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Abstract. The evolution of secondary organic aerosols During the Q induced condensation the particles’ volatil-
(SOA) during (photo-)chemical aging processes was invesity decreased (increasing VFR) while the hygroscopicity in-
tigated in a smog chamber. Fresh SOA from ozonolysis ofcreased. Thereafter, in the course of ripening volatility con-
10 to 40 ppbe-pinene was formed followed by aging with tinued to decrease, but hygroscopicity stayed roughly con-
OH radicals. The patrticles’ volatility and hygroscopicity (ex- stant. After exposing the SOA to OH radicals an OH induced
pressed as volume fraction remaining (VFR) and hygroscop<hemical aging with substantial mass gain started resulting
icity parameter) were measured in parallel with a volatil- in the production of at least 50 % more SOA mass. This new
ity and hygroscopicity tandem differential mobility analyzer SOA mass was highly volatile and oxidized. This period was
(V/H-TDMA). An aerosol mass spectrometer (AMS) was then followed by further OH induced chemical aging without
used for the chemical characterization of the aerosol. Thessignificant mass gain leading to a decrease of volatility while
measurements were used as sensitive parameters to revedslgroscopicity and SOA mass stayed roughly constant.
the mechanisms possibly responsible for the changes in the
SOA composition during aging. A change of VFR andéor
during processing of atmospheric aerosols may occur either
by addition of SOA mass (by condensation) or by a changel Introduction
of SOA composition leading to different aerosol properties.
The latter may occur either by heterogeneous reactions osecondary organic aerosols (SOA) are a major constituent of
the surface of the SOA particles, by condensed phase readhe atmospheric particulate matter and originate from chem-
tions like oligomerization or by an evaporation — gas-phaseical transformation of primary volatile organic compounds
oxidation — recondensation cycle. The condensation mech¢(VOC) to lower volatility products that partition into the con-
anism showed to be dominant when there is a substantiaflensed phase. Many studies have already been performed
change in the aerosol mass by addition of new molecules t®n SOA formation and properties (see e.g. references in
the aerosol phase with time. Experiments could be dividedHallquist et al.2009. One of the major challenges for SOA
into four periods based on the temporal evolution (qualitativestudies is the multi-component composition of SOA with
changes) of VFRx and organic mass: £induced conden- only few known substances among thousands of unknown
sation, ripening, and OH induced chemical aging first with species. Field measurements show changing SOA properties
substantial mass gain and then without significant mass gairwith oxidative aging, but detailed studies of these processes
under ambient conditions in the lab are challenging and thus
scarce Rudich et al.2007).

State-of-the-art chemical transport and box models cannot
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Table 1. The three main chemical processes and their expected influence on volatility and hygroscopicity, and on additional parameters:
van't Hoff factoris; the ratio of density to molar weight of solutes/Ms. Symbols represent: + expected to increasexpected to decrease,

~ only minor change expected. For hygroscopicity $ee also Eq.1). Note that if the chemical processes result in a substantial aerosol
mass gain, then the resulting changes of particle volatility and hygroscopicity are determined by the relative difference between the properties
of the previous and added SOA mass, and consequently the trends indicated in Table 1 are not applicable.

functionalization  oligomerization fragmentation

volatility — — —I—/’\’
VFR + + —/~
is +/~ ~ ~
psIMs ~ — +
hygroscopicity £) —I—/ ~ — —I—

SOA formed from various precursors) with currently known tionalization (adding more oxygen to the carbon backbone)
chemical and physical mechanisméikamer et al. 2006 or fragmentation upon oxidation of the semi-volatile gases.
Hodzic et al, 2010. One important challenge in modeling Heterogeneous oxidation is much slower than gas phase oxi-
SOA mass in the atmosphere or under laboratory conditionglation due to mass-transfer limitations. Heterogeneous reac-
is the correct implementation of the gas-particle interactiongtions include functionalization and fragmentation as well as
such as the partitioning effedPénkow 19943ab). Recently  some transformation reactions of functional groups (alcohol
the volatility basis set (VBS) approach was introdudedr{-  to carbonyl). Additional reactions in the condensed phase
ahue et a].2006 Robinson et a) 2007 Jimenez et a]2009), such as oligomerization have also been obser¥eadbgrer
lumping the various organic compounds together accordinget al, 2004. Functionalization and fragmentation lead to an
to their effective saturation mass concentration (C*) in or- increase in the O:C ratio while oligomerization may increase
der to describe the semi-volatile nature of the SOA particlesor decrease it depending on the proceRsifthardt et aj.
including their gas-particle partitioning behavior* & the  2007. Functionalization always decreases volatility while
mass equivalent of the saturation vapor pressure, which corfragmentation forms species in a wide range of volatilities
trols volatility. Volatility is a key property of the organic albeit mostly at lower volatilities. Oligomerization converts
components of the gas and particulate phase and it detemonomers to larger, less volatile compounds. The expected
mines the SOA formation and the partitioning between theeffects of the three main processes on particle volatility are
phases. summarized in Tablé.

Laboratory experiments e.g. in chambers span a wide Atmospheric aerosols are composed of inorganic and or-
range of semi-volatile oxygenated organic aerosol (SV-ganic substances, including SOA components. They have
OO0A), but low-volatility oxygenated organic aerosol (LV- an influence on global climate via the direct aerosol effect
OO0A), as found in ambient measurements of aged air masseby scattering sunlight and via the indirect aerosol effect by
is still difficult to study and reproduce under laboratory con- changing cloud properties and characteristiashfnann and
ditions (Jimenez et al., 2009). The atomic oxygen to carbonFeichter 2005. Hygroscopicity, the degree of water uptake
ratio (O:C ratio) of SOA can be used to roughly split the by particles, is an important parameter for both effects and
mass to SV-OOA and LV-OOA components. It also allows has been studied for different SOA typd3a(tensperger et
the classification of organics within the VBS framework. al., 2005 Varutbangkul et a).2006 Prenni et al.2007 Du-

Formation of SOA involves oxidation of semi-volatile va- plissy et al, 2008 Juranyi et al.2009 Qi et al, 2010. A
pors from primary emissions to less volatile species whichpositive correlation between hygroscopicity and O:C ratio
partition into the organic aerosol. In a simplified picture has been shown recentlyifnenez et al 2009 Chang et al.
we start with a pure volatile hydrocarbon species which is201Q Massoli et al, 2010 Duplissy et al. 2011). The fol-
oxidized to different first generation oxidized products of a lowing equation for the hygroscopicity parametecan be
large range of volatilities. From the low volatility species derived fromPetters and Kreidenwef8007) to represent the
a secondary organic aerosol is formed while the volatile anchygroscopicity of an aerosol:
semi-volatile species form a large pool of organic mass in the 0s
gas phase in equilibrium with the particle phase. This aerosok = vw X — X is (1)

C ) . 2 M
can be further processed, which is called aging; this includes
various processes changing the properties of the partiQies ( wherevy, is the partial molar volume of wate#/s, ps andis
et al, 2010. Most of the oxidation will take place in the the molar mass, density and effective van’t Hoff factor of the
gas phase and either generates more SOA via further funcsolute, respectively., is in good approximation constant
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Fig. 1. Schematic of the main features of the smog chamber experiments during MUCHACHAS. Formation of secondary organic aerosol

(SOA) mass (wall-loss corrected) from the volatile organic precurgmnene (AP) takes place during the first part in dark with ozong.(O

The ozonolysis is followed by OH chemistry to age the SOA. The data can be plotted against several time axes as “time after AP injection

was started” and “time after the OH reaction started” or against a “chemical clock3 axg@sure and OH exposure. During ozonolysis
and reaction with OH the four different periods of our experiments are indicated above the figuretuGed condensation, ripening, OH
induced chemical aging with substantial mass gain, and OH induced chemical aging without significant mass gain.

across the water activity range of interest. This ledyesd

psl Ms as the two key factors determining particle hygroscop-

icity («). The expected effect of the three main chemical
processes oy and ps/ Ms and thusc is also summarized in
Tablel.

Functionalization typically increaseésslightly due to pos-

Equation () describes the hygroscopicity of completely
dissolved solutes. Particle hygroscopicity would be reduced
if the SOA was only partially soluble. Functionalization and
fragmentation increase the solubility, while oligomerization
decreases the solubility. The potential effects of functional-
ization, fragmentation or oligomerization on particle hygro-

itive interactions between polar functional groups and waterscopicity caused by solubility changes have equal sign as the

(Petters et al.2009. Additional dissociation effects would
also increase;, though the degree of dissociation of carboxyl
and hydroxyl groups is likely very small. Only a small in-
crease, if at all, is expected fafs and ps, and thus changes
of ps/ Ms will be small. « is thus expected to increase slightly
under the influence of functionalization.
Oligomerization strongly increaséss with little effect on

ps, resulting in a decrease pf/Ms. Only small changes are
expected foris. Overall a decrease af is expected under

effects of changes 6§, ps andMs. Thus the summary of the
effect of the three main chemical reactions on particle hygro-
scopicity as presented in Talleemains valid also under the
influence of solubility limitations.

The chemical and physical characterization of SOA is of-
ten discussed separatelfdliquist et al, 2009. So far it
is not clear how oxidation (aging) changes the amount and
properties of SOA. Here we investigate the aerosol physical
properties of SOA volatility and hygroscopicity as a function

the influence of oligomerization, though the effect becomesof the oxidant exposure under controlled conditions. Com-

smaller with increasing/s (Petters et al2006).

Fragmentation strongly decreasés with little effect on
ps, resulting in an increase @f/Ms. Only small changes are
expected folis. Overall an increase of is expected under
the influence of fragmentation.

www.atmos-chem-phys.net/11/11477/2011/

paring trends of volatility and hygroscopicity may shed light
on the dominant processes in the course of SOA aging.

These measurements were conducted at the Paul Scher-
rer Institute (PSI) smog chamber within the scope of the
MUCHACHAS (Multiple Chamber Aerosol Chemistry and
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Aging Studies) campaigns. MUCHACHAS took place in aerosol mass spectrometer (AMS). The AMS detects inor-
several chambers in Europe and the US with different pointgganic and organic aerosol species quantitatively and is de-
of emphasis for a similar set of experiments. The main em-scribed elsewhere in detalDéCarlo et al.2006. It allows
phasis for the MUCHACHAS experiments at the PSI smogthe chemical quantification and characterization of several
chamber was the aging afpinene (AP) SOA with OH un-  types of fragments of the SOA with a time resolution of a few
der dark and light conditions. seconds (e.Alfarra et al.2006. The organic aerosol mass
The typical design of the MUCHACHAS experiments is measurement from the AMS was wall-loss corrected to ac-
shown as schematic in Fid. The precursor in all experi- count for the losses to the chamber walls. Assuming that the
ments described here was AP. The concept was to first fornwall loss rate is first order and independent of size we used
SOA from ozonolysis, allow it to stabilize after nearly all an exponential fit asymptotically decreasing to zero to cor-
the precursor was consumed, and then to expose the firstect for the lossesRathak et a).2007). In the following the
generation SOA and partially oxidized gas-phase species tterms “organic aerosol mass” or “SOA mass” always relate
OH radicals in order to observe changes caused by OH agindo wall-loss corrected organic particulate mass. A very useful
A change of the VFR and/or the value during process- parameter derived from AMS data is the oxygen to carbon ra-
ing of atmospheric aerosols may occur either by addition oftio (O:C ratio) @Aiken et al, 2007 2008, which was linked
SOA mass (by condensation) or by an exchange of moleculet9 the hygroscopicity properties of the aerosoliplissy et
in the SOA by other molecules with different properties. The al., 2011).
former process increases the SOA mass by definition, while The gas-phase instruments include ;N@onitors (Mon-
the latter keeps the SOA mass roughly constant and may odtor Labs 9841A, Thermo Environmental Instruments 42C)
cur either by heterogeneous reactions on the surface of thand ozone monitors (Monitor Labs 8810, Environics S300).
SOA particles, condensed phase reactions like oligomeriza®A proton transfer reaction mass spectrometer (PTR-MS)
tion or by an evaporation — gas-phase oxidation — recondenfrom IONICON was deployed as well. The high sensitiv-
sation cycle. Thus, when there is a substantial change in théy PTR-MS (Lindinger et al, 1998 is able to detect VOCs in
aerosol mass by addition of new molecules to the aerosofeal-time with a very low detection limit (ppt level). From the
phase with time, the condensation mechanism may be agneasurement of the precursempinene we calculated “AP
sumed to be dominant, while, when the mass stays roughlyeacted”. However, after injection of AP into the ozong)O
constant the exchange mechanism is the likely dominant procontaining chamber the initial concentration was not directly
cess. In the light of this, we assign the following four dom- measured because AP needs to mix first and already starts to
inating mechanisms to four different periods of our experi- react with Q. It was therefore determined from fitting the
ments (see Figl): Oz induced condensation; ripening; OH AP concentration trend back to the injection time.
induced chemical aging with substantial mass gain; OH in- )
duced chemical aging without significant mass gain. In the?-2 V/H-TDMA instrument

condensation periods, the physical (Vih,and chemical We built a new V/H-TDMA instrument which is described

(O:C ratio) properties are believed to mainly vary as a result X . ; )
of the additional condensing material, in contrast to chemicafﬁn? fhar'gﬁ.tf”zedl n mo_rrg'slitat” hﬁrg. Th%tande(zijdﬁfer—
transformation of the SOA during periods without significant ential mobiity analyzer ( ). echniqueéiader and vic-
change of the mass. Murry, 1986 is a common technique to characterize aerosol

properties. The H-TDMA technique is well established and
a suitable method to measure the hygroscopicity of submi-
crometer aerosolSwietlicki et al, 200§. Our combined
volatility and hygroscopicity tandem differential mobility an-
alyzer (V/H-TDMA) runs volatility and hygroscopicity scans

in parallel (Fig.2). The aerosol is conditioned before enter-
The air in the 27-f Teflon bag in a temperature controlled N9 the first differential mobility analyzer (DMA1) by pass-
chamber with four filtered xenon lamps providing quasi- N9 through a diffusion dryer and a Kr-85 bipolar charger
solar illumination is monitored by several gas and aerosolt® Pring the particles into charge equilibrium. Al DMAs
phase instruments described in detaPaulsen et a{2005. are situated in a temp_erature controlled, well insulated hous—
Here we mention the main instruments relevant for this pa-"9 &t 20°C. DMAL size selects a dry (RKL5 %), quasi-

per and the experimental procedure. The particles volatilityMonedisperse aeros_ol,lwhlch is split into a heater and a hu-
and hygroscopicity were characterized with a volatility and Midifier flow (0.3 L min™= each). Two additional DMAs scan

hygroscopicity tandem differential mobility analyzer (v/H- the humidified or heated particles (DMA2 and DMAS3, re-
TDMA, see Sect2.2). The aerosol particle number size spectively) which are then counted with the condensation

distribution (diameter> = 20-800 nm) and chemical com- Particle counter for hygroscopicity (CR¢and for volatil-
position were measured with a scanning mobility particle 'ty (CPGv), respectively.
sizer (SMPS) and an Aerodyne high resolution time of flight

2 The experimental setup

2.1 Smog chamber and associated instruments

Atmos. Chem. Phys., 11, 1147I7+496 2011 www.atmos-chem-phys.net/11/11477/2011/
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Fig. 2. Schematic of the combined volatility and hygroscopicity tandem differential mobility analyzer (V/H-TDMA) setup with the main
instrument parts and sensors. The reference RH of the humidified branch is calculated from the dewpoint and temperature measured by :
dew point mirror at the excess air outlet DMA2. The reference temperature for the V-branch is just before the outlet of the heater. The given
residence times are measured between outlet of DMA1 and DMA2 or DMAS3, respectively.

Two additional DMAs scan the humidified or heated par- inner tube (see Fi@) controls the heater temperatuf@) (in
ticles (DMA2 and DMAZ3, respectively) which are then arange from 25-200C (+2°C). Modeling of the tempera-
counted with the condensation particle counter for hygro-tures and flow streamlines inside the heater suggests a lam-
scopicity (CPG;) and for volatility (CPGy), respectively. inar flow and a homogeneous temperature distribution after

The H-TDMA part is based on the design of a previous in- at most 15 cm from the inlet. The calculated plug flow resi-
strument Duplissy et al.2008 2009. The individual sheath  dence time (RT) in the heater for 25-2Wis 24.4-15.4 s at
air flows are operated in closed loops and the flows are maina constant aerosol flow of 0.6 L mih. The aerosol flow is
tained with blowers (Fig2), which are controlled by lami- diluted with filtered, pure air before (0.3 L mif) and after
nar flow elements combined with differential pressure sen-the heater (0.4 L mint) to maintain correct aerosol flows in
sors and proportional-integral-derivative (PID) controllers. all parts of the instrument. Measurements of the aerosol par-
A separate humidifier loop with bubbler (not shown in Rg.  ticles’ average “traveling time” from the outlet of DMAL to
supplies the humidifier with humid air. The humidifier sec- the inlet of DMA3 (including heater and tubing) was found
tion is situated in a second, temperature controlled housingo be 23t2s at 30°C. The RT is longer compared to other
at 24°C. The aerosol can be humidified up to a controlled heaters employed in TDMA®@ulsen et al2005 Jonsson et
relative humidity (RH) of 921 % with a residence time of al., 2007 Villani et al., 2007 and thermodenudeB(rtscher
~26s (between DMA1 and DMA?2). et al, 2001 Wehner et a].2002). This typically results in

Measurement of the deliquescence RH of ammonium sul-a lower remaining aerosol volume at a specific temperature.
fate (AS) and other salts e.g. sodium chloride (NaCl) are usedhs particle concentrations are rather small, a denuder is not
for the calibration of the dew point mirror (see FR).to as-  needed in our system because the inner surface of the heater
sure accurate RH measurement. The correct absolute sipffers much larger surface for the vapors to condense than
ing of the DMAs is periodically checked with polystyrene the aerosols. Nucleation, an indicator for re-condensation of
latex (PSL) spheres having dry diametérs between 100 vapors, was not observed in the V-TDMA.
and 350nm. The correct sizing of the DMAs with respect In general the parameters obtained from the TDMA are the
to each other is frequently checked by conducting a series ofirowth factor GF(RH), and shrinking factor SF(defined as
measurements without heating and humidifying. This rela-the ratio of humidified diameteD(RH), or heated diameter
tive calibration of DMA1 with DMA2/DMAS is importantto  D(7T') and initial dry and non-heated diametéq, respec-
detect small instrumental drifts which would affect the pre- tively:

cision of the growth factor measurements (the errabig
D(RH)

is typically <1 %). GF(RH) = @)
The heater in the V-TDMA part is custom-built and con- 0

sists of an inner linear brass tube (2.2 cm) surrounded by D(T)

capillary tubes containing a heating wire. The small spaceSHT) = Dy 3)

between these capillary tubes allows for a rapid cooling with
pressurized air. The temperature sensor in the center of the

www.atmos-chem-phys.net/11/11477/2011/ Atmos. Chem. Phys., 11, 1M¥%W/96-2011
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Fig. 3. Thermograms, normalized volume fraction remaining (VFR) plotted against the measured heater temperature, for sodium chloride
(NaCl) in panela), citric acid in pane(b) and ammonium sulfate (AS) in par(e) as retrieved from the V-TDMA measurements. Different

dry diameters Do) are distinguished by color and the error bars represent the minimal and maximal temperature during a scan(chh panel
thermograms for AS from other studies were added for comparison (dashed lines).

The raw growth or shrinking factor distributions measured Typically particles are small in the beginning of an SOA
by the H- and V-part are analyzed using the TDMAInv ap- experiment, but grow very rapidly during the ozonolysis and
proach Gysel et al.2009 in order to obtain inverted and cal- stabilize at a diameter of a few hundred nanometers. Several
ibrated probability density functions (PDF). Details on this Dg in the diameter range across the mode of the size distribu-
data analysis procedure and especially on the used TDMAintion were selected for the H-TDMA and V-TDMA measure-
approach are found iGysel et al.(2009. In the following ments at a time and the diameter range covered was gradually
the hygroscopic growth factor (GF) always refers to the num-increased to follow the temporal evolution of the mode. For
ber weighted mean GF (1st moment) of the inverted GF-PDFJow AP experimentsDg ranged from 50 to 150 nm and for
and the shrinking factor (SF) to the volume weighted meanhigh AP precursor concentrations thg range was from 75
SF (3rd moment) of the inverted SF-PDF. Instead of SF theto 250 nm.
volume fraction remaining (VFR), defined as VFR =°SB We present results from the hygroscopicity measurements
chosen to present the volatility data. mainly as hygroscopicity parameter(see also Eq.1), Pet-

In this study the H-TDMA was typically operated at a con- ters and Kreidenwei€007) to account for the size depen-
stant high RH of 95%. The GFs measured in the RH rangejence of the GF (Kelvin effectk was calculated assuming
between 93-97 % were recalculated to 95.0 % RH followingthe surface tension of pure water. «Aof O corresponds to
Gysel et al.(2009, using a single-parameter growth curve GF = 1. The use of allows for direct comparison of hygro-
parametrization for correcting small RH differences. The scopic growth factor measurements made at different dry di-
used RH correction in a small band P % RH minimizes  ameters. It is also a convenient quantity to explore the water
systematic biases when reporting temporal evolution of GFactivity dependence of particle hygroscopicity by compari-
at constant target RH. This is especially of importance whenson of studies presentingvalues from H-TDMA or CCNC
overall changes in the GF evolution are not large. The V-measurements made at different water activities.

TDMA heater was running mainly at 7€ (with a plug flow The V-TDMA was characterized with laboratory gener-
RT of 21s) and only data in the range=68-72°C were  ated particles of known chemical composition to allow for
considered in the analysis. We minimized pyrolysis in the 3 comparison of the results with other systems. The instru-
heater by using a low thermodenuder temperature with a relment residence time, diameter, and concentration of aerosols
atively long residence time. During a few experiments theare important factors for heater characterization. Figiire
heater temperature was varied (from 25 to 20Pto mea-  shows the VFR for different compounds and particle diame-
sure the VFR as a function of temperature, resulting in aers as function of the heater temperature.
thermogram plot. Figure 3a displays the VFR of NaCl, which is known

to be non-volatile up to temperatures clearly above “ZD0

Atmos. Chem. Phys., 11, 1147I7+496 2011 www.atmos-chem-phys.net/11/11477/2011/
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(Scheibel and Porstendoerf@®83, and thus the VFR mea- often evaporate already at lower temperatures, i.e., more gen-
sured by the V-TDMA is expected to be unity across thetle heating is needed.

whole temperature range. The very small observed decrease The calibration measurements presented in Bighow

in VFR to ~0.97 at 200C might be either a restructuring also the high precision of the V/H-TDMA instrument. The
eﬁeCt, which would result in a more CompaCt structure andvariance of precision at a constant temperature (Same sub-
therefore smaller effective volume, or evaporation of impuri- stance andDy) is about 0.005 in VFR, which means clearly
ties from the nebulizing process of NaCl. A similarly stable pelow 1 %. This demonstrates the high reproducibility of the
volatility behavior is observed in other studies (eMpdini VER data and the same is true for the GF ancheasure-

et al.2010. The plot of NaCl shows also the high precision ments (not shown here). The important factor is the pre-
of the instrument with less thait2 % for VFR in a wide  ¢jse sizing of the particles, which can be done very well
temperature range. Thermophoretical losses at@0@ere  wijth DMA systems. The absolute accuracy of the volatility
determined to be 10-15 % in particle number for NaCl parti- and hygroscopicity data is influenced by further parameters
cles with Do = 35-200 nm. This is in the range of other ther- e g. temperature and RH measurements leading to higher ab-
modenudersHuffman et al, 2008 Park et al. 2008. We  soJute uncertainties. The absolute quantification is less im-
consider the losses as less relevant because the instrumentggrtant in this study than the temporal changes. Therefore
not quantitative in particle mass or number but rather meawe report the results with errors showing the reproducibil-

sures the physical properties volatility and hygroscopicity. jty of the observations during the temporal evolution in the
Citric acid (Fig.3b) was chosen as a reference substancehamber.

because it is of rather high volatility similar to SOA; VFR
starts to decrease at-70°C. At temperatures above 110
particles withDp<300 nm are completely evaporated in our

instrument. A small size-dependence due to kinetic reasons

is seen: smaller particles tend to evaporate faster than Iargép all e>(<)per|ments, the clean sm?g ct]amb((ajr vr\]/as humlg_|f|ed
particles (see e.iipinen et al2010). to ~50 % RH at a temperature of 21 °C and these condi-

Ammonium sulfate particles (AS) (Figc) are often used tions stayed stable during the course of experiments. In a first
for heater characterization; in our system AS particles starbteP Q was "?‘dd_ed to the chamber. Afte_:r about 20 min when
to volatilize at temperature¥>~100°C. All AS parti- the G was d_|s_tr|buted homogeneously in the bag the precur-
cles volatilize completely (i.e. VFRO.15) at temperatures SO" AP was injected. We conducted experiments at two pre-
above 150C. In addition we show in panel ¢ some AS cursor conc_eptratlons of 40 ppb .( high”) and 1.0 ppb ("low”)
thermograms from studies that we will use later for com- @-Pinene mixing ratio, resulting in atmospherically relevant
parison of SOA thermograms (see Se&fl). Some stud- organic aerosol mass concentrations. The reaction resulted
ies need a somewhat higher temperature to volatilize AS, puff? immediate particle formation (first-generation SOA) from
show a very similar slopeJonsson et 12007 Meyer et the reaction products of ozonolysis of the C = C double bond

al, 2009. The study fromAn et al.(2007) shows very dif- in AP. As no OH scavenger was used about 30 % of AP will
ferent, earlier volatilization of AS compared to our system, react with OH radicals based on model calculations. Ozonol-

where VFR of AS decreases at temperatures arourflC75 ysis lasted a few hours until at least 9&%% of t'he AP pre-
and 150°C is needed to volatilize the particles withy=100  CUrsor had reacted before the OH aging period was started
and 200nm completely. There are also studies where ASFI9-1)-
starts to volatilize around 1P, but does not evaporate  In @ next step, 20 ppb of 3-pentanol was added. Pentanol
Comp|ete|y even at temperatures above eZBQHuf'fma_n et reacts with OH Only, and thus its decay can be used as an
al., 2008. However, the AS curves in this paper show a high OH tracer, in the same way as specific intermediate prod-
variability and are therefore not included in Fige. The  ucts. SOA was exposed to OH aging by either photolysis of
mass fraction remaining from AMS measurements for poly-HONO or ozonolysis of tetramethylethylene (TME) with the
disperse AS inWu et al.(2009 looks similar to our VFR ~ IUPAC name: 2,3-dimethyl-2-butenggstein and Donahue
thermogram of AS. It is characterized by a rapid decrease 02008. The former are named “HONO photolysis experi-
the mass fraction remaining between 220and 160C. Vil- ments” throughout this study and the latter are called “dark
lani et a|(2007) present an overview table with 160-18D OH (TME) eXperimentS”. A list with details of all conducted
at Dp=15-150nm as lowest volatilization temperature for experiments is given in Tab
AS in their V-TDMA instrument while other studies report ~ TME ozonolysis is the OH source in dark OH (TME) ex-
even higher temperatures. periments, however in some of these experiments we turned
Overall our instrument seems to be in a good temperaturehe lights on in the smog chamber to increase the OH source
and residence time range for volatilization measurements ofrom photolysis of ozone during a part of the experiment.
AS. Nevertheless, organic substances (e.g. citric acid) with\Ve introduced also additional experimental conditions with
relatively high volatility might be better suited to character- turning lights on and off during some experiments; one TME
ize a thermodenuder system than salts like AS because thegxperiment was partly performed with UV lights on. All

2.3 Smog chamber operation

www.atmos-chem-phys.net/11/11477/2011/ Atmos. Chem. Phys., 11, 1M¥W/96-2011
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experiments with these special light conditions are com-3.1 Thermogram of SOA and comparison with other
mented in Table. studies

A HONO level of 15-20ppb (as measured by a Long
Path Absorption Photometer (LOPAP)) in the chamber waslhermograms with well known substances characterize the
reached by passing pure air (2 Lmi]i) through a custom V-TDMA (Flg 3) as discussed above. Such thermal infor-
built vessel with sulfuric acid (0.01 M $804) and sodium mation can also be used to gain information on the complex
nitrite (3x10~3M NaNOy). The vessel and the setup of chemical nature of SOA. Figu#shows mean VFR values
the HONO system we used are described elsewhiiea(  Versus heater temperature for all three types of AP SOA ex-
and Kanda1990. The flow from the HONO generator Periments (circles). Four thermograms from other studies of
was passed through a filter to ensure that only the gas phaddP SOA (squares) are compared to our measurements. The
HONO without particles entered into the chamber. The addi-error bars represent the standard deviations of VFR (verti-
tion of HONO started about one hour before the lights werecal) and the temperature (horizontal). Large vertical error
turned on. In some high-NOphoto-chemical experiments bars are due to real volatility changes of the chamber aerosol
(Table2, exp. No. 6-8) 50-80 ppb NO was added in addition during the course of the experiment and do not reflect the
to the HONO. TME was Continuous|y injected from a gas V-TDMA accuracy. All our thermograms are similar within
cylinder (Messer, TME 1000 mol ppm in2N6.0) at a flow ~ these uncertainties and show no distidigs or experiment
of 10mLmin~! to maintain a TME mixing ratio between type dependence.
0.5-1.5 ppb. The ozone level was usually higher in the TME A significant decrease of VFR starts @50°C and at
experiments compared to HONO photolysis experiments be90°C 50 % of the particle volume is volatilized. Tempera-
cause @ was also needed for the ozonolysis of TME. tures around 15%0C are required to reduce the VFR to 10 %.

Different time axes as shown in the Concept figure (E)g This is a much wider temperature range than for pure cit-
are used in the following. The progress of the experiment isfic acid or ammonium sulfate and is explained with different
described by either “time after AP injection” (relating to the compounds in the chamber SOA possessing volatilities rang-
start of the ozonolysis reaction) or “time after OH started” ing from rather semi-volatile to low-volatile. Although the
(relating to the start of the OH aging by lights on or start of three experiment types (ozonolysis, HONO photolysis and
TME injection) in units of hours (h). In addition two “chemi- dark OH (TME) experiments) cannot be compared directly as
cal clocks” are used to represent the experiments with respedhe data were acquired at different stages of the experiments,
to their exposure to ©@or OH, respectively. The ©expo- we fitted our thermograms with an error function. The fitted
sure (in ppb h) serves as chemical clock during the ozonol€rror function (erf) (Fig4, black line), is only valid above
ysis, and the OH exposure (in crhh) is used during the 50°C. Itis setto 1 as maximum and has the following equa-
reaction period with OH. The OH concentration was calcu-tion with 7' as the heater temperature:
lated from the decay rate of pinonaldehyde as measured by T[°C]—53.15
PTR-MS (seeBarmet et al(2011). Pinonaldehyde is are- VFR=0.91-0.911x erf<T>
action product of AP ozonolysis and proved to be a better )
tracer than pentanoB@rmet et al.2011). OH concentra- This empirical function was simply chosen as it represents
tions in the experiments were betweexn2@f and 10 cm—3 the observations in the most suitable way. It is helpful to
(see Table). Due to the fast reaction of pinonaldehyde with extrapolate the volatility data from other experiments during
OH the OH exposure was limited to about-d50° cm~3 h. this study when the temperature was set t6@Gontinu-
ously to compare e.g. with other studies. Comparison of our
measurements with other AP SOA studies (squares irdlrig.
shows the best agreement with the instrument and measure-
ments fromMeyer et al.(2009, from Cappa and Wilson
?201]) and Jonsson et al2007 for low temperatures and
Huffman et al.(2009 for higher temperatures. These and
our SOA thermograms lie between the two other studies from
An et al. (2007 and Paulsen et al(2005. Different resi-
dence times (RT) in the heated zone are an important cause
among other instrumental differences for the disparate ther-
mograms. The plug flow RT of all these studies arés
(Baltensperger et al2005 Paulsen et 12009, 2.8 s (Jon-
sson et a.2007), ~3s Meyer et al, 2009, ~15s Cappa
and Wilson 2011), 21.2 s Huffman et al, 2008 2009, 23 s
e(this study) and 31.6 Ah et al, 2007), respectively. If the
above papers stated the centerline RT at laminar flow we con-
verted it to plug flow RT (factor 2). Our instrument seems

(4)

3 Results and discussion

First we present thermograms (temperature ramping in th
V-TDMA heater) of some SOA experiments for comparison
with reference substances (Sez2) and with other studies
(Sect.3.1). However, the main focus in this paper is on the
temporal evolution of (GF) and VFR during the ozonol-
ysis (Sect.3.2) and the OH exposure periods (Se8t3).
Thus time series at constant heater temperatlire {0°C)

in the V-TDMA and relative humidity (RH=95%) in the
H-TDMA allow for a closer look at the ongoing processes
during different reaction periods (see S&tB). Finally, the
correlation of VFR and- (Sect.3.4) will be investigated as
well as the effect of additional light and the size dependenc
(Sect.3.5) of these measured properties.
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1.0 — VFR from similar studies with RT|VFR from V-TDMA (RT = 23 s) for SOA
—#- Paulsen et al. 2005, <1s pure ozonolysis
0.9 Jonsson et al. 2007,2.8 s No. 1 (Dy=150)
7 I '\Cﬂeyer ettall- 22%fﬁ ~3% ; ® No.2( ® Dy=175 @ D,=200)
afpEl 5L 8, s =10 B ® No. 9 (Dy=200)
—&- Huffman et al. 2009, 21.2 s ) .
0.8 i ’ ozonolysis & dark OH aging
#- Anetal. 2007,316s ® No. 11 (Dy=250)
® No.13( ® D;=100 ® Dy=125)
0.7+ ozonolysis & light OH aging
® No. 4 (D,=150)
0.6 - @ No. 6 (Dy=200)
- ® No. 8 (Dy=125)
~ — fit for all measured data
X 0.5
>
0.4 —
0.3 -
0.2
0.1
20 40 60 80 100 120 140 160 180 200

heater temperature [°C]

Fig. 4. Mean VFR measured for SOA from three different experiment types, distinguished with greenish, reddish and bluish color, at
various heater temperatures with error bars representing the standard deviation of VFR and temperature of multiple measurements during
the experiment (circles). Literature data (squares) from similar SOA studies were added for comparison. The black solid line represents a fit
through all measured data of this study.

to have the second longest RT, at ambient temperature (see Overall, the comparison of thermograms gives an orien-
Sect.2.2); only the RT fromAn et al.(2007) is longer. This  tation on our V-TDMA characteristics and shows the im-
could explain the stronger volatilization of SOA at relatively portance of the residence time, instrument specific proper-
low temperatures in their study at least partly (as also seen ities and experimental conditions. The decrease in VFR with
Fig. 3c). On the other hand shorter RT leads to higher VFRtemperature is experienced over a relatively large tempera-
(Baltensperger et al2005 Paulsen et al2005 Jonsson et ture range and offers a sensitive range fre60 to 100°C to

al,, 2007). With our long RT we are able to use low tem- study the SOA volatile properties. A constant oven temper-
peratures in the heater and minimize kinetic limitations of ature of 70C was chosen to track temporal changes in the
evaporation and hope to be close to equilibrium, even thougt8OA volatility during the chamber reactions discussed in the
this is probably not the case as suggested receRtlgien following.

etal, 2010.

_ The VFR of this comparison is generally following the RT, 3 5, 5,4n0lysis — @ induced condensation and ripening

i.e. a shorter RT leads to higher VFR and vice versa. This is

expected if the evaporation is kinetically limited and no equi- ) ) ) )
librium is reached in neither of these instrumeméginen et 1 N€ first step in each experiment was the ozonolysis of AP to

al, 2010. Further reasons for small differences in the SOA form SOA mass (Figl). The initial O; concentration varied
thermograms may be the type of AP SOA, its concentration With the type of experiment. Figu&a shows the time trends
and experimental conditions. Recent studies\Viagen et of th'e.fractlon of AP reacted, the organic aerosol mass, the
al. (2011 as well asCappa and Wilsorf2011) postulate a volatility as VFR, and the hygroscopicity both/as/alug and
glasslike modification of the AP SOA which would even in- &S GF at 95% RH. The markers are colored according to the
hibit effective evaporation within a reasonable RT. Other in- INitial Oz concentration; filled symbols represent low AP and
strumental reasons e.g. initial particle size, monodisperse oPP€N Symbols represent high AP input.
polydisperse measurement, use of a charcoal denuder after High Oz concentrations led to a fast reaction of AP and
the heating section or different experimental conditions maya rapid formation of SOA (Fig5, panel a—a). It took
also lead to these variations. The latter is already reflectedoughly one hour to reach the “90 % AP reacted” level (see
in the scatter of our data taken from different experimentsvertical lines in Fig.5a). At lower G concentrations this
like ozonolysis and/or OH exposure. Altogether, there aretook 2-3 times longer and the final SOA mass was lower.
many indications that evaporation studies of SOA are quiteThis may have two reasons. Firstly, more semi-volatile
challenging and need further attention. compounds are lost to the walls and do not condense on
the particles. Secondly, organic radical-radical reactions

Atmos. Chem. Phys., 11, 1147I7+496 2011 www.atmos-chem-phys.net/11/11477/2011/
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Fig. 5. All experiments of the ozonolysis part only. The relative fraction of AP reacted, wall-loss corrected SOA mass concentration (org.
mass), volatility expressed as VFR at°Tand the hygroscopic parameieare presented on different time axes, in pdaghs “time after

AP injection” and in pane{b) as “Oz exposure”, which is used as “chemical clock”. The color indicates thedcentration for low @

(<400 ppb) and for high @(>400 ppb). The filled symbols represent the lpwpinene (AP) (10 ppb) and open symbols the high AP (40 ppb)
precursor concentration experiments. The pa@ls{(as) and(b;)—(bs) present corresponding data, respectively. In addition p@ag!

shows the GF at 95 % RH arflds) shows the @ concentration. The vertical lines in parfe) indicate roughly £5 %) the 90 %-AP-reacted

value for the four main experiment conditions: high/low AP (open/solid line, respectively), combined with highyltavadge/blue color,

respectively). Exemplary error bars for volatility and hygroscopicity data represent the reproducibility. Additional scatter of the data points
is caused by the fact that different dry sizes are measured.
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are decreased, eventually leading to less semi-volatile comand the SOA had thus more time to evolve. It is clearly seen
pounds contributing to SOA. that after 350 ppb h the VFR keeps on increasing steadily al-
The physical parameteks and VFR data (Fig5, panel  though not much additional SOA mass is formed. On the
ag—ay) split mainly into two groups comprising low and high other handc remains nearly constant. The increase of VFR
concentration AP experiments. Experiments with high SOAcould indicate an oligomerization process while this would
mass have generally a higher volatility (lower VFR) and imply a decrease af. Shilling et al. (2007 observed that
lower hygroscopicity. In case of the low AP experiments O3 can heterogeneously oxidize aldehydes to acids which
VFR increases steadily from 0.55 to 0.7 after 4.5 h of reac-would decrease VFR and increaséas dissociation of acids
tion. Even after most of the AP had reacted (90 %-level)increases the van't Hoff factor). A control experiment with
VFR keeps increasing. The high AP experiments show aan excess of AP during the ozonolysis shows in the AMS
similar but less pronounced trend. During the condensatiorthe same chemical changes as with an excesszof This
phase VFR slightly increases. The hygroscopicity of low anddoes not support heterogeneous oxidation as the cause of this
high AP experiments shows a similar evolution but separatesteady increase of VFR. At present we do not have an expla-
slightly with time (Fig.5a4, as). Duplissy et al(2008 found nation for this evolution of the SOA. We call this unspecified
a distinct mass concentration dependence of GF fo&-an process or processes ripening of the SOA.
pinene photooxidation experiment, i.e. a lower GF at a higher
particle concentration. This was attributed to volatile and less3.3 SOA aging — OH induced chemical aging
oxygenated vapor condensing at higher mass concentrations
lowering the GF. Here we do observe only a slightly lower During the first period of the experiment the precursor was
GF for the high concentration experiments after the SOA hagemoved by ozonolysis, forming mainly first generation and
evolved, butDuplissy et al.(2008 had higher AP mixing  a fraction of second generation gaseous oxidation products,
ratios 120 ppb) in their study and investigated a different as well as a certain mass of SOA. We then turned on an OH-
system (photochemistry instead of ozonolysis), which canradical source and monitored any changes in the amount and
explain the differences in the findings. properties of SOA. Figuré shows the organic aerosol mass
The hygroscopicity is presented in Figpanel a—a in  (panela), the VFR at 70C (panel b), as well asand O:C ra-
terms ofx and GF. Both show the same features (small dif- tio (panel c) for a low (green) and a high (blue) AP concentra-
ference between high and low AP experiments) and differ-tion using HONO photolysis as OH radical source. The time
ences between and GF are mainly seen during the first 1— axis is given as “time after lights on” (TALO), which means
2 h of ozonolysis where the selected diameters are small anthat negative values denote the previous ozonolysis period.
differ due to fast particle formation. In some experiments Immediately after the onset of the OH radical source addi-
(open blue circles at about 5 h, two diameters are measuretional SOA mass is formed. Figufia shows that after cor-
alternately) the GF seems to smooth size effects of differentection for wall loss the SOA mass increases by 40-100 %.
diameters. The presentedvalues are a good proxy for the This is alower limit as the wall loss correction presented here
particle hygroscopicity because the diameter dependence d$ conservative — the effects of aging on SOA levels will be
the Kelvin effect is taken into account (by assuming a surfacediscussed in detail in a separate publication. We divide the
tension of pure water). Thus we will present the hygroscop-OH induced chemical aging period into a period with sub-
icity data asc values in the following. The values start at ~ Stantial mass gain (TALO-0 to 2h), and a period without
about 0.04 in the beginning of all experiments and then in-significant mass gain (TALG-2 to 4.5 h).
crease during the condensation period. Thereaftemains The hygroscopicity parameter (Fig. 6¢) increases sig-
almost constant. Similar as for VFR, the low AP concentra-nificantly by more than 30 % during the OH induced chem-
tion experiments group together and show a high¢han  ical aging period with substantial mass gain. The increase
the high AP concentration experiments. However, the valuesn « suggests that the SOA mass gain during aging is driven
remain within a rather narrow range of 0.08-0.12. by molecules with a lower molecular weight than the fresh
Figure5b (panel h—hb,) shows the same experiments and SOA. This indicates the condensation of smaller molecules
parameters as Fighay—ay but as a function of the Dex- than the average of previous condensed phase species. The
posure (in ppbh). The trends efand VFR are split into  trend ofx levels then off and stays constant during the OH
low and high Q concentration experiments. After about induced chemical aging period. The O:C ratio is constant or
350 ppb h 90% ofx-pinene has reacted in all experiments slightly decreasing during the ozonolysis, while it correlates
and we would expect a similar composition of the products.well with « during the OH induced chemical aging period.
However, we see at this exposure higher VFR andilues  Thus OH exposure leads to condensation of higher oxidized
for the low G; concentration experiments. The reason for species onto the existing SOA. During the period without sig-
this could be twofold. First, radical-radical reactions are de-nificant mass gain the O:C ratio remains constant.
creased leading to a somewhat different product distribution Contrary to this the VFR (Figb) abruptly decreases af-
(SOA mass is also decreased, see above). Second, at lot@r OH aging commences (turning lights on) and starts to
O3 concentrations it takes longer until 90 % AP has reactedstabilize after about one hour of aging with OH radicals.
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Fig. 6. Time series of twar-pinene (AP) ozonolysis experiments followed by reaction with OH from HONO photolysis. The two periods

of the experiment, ozonolysis and reaction with OH, are distinguished by open and closed symbols, respectively, and green and blue color
is used for the low (10 ppb) and high (40 ppb) AP precursor concentration experiment, respectivelyaPsimalvs the organic aerosol

mass (wall-loss corrected), par(g) the VFR at 70C and in pane(c) the hygroscopicity parameter(left axis) as well as the O:C ratio

(right axis). The evolution of the VFR during ripening (ca. freff3 to 0 h) was linearly fitted and extrapolated to indicate the trend expected
without reaction with OH. The grey dotted lines shown in paoghelp to guide the eye to see the changing trendsiafthe four periods

of the experiment. Exemplary error bars in pafiland(c) represent the reproducibility for volatility and hygroscopicity data, respectively.
Additional scatter of the data points is caused by the fact that different dry sizes are measured.

In the last period of the experiment, during the OH inducedadditional oxidation of the old SOA within this short time
chemical aging without significant mass gain, the VFR tendsspan as heterogeneous OH uptake is much slower compared
to increase slightly. The newly added SOA mass after the onto SOA formation by OH oxidation of gaseous precursors.
set of OH oxidation seems to have a higher volatility (lower Fortunately, the calculations are anyway not very sensitive to
VFR) than the previously existing SOA from the ozonoly- the exact value assumed for ViR

sis. The volatility of the newly added SOA was estimated by

. ; L Based on Eq.8) the VFR of the newly condensed mate-
assuming simple volume mixing, i.e.

rial after one hour of exposure to OH, VR&, is calculated
VFRmixed= €old X VFRoid + €new X VFRnew (5) to be 0.47 and 0.21 for the low and high precursor exper-
o _ iment respectively. The calculated VRR, for all experi-
where the indices “old’j, “new” and “mixed” stand fpr the ments is in a similar range from 0.09 to 0.49 (at@) in-
SOA from the ozonolysis, the SOA added by OH-aging, andgjcating highly volatile material. These numbers are to be
the mixed SOA particle, respectively, andienotes the vol-  (axen with a grain of salt given that the simple volume mix-
ume fractions of the SOA components in the mixed particle.ing ryle ignores e.g. the influence of absorptive partitioning

Solving Eq. 6) for VFRnew provides: and kinetic effects on VFRyed. Nevertheless, they confirm
VFRmixed— €old X VFRold that the SOA mass added by OH aging is distinctly more
VFRnpew= " (6)  volatile than the SOA mass resulting from the ozonolysis. A
—C€o

pathway of formation could be functionalization of volatile
VFRmixed is directly measured by the V-TDMAgy|q is de- oxidation products reducing their volatility by one to two or-
rived from the organic aerosol mass measurements by thders of magnitude such that they can now partition into the
AMS before and after new material was added, thereby asaerosol. This also increases the O:C ratio relative to the pre-
suming the same density for the old and new mass. dFR existing SOA. However, since the increasexoindicates

is obtained by extrapolating a linear fit through the last 3 h ofthe condensation of smaller compounds we conclude that
ozonolysis data, as indicated by the dashed lines in@kig. most of the newly condensed volatile fraction occurs from
In doing so we assume that the OH exposure does not causeagmentation reactions. The breaking of the skeleton leads
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Fig. 7. Volatility, expressed as VFR at PC€, and hygroscopicity parameterplotted against the “chemical clock” OH exposure shown

for the reaction with OH part of the experiments only. The color code in gajeind(b) represents the individual experiments; while the
symbols shape and filling indicate the experiment typecapihene (AP) input concentration, respectively. The filled symbols represent the
low AP (10 ppb) and open symbols the high AP (40 ppb) precursor concentration experimentg§cPami(d) show exactly the same data

as panelga) and(b), now arranged in groups of experiment type and color coded by their wall-loss corrected organic aerosol mass (note
that the red color ranges from 120 to max. 255 p*g’%n Exemplary error bars at the right end of each panel represent the precision of the
measurements.

to radicals which react with molecular oxygen to form finally period results in a mean straight line of 1.37x10 °x +
stable products. In this way small highly oxidized molecules0.105 (r% = 0.46), wherex is the OH exposure.

of low volatility may be formed. This would be in agreement  The VFR decreases during the OH induced chemical aging
with a decrease of VFR and an increase iand O:C ratio. with substantial mass gain and increases during the aging pe-

In Fig. 7 all experiments are summarized. Panels a andi0d Without significant mass gain after about B cm~2h

b group the experiments according to the type of OH radicalCH €xposure. The high concentration dark OH (TME) ex-
source (HONO photolysis and dark OH (TME)) while panels Periment No. 11 is an exception — VFR increases during
¢ and d show the dependencednd VFR on the wall-loss both periods as it is the experiment with the highest organic
corrected SOA mass. OH exposure is used as a chemicAe€rosol mass. Nevertheless the VFR of the newly condens-

clock to bring all experiments on a comparable time scale "9 mass is still much lower than the Vi as calculated
Some experiments are not shown in their full experimentalfoM EQ. €). The type of OH source, dark OH (TME) and
length because this chemical OH clock is limited in time to HONO photolysis does not show differences in the particles

when the pinonaldehyde concentration was still above thdygroscopicity or volatility behavior. This also indicates that
limit of detection of the PTR-MS. high or low NQ, conditions during HONO photolysis exper-

iments have no clear influence erand VFR (see Tabl®).

o _ . ) In panel c and d (Figl) thex and VFR data of each exper-
similar for all experiments and to those two experiments dis-jyant are colored by the SOA mass concentration measured
cussed above and shown in Fgg.The initial values ok and  , the AMS. The volatility of the high mass experiments is
VFR are somewhat vangble, depending on the preparatlorbenera”y higher (lower VFR) than for the low AP experi-
of the SOA by ozonolysis. The values start at 0.07-0.12 o yq throughout the experiment. The spread of VFR be-
and increase to 0.10-0.15 during the OH induced chemical,meg narrower with time. At the end of the OH induced

aging with substantialsmass gain. During the second perio%hemical aging period values are lower for high AP exper-
(after about &10° cm~3 h) « stays more or less constant. A iments compared to the low concentration ones.

linear regression over the whole OH induced chemical aging

Overall, the time trends of and VFR (Fig.7a, b) are

Atmos. Chem. Phys., 11, 1147I7+496 2011 www.atmos-chem-phys.net/11/11477/2011/



T. Tritscher et al.: Volatility and hygroscopicity of aging SOA in a smog chamber

11491

1.0

0.16 : . . y: 0.16 L
| y=0.28x-0.10, R°=0.80 |- g
0.14 — L = 0.14 A
e L4 - 4
L ’ & g A &
5 - 0.12 - A A "
- - A 3
- 0.10 | Y
L ';' - = % *
B G & TME, high AP
, hig
A 1 5 & TME, low AP
| 0.06 - A HONO, high AP
e, e : A HONO, low AP
o L) - - — linear fit for each exp.
0.04 —| ' @ all ozonolysis exp. parts | — 0.04
| (No. 1-8,10-15) | ] 0.0 0.5
— — fit of all ozonolysis exp. time after OH started [h]
0.02 T 0.02 — 77
0.50 0.60 0.70 0.80 0.90 0.50 0.60 0.70 0.80
VFR at 70°C [] VFR at 70°C [-]
1 I 1 l ‘ 1 1
0.20 | v -
.
0.18 ) + 0 L
o *
0.16 — o % ¥ . -
29 *’ 4 o °
0.14 %ﬁg BRI 08 d o o =
'R i
=012 - 2509 ~ |
v . > o o 08
0.10 - B o e -
@ o o
0.08 — " o dark OH (TME) experiments (No. 11-14)|
o & dark OH (TME) only
0.06 — @ lights ON with dark OH (TME) —
0.04 0o 5 10 15 20 B
time after OH started [h]
0.02 : e
0.50 0.60 0.70 0.80 0.90 1.00
VFR at 70°C [-]

0.90

Fig. 8. Correlation of hygroscopicity parameteiand VFR at 70C of «-pinene SOA for several experiments and sections of experiments.
Panel(a) shows the correlation for all available experiments during the ozonolysis part only. The positive correlatiand¥FR can be
presented by a linear fit. Pan@l) shows the anti-correlation af and VFR during the first hour after OH aging was started for dark OH
(TME) experiments (diamonds) and HONO photolysis experiments (triangles). The same correlation is presente(tiff@ramgieriments

No. 11-14 during the reaction with OH from TME in absence of light (open symbols), sometimes with addition of lights (closed symbols).
The data shown in panéb) and(c) are color coded by time after OH started.

3.4 Correlation of k and VFR

ments (14 in total) a goodr? =0.80) correlation ok and

In some dark OH (TME) experiments we turned the lights
on (and off) in the smog chamber to have an additional OH
Here we present and VFR in direct relationship to each source. The idea was to check the influence on the aging pro-
other. We do it separately for the different periods as therecess and to study the possible effects on volatility and hygro-
can be a correlation or anti-correlation depending on the pescopicity due to that. The correlationsofind VFR in Fig8c
riod. Figure8a shows for all available ozonolysis experi- allows a closer look at the temporal evolution during OH in-

duced chemical aging and the effect of “lights on” in four

VFR. The observed scatter is attributed to different experi-dark OH (TME) experiments (No. 11-14, see Ta®)eGen-
mental conditions and periods. The correlation is determinecrally, the dark OH exposure experiments show a positive

by the strong trends in and VFR during the @induced con-

densation period.

separately in Fig8b. In general an anti-correlation efand

correlation betweer and VFR for about the first 10 h. Af-

( _ _ o terwards only the VFR increases further. Only an enhanced
The first hour of OH induced chemical aging is presentedoxidation rate by turning on the lights producing more OH

radicals increases VFR andeven more (up ta =0.2). It

VFR is observed for all experiments although the magnitudeshould be cautioned here that the opposing trends of VFR

and duration of this opposite trends foand VFR is varying.

www.atmos-chem-phys.net/11/11477/2011/

and« during the OH induced chemical aging with substan-

tial mass gain period are buried in the scatter plot.
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Fig. 9. Results from low concentratiom-pinene experiments No. 5 (OH from HONO photolysis, green) and 14 (OH from TME, yellow)

are plotted as time series ofa) wall-loss corrected organic aerosol mass (org. mgbg)volatility as VFR at 70°C, (c) hygroscopicity
parametek, and(d) O:C ratio. The lights were intermittently turned on and off during these two experiments. The double arrows above
the figure indicate the periods with lights on. The symbols and colors in apahd(c) indicate the dry diametei)p) for the TDMA
measurement and show the size dependence of volatility and hygroscopicity. Exemplary error bars at the right end of each panel represen
the reproducibility of the measurements.

3.4.1 Maximum hygroscopicity and minimum volatility low concentration AP experiments: HONO photolysis (green
with addition of UV light traces) and dark OH (TME) experiment (yellow traces) partly
with additional lights on (No. 5 and 14, see TaB)eThe pe-
In one experiment we removed the UV-filters from the xenontriods with lights on are indicated by arrows. In experiment
lamps in the chamber. The combination of OH productionNo. 5 (green) the lights were the only OH source, in experi-
with TME and ozone photolysis with unfiltered UV light ment No. 14 the lights were turned on and off in addition to
results in a higher hygroscopicity (experiment No. 15, notthe dark OH (TME) source. Organic aerosol mass, atomic
shown in Fig.8c). The highest hygroscopicityx £~0.21)  O:C ratio (panel a and d) from the AMS and VFR as well as
and lowest volatility (highest VFR=0.82 at 70C) of all k (panel b and c) are plotted against time after OH started.
experiments were reached in this experiment after only 4 h oDry diameters Do) are presented in different symbols.
OH aging (see Tablg). The experiment with second high-  All TDMA data are size-specific and the size dependence
estk and VFR after several hours of aging£X~0.17 and  of the measured hygroscopicity and volatility has not been
VFR =~0.80) was the one with dark OH and normal lights discussed so far. In experiment No. 14 the smaller parti-
on (No. 13). However, this was a long experiment with high cles tend to have a higherand lower VFR (higher volatil-
O3 concentration and we cannot decouple the effects. Waty); this is not observed in experiment No. 5. The variation
conclude that both the additional OH (e.g. TME + lights) and in « between differentDg is typically less thant0.01 (i.e.,

enough time are important for aging. within uncertainty), in extreme cases up to 0.03, when com-
paring Do=50nm andDg=150nm. For all experiments,
3.5 SOA aging — a closer look several sets oDg with overlapping repeats are selected in

the TDMA to ensure sufficient signal and consistent mea-
In the following we present results from the second part ofsurement.
the experiments with the focus on the sensitivity to OH ex-  Using the volatility data from the V-TDMA for experiment
posure (lights on/off) and the dependencaradnd VFR on  No. 14 from 6-9 h after the OH exposure as input for an evap-
the particle diameter. Figur@shows two different types of oration model Riipinen et al, 2010 showed a positive size
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dependence in the diameter range 100-150 nm — due to difrelatively high noise caused by the small organic mass con-
ferent evaporation kinetics of particles with different diam- centration in this experiment. The O:C ratio seems to be less
eters. For this calculation, we approximated the SOA withsensitive to the lights on/off effects compared to VFR and
a single component aerosol with saturation concentration offhis has partly to do with the large noise of this parameter
1.2ugnr? and a mass accommodation coefficient of unity, due to the low particle mass concentration in these low AP
chosen to produce consistent results with the measured VFRxperiments.
at 100 nm. The SOA was assumed otherwise to have similar
properties as the theoretical AP SOA modele®iipinen et
al. (2010. Although this is a rough approximation, we be- 4 Summary and conclusions
lieve it to be sufficient for this purpose of simply demonstrat-
ing the size-dependence of the evaporation kinetics. The siz&fter validation and characterization of a new V/H-TDMA
dependence predicted by the model is a bit stronger (VFRve measured SOA during 15 different aging experiments
ranging from 0.71 to 0.83 with diameters ranging from 100 with 10 to 40 pplx-pinene (AP) within the MUCHACHAS
to 150 nm) than the one observed in our measurements (VFRampaign in the PSI smog chamber. The retrieved parame-
from 0.71 to 0.75). This size dependence of the evaporatioriers VFR andc for volatility and hygroscopicity are sensi-
of the particles is similar to what would be expected basedive indicators of changes in the SOA properties. We assume
on dynamic evaporation calculations. It is therefore possi-that the observed changes of physical properties are caused
ble that the observed size dependence is rather due to kinetly chemical changes as a result of condensation, heteroge-
effects than different chemical composition. However, theneous oxidation, condensed phase reactions and other pro-
possibility of size dependent changes in the chemical comcesses. Two periods were discerned for each reaction period
position cannot be completely ruled out either based on oufozonolysis and OH exposure), as seen in Figsd6. Dur-
data. ing ozonolysis there is the {dnduced condensation period
The two experiments No. 5 and 14 in Fijalso illustrate ~ and after the AP had reacted the on-going chemical and phys-
well the interplay between the two periods of OH induced ical changes were called ripening. The OH induced chemical
chemical aging on VFR. The start of OH induced chemicalaging was divided into two periods with and without substan-
aging at time zero resulted in an abrupt decrease in VFRial mass gain.
(Fig. 9b) while SOA mass increased as already discussed The first period (@ induced condensation) forms most
above. When OH production stopped (lights off in experi- of the SOA mass. The exposure of the SOA and gas mix-
ment No. 5) the VFR increased without significant mass gainture resulting from ozonolysis to OH radicals produced up
similar to the ripening until OH started again (lights on in ex- to 50 % additional SOA mass. The SOA added by OH ex-
periment No. 5). The VFR then stayed constant while againposure was highly volatile, more oxidized and of smaller
SOA mass slightly increased. This is an indication that againmolecular mass than the SOA from ozonolysis. Based on
more volatile compounds are condensing compensating tha simple two-compound model we estimate that this new
aging effect by other processes. In case of the dark OHSOA forming compounds have a VFR0.5 at 70°C. The
(TME) experiment (No. 14) turning lights on enhances the same volatility behavior was also observed with a V-TDMA
OH level and more SOA mass is produced. VFR does notduring MUCHACHAS experiments at the AIDA (Karlsruhe)
decrease as expected but the increasing trend is stopped aadd the SAPHIR (lich) chamber $alo et al. 2011). Once
VFR remains constant (best seen for small particles). Thighis condensation period came to an end we still observed
may indicate again that this ripening-like process is com-significant changes of the aerosol properties. ¥hange
pensated by the condensation of volatile compounds. Whegrees well with the findings from other hygroscopicity stud-
lights are turned off after 4.6 h VFR starts to increase. Sincees for AP SOA Petters and Kreidenwei2007, Duplissy et
further condensation is small now and SOA mass gain is nogl., 2008.
significant anymore, the non-condensational chemical aging Generally, VFR increased whikeand O:C ratio remained
processes become dominant again. Another lights on periodonstant. This process appears to be independent of expo-
after 6.6 h does somewhat slow down the increasing trendsure to OH. After the end of the ozonolysis period, when
This may be expected because at this time not much addimost AP had reacted we also observed a steady evolution of
tional condensation was observed. the VFR and chemical changes in the AMS. We call this un-
The effects onk are less pronounced. In general known process ripening of the aerosol. We hypothesize that
(Fig. 9c) increased with OH exposure while without OH, this process is caused by relatively slow transformations of
when lights were off (experiment No. 5, 2—4t)decreased the condensed phase (this can include evaporation, oxidation,
significantly by about 10%. The O:C ratio correlates well condensation cycles) which do not influence the SOA mass
with « and shows for the dark OH (TME) experiment an concentrations but do influence intensive physical and chem-
almost constant and slow increase to values of 0.48-0.5cal properties (such as VFR, O:C). We conclude that the
(Fig. 9d). The increasing trend for the HONO photolysis organic aerosol is continuously evolving once the SOA mass
experiment (from about 0.46 to 0.52) is less visible due tohas been formedQi et al. (2010 also observed a steady
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change of hygroscopicity, volatility and chemical signature Baltensperger, U., Kalberer, M., Dommen, J., Paulsen, D., Alfarra,

in photooxidation experiments of AP and xylene over many M. R., Coe, H., Fisseha, R., Gascho, A., Gysel, M., Nyeki, S.,

hours. Sax, M., Steinbacher, M., B¥ot, A. S. H., Sjogren, S., Wein-
There were no significant differences found between dark ga::]ner, E. and Z(jegpbl, R.: Secondary Igrgaglc EI‘D?rOSO'S frloga

OH (induced by tetramethylethylene, TME) and light OH  @nthropogenic and blogenic precursors, Faraday DISCUSS., 130,

OH ( y tetrametnylethy ) and lig 265-2780i:10.1039/b4173672005.

(induced by HONO) induced aging, and also high and low

o . . . Barmet, P., Dommen, J., DeCarlo, P. F., Tritscher, T., Praplan, A.
NOx conditions had virtually no influence on the physical Platt S. M.. Bt A. S. H.. Donahue. N. M. and Bal-
properties. ) ' ' ' ' ' '

tensperger, U.: OH clock determination by proton transfer re-
The combination of the physical properties volatility and  action mass spectrometry at an environmental chamber, Atmos.
hygroscopicity with chemical information from AMS is a Meas. Tech. Discuss., submitted, 2011.
highly suitable approach to access the complex chemical proBurtscher, H., Baltensperger, U., Bukowiecki, N., Cohn, P., Huglin,
cesses during formation and aging of SOA. However, there C., Mohr, M., Matter, U., Nyeki, S., Schmatloch, V., Streit,
are many different processes intertwined in the aging of SOA N., and Weingartner, E.: Separation of volatile and non-
and difficult to separate. Thus more comprehensive studies volatile aerosol fractiqns py thermodesorptior_r instrumental
are needed which are designed such that these different pro- d€velopment and applications, J. Aerosol Sci., 32, 427-442,
cesses can be better disentangled and quantified. Such stu _d0i:10.1016/S0021-8502(00)00089001.

. hould includ histicated chemical Ivsis of ii appa, C. D., and Wilson, K. R.: Evolution of organic aerosol mass
1es should include sophisticated chemical analysis of Speciiic spectra upon heating: Implications for OA phase and partitioning

compounds in the aerosol phase combined with a quantifica- panavior Atmos. Chem. Phys., 11, 1895-194di:10.5194/acp-
tion of the oligomer content. 11-1895-20112011.
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