed mass to absorbing medium mass repreg ity coefficients of the species involved in the protona-
sents an uncertainty due to extrapolating a laboratory modef,, reaction of carbonyl functional groufi; was also found
formulation to ambient conditions. Note that for ambient 1 pe strongly correlated to RH. The hydration constant for
concentraﬂona,bg/mg’ is the more appropriate concentration igehyde species is already taken into account in the inter-
units compared to mgffn The yield in the ambient atmo- cept term. For example, conjugation with a double bond was
sphereY,, is then expressed as follows: found to increase the stability of the protonated form. At this
10-3MW, . OM point, detailed molecular structure information is not avail-
= = (3) able to support the model representation of SOA species be-
Maom (K pCg.i)? yond surrogate structures. Therefore, a constant value was

az?ssumed foKn4 for all aldehyde-containing species. Jang
et al. (2005) also found that two of the parametéfsand

, are strongly negatively correlated. Since X is supposed to

The monomer mass fraction in the particulate phase is equ
to K, Cg,;. Inthe ambient atmosphere, self reactions are les

el oL e of condensabie Shes I e ease neary il RH-00372 (4RH)3.710) (g
' 9 q Pet al., 2003) and,, is by definition equal to RH, the negative

for a monomer reacting with a pool of other monomers (as- ST . . .
. W . . correlation indicates the overwhelming driving force associ-
sumed to be constant), such that a first order “effective” equi-

librium coefficient can be defined to be proportionakio ated with the conceptratlon of protons. Although the pres-
ence of some water is necessary for the presence of protons,

water dilutes the concentration of SOA and may slow down
oligomerization when present in high concentration. There
is, at present, no information on how much water is neces-
. sary to trigger oligomerization reactions. Using a theoretical
[oligome ] — K, Z [monomes] = K, e (4)  approach, Pun et al. (2005) showed that SOA formed from
[monomey] common anthropogenic and biogenic precursors may be as-

sociated with up to g/m® of water, depending on RH and
where K,,; is the equilibrium constant for the formation the characteristics of SOA. A relative oligomerization yield
of higher MW product from monomef, Cmonomeri IS can be defined using a simple relationship with the concen-
the concentration of monomerin the particulate phase, tration of protons.

>_monomey is the total concentration of all monomer

j log(Y/ Yref) = 2109(CHy/ CH ref) (6)
species that can participate in the oligomerization reac-

tion (e.g., all compounds containing the aldehyde func-Wherez=1.91based onJang etal. (2005). We further assume
tional group) andK, efi; is a first-order effective equilib- that the ratio of the effective first-order equilibrium constants

rium constant for the formation of higher MW products from (monomer + all aldehydes) is the same as the ratio of the
monomeri. We assume that, sind&, ; is proportional to ~ S€cond-order equilibrium constants. Therefore, for species

Y, it has the same parametric dependencé as Jang et Ko.i Y; Chyt

al. (2005). og (22 ) =toa (= ) =zloa (L) ()
Y was found to depend on several parameters, includ-

ing the excess acidityX(), pH, the basicity constant of the If we assume that the equilibrium aldehyde monomer con-

monomer species (i.e., the equilibrium constant for the pro-centration does not change with pH (i.e., only the concen-

tonated form of the isomekgH,), and the hydration con- tration of the protonated monomer does), then the ratio of

stant (i.e., the equilibrium constant for the hydrated form of K, eff; Will be the same as the ratio &, ;.

the monomer). Of these parameters, the hydration constant

depends on the structure of the reacting compounds and is as-

sumed to be constant for a given class of compounds. For the

compounds tested in Jang et al. (2005), aldehydes were about

o [oligomer |
“"" [monomey] - 3" [monomey]
J

J

o,i,ref iref CH+ ref
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Table 3. Aerosol-forming reactions for surrogate precursor compounds (only SOA products are listed).

Precursor compound Gas-Phase Reactichs Rate constants
(molecular weight) (c3 molec1s~1)b

Toluene and other high TOL+OH— 0.118 GLYOXAL + 0.131 MGLY +0.033 TO- 1.81x 10712 exp (—0.397/RT)
SOA yield aromatics (92) LAER1 + 0.0830 TOLAER®d
Xylene and other low SOA XYL + OH — 0.108 GLYOXAL + 0.370 MGLY + 0.023 1.73x10 12exp (0.705/RT)

yield aromatics (106) XYLAER1 + 0.046 XYLAER2 + 0.070 XYLAERO2d

Humulene (206) HUM + OH> 0.847 HUMAERO 2.9%10°10

Limonene (136) LIM + OH— 0.168 LIMAER1 + 0.039 LIMAER2 + 0.251 1.71x10~10
LIMAERO2

a-Pinene (136) APIN + OH— 0.028 APINAER1 + 0.061 APINAER2 + 5.37x10-11
0.199 APINAERO2 8.66x1017

APIN + O3 — 0.089 APINAERS3 + 0.033 APINAER4 +
0.046 APINAERO4

B-Pinene (136) BPIN + OH> 0.092 BPINAER1 + 0.038 BPINAER?2 7.89x10°11
BPIN + 03— 0.019 BPINAER3 + 0.423 BPINAER4 + 0.032 1.36x 10~ 17
BPINAERO4 2.31x10°12
BPIN + NO3— 0.739 BPINAER5

Terpinene (136) TER + OH> 0.058 TERAER1 + 0.397 TERAERO2 210710

Terpinenol (154) TPO + OH> 0.035 TPOAERL + 0.052 TPOAERO?2 159010

@ Notation for SOA products is xxxAERnN or xxxAERON where xxx is the precursds, an integer, AER represents products that do not
undergo oligmerization, and AERO represents SOA products subject to oligomeriQaﬁds 0.0019872 kcal/deg K/mok from Carter

(1990) for toluene and xylene and from Pun et al. (2003) and references therein for biogenic compgietds of GLYOXAL and MGLY

are from Carter, 19907 although cresol, a gas-phase product can probably lead to the formation of SOA, in a manner analogous to phenol
(see Table 1), cresol products are probably already accounted for in TOLAER1 and TOLAER?2.

essary for a majority of the products. As a starting point,
the aerosol yield data from Odum et al. (1997) and Giriffin et

Ko Koi- 2 [monomey] al. (1999) are used (e.g., Zhang et al., 2004). In that formula-
log (Lﬁl> =log ! tion, each precursor compound is associated with one or two
Ko,eff,i ref Ko.iret - 3 [monomes], surrogate products. The SOA yield of each surrogate product
! depends on two parameters, one representing the mass-based
= log (&) (8) stoichiometric coefficiental) and one representing a parti-
Ko, i ref tioning coefficient € ,). K, is corrected for temperature us-

ing the Clausius-Clapeyron equation assuming an enthalpy

The definition OfK, efr; rer and Chi. ref IS problematic, be- ¢ vaporization of 72.7 kd/mol (Pun et al., 2003). Because
cause the experiments carried out to date have typically been,. e . . )
; o ! : . oligomerization is typically catalyzed by protons, interaction
designed to maximize the formation of oligomers via the use . L T ) ; .
- . . with water is implicitly assumed. The inclusion of water in

of acidic seeds, high concentrations of reactants, or the addi

. : , the absorbing medium necessitates another correcti@, of
tion of co-reactants that enhance the formation of oligomers
. I .“based on the MW (Pankow, 1994). In the dry chamber ex-
Gao et al. (2004) used several experimental conditions in-_ ", L o
eriments, the empiricak’, reflects the absorption into an

volving acidic a}nd non—gmdlc seed particles. They est[mate OA phase. With water interaction, the MW of the absorbing
the mass fraction of oligomers to be at least 10%, with the . . . | :
medium will typically decrease, hence increasing the value

lower end value associated with a concentration &fddie
to the intrinsic production of organic acids from the reaction P

. Smog chamber experiments described in Odum et
system producing SOA. Therefore, we use a reference value e X
al. (1997) and Griffin et al. (1999) were conducted in rela-
of 0.1 for K, ef ref at @ moderate pH of 6.

A module for simulating SOA needs to be computation- t!vely dry conditions that are not _condum‘\‘/e to c_)llg,c')merlza—
L : ) . tion. We assume that the experimental “effective, val-
ally efficient if it is to be used for three-dimensional appli-

: . ues represent a situation where the condensed mixture con-
cations. Accordingly, most SOA models employ a surrogate, _. : .
) ; , ._tains mostly monomers, with a minimal amount (10%) of
representation or a hybrid one with surrogates and explicit_,. o
. ) oligomers. When polymerization takes placedoes not
species. For organic precursors, hundreds of SOA products . :
change, but the effectiviE, increases.

can be formed and a surrogate representation is almost nec-
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Table 4. Aerosol-forming equilibria for SOA compounds produced by surrogate precursors*.

SOA (molecular weight)  Equiliborum Tyfe Equilibrium

Equilibrum constant @ 298K

GLYOXAL (58)
MGLY (72)
TOLAER1 (198)
TOLAER?2 (153)
XYLAERL (175)
XYLAER2 (152)
XYLAERO? (152)
HUMAERO (243)
LIMAERL (198)
LIMAER2 (171)
LIMAERO2 (171)
APINAER1 (186)
APINAER?2 (171)
APINAERO2 (171)
APINAERS3 (191)
APINAER4 (174)
APINAEROA4 (174)
BPINAERL (192)
BPINAER2 (147)
BPINAERS (193)
BPINAER4 (152)
BPINAERO4 (152)
BPINAERS (184)
TERAERL (217)
TERAERO?2 (186)
TPOAER1 (215)
TPOAERO?2 (168)

NN RN RN RN R RN R RN XXX X XA T T

GLYOXAL < AGLYO see Table 1
MGLY <« AMGLY see Table 2
TOLAER1 < ATOLA1 0.16
TOLAER2 <> ATOLA2 0.0057
XYLAER1 <+ AXYLA1 0.13
XYLAER2 < AXYLA2 0.0042

XYLAEROZ2 < AXYLAO2
HUMAERO < AHUMAO

0.0042 or f(pH)
0.15 or f(pH)

LIMAER1 < ALIMA1L 0.16
LIMAER2 «<>ALIMA2 0.016
LIMAERO2 <> ALIMAO2  0.016 or f(pH)
APINAER1 < AAPINAL 0.51
APINAER2 <+AAPINA2 0.012
APINAERO2 <> AAPINAO2  0.012 or f(pH)
APINAER3 < AAPINA3 0.26
APINAER4 <> AAPINA4 0.24
APINAERO4 <> AAPINAO4  0.24 or f(pH)
BPINAER1 <> ABPINAL 0.13
BPINAER2 <> ABPINA2 0.015
BPINAER3 < ABPINA3 0.58
BPINAER4 <> ABPINA4 0.0090
BPINAERO4<«> ABPINAO4  0.0090 or f(pH)
BPINAER5 <> ABPINA5 0.049
TERAERO1<> ATERAL 0.24
TERAERO2<> ATERAO2  0.014 or f(pH)
TPOAER1<> ATPOA1 0.48
TPOAER2<> ATPOA2 0.013 or f(pH)

* the corresponding parameters for benzene and isoprene can be found in Tables £ &hdRenry’s law equilibrium between the gas
phase and an aqueous phakepartitioning coefficient for the equilibrium between the gas phase and an organic particulate phase.

From Kroll and Seinfeld (2005):

Kp,eff,i = Kp,i(l + Ko,eff,i)

At experimental conditions, we assunig, ef,;=C; /(M

whereK, efi i ref=0.1. Under conditions that promote the for-

mation of oligomers, pH will affeckK , eff ; via its effects on
9) K,.efi.i- An analogous formulation is applied to the effective

Henry’s law constants for simple carbonyls (e.g., GLY) that

C,.i), where C; is the particulate-phase concentration of

species, M is the mass of all absorbing compounds, and
C,.; is the gas-phase concentrationipall of which are in

ug/md air.

Kpeffi = Cmonomeri /(M * Cg,i) + Chigh MWspecies’/(M * Cg,i)
(10)

where Chigh mw species 1S the concentration of higher MW

undergo oligomerization.

2.3.2 Oligomer-forming surrogate SOA species

Among the SOA mixture, we assume that species contain-

ing aldehyde groups are the main candidates for oligomer
reactions. Therefore, for each surrogate condensing species

(Odum et al., 1997 and Griffin et al., 1999), the fraction

of compounds containing aldehyde groups, hence subject to

Species_ At the reference conditions of the “dry" experi_ Oligomerization, is determined. Identified SOA and condens-

mentS,Chigh MWspeciegzo.l Cmonomeﬁ (GaO et al., 2004),
therefore,K , eff,i=1.1 Cmonomeyi/M/Cg ;=1.1K, ;. Apply-

able products for all precursor species were compiled from
the literature, including experimental and modeling studies

ing Eq. (9) at reference conditions and combining Egs. (7-9XPun and Seigneur, 2005; Pun et al., 2006 and references

give:

Cur \
Kp,eff,i = Kp,i . [1+ Ko,eff,i,ref . ( ) s

CH+,ref

www.atmos-chem-phys.net/7/2199/2007/

therein, including Yu et al., 1999; Glasius et al., 2000; Larsen
et al., 2001; Jaoui and Kamens, 2001, 2003; Griffin et al.,
2002). The condensable products were grouped into species
that contain aldehyde groups (subject to oligomerization) and
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Table 5. Test cases for benzene, isoprene, afginene. Nominal environmental conditions are: T=298K; RH=0.5, pH=6; LWC=10
(a-pinene case) or 50g/m3 (benzene and isoprene cases); POZghm.

Case Benzene Isoprene a-pinene
T 298K 298K 298K
RH 0.5 0.5 0.5
POC 5ug/m? 5ug/m? 5ug/m?
LWC 50 ug/m3 50 ug/m3 10pg/m?
Amount of precursor reacted 10 ppb (3LGm3) 10 ppb (27.8.g/m3) 5ppb (27.8:g/m3)
Condensable product amouptgfm3)  glyoxal = 4.98 ISOAER1 = 6.59 APINAER1 =1.07
ROPAER = 34.2 ISOAER2 =0.8 APINAER2 =2.13
PHENAER1 = 0.66 HYACET =2.92 APINAERO2 = 6.96
PHENAER2 =1.23 GLYALD =5.50
MGLY = 3.37
Sensitivities investigated environmental conditions:  environmental conditions environmental conditions
- LWC - RH — pH
- pH - wcC model parametefs
- POC - POC — fraction of SOA subject
model parametefs model parametefs to oligomerization
- K, (ROPAER) - APR — Ko effref
— stoichiometric alternative Raoults law for-  ~ CHref
coefficient of ROP mulation that excludes water -z

a Explanation of model parameter&, = empirical or estimated absorptive partitioning constant; APR = measured ambient partitioning
ratio; K, eff,ref = effective oligomerization equilibrium constant at reference OH; ref = reference proton concentrations (pH) at which
K, eff ref applies;z = dependence of empirical yieldg) on the pH function ), see text.

monomer species that contain no aldehyde groups. Based d®OA species that lead to additional SOA formation via par-
the total (gas and particle yields) of each identified condenstitioning of first oxidation products toward more soluble or
able product documented in the literature, a fraction of theless volatile compounds.

condensable surrogate species, those containing the aldehyde

functionality, was determined to be subject to oligomeriza-2.3.3 SOA enhancements due to oligomerization

tion for each precursor species. Table 3 lists the precursors ) o

and reactions forming SOA species. The list of precur-The overall effect of oligomerization depends on the frac-

sor species was selected based on available partitioning daf:Pn ©f SOA with aldehyde functional groups as well as the
from environmental chambers (Odum et al.,

1997 and Grif-Partition characteristics of the SOA without oligomer forma-

fin et al., 1999) and pruned based on similarity in chemicaltio" at the given conditions (e.g., total mass of the absorb-
structure and reaction characteristics and the abundance #19 medium, total amount of condensable material, tempera-

biogenic emissions of specific terpene compounds (Pun dure). At C_onditions favoring the partition of the monomers
al., 2004). MWs of actual SOA were used to convert the to the particulate phase, e.g., low temperature, high total ab-

mass-based (Odum et al., 1997 and Griffin et al., 1999) to sorbing medium mass, high SOA concentrations, the effect

mole-based stoichiometric coefficients. In Table 3, specie®! ©ligomerization is expected to be small, and vice versa.

subject to oligomerization are notated with an AERO suffix O €xample, this algorithm is applied to thepinene + Q
instead of an AER suffix, which is used for surrogate SOA experiments of Griffin et al. (1999) from which the partition-
not subject to oligomerization. ing parameters (stoichiometric coefficients and partitioning

constants) for the original model are obtained. The relative
When oligomerization is activated, tif¢, value for the yield difference (RYD) due to oligomerization is defined as
aldehyde fraction would increase, whereas Khgvalue for  (¥,-Y)/Y, whereY is the standard (i.e., without oligomeriza-
the fraction not subject to oligomerization would remain the tion) yield (mass SOA/mass reacted VOC) &fds the yield
same. The net effect of oligomerization is to increase thewith oligomerization. The RYD depends on the total reacted
partitioning of relatively volatile SOA into the particulate VOC and ranges from 0.5 to 0.05 for VOC ranging from 17
phase. Table 4 lists the subsequent equilibria of surrogatéo 65 ppb (Griffin et al., 1999). The range of RYD values is
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in good agreement with Gao et al. (2004). Gao et al. (2004)
reported RYD to range from 0.4 to 0.05 for SOA yields on
seed particles with or without the addition of sulfuric acid.
The decreasing RYD trend with increasing precursor concen-
trations is properly reproduced. Gao et al. (2004) performed
two experiments using ammonium sulfate seed, one of which
is comparable in concentration with two experiments in Grif-
fin et al. (1999), which also used ammonium sulfate seed.
For those experiments, the model predicts an RYD of 5-6%, oo | = 1800001
which is in good agreement with the observed RYD (5%) LWC (ugir)

from Gao et al.

Except under conditions that are less favorable to the par-
tition into the particulate phase (e.g., due to low pre-existing
organic absorbing medium mass), the effect of oligomer-
ization is relatively small for monomer products that have
low vapor pressure (e.g., humulene andinene + Q prod-
ucts) because the monomers already reside in the particu-
late phase. Oligomerization has little effect on the formation
of SOA from B-pinene, because only a small fractiongf
pinene products contains aldehyde groups based on available
product information. Oligomerization enhances SOA forma-
tion from precursors (e.gg-pinene + OH; terpineol, ter- 0.10
pinene) with large fractions of products subject to oligomer-
ization, especially for relatively volatile monomers. SOA
yields are also enhanced for aromatics because of oligomer-
ization of glyoxal.

05 10
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The sensitivity tests are designed to understand the effects POC (ugin?)

of changes in environmental variables on SOA formation as

well as to elucidate the effects of uncertainties in model for-Fig. 1. Benzene SOA yieldX) as a function of liquid water content
mulation and parameters on the model predictions. Test casdsWC) at pH=4 and 6 and POC=£g/m? (top), as a function of pH

focus on the new precursors and processes (see Table 5), &t LWC=50ug/m® and POC=%:.g/m® (middle), and as a function
though conclusions regarding environmental conditions carPf POC at LWC=1and 10g/m?, pH=6 (bottom).

be generalized to other condensing species with similar char-

acteristics. We consider three SOA precursors in these sensiles ranges from-0 to 400.g/m?; typical pH ranges from

3 Sensitivity tests

o

o

)
o

tivity tests: benzene, isoprene amepinene. —1to 6 (Jacobson, 1999; Zhang et al., 1999; Finlayson-Pitts
and Pitts, 2000)). The enhancement of SOA vyield is due to
3.1 Benzene several effects. First, when LWC increases, the absorbing

mass (M) increases for species partitioning by Raoult’s law

According to our model, four products of benzene oxidationand the solvent mass increases for compounds partitioning
are available for partitioning. Their total concentrations areaccording to Henry’s law. For the Raoult’s law species, since
listed in Table 5 for the reaction of 10 ppb of benzene. ThecC;/C, ;=K ,-M, more of the available condensable com-
sensitivity to environmental conditions is tested first; we in- pound mass enters the particulate phase. For species par-
vestigate the yields of particulate-phase organic compoundstioning according to Henry's law, the dependence is also
as a function of LWC, pH, and primary organic compound straightforward, sinceC;/C,;=H-LWC. Second, because
(POC) concentration. Second, we investigate the sensitivitithe referencek, values from Odum et al. (1997) and Grif-
of SOA yields to some model parameters. fin et al. (1999) were measured at dry conditions, they were

Figure 1 shows the yield of SOA as a function of LWC, corrected for the average MW for wet conditions based on
pH, and POC. The top panel of Fig. 1 shows that the SOAPankow (1994). Water lowers the MW of an organic mixture,
yield is very sensitive to the LWC, with a very low yield of thereby increasing th&, values. Third, oligomerization can
2.5% when particles are quite dry to 43% when the LWC istake place in an aqueous medium, further increasingthe
100ug/m? at pH of 4. (Typical LWC of the ambient parti- values based on Eq. (9).
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0.40 1 APHENAL, and 9% APHENAZ2. At high LWC, a large
035 114 percentage of the available condensables enters the partic-
g 030 t12 [ ulate phase for all three partitioning compounds; therefore,
g 0251 110 ~ | = c(aropA) the relative abundance is related to the total amount avail-
S 020 / 18 é —&= C(APHENAL) able for partitioning. With a particle that is mostly water,
i‘" 0151 160 the average MW is 21.3. Therefor&,, values corrected
@ o0t T4 for MW are much larger than in the LWCzilg/m® case
0.05 1 T2 (1.6, 0.04, and 0.004%ug, respectively, for PHENAERL,
0.00 0.001 0.002 0.008 PHENAER2, and ROPAER). The mass of the particulate
K(m¥ug) phase is 117%g/m® (including an SOA concentration of
0.40 12 12,ug/m3).

The partitioning of glyoxal is not significant when pH=6,

0.35 +
0301 1 even though the partitioning of glyoxal increased by 2 orders
025 | 18«2 &Z(AROPA) of magnitude (to 0.004g/m?, or 0.1% of the total available
020+ 1 6 2 |-=c@rHEnAy glyoxal) when LWC increases from 1 to 10@/m?®. This is
0151 1.° because the Henry's law constant is 31° M/atm, which

, converts to %¥10-°m3/ug. Even at 10Qg/m*LWC, parti-

SOA Yield (AM/AHC)

0.10
0.05

cle concentrations are low becauSgC; ;=9x 10~4. How-
: 3 30 ever, at pH=4, the partition is enhanced due to the formation
alpha(ROP) of high MW products from glyoxal. As shown in the middle
panel of Fig. 1, at a constant LWC content ofa@m?, SOA
Fig. 2. Benzene SOA yieldX) as a function ofk, of the ben-  Yyields increase from 0.24 to 0.39 with decreasing pH, be-
zene ring opening product (top) and as a function of the stoichio-cause particulate phase glyoxal increases from Q.@@ar
metric coefficient of the benzene ring opening product (bottom) atat pH=6 or above (no oligomerization) to g@/nﬁ at pH=3.
LWC=50,.g/m® and pH=6. The sensitivity of the SOA predictions to the formulation of
the oligomerization module is discussed further undeuthe
pinene case.

A comparison of the results from pH=4 and pH=6 illus-  Because of the overwhelming proportion of water, chang-
trates several effects of water on the partitioning propertiesng the POC concentration has a limited effect on the parti-
of SOA. At pH=6, oligomerization of glyoxal is assumed tion of SOA. The bottom panel of Fig. 1 shows cases with
to be at a minimum value of 10%, as discussed aboverelatively low amount of LWC (1 and 1@g/m?). Vary-
The SOA yield at low LWC is similar at pH=6 (2.4%) and ing POC from 1 to 2@ug/m® increases the SOA yield in
pH=4 (2.5%) because there is not sufficient monomer masgoth cases. The effect is much more pronounced when
in the particulate phase available for oligomerization. At L\WC=1 p.g/m3. The SOA yield changes from 0.021 to 0.032
100 ug/m® LWC, the enhancement of SOA production is due to increased partitioning of PHENAER1, PHENAER2
smaller at pH=6, 38%, compared to 43% at pH 4. Theand ROPAER. When LWC=10g/m?, increasing POC mass
case with pH=6 represents the effects of water on the parfrom 1 to 20ug/m? leads to a corresponding change in SOA
tition of monomers. At LWC=Jg/m?, the composition of  yield from 0.079 to 0.085. At lower LWC, POC constitutes a
benzene SOA is 27% AROPA, 62% APHENAL, and 11% |arger fraction of the absorbing medium and increasing POC
APHENAZ2. The partitioning at low LWC can be explained increases the total mass available by a greater percentage
in terms of the partitioning coefficients and the total concen-than when water constitutes more of the absorbing medium.
trations of the species, with PHENAERL having the highest Due to incomplete information regarding the reaction of
K, and the largest ratio of;/C,, followed by PHENAER2  benzene, a parameterization is used to model SOA formation
and ROPAER. With an aerosol containing Ou#§m® SOA,  processes. We investigate now the effect on SOA yields of
5ug/im® POC, and Lg/m® LWC, the average MW was the parametric uncertainties of the partitioning constépt
84. Therefore, th&k, values (which are 0.16, 0.0057 and of ROPAER and of the stoichiometric coefficient for ROP.
0.0013nt/ug for pure organic aerosols) are 0.37, 0.01, andUncertainties ink, were determined based on the range
0.0009 n¥/..g, respectively, for PHENAER1, PHENAER2, of K, values (0.0008-0.0022%ug) deduced from differ-
and ROPAER after correcting for MW of the absorbing ent smog chamber experiments reported by Martin-Reviejo
medium. Despite the low(, value of ROPAER, AROPA ac-  and Wirtz (2005). In a previous version of SAPRC (Carter,
counts for a larger percentage of the SOA than APHENA21990), the stoichiometric coefficient was 0.49 instead of
due to its total (gas + particulate) concentration, which is1.44. Therefore, for the stoichiometric coefficient, we used
higher by a factor of 30 (see Table 5). this change as an uncertainty range for the lower-bound es-

In comparison, when LWC=1Q@g/m® (and pH=6) the timate and tested a full range of values from 0.49 to 2.39
composition of the benzene SOA is 86% AROPA, 5% centering around 1.44. The results are shown in Fig. 2.

0.00
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The top panel shows that at moderate LWC of.&0me, v=
0.07 0.14 0.03 0.06 0.13 0.25

the total aerosol yield increases linearly wikf),, because
the particle-phase concentration of ARPOA increases lin-
early with K,,. The partitioning of AROPA is linear with
K, in this K, range because there is sufficient material in
the gas phase. If th&, values were high, further increas-
ing the K, value would result in an asymptotic increase of
the AROPA yield, limited by the total mass available. Un-
certainties in thek’,, value may cause the overall yield value
to be uncertain by 40%. The absolute uncertainty depends
on the mass of SOA formed. In the B@/m° LWC case,
SOA changes by 22g/m?® (out of 7.7ug/m?); the same
uncertainty inK, changes SOA by only ag/m® (out of
2.6.g9/m?) when LWC=10ug/m? (not shown). Most of the
mass change corresponds to a change in the AROPA mass,
although small changes in APHENA1 and APHENA2 oc- Base Base Low Low High High
cur. Changes in APHENA1 and APHENA2 would be more APR APR APR APR APR APR
pronounced if AROPA constituted a larger fraction of the ab- 52 = (F;F?‘ = g': = g'; = g': = g'; =
sorbing medium. ' ' ' ' : :
The bottom panel of Fig. 2 shows the effects of changes B AHYACET EBAGLY
in the stoichiometric coefficient of ROP, which affects the
total condensable mass available for SOA formation. The
relatively large uncertainty range (factor of about five) caused™19- 3. Mass and yield of isoprene SOA as a function of relative hu-
the SOA yield to cover a total range of about a factor of threeMidity (RH); RH=0.4 or 0.7 and aerosol partition ratio (APR) base
(base case yield is 0.24), corresponding to aboupglﬁ”|3 case values and lower and upper end values derived from experi-
SOA for a stoichiometric coefficient of 2.39. mental data.

SOA Mass (ug/m®)
o = N w SN (03] o)) ~ (o]

3.2 Isoprene ucts, including polyols and peroxides (Claeys et al., 2004a,
b; Edney et al., 2005; Surratt et al., 2006) are very water sol-
The test cases for isoprene investigate parametric uncertairuble; thus the role of water as part of the absorbing medium
ties in the APR of HYACET, GLYALD, and MGLY and the is inferred. In the formulation of the isoprene module based
formulation of the absorption module based on experimentabn environmental chamber data, SOA is assumed to partition
chamber data. into an organic phase that contains water. Doubling LWC
The data of Matsunaga et al. (2005) that relate APR androm 50 to 10Qug/m® increased SOA yield from 0.17 to
RH show significant scatter. Therefore, we define a range 0f.21 (Fig. 4). We attempted to investigate model formula-
uncertainty for the APR of each species and for each RHtion uncertainties by comparing with an alternative Raoult’s
range &60%; >60%) using the 10th and 90th percentile law module in which water does not interact with organ-
of the raw APR data (Matsunaga, private communication,ics (external mixture of organic liquid and aqueous phases).
2006). At RH above 60%, the ranges of APR are 0.13 toThe results are shown in Fig. 4. When water is excluded
0.58, 0.11 to 0.60, and 0.17 to 0.56, respectively, for HY- from the organic absorbing medium, SOA yields drop signif-
ACET, GLYALD, and MGLY. At RH below 60%, the ranges icantly from 4.8 to 0.7wg/m?, indicating (as suggested in the
of APR are 0.12 to 0.36, 0.06 to 0.23, and 0.06 to 0.37, re-benzene test case) the sensitivity of the Raoult’s law mod-
spectively, for HYACET, GLYALD, and MGLY. Results of ule to the mass and average MW of the absorbing medium.
the partition simulations using the lower and upper limit of Even when a larger primary organic compound concentration
those ranges are shown in Fig. 3. Total aerosol formed caialue is used, only limited enhancement in SOA partitioning
increase from the base case by approximately 80% whemvas found. Therefore, the role of water within a partitioning
higher APR values are used in two different RH regimes.system can have significant effects on the aerosol yields in
Therefore, parametric uncertainties in APR values can causte ambient atmosphere.
the aerosol yield to be uncertain, with ranges of 0.03-0.13 Formulating SOA modules based on ambient vs. smog
(nominal 0.07) at low RH and 0.06-0.25 (nominal 0.14) at chamber data results in different predictions and sensitivities.
RH above 60%. Although the uncertainty investigation is not exhaustive, both
The smog chamber experiments from which the partitionmodels show overlap in the range of SOA predictions. Us-
parameters were deduced were conducted at low RH; theréng nominal parameters, the absorption formulation based on
fore, the LWC content of the laboratory aerosols was lowHenze and Seinfeld (2006) results in higher SOA yield, but
(Kroll et al., 2006). However, many of the identified prod- the yield is highly sensitive to the LWC.
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y= increases by gg/m*, while the total SOA mass increases
0.17 0.21 0.17 0.026 0.031 0.017 only by 2.5ug/m3. This is because some of the material
(3.99/m?) undergoing oligomerization is present in the par-
ticle as monomers at higher pH. At pH=5, APINAERO?2 is
+ already mostly present in the particulate phase as oligomers;
with the effective partitioning constant increasing nine times
over the monomer value.

The fraction of each SOA that is considered to be subject
to oligomerization involved assuming that aldehyde is the
key functional group involved. This assumption is tested by
increasing that fraction to include all carbonyl species (frac-
tion = 1), thereby increasing the amount of oligomerizable
compounds. The results are represented using open symbols
in Fig. 5. At high pH, when only monomers are involved in
the partitioning process, the fraction of oligomerizable ma-
terial is irrelevant. Increasing the oligomerizable fraction in-
creases the potential amount of SOA and potential yield of

SOA Mass (ug/m®)
o = N w SN (6)] (@] ~ 0]

base high high No No No

case LWC POC  water water water SOA at low pH. By increasing the fraction of oligomerizable
high ~ low POC material from 0.77 to 1.0 for APINAERO2, the mass concen-
POC tration of AAPINA2 increases from 8.1 to Qug/m® (100%
B ISOAER1 of the condensable material) at pH=3. The overall SOA yield
increases accordingly from 0.33 to 0.37.

Parameters used in the formulation of the SOA module are

Fig. 4. Mass and yield of isoprene SOA under two scenarios wheretested to understand where key uncertainties lie. Parameters
water is included or excluded as part of the absorbing medium; paare changed in the direction that leads to less oligomeriza-
rameters that affect the partition of ISPRAER (LWC and POC) aretion, We tested the sensitivity t& . eff ref, 2, and the ref-
varied. High LWC and high_POC conditigns refer to a doubling arence pH. FOIK, eff ref and z, the only differences these
of LWC and POC concentrations, respectively, from the base Cas?)arameters make in the partitioning of the oligomer species
values. are simulated when the effect of oligomerization is largest

(pH=5-6). At pH=5, lowering, ef.ref from 0.1 to 0.05 low-

The ambient formulation can predict similar or higher €rs the enhancement factor appliedipdue to oligomeriza-
SOA than the absorption model if alternative APR values argion from about 9 to about 5. However, the effect on the for-
used that are within the range of observed variability. Al- mation of SOA is small because the equilibrium is strongly
though Matsunaga et al. (2005) observed the APR to Var)pls_placgd_ toward ohg_omers as the pH decreases by only one
with RH, it is possible that other factors contribute to the Unit. Similarly, lowering z from 1.91 to 1.5 would result in
variability. The variability of parameters derived from en- @n enhancement factor of 4 to the monomer value pf

vironmental chambers cannot be fully investigated due to al "€ maximum effect on oligomer concentrations is only a

more limited number of experiments. decrease of 0.6g/m’ (see Fig. 6).
A more important parameter seems to be the proton con-

3.3 a-pinene centration needed to catalyze oligomerization reactions. If
we assume that a lower pH (5 instead of 6) is needed before
The partition ofa-pinene products (see total concentrations oligomerization can take place, the yield curve for oligomers
in Table 5) is shown in Fig. 5 as a function of pH. The amountis essentially shifted down one pH unit. Therefore, the refer-
of SOA formed is insensitive to pH when pH is above 6 be- ence pH value below which oligomerization becomes signif-
cause we use this pH value as our reference below whiclicant appears to be a critical parameter for an SOA model.
oligomerization is activated. The oligomerization correction  For this test case, once oligomerization is activated, SOA
term to the partitioning constant increases with decreasingields are not very sensitive to the parameters used in the
pH, resulting in more of the product subject to oligomeriza- oligomerization formulation. There is a small range of pH
tion (APINAERO2) entering the particulate phase. As shownwhere the aerosol yield is sensitive to parameters used in
in Fig. 5, the effects of oligomerization are most pronouncedoligomerization; at lower pH, nearly 100% of the mass en-
at a specific pH range between 5 and 6 for this case study. Aters the particulate phase. For more volatile species, the un-
pH below 4, virtually all available APINAERO2 mass resides certainty in the formulation may be more important.
in the particulate phase and reducing pH further results in no
further increase in the SOA mass and yield. Around pH=6,
when oligomerization is activated, the mass of oligomers
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=Y

-8-Y (sensitivity fraction)

—+— SOA mass

—#— SOA mass (sensitivity fraction)
—e— Oligomer mass

SOA Yield (AM/AHC)

—6- Oligomer mass (sensitivity fraction)

Fig. 5. Yield and concentrations of total SOA and oligomers under the base case (solid symbols) and in the sensitivity case where all AP-
INAERZ2 products are assumed to undergo oligomerization (“sensitivity: fraction” denotes cases where the fraction of condensable carbonyl
products that is subject to oligomerization = 1; open symbols).

4 Conclusions and recommendations 8

The partitioning of many organic compounds is extremely
sensitive to LWC because water is an abundant absorbing
medium in the ambient atmosphere. Water also facilitates the
partition because it has a lower MW than most partitioning
compounds, effectively diluting the particle phase concentra-
tions on a molar basis. Known oligomerization reactions take
place in an organic phase that contains water and protons.
However, the sensitivity to water may be overestimated if not
all liquid water present in aerosols is available to interact with
organic compounds. Our sensitivity study with the isoprene
products shows that models including and excluding watefFig. 6. Concentrations of oligomers as a function of pH in sen-
from the partition calculation of organic species can give verysitivity cases where parameters in the calculation of the effective
different results. Furthermore, other physical processes capartition constant due to oligomerization is changeil, @enotes
also affect the interaction between water and organic comthe case wher&, ef, is reduced;Z denotes the case wheres
pounds, including phase separation (Erdakos and Pankov{/,ed_uced a_nd H d_eno_tes_the case where the pH value required to
2004) or the formation of micelles (Tabazadeh, 2005) or in-activate oligomerization is reduced.)

verted micelles (Cai and Griffin, 2003). Physical (phase)

and chemical (activity coefficients) interactions between wa-

ter and organics need to be further investigated to supporgs model parameters can be significant. The uncertainties in
accurate modeling, especially if multiple liquid phases areihe predicted yield due to parameterization can be as much as
present in the ambient atmosphere. Laboratory experimentg,qse due to variabilities in the most influential ambient con-
conducted at higher RH will help elucidate the role of wa- yitions, Therefore, further experimental work is needed to
ter in partitioning. For example, SOA yield of 8-25% were characterize the gas-phase and particulate-phase products of
reported based on dry chamber experiments (Martin-Reviejgystentially significant SOA precursors such as benzene and
and Wirtz, 2005). However, when water is considered as parisoprene. Such molecular identification is available for iso-
of the organic-containing aerosol, SOA yield in the modeledprane SOA in environmental chambers (Surratt et al., 2006).
atmosphere can be significantly larger. Such behavior reyjowever, there seems to be a discrepancy between the multi-
mains to be verified. At present, measurement methods emyqe of complex SOA species found in environmental cham-
ployed in the routine monitoring networks exclude the ma- yers and several small molecules found in abundance in am-
jority of the particulate water due to sample heating, furtherpient measurements (Matsunaga et al., 2005). The impor-
limiting the ability to analyze aqueous-organic interactions. gnce of laboratory-identified SOA species in the ambient at-
Due to incomplete information, uncertainties in SOA mosphere remains to be quantified. The dependence of SOA
yields due to the formulation of the model and the selectionformation on co-pollutants, such as N@nd SQ, should

—— base case
-8 Ko

-7

Oligomer concentration (ug/m®)

o
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also be accounted for to the extent possible. Quantitative tion with hydrogen peroxide, Atmos. Environ., 38, 40934098,
yield information will be quite necessary for the development 2004b.
of models that can be used with more confidence. Czoschke, N. M., Jang, M., and Kamens, R. M.: Effect of acidic

Processes that can enhance the partition of aerosols by Seed on biogenic secondary organic aerosol growth, Atmos. En-
decreasing the volatility of end products need to be inves-_ Yron- 37, 4287-4299, 2003. _ .
. .. Docherty, K. S., Wu, W., Lim, Y. B., and Ziemann, P. J.: Contri-
tigated further. Our sensitivity study shows that the effects buti . )

. . . . utions of organic peroxides to secondary aerosol formed from

of ol|g.omer|zat|on can increase SOA formation by orders of | ions of monoterpenes withs CEnviron. Sci. Technal., 39,
magnitude at low pH. However, many parameters are uncer- 4049_4059, 2005.
tain, and laboratory studies tend to be conducted under conpommen, J., Metzger, A., Duplissy, J., Kalberer, M., Alfarrra, M.
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