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Abstract. Large-scale atmospheric models, which typically 1 Introduction

describe secondary organic aerosol (SOA) formation based

on chamber experiments, tend to systematically underesti-

mate observed organic aerosol burdens. Since SOA constfPrganic chemical compounds modify the physical and chem-
tutes a significant fraction of atmospheric aerosol, this dis-ical properties of atmospheric aerosol particles, namely, their
crepancy translates into an underestimation of SOA contrifadiative properties, their ability to act as cloud condensation
bution to radiative forcing of atmospheric aerosol. Here wehuclei, and heterogeneous chemistry. Organic compounds
show that the underestimation of SOA vyields can be partly(OC) amount to a significant fraction of atmospheric aerosol
explained by wall losses of SOA forming compounds dur- Mass. In several observations at different types of locations,
ing chamber experiments. We present a chamber experimefiieé measured mass fraction of organic compounds can be
wherea-pinene and ozone are injected into a Teflon cham-20-90 % in collected aerosol sampldsi{enez et al2009.

ber. When these two compounds react, we observe rapidnus, OC has a major role in the climate effects of global
formation and growth of new particles. Theoretical analy- atmospheric aerosol.

sis of this formation and growth event indicates rapid for- ©Organic aerosol can be emitted directly into the at-
mation of oxidized volatile organic compounds (OVOC) of Mosphere as primary particles, e.g. from fossil fuel and
very low volatility in the chamber. If these oxidized or- biomass combustion, or it can be of secondary origin;
ganic compounds form in the gas phase, their wall lossedvhen volatile organic compounds (VOC) are oxidized in
will have significant implications on their partitioning be- the atmosphere, they produce oxidized volatile organic com-
tween the gas and particle phase. Although these OVOCs dgpounds (OVOC) which condense onto pre-existing aerosol-
very low volatility contribute to the growth of new particles, forming secondary organic aerosol (SOA). SOA compounds
their mass will almost completely be depleted to the chambegffect the size distribution, radiative properties, and cloud
walls during the experiment, while the depletion of OVOCs activation properties of atmospheric particles. Thus, their
of higher volatilities is less efficient. According to our model contribution to the global aerosol mass and composi-
simulations, the volatilities of OVOC contributing to the new tion play a key role in the climate effects of the atmo-

particle formation event can be of the order of 2ag 3. spheric aerosol. In current global aerosol—climate models
the SOA description is based on oxidation chamber exper-

iments (bottom-up approach). A bottom-up approach tends
to underestimate the global burden of SOA when com-
pared to the observations or compared to studies where
global SOA burdens are determined inversely based on VOC
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emission data and estimates of SOA removal (top-down apfect on the SOA yields and have to be accounted for when the
proach) Jimenez et a]2009 Goldstein and Galball\2007, SOA yields are estimatedPéthak et a.2007a Pierce et al.
Hallquist et al, 2009. The magnitude of this underestima- 2008 Matsunaga and Zieman®01Q Loza et al, 2010.
tion can be more than one order of magnitude and may lead Whereas the chamber walls act as a continuous sink for
to significant errors when predicting global aerosol forcing the aerosol particled/atsunaga and Ziemarf2010 showed
(Goldstein and Galbally2007, Hallquist et al, 2009. that, for organic compounds, an equilibrium forms between
A major difficulty in modeling SOA formation accurately the walls and the gas phase. They suggested a method to cal-
is that the chemical composition and formation pathways ofculate the partitioning between the walls and the gas phase
condensing organic compounds that take part in SOA formaas equilibrium using an analogue of Henry’s law equilib-
tion are still mostly unknown. Another difficulty is that their rium. According to their theoretical framework, the fractions
volatility undergoes continuous change in the atmospheref different OC partitioned on the walls are determined by
for several daysKroll and Seinfeld 2008. Information on  the equation
the volatility is of crucial importance since OVOCs of low [OClw K
volatility (LVOC) have an important role when the freshly = P
nucleated particles grow to sizes that can form cloud droplets[oc]T (Kp+1)
(Riipinen et al, 2011). A recent study has also shown that ox- where [OC}, is the number of moles of OC on the wall,
idized organics can be involved in the aerosol nucleation pro{OC]y is the total number of moles of OC in the chamber,
cess itself Zhao et al.2013. Until recently, it was believed and K, is the partitioning coefficient. The partitioning coef-
that the formation of LVOCs via gas-phase oxidation of emit- ficient K, can be calculated according to
ted VOCs takes several hours in the atmosphémadnez RTC
et al, 2009. Kp=KuCu=——, 2)
The very large number of chemical compounds involved in MwywP
SOA formation processes makes it a challenging task to calwhere K, is the gas-wall partition coefficiengy is the ef-
culate the concentration of specific oxidation products. Everfective concentration of absorbing mags|s the gas con-
explicit chemistry models have great uncertainties in predict-stant,T is temperatureM,, is the molar mass of OGyy is
ing the oxidation state of ambient SOA precursdZelfle- the OC activity coefficient for the Teflon wall (assumed 1 in
mans et al.2012. However, they are computationally too this study), andP® is the saturation vapor pressure of OC.
demanding to be coupled to models that describe SOA con- Formation of such an equilibrium state will have signifi-
centrations on a regional- or global scale. To overcome thiant consequences on SOA formation as the OVOCs would
complexity, simplified methods have been developed to destrive to reach simultaneous equilibrium between the parti-
scribe OVOCs that are involved in the formation of SOA. cles, the gas phase, and the walls (see EjgFor exam-
A common way is to categorize different organic compoundsple, if the condensation of OVOCs to the particles depletes
according to their volatility, i.e. their saturation vapor pres- them from the gas phase, OVOCs already deposited on the
sure. Two commonly used methods include treating SOAchamber walls will evaporate to maintain the gas-wall equi-
precursors as two model compounds of different volatilitieslibrium. This makes it more complex to account for the wall
(Odum et al. 1996 or separating the precursors into several losses of OVOCs during a chamber experiment compared to
classes according to their volatilities, namely the Volatility an approach where gas deposition to the wall is considered
Basis Set (VBS)[Donahue et a]2006. irreversible. Another difficulty related to this method is that
The mass yields of SOA are often based on chambethe equilibrium is dependent on the wall-partitioning prop-
measurements: the yields are obtained by analyzing the okerties of each chemical compound. If this approach is used
served increase in condensed particulate mass when a knovta account for the wall losses for all oxidation products of
amount of VOCs are oxidized in the chamb&ofahue VOCs, the wall-partitioning properties in EdLl)(should be
et al, 2006 Pathak et a).2007a Meyer et al, 2009 Du- guantified for each individual compound. Therefore, to ap-
plissy et al, 2011). To get information on the yields of in- ply this method together with e.g. the volatility basis set, the
dividual volatility classes, data from aerosol particle sizers,wall-partitioning properties of each volatility class should be
aerosol mass spectrometers, and thermodenuders are couhefined.
bined to analyze the oxidation state and the volatilities of Here we study the implications of the equilibrium gas-wall
condensed compounds. partitioning on the estimated SOA yields in a set of Teflon
One complication in these experiments is the loss ofchamber experiments. First, we use high-resolution proton
aerosol on the chamber wall surfaces during an experimentransfer reaction mass spectrometry (PTR-MS) to estimate
The measured particulate mass is affected by losses of pathe gas-wall partitioning of-pinene and two of its oxida-
ticles to the chamber walls and the mass yields have to bé¢ion products, and then formulate a generalized function of
corrected accordinglyRathak et a).20070. Recently, it has  partitioning for oxidation products ef-pinene as a function
also been acknowledged that the wall losses of the gas phas# saturation vapor pressure. We apply this partitioning func-
compounds, i.e. SOA precursors, can have a significant eftion in an aerosol microphysics model and compare model
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Fig. 1. Schematic of processes modifying the concentrations of particle and gas phase organics during an oxidation chamber experiment

results against chamber measurements of aerosol formation The gas phase concentration in the chamber was moni-
and growth to estimate the implications of gas wall lossestored using a high-resolution proton transfer reaction mass
on the SOA yields. The schematic in Figy.illustrates the  spectrometer (PTR-TOF-MS 8000, lonicon Analytik, Inns-
processes involved in the aerosol formation and growth exbruck, Austria). Sample air from the chamber was in-
periment, which are solved in the model concurrently. In thistroduced to the PTR drift tube via a 1.5m-long heated
experiment a VOC-pinene) and an oxidant @pare in-  (60°C) PEEK tubing (outer diameter 0.1cm at a flow rate
jected in a chamber with pre-existing seed aerosol. of 160 mLmirm1). PTR-TOF-MS was operated under con-
trolled conditions (2.3 mbar drift tube pressure, 600V drift
. tube voltage and 60C temperature). The sensitivity of PTR-
2 Materials and methods MS for the studied compounds was calibrated using the gas
phase concentration results from Tenax TA samples. Within
30min after the injection, the gas phase concentration in
the chamber had stabilized and VOC samples were collected

tioning of organic gases was quantified by injecting three®Nto 200 mg of Tenax TA adsorbent (Supelc&_r)r,ilmesh 60/80)
organic gases of different volatilities into the chamber for 10 to 30min with an air flow of 220mLmin" through

and measuring the gas phase concentration after injed®€ Sample tube. The sampling time depended on the in-

tion. The chamber setup has been described in detail beted concentration, so that for the lowest concentration
Hao et al.(2011). Briefly, the system consists of precur- he sampling time was the longest in order to obtain a high

sor and seed particle injection systems, a reaction chamgnough amount of VOC for the analysis. Tenax TA adsor-

ber (made of FEP film, volume 43 and gas and parti- bent was connected directly to the chamber without any sam-

cle measurements systems. The injected OC were pinan@-'e line to reduce wall losses during sampling. The trapped
diol, nopinone andv-pinene, whose saturation vapor pres- compounds were desorbed from the collected VOC sam-

sures are 0.533Pa .@x 10*ugnr3), 53.6Pa (4x ples with a thermal desorption unit (Perkin-EImer ATD400
10f pgm3) and 465.15 Pa, (80x 107 ug’m_s) respectively Automatic Thermal Desorption system) and analyzed with
(www.chemspider.cojnNopinone and pinanediol were cho- & 98 chromatograph-mass spectrometer (Hewlett-Packard
sen for this study since they are probable oxidation prod-CC 6890 and MSD 5973). A detailed description of the VOC
ucts of a-pinene. Experiments were performed in the ab- analysis is given byuorinen et al(2004. In order to avoid
sence of seed particles at a relative humidity below 504 Significant formation of particles, the concentrations of the

The chamber was kept at constant room temperature- (20 injected compounds were kept beneath the saturation con-

1°C) during the experiment. Before each experiment, thecentration of the vapors. To affirm low new particle forma-

chamber was flushed continuously with purified dry air for tiqn, the particle goncentrations were continuously measured
about 48h to ensure minimal contamination from previ- With & condensation particle counter (CPC3010, TSI).

ous experiments. A known amount efpinene (Sigma-

Aldrich, 99 %), nopinone (Sigma-Aldrich, 98 %) and pinane- 2.2 SOA formation experiment

diol (Sigma-Aldrich, 99 %) were first dissolved in methanol

(Fisher Chemicals, HPLC grade) and then added to the chanTFhe dynamics of organic aerosol formation, and in particular

ber by injecting the liquid into a stream of purified air. The the implications of measured wall losses of SOA precursors

injection port, the short inlet line (10 cm) and the air were were studied in am-pinene ozonolysis experiment in the

heated to 60C to minimize losses during the injection. Each presence of seed aerosol. As the seed aerosol, we used poly-

VOC injection lasted two minutes. During that time liquid disperse ammonium sulphate particles which were generated

VOC was slowly introduced with a microliter syringe into from a salt solution by using an aerosol generator (Model

the stream of heated air. 3076, TSI Inc., USA). The ammonium sulphate content in
the water suspension was 1wt %. The produced aerosol was

2.1 Gas-wall equilibrium partitioning

In the first Teflon chamber experiment, the gas-wall parti-
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fed to a diffusion drier (porous tube surrounded by silica gel), Taple 1. Saturation concentratior&* (ugm~3) and corresponding
resulting in relative humidity (RH) below 5% (RH sensor, stoichiometric coefficients for VBS classes.

Rotronic).
After introducing the seed aerosol to the flushed Teflon C¢*  0.01 01 1.0 10 100 1000 10000
chamber, its concentration was dilutecrd.0* cm—3. Next, « 0001 0012 0037 0088 0099 0250  0.80

2 uL of @-pinene was injected into the chamber and left to
mix for 15 min. Based on the injected amount and the vol-
ume of the chamber, the initial concentrationcepinene  concentration at the droplet surface is calculated using the
was 450pugm?. Next, ozone-enriched air (1.5 ppm, gener- equation

ated with a UV lamp @ generator) was introduced into the

chamber at 30 Lmint to achieve an ozone concentration of Corgi.surf =5 Corg.surf = S;Xorgi Corg sat 4

50 ppb. The ozonolysis a@f-pinene resulted in a distinct nu-

cleation and growth event which was monitored with two where S; is the Kelvin effect.x; is the mole fraction, and

: o - : C is the saturation concentration of the condensing
scanning mobility particle sizers (SMPS: SMPS1: CPC3027 - °rgsat
g yp ( compound. It should be noted that we assume the condens-

& DMA 3075; SMPS2: CPC 3022 & DMA 3071) with mea- . . . .
surement ranges from 8—-60 nm and 10—700 nm, respectivel N9 organic compounds to behave as ideal compounds in the

The temperature during the experiment was-28C and RH condensed phase, similarly Reerce (_at al(2019.
54205 The model was also extended to include gas phase ozonol-

Real-time chemical composition in the particles with vac- ysis ofe-pinene. The gas phase production rate for each con-

uum aerodynamic diameter size ranging from 50 to 1000 nmdensmg organic was assumed to be

was measured using Aerodyne HR-TOF-AMS (High Res- dCorg gas

olution Time-Of-Flight Aerosol Mass Spectrometelpyne  —5~ = ®orgko3 Coz Capinene (%)

et al, 200Q DeCarlo et al.2006 using standard 600C va-

porizer temperature. Sulphate, organics, ammonium and niwhere Corg gas iS the concentration angyg is the stoichio-
trate mass loadings were determined by AMS. O: C ratiosmetric coefficient of the condensing organic compouka,
were determined by AMS elemental analysis as described bys the reaction coefficient for the oxidation reaction with

Aiken et al.(2008. value of 54 x 10715cm—3s~1 (Atkinson and Arey 2003.
The values for stoichiometric coefficients are given in Ta-
2.3 Chamber model ble 1.

) S ) The loss rates for ozone ardpinene due to oxidation
The evolution of the aerosol size distribution during the SOA (eaction are assumed to be

formation experiment was simulated using a modified ver-
sion of the sectional aerosol model SALSKokkola et al, ~ 9Co; _ dCapinene _

. . = = k03C03Cap|nene (6)
2008. The model solves condensation, coagulation, hydra- dt dr
tion, and nucleation. In its default configuration, it describes
aerosol size distribution using 10 size sections. In this stud

we increased the size resolution to 25 size sections. .
. X X The gas phase reaction EgS) &nd @) for all compounds
When using the default configuration of SALSA, the jo1veq in the reactions were solved using an ordinary dif-

che_mlcal compounds in the modgl are sulphate, sea salt, Oferential equation solverRadhakrishnan and Hindmarsh
ganic carbon, black carbon and mineral dust. In this study, WE g9

extended the model to include organic compounds according Parlticle wall losses were determined by seeding the cham-
to the volatility basis set. Semi-volatile organic compoundsber with a polydisperse distribution of ammonium sulfate
(SVOC) with Seven Qiﬁerent vola'tilit.ie.s were introduced to particles in the absence of condensing vapors and measur-
the model. Partltlonlng of each individual SVOC betw_een ing the time evolution of the size distribution. Particle wall
the gas and the particle phase was calculated according Rsses for number concentrations in each size section

the Analytical Predictor of Condensation methdddobson were assumed to have a functional form of

2005. The method solves the condensation equation

dv;

whereCo, andCqpineneare the concentrations of ozone and
Yu-pinene, respectively.

dCorg,i
dt

for organic compound “org” and size sectionin Eq. @), wheredp, is the particle diameter (in nm). Parametdysare

km.i (s1) is the mass transfer coefficier@org i surf is the given in Table2 and obtained in the following way: the pa-
equilibrium concentration of a condensing organic com-rameters for the function were optimized so that the model
pound at the particle surface, alildg gas is the gas phase reproduces the measured wall losses for all sizes. This way,
concentration of the condensing compound. The saturatiothe particle losses due to coagulation are excluded in the loss

= km,i (Corg,z’,surf - Corg,gas)

Atmos. Chem. Phys., 14, 168%70Q 2014 www.atmos-chem-phys.net/14/1689/2014/
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Table 2. Parameters for wall loss polynomial function. gas-wall equilibrium as a function of saturation vapor pres-
sure of the OVOCs was determined by measuring the fraction
of the injected compounds remaining in the gas phase (see

dp < 32nm dp >32nm Sect. 2.1 for the experiment setup). In this experiment, con-
Ag 1.6129x 104 1.0665x 10~ stant amounts o&-pinene, nopinone, and pinanediol were
A1 -21192x10°6  -2.1849x 1076 simultaneously injected into the chamber at 30 min intervals
Ay —2.1259x 1078 3.1574x 1078 for the duration of 3 h. The motivation for such an experiment
As 0 -17588x10° %0 was to evaluate if and on what timescale, a steady-state equi-
Aq 0  42589x 10713 librium between the walls and the gas is reached. This way
As 0 -37557x 10716 we were also able to determine if the walls were saturated at

some point, thus affecting the equilibrium between the walls
and the gas, or if the fractions of compounds partitioned on
rates. To achieve this, model was run iteratively to minimizethe chamber walls were independent of total amounts of the

the function compounds in the chamber.
Figure 2a illustrates the observed evolution of the gas
f (mmodek mead = [|109 L0(mmode) — 109 10(mmeadll,  (8) phase concentrations during the experiment. The concentra-
tions in the figure are smoothed over 10s periods. Equilib-
where rium concentrations for all three measured compounds were
reached within minutes after each injection, after which the
Nmodel= 7, jmodet i =1...Ni, j=1...N; (90 concentration remained approximately constant. This clearly
demonstrates that the chamber walls do not act as a continu-
and ous sink for the injected compounds.

As the deposition of the compounds to the chamber walls
is a dynamical process, deposition of each organic compound

. OC was assumed to follow the equation
are the modeled and measured number concentrations, re- q

spectively.N; is the number of optimized size classesnd d[OC], K
N; is the number of time steps When using the logarithm T - [(K—pl
of number concentrations instead of absolute number con- (Kp+1)

centrations in Eg.q), the wall losses of the largest and small- . - .
a.0 g wherek (s71) is the mass transfer coefficient, i.e. a parameter

est particles (which have low number concentration) have . o : -

larger weight in the optimization. Thus, the wall losses of t_hat dictates the characteristic time for reaching th_e equilib-

; o rium between the walls and the chamber. The fraction of OC

those particles can be better optimized. on the wall was determined as the difference between the
Equation {) is fully empirical and includes all removal

processes for the particles. It has to be noted that the functior|§nown total amount of OC injected in the cham@Cly
nd the observed gas phase concentration after the concen-

applies only for size range between 10 nm and 1 um and fotration level was stabilized
the chamber used in our study. . L . . .
i . . : . We estimated the equilibration time by solving analyti-
Coagulation and hydration routines were simulated as |nCaII the wall concentration [OG] from E 1) and then
the default configuration of SALSA. A detailed description y the W ion [0G] om E£q. 1) .
optimizing the mass transfer coefficiehtso that evolution

of the methods used to solve coagulation and hydration is ) :
given byKokkola et al.(2008. of [OC]w as a function of time matched the measured evo-

Since the nucleation mechanisms are not known in 0Xi_lutlon of [OC]y for each injection. The mass transfer coef-

. . : ... ficient w timiz ing an unconstrained nonlinear opti-
dation chamber experiments, nucleation was not explicitly cie as op ed using an unconstrained nonlinear op

modeled but the number concentrations measured in the tW81|zat|on methodifelder and Mea;dl9_63. The optimization
as done for 500 measurement points of gas phase concen-

smallest size channels of SMPS were read into the mode;f:ations starting from the peak values
throughout the simulation. This way we were able to cor- g P '

rectly describe the first steps of new particle formation with- 3“;: o t?llgr}li?tc?jnflnlo 15¢ 'fr;;hre ETZ—MrS—ntwleabs ut:;d Cr?rt]r? en-
out knowledge of the nucleation mechanism. auans, the Titted values anged greatly between the

injections, and our measurements were able to provide only
a qualitative estimate of the mass transfer rate. For nopinone,
the fittedk values ranged from 0.03 to®®s 1. Figure2 in-
cludes the measured gas phase concentration as a function
3.1 Gas-wall equilibrium partitioning of time for one injection case (middle panel) together with
the theoretical curve calculated according to Hd) (using
In the first chamber experiment, three organic gases of difa mass transfer coefficient with a value 00®s 1. As can
ferent volatilities were injected into the Teflon chamber. The be seen in Figz, using this value, the equilibrium is reached

Rmeas— }’ll',j’meas 1= 1"'Niv ] = 1N/ (10)

) (OClr — [oqw] , 11)

3 Results and discussion
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Fig. 2. (a) Time-dependent gas phase concentratiom-pfnene, nopinone, and pinanedi() Measured fractions of the same three com-
pounds on chamber walls (red symbols), a theoretical extrapolation of the measurements to other volatilities (blue solid curve), and a the-
oretical wall fraction assuming four orders of magnitude lower value(fgr(blue dashed curve). The vertical dashed lines indicate the
commonly assumed VBS volatility bins.

in approximately 4 min. In the study bylatsunaga and Zie- Figure 2b shows the fraction of total injected massoof
mann(2010 n-Alkanes, 2-Alcohols, and 1-Alkenes reached pinene, nopinone, and pinanediol that were deposited on the
equilibrium in timescales of more than 1 h. However, for 2- chamber walls after each injection as a function of saturation
Ketones, the equilibrium was reached within 25 min, which concentration of the compounds. The mean fractions were
was the first observation instance. Since the mass transfd.40 and 0.82 for nopinone and pinanediol, respectively. Ac-
rates determined in our study result in much shorter equili-cording to the measuremeiat;pinene remained completely
bration times than those estimated latsunaga and Zie- inthe gas phase. Large variability in the measured concentra-
mann (2010 (for most compounds in their study), we use tions resulted in large variability in the estimated wall frac-
the lowest value in the model simulations that are describedions of each compound. This was especially the case for
later in this manuscript. In addition, the peak in measured gapinanediol for which the measured gas phase concentration
phase concentrations @fpinene indicates that the mixing of was of the same order as its variability. However, we found
VOCs in the chamber affect the time evolution of concentra-no correlation between the wall fraction and the total concen-
tions after the injection. This causes uncertainty in the estitration of any of the compounds, indicating that the Henry's
mated equilibration rates since the effect of mixing and walllaw type of equilibrium assumption holds for these concen-
partitioning on gas phase concentration can not be separatettations. This also indicates that the chamber walls were not
While the mixing of the SVOCs in the chamber affects the saturated with respect to the depositing gases at any point of
gas phase concentration, it can be assumed that the equililthe experiment.

rium is reached within the mixing time. If the equilibration =~ Based on these measured values and Bysard @), we

did not occur within the mixing time, the gas phase concen-calculated a theoretical fraction of OC on the chamber walls
trations would not stabilize before the equilibrium is reached.as a function of saturation concentration. Equatidpré-

For pinanediol, there was no distinct peak in the gas phasguires knowledge about the effective concentration of the
concentration during the injection; instead the concentratiorabsorbing mass(y), which is dependent on the properties
slowly increased to its new equilibrium value. Because ofof each compound\atsunaga and Zieman2010. We as-
this, the mass transfer coefficient could not be determinedsumedC,, to be equal for all oxidation products efpinene
There is a possibility that pinanediol partitions to the wall or and set it to 11 x 103mgm~3, which is the average value for
to undetected patrticles from which it gradually evaporates.nopinone and pinanediol in our wall loss experiments, de-
However, the implication of this behavior is that pinanediol termined from Egs.1) and @). Using this value, we calcu-
also reaches an equilibrium within a couple of minutes. Thuslated the theoretical fraction of OC partitioning to the walls
we can justify using the nopinone’s equilibration rate for as a function of saturation concentration (solid blue curve
pinanediol as well. in Fig. 2b. The dashed vertical lines in Figb show the

We also tested if the simultaneous injection of these com-saturation concentrations for typically used volatility classes
pounds would affect their equilibrium concentrations by in- in VBS (Pathak et aJ.20073. Although the wall fractions
jecting the gases sequentially into the chamber. However, nof individual compounds do not fall exactly on the theo-
changes were observed in the equilibrium concentrations. retical curve, we use this as a first-order approximation for

Atmos. Chem. Phys., 14, 168%70Q 2014 www.atmos-chem-phys.net/14/1689/2014/



H. Kokkola et al.: Low volatile organics 1695

equilibrium partitioning later in our aerosol microphysics a1 15 b 0.8
modeling. Based on this theoretical curve we can see that_ — sultate
for all the VBS volatility classes, practically all OC should £ | crganic carbon oo.7 .
be on the chamber walls once equilibrium between the gas= =
phase and the walls is formed. ?gj G0®

This equilibrium assumption holds only in a chamber with g ©° 00_5 .
no aerosol particles. In a chamber with particles, the parti- © Cee,e00,, o
tioning between the gas, particles, and wall is a kinetic pro- olez=e? 2 A 0
cess where the mass transfer rates determine where the cot 10 D nm) 10 T time (h)

densing species are partitioned.

It should be noted that the assumption of constant
Cy for all compounds can not be considered fully valid.
Matsunaga and Ziemar{g010Q have demonstrated that the
value of Cy, differs depending on the functional groups of
condensing compounds. Since no datadQr of «-pinene
oxidation products are available, we have to consider this
assumption as the best estimate. In addition, the value oghamber experiment. In this experiment ammonium sulfate
Cw in our study is two to three orders of magnitude higher seed aerosol was fed into the chamber followed by an in-
compared to those determined Matsunaga and Ziemann jection of -pinene and ozone. Figua illustrates the 2h
(2010. However, the wall partitioning of the lowest volatil- average mass size distribution measured by AMS. Figore
ity classes, which is the main focus of our study, is not very shows the development of oxygen to carbon ratio (O : C) dur-
sensitive to this value. For example,@fy was reduced by ing the same period as a function of time. The O: C ratio in
four orders of magnitude, the wall-partitioning curve would Fig. 3b was averaged over 10 min sequences. In addition,
shift left by 10-%. This is illustrated by the dashed blue curve Fig. 4a illustrates the measured evolution of the aerosol size
in Fig. 2. It can be seen from the figure that the wall frac- distribution during the experiment.
tion would still be close to unity for the volatility classes that  From Fig. 4a we can see that after the injection @f
can grow the freshly nucleated particles (i.e. the two leftmostpinene and ozone, a new particle formation event occurs and
volatility classes). It can also be seen that this curve does naj distinct new Aitken mode of small particles appears in the
correspond to the observed wall fractions at all. size distribution. Since the nucleation-sized particles grow to

As can be seen from Figb, the compounds used in 10nm within a few minutes of the injection of ozone, it is
our study have higher volatility than commonly used VBS evident that a significant amount of LVOCs capable of grow-
volatility classes. This is because our method of measuringng nanometer-sized particles form in the chamber during the
gaseous wall losses requires that there is no new particlgirst steps of alpha-pinene oxidation.
formation from low volatile compounds during an experi-  The composition of larged, > 40 nm) particles was mea-
ment. For the organic gases used in this study, we did nosured using an aerosol mass spectrometer (AMS) throughout
observe a significant number of particles during the meathe experiment. According to the measurements, when the
surement. However, we also carried out a similar experimenfjtken mode appears in the size distribution, organic mass
as described above for cis-pinonic acid, which has a satufraction in the total aerosol rapidly increased to approxi-
ration concentration of the order of 2@gn=3 (Bilde and  mately 0.3.

Pandis 200D); i.e. an order of magnitude lower than that  According to the AMS mass size distribution (F8g), the

of pinanediol. In this experiment there was significant for- newly formed mode of particles withy, < 80nm is mainly
mation of new particles which prevented the estimation Ofcomposed of organics. During the formation of the new
the OVOC's equilibrium wall losses. Therefore, using the mode, the O: C ratio peaks at 0.65, after which it levels to
method presented in this study, we are unable to determinghe value of 0.45. According to previous studigémenez
experimentally the wall losses for the commonly used VBSet al, 2009, such an O: C ratio indicates that the condensed
classes. To verify that the theoretical curve in Rlgapplies  organics are of fairly low volatility. As this is the mean O: C
to the whole range of volatilities, new methods for measur-of the total sampled aerosol mass, there is a possibility that

ing the wall fraction of low volatility organic gases would be 3 fraction of condensing matter is of very low volatility.
needed.

Fig. 3. (a) Mass size distributionsd/dlogDya (Lg m*3) of sulfate
(blue curve) and organic carbon (green curve) as a function of vac-
uum aerodynamic diameték,. (b) 10 min mean oxygen to carbon
radio (O: C) during the first 2 h after the injection of ozone in the
chamber.

3.3 Modeling the SOA formation experiment
3.2 SOA formation experiment

To evaluate the role of wall losses and the contribution of
Next, we applied the volatility-dependent wall loss function OVOCs of different volatilities to the evolution of aerosol
Eq. (11) to the aerosol microphysics model to investigate thesize distribution, this SOA formation experiment was simu-
implications of gas-phase wall losses in a SOA formationlated using the aerosol microphysics code SAL&AkKkola
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et al, 2008. The model was initialized with size distribution further. With these values, there was no evaporation of the
measured in the chamber with SMPS prior to the injectionAitken mode particles.
of ozone. The initial aerosol surface area concentration was Compounds of such low volatility would be difficult to
416 punfcm- 3 and the mean geometric diameter was approx-observe in chamber measurements due to their wall losses.
imately 70 nm. According to our model simulation, in which the volatility
In the first simulation, we assumed stoichiometric coeffi- of the OVOC of the lowest volatility was assumed to be
cients given in Tablé (Pathak et a)20073 for the gas-phase 2.5 x 10~2pgn1 23, approximately 60 % of its total amount
reaction betweea-pinene and ozone. Based on the wall loss was deposited on the chamber walls already when the new
experiments, we assumed that the mass transfer coefficient farticle formation was detected. By the end of the experi-
the walls is 0.03s! for all volatility classes. ment, approximately 95 % of this lowest volatility compound
The left panel of Fig4b shows the modeled evolution of was deposited on the chamber walls. The dominant role of
the aerosol size distribution. The right panel shows the modthe wall deposition strongly affects the mass yields measured
eled (solid line) and measured size distribution (dashed linejn the chamber. When we reran the same simulation without
1.5h into the simulation. In this simulation, the formation of wall losses of the organic gases, the mass yield was approxi-
SOA was found to be too low to reproduce the growth of themately 4 times higher.
nucleation mode particles. This indicates too low values for Because of the competition between particle and wall par-
the stoichiometric coefficients in this simulation. titioning, the ratio between the surface area of the chamber
To reproduce the growth, we optimized the value for theand the seed particles will affect the measured yield. As ex-
stoichiometric coefficients of the lowest volatility class using plained in Sect3.1, the partitioning of condensing species
an unconstrained nonlinear optimization methddlfler and  between the wall and particles is defined by mass transfer ki-
Mead 1965. Similarly to the optimization of wall loss pa- netics. The rate at which condensing compounds partition to
rameters, the model was run iteratively to minimize B). (  particles is essentially determined by the condensation sink
This time, the optimization was done only for size classes(Kulmala et al, 2001), which is defined as
below 40 nm in diameter. The two smallest size classes were
omitted in the optimization, as they were read directly from CS= 47TDZﬂm,iriNia
the SMPS measurements to be used as an input for the model !
(see Sect2.3). where D is the diffusion coefficientj is the particle size
The optimization resulted in significantly higher stoichio- class,,, ; is the transitional correction factdfigchs and Su-
metric coefficient for the lowest volatility class; our opti- tugin, 1971, r; is the particle radius, and¥; is the number
mized value was 0.14, which is approximately two ordersconcentration.
of magnitude higher than the original value of 0.001. When For gas-wall partitioning of non-volatile and low-volatile
we used the optimized values, the model was able to simulateompounds, the parameter corresponding to the condensa-
the formation of the Aitken mode as can be seen from4&ig. tion sink is the mass transfer ratg(see Eq.11). Since the
(left and right panel). However, when we used the optimizedwall partitioning depletes some of the VOCs, the conden-
stoichiometric coefficient there was noticeable evaporationsation sink and the mass transfer rate determine how the
of SOA approximately 2.5 h into the simulation, which was condensing matter is divided between the particles and the
not seen in the measured size distribution. Our simulation inwall. The ratio between the mass transfer fatnd the con-
dicates that compounds with equilibrium concentrations ofdensation sink provides a rough estimate of the amount for
the order of 102 ugn? will evaporate from particles of tens mass lost on the walls. Thus, the same ratio can also be used
of nanometers. However, there is a possibility that SVOC re-for correcting yields of LVOCs. In our experiment, this ratio
acts in the particle phase, which would decrease its saturatiowas approximately 3.8 during the formation of the new mode
concentration significantly, making it very low volatile. It has which corresponds to the difference between the simulations
been also suggested that SOA particles are amorphits-(  with and without wall losses (ratio of 4).
nen et al.2010, resulting a decrease in evaporation rate due There remains large uncertainty in the estimated mass
to the diffusional limitations in the particle bulkC@ppa and transfer rate and its value can significantly affect the mod-
Jimenez201Q Vaden et al.201Q Abramson et a).2013. eled amount of organics condensed on the particle. As can
To improve the consistency between measurements ande seen in the middle panel of Fi@, using the value
model, we added the volatility of the lowest VBS class as anof 0.03s, the equilibration timescale is of the order of
optimization parameter and repeated the optimization. Whert min. The model was also tested by decreasing the equili-
we optimized the volatility and the stoichiometric coefficient bration rate by half, which increased the equilibration time
concurrently, the best fit was obtained when the equilibriumto approximately 8 min. In this test, wall losses reduced the
concentration was.2 x 10~>pugn1 2 and the stoichiometric  growth of the Aitken mode significantly (not shown here).
coefficient was 0.1. We can see from Hgl (left and right ~ The underestimation of the yield also was reduced. With dou-
panel) that when using these values, the agreement betwedate the equilibration time, the amount of SOA in the parti-
the measured and modeled size distribution increased eveties was 1.6 times higher compared to the simulation with

(12)
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Fig. 4. (a)Observed evolution of aerosol size distributi¢in), modeled evolution of aerosol size distribution using stoichiometric coefficients
given in Tablel, (c) modeled evolution of aerosol size distribution using optimized stoichiometric coefficient for the lowest volatility class,
(d) modeled evolution of aerosol size distribution using optimized volatility and stoichiometric coefficient for the lowest volatility class. The
right column includes a 2-dimensional size distribution of each simulation at 1.5 h into the simulation.

the equilibration rate of 0.034. However, this would still  can also be other mechanisms that would explain the fact
amount to a significant underestimation of the yield of low- that evaporation of the Aitken mode is not seen in the mea-
volatile compounds. surements. For example, particle phase diffusion and chem-
As the mass size distribution confirms (F8), the newly  ical transformation are not included in the model, which
formed mode is mainly composed of organic matter. Thecould potentially have significant effects on evolution of the
fraction of organic gases that is lost on the walls in cham-aerosol size distribution. In addition, if the condensed-phase
ber would, in the atmosphere, amount to a significant frac-OVOCs behave distinctly differently from ideal compounds
tion of the aerosol mass as there would not be a similar sinki.e. the activity coefficient is significantly less than unity),
for the condensing OVOCs. This additional condensing mat-the saturation concentration would not have to be as low as
ter would significantly affect the number of particles that can 2.5 x 10~2pgnt 2.
act as cloud condensation nuclei (CCN). Our study does not confirm or rule out the possibility of
It should be noted that our model describes the gas phasevOC formation in the gas phase. In a previous stiihn
chemistry and aerosol processes in a simplified manner andt al. (2012 observed extremely oxidized pinene reaction
can only qualitatively simulate aerosol growth process. Thergproducts in chamber and ambient conditions. In their study,
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