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Abstract. Photodegradation of secondary organic aerosoll Introduction

(SOA) prepared by ozone-initiated oxidation of D-limonene

is studied with an action spectroscopy approach, which relies/egetation around the globe emits some 1150 Tg/year of car-
on detection of volatile photoproducts with chemical ioniza- bon in the form of volatile organic compounds (VOC) (Guen-
tion mass-spectrometry as a function of the UV irradiationther et al., 1995). The terpene family, which includes iso-
wavelength. Efficient photodegradation is observed for aprene (GHg), monoterpenes (gH1e), and sesquiterpenes
broad range of ozone (0.1-300 ppm) and D-limonene (0.024C1sH24), accounts for over 50% of biogenic VOC emis-
3ppm) concentrations used in the preparation of SOA. Thesions (Guenther et al., 2006). Atmospheric oxidation of ter-
observed photoproducts are dominated by oxygenated Clpenes by OH, @ and NQ readily produces oxygenated
C3 compounds such as methanol, formic acid, acetaldehydderpenoids, which are generally less volatile than their pre-
acetic acid, and acetone. The irradiation wavelength depencursors, and can therefore condense into secondary organic
dence of the combined yield of the photoproducts closelyaerosol (SOA). At night time, terpenes are primarily oxidized
tracks the absorption spectrum of the SOA material suggestoy reactions with N@ (Winer et al., 1984; Hallquist et al.,
ing that photodegradation is not limited to the UV wave- 1999; Atkinson and Arey, 2003a; Spittler et al., 2006). Oxi-
lengths. Kinetic simulations suggest that RBIO,/RO, re-  dation by OH and @dominates during daylight hours, when
actions represent the dominant route to photochemically acterpene emission rates are the highest (Atkinson and Arey,
tive carbonyl and peroxide species in the limonene SOA pre2003a). Cl-atom initiated oxidation of monoterpenes may
pared in these experiments. Similar photodegradation proalso contribute to SOA production in special cases (Cai and
cesses are likely to occur in realistic SOA produced by OH-Griffin, 2006).

or Oz-initiated oxidation of biogenic volatile organic com-  Limonene is one of the most abundant monoterpenes in
pounds in clean air. the atmosphere (Geron et al., 2000; Roberts et al., 1985).
Biogenic sources produce only R-enantiomer of limonene
or D-limonene (CAS 5989-27-5); we are going to refer to
it as simply “limonene” in this paper. Limonene is fre-
quently observed in indoor environments because it is in-
tentionally added to various cleaning products (Singer et al.,
2006; Nazaroff and Weschler, 2004). Ozone initiated oxi-

Correspondence tdS. A. Nizkorodov  dation is the most important loss mechanism for limonene
BY (nizkorod@uci.edu) both outdoors and indoors. Therefore, gas-phase ozonolysis
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Table 1. Typical conditions used for SOA preparation and collection. Note that ozone is always in excess relative to limonene (L).

Case High Intermediate Low

Initial 0zone mixing ratio (ppm) 300 1.0 0.10

Reactant added L L 1:19 L:cyclohexane
Volume added L) 5 1 2

Chamber volume (L) 220 360 360

Initial limonene mixing ratio (ppm) 3.4 0.41 0.021

Particles collected for (mirf) 3 10 30

Flow through the filter (SLM) 2 15 2

* In all cases, particle collection commenced 30 min after the addition of the organic reactant.

of limonene has been studied extensively to characterize thbonyls was attributed to Norrish photocleavage of various
chemical composition of condensable and volatile productscarbonyls in limonene SOA (Mang et al., 2008). We mea-
(Hewitt and Kok, 1991; Grosjean et al., 1993; Hakola et al., sured the action spectra for the emission of CO and formic
1994; Glasius et al., 2000; Koch et al., 2000; Feltham etacid as a function of irradiation wavelength, and compared
al., 2000; Leungsakul et al., 2005a; Norgaard et al., 2006these spectra with the absorption spectrum of limonene SOA.
Heaton et al., 2007; linuma et al., 2007; Walser et al., 2008) Based on these observations, we concluded that carbonyl and
determine the yield of limonene SOA (Hoffmann et al., 1997; peroxy functional groups in SOA are photodegraded on time
Weschler and Shields, 1999; Griffin et al., 1999; Wainman etscales that can be as short as several hours under realistic
al., 2000; Bonn et al., 2002; Rohr et al., 2003; Jonsson eatmospheric conditions (Mang et al., 2008).

al., 2006; Ng et al., 2006; Zhang et al., 2006), characterize In this paper, we present a new instrument for character-
the hygroscopic properties of organic particles in limoneneization of photodegradation of SOA using chemical ioniza-
SOA (Virkkula et al., 1999; Hartz et al., 2005; van Reken ettion mass spectrometry (CIMS). This instrument has con-
al., 2005), and evaluate health effects of limonene oxidatiorsiderably higher sensitivity to oxygenated VOCs compared
products (Karlberg et al., 1992; Wolkoff et al., 2000; Wilkins to the infrared cavity ring-down instrument used in our pre-
et al., 2003; Kleno and Wolkoff, 2004; Nojgaard et al., 2005; vious works (Walser et al., 2007; Mang et al., 2008). The
Sunil et al., 2007; Wolkoff et al., 2008). increased level of sensitivity makes it possible to study pho-

Terpene-derived SOA can remain in the atmosphere for 4 todegradation of SOA prepared at more atmospherically rel-

7 days before it is removed by deposition processes. Durévant concentrations of terpene and ozone. Furthermore, ac-

ing this time, the chemical composition of organic parti- tion spectre_l can now be obtained simultaneously for all pho-
cles can be significantly modified because of their eXpo_todegradatlon products detectable by CIMS. We demonstrate

sure to gas-phase oxidants, reactive and non-reactive uptaIEEe capabilities of this instrument using photodegradation of

of semivolatile organic compounds, and various condensed!monene SOA, which we previously studied with the cavity
phase photochemical processes initiated by sunlight (Guz{ing-down based instrument.

man et al., 2006; Rudich et al., 2007; Robinson et al., 2007).
For example, many terpene oxidation products, specifically,
aldehydes, ketones, and peroxides, are known to absorb radi-
ation in the tropospheric actinic window 300 nm) leading :

to photodegradation of SOA constituents on atmosphericallyz'l SOA sample preparation

relevant time scales (Wal;er etal., 2007; Mang e'F al., 2008)SOA was generated by a dark reaction between limonene va-
The solar photodegradation of SOA may potentially affect . 2nq oz0ne in zero-air at room temperature and ambient

its optical, toxicological and hygroscopic propgrties. This ressure. Home-made Teflon FEP bags with black covers
§tudy focuses on the mgchgmsm _Of photochemical procgss%ere used as reaction chambers. They were filled to a desired
in SOA derived from oxidation of limonene by ozone, which | ;o (see Table 1) with dry air from Parker model 75-

will be referred to as “limonene SOA" for short. 52 FTIR purge gas generator. Ozone was generated from
Our group previously observed emission of multiple ultra-high purity (UHP) oxygen by a commercial ozone gen-
VOCs from limonene SOA exposed to UV radiation in the erator (Ozotech OZ2SS-SS-V/SW) and added to the cham-
actinic region. We demonstrated that formaldehyde andoer until a desired concentration was reached. A home-built
formic acid are produced by photolysis of exocyclic sec- ozone photometer continuously measured the ozone concen-
ondary ozonides derived from limonene (Walser et al., 2007)tration in the chamber. The reaction was initiated by a mi-
The emission of CO, Cl small alkenes, alcohols, and car- crosyringe injection of a small volume of liquid limonene

Experimental
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via a septum port in the chamber. Limonene quickly evap-
orated and reacted with ozone in the gas-phase. Limonene
was purchased from Acros Organics (97% stated purity) and
used without additional purification.

In order to assess the effect of concentrations of limonene
and ozone on the resulting SOA photochemistry, the ini-
tial concentrations were varied by three orders of magni-
tude. Typical conditions are presented in Table 1 for high
(~300 ppm), intermediate~1 ppm), and low £0.1 ppm)
initial ozone mixing ratios. To avoid cross-contamination,
two separate chambers were used for low/intermediate anc
high concentration experiments. A scanning mobility parti-
cle sizer (SMPS) was used to monitor the particle formation
in selected experiments.

Figure 1 shows a typical time dependence of ozone mix-
ing ratio, average particle size, and particle mass and humbe
concentrations in the reaction chamber for the intermediate
concentration case. Following the injection of limonene, the
ozone mixing ratio decreased 50% in 10 min resulting in a
prompt particle growth. The particle concentration was ap-
proximately 8<10° cm~3 or 1000xg m~2 and mean particle
size was~120 nm after 10 min of reaction. After one hour,
the number concentration decreased 018 cm~3 while
the mass concentration grew to almost 2@0n 2 and the
mean size of particles increased+@20 nm. This suggests
that particles were not only coagulating but also gaining ad-
ditional mass via continued oxidation of the first generation.
products (Ng et al., 2006) and/or by accretion of semivolatile
species (Barsanti and Pankow, 2004, 2005, 2006; Kroll et al.,
2007). Particle collection typically started 30 minutes after
the addition of limonene.

Ozone mixing ratio (ppm)

Mean particle size (nm)

to

=

=
[ere]

=
=
|

‘ Injection

@
&
o

A

(o]
‘OOOOOOOOOOOQ

A
A

3853

““‘A‘—2500

ah

~ 2000
ah

A ~ 1500

Particle collection

— 1000

— 500

( wy3r) ssew aponaed

¢
t

I
=]

[} [

=} U

<] =
] |

—_ —_
= th
>

]

W
=
|

(=3

10

| | | | |
20 30 40
Time (minutes)

=N
=]
1
(23]
“
(=]

T
=

(_ u) uonENUIUO))

-

I
I~

I
&}

O Mean particle size
& Particle concentration

|
=]

| | | | |
20 30 40 50 60
Time (minutes)

Fig. 1. The number (diamonds) and mass (triangles) concentrations
of particles, and mixing ratio of ozone (circles) in the chamber dur-
ing a typical SOA synthesis. The bottom panel also shows the aver-
age particle mobility equivalent diameter (squares).

Details of this procedure and representative absorption spec-

SOA material was collected on six identical quartz-fiber 153 of limonene SOA material were described by Mang et
filters using a home-built six-way filter holder and an oil- 5 (2008).

free pump (GAST 1023). Explicit SMPS measurements

showed that particles were collected with better than 95%2 .2 CIMS instrument

efficiency. The collection time and pump flow rate were

3min and 2SLM (standard liters per minute), 10 min and Figure 2 shows a diagram of the experimental setup de-
1.5SLM, and 30min and 2 SLM for ozone concentrations signed to measure the relative yields of gas-phase products
of 300 ppm, 1 ppm, and 0.1 ppm, respectively. The weight offormed in SOA photodegradation as a function of the irra-
collected SOA material was measured with a Sartorius ME5-diation wavelength. A filter loaded with SOA was placed
F filter balance with L.g readability and/or estimated from inside a 14 cri glass flow cell equipped with a 2 cm quartz
the SMPS data. Typically, each filter contained about 10, 30window. A combination of a 150 W Xe-lamp (Oriel) and a
and 50ug of SOA material for low, intermediate, and high 1/8-m monochromator (Spectra-Physics) was used to gener-
concentration experiments, respectively. All filtered samplesate a desired wavelength of radiation from 270 nm to 650 nm.
were placed under a flow of dry nitrogen for at least an hourThe slits of the monochromator were fully open resulting
in order to remove more volatile species that reversibly ab-in ~10 nm wavelength resolution (FWHM). A quartz lens
sorbed onto the filter surface and/or SOA material. The filterswas used to collimate the radiation on the filter. The ra-
were used within 10 h of their preparation to avoid possiblediation power was measured with a calibrated power mon-
aging effects. itor (Coherent PS19Q) and ranged from 0.050-0.45 mW and
Particles were also collected by impaction on 2.5 cm di-0.40-2.6 mW in high and low/intermediate concentration ex-
ameter Cap windows in order to record UV/vis absorption periments, respectively. For comparison, the flux of solar
spectra of SOA material with a Shimadzu UV-2450 dual- radiation at the Earth’s surface at°38olar zenith angle
beam spectrophotometer. A relatively uniform film of SOA between 300 nm and 310 nm-ig4x 10 photons cm? s~1
material was prepared by compressing the collected parti{Finlayson-Pitts and Pitts, 2000); this corresponds to about
cles between two CaFwindows and gently heating them. 0.3mWcnt2. Therefore, the radiation flux to which the

www.atmos-chem-phys.net/9/3851/2009/ Atmos. Chem. Phys., 9, 38652009
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ionization volume, where the proton transfer reactions with

uv ) pump analyte molecules took place.
lamp

monochromator|

pump The ion and sample flows were mixed together in a short
cylindrical tube (6cm long; 1.0cnt)) equipped with a
270um pinhole at the end (pinhole “c” in Fig. 2). Inside
this ionization volume, protons transferred from water ions
to analyte molecules with higher proton affinity (PA). The
pressure in the tube was in the range of 40-80 Torr, and ion
residence time was0.4 s. The resulting ions exited the pin-
hole into the main chamber of the CIMS instrument kept at
0.3-0.4 Torr by a mechanical pump/booster (Edwards Vac-
uum E2M80/EH500).

Fig. 2. Schematic diagram of the CIMS instrument constructed After traversing the main chamber for 2-5mm, ions en-
for this work. An SOA filter sample is irradiated with tunable Eg,eorgzntqhsi,—]Sri;(;n(?agg{g;e'rg’l’?lrllyp?gu_rgi e_l(_jhcezfzﬁnmsbsrr]ttef}reo dutghhea

UV/is radiation. Gaseous SOA photodegradation products are ion-

ized by reactions with protonated water clusters produce(f’ﬁma third differentially pumped chamber, containing an ABB Ex-

source. Key: a, b, ¢, d=50, 100, 270, 500 pinholes, respectively; rél quadrupole mass spectrometer (QMS), through 3500

QMS=quadrupole mass spectrometer; MFC=mass flow controllerconical skimmer. The skimmer, pinhole “c”, and pinhole “d”
®=shut-off valve. were all concentrically aligned with respect to the entrance

into an ABB Extrel axial molecular beam ionizer assembly
mounted at the QMS entrance. The ionizing current was
SOA material was exposed to was representative of daytimeurned off, and the ion source was merely used to transmit
atmospheric conditions. the ions into the QMS. The QMS had four 19 mm diame-
Gas-phase products of photolysis were detected by aer rods driven at 1.2 MHz by a 300 W power supply. The
home-built CIMS apparatus shown in Fig. 2. UHR fibw ions were detected in single ion counting mode with a con-
passed over the irradiated filter sample and entered a 50 cwersion dynode multiplier and pulse amplifier. The QMS and
long, 0.06 cny) stainless steel tube, which was concentrically its electronics were controlled by a computer using Merlin
inserted into 0.40 crd tube (symbol refers to the inner tube  Automation software.
diameter). At the end of the outer tube, a small fraction of the
flow exited through a 5@m pinhole (labeled “a” in Fig. 2), 2.3 SOA photodegradation measurements

while the excess flow was pumped away through a mass flow ] ] . )
controller. For high and intermediate concentration exper-1he filters were first purged with a flow of dry nitrogen as

iments (@>1ppm), the sample flow and pump flow were described above. For each filter placed in the photolysis cell,
set to 200 sccm (standard cubic centimeters per minute) angeveral mass spectra were collected in the absence of irradi-
180 sccm, respectively, resulting #0.05 s travel time from ~ &tion in order to measure the background ion counts. After
the SOA holder to pinhole “a”. To increase the sensitivity in (e irradiation was tumned on, 15-45 additional mass spec-
low concentration experiments (0.1 ppm ozone), the sampldra were collected. Each mass spectrum represented an av-
and pump flows were reduced to 50 and 30sccm, respecgage of 440 QMS microscans and took 2min to acquire.
tively, resulting in sample residence time of 0.2s. The pres-The range was 10-400/zin order to include monomeric

sure in the photolysis cell was kept at 700 Torr resulting in@nd dimeric products of limonene oxidation and their possi-
~20 sccm flow through the pinhole. ble volatile photodegradation products. The mass resolution

gvas~1m/z
A separate SOA filter was used for each irradiation wave-

as reagents. UHP Ncarried trace amounts of 40 va- length. With six identical filter samples, photodegradation

por into a 1.0cmy stainless steel tube terminated with a at six irradiation wavelengths could be examined for a given
100um pinhole (labeled “b” in Fig. 2). The Nflow was SOA batch. One of the irradiation wavelengths was always

20-40 sccm and the pressure in the tube was typically in thé 70 nm for normalization purposes. In order to minimize
range of 250-460 Torr. Protonated water clusters were genP0SSible aging effects due to slow reactions between SOA

erated by exposing the gas flow foparticles emitted by const?tuents, we fi_nished photolysis of all collected samples
a 15mCi®Ni ring-source (Isotope Products Laboratories), 25 auickly as possible. Itusually took 5-10h to complete one
which was mounted near the tube exit. The most abundant€t Of filters, including purging the filters with dry nitrogen,
ions were (HO);H* and (HO)sH*, with some (HO)H* loading the filters in th(_e phgtquss ce!l, record!ng the back—
and (HO)sH also present. The free hydronium iong®i*) ground mass spectra, irradiating the filters until the mte_nsny
peak was insignificant under normal operating conditions.Of Photoproduct peaks reached a stable level, and purging the

The ions passed through the 06 pinhole and entered the SYStem in preparation for the next filter sample.

The instrument was operated in a proton-transfer mod
(Harrison, 1992), using protonated water clusters@iH™

Atmos. Chem. Phys., 9, 3853865 2009 www.atmos-chem-phys.net/9/3851/2009/
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acetone peaks have the same slope as that of water peaks.

1 1x108 3 Even in experiments where the combined @), H™ signal
decreased by as much as 40%, the overall ion signal was con-
—~ 1.054 stant. The constant total ion count implied a relatively uni-
& form QMS detection efficiency over the workimg/zrange
=~ I of this instrument.
gm 0.95 The absolute intensities of the product peaks measured by
o 5 this CIMS instrument depended in a complicated way on the
wr 1x10° selection of gas flows through the different mass flow con-
E trollers shown in Fig. 2. Therefore, additional calibration ex-
o 059 periments were performed with a goal of achieving linearity
0 over the broadest possible range of analyte concentrations. It
I I I I I I T I was possible to achieve acceptable linearity for acetone con-
0 1 2 3 4 5 6 7 centrations up to 30 ppb despite the fact that this concentra-

tion depleted the total (}0),H™ signal by almost 30%. To
avoid possible saturation effects, the depletion of@j H™
was always kept well below 30% during all SOA photodegra-
Fig. 3. Sample CIMS calibration usin{’C-labeled acetone (Ac). dation measurements described below.

Squares: sum of H(H,0), ion counts. Triangles: sum of

ion counts corresponding to AcH AcH™-H20, AcH*-(H20)2, 35 CIMS spectra of SOA photodegradation products
and AcH".(H,0)3. The estimated detection limit for Ac ' P P 9 P

(signal=3rise is 0.01 ppb.

Mixing ratio (ppb)

Optical extinction coefficients of SOA constituents generally
decrease with wavelength in the near UV range (Mang et
al., 2008), whereas the intensity of Xe-lamp emission in-
creases with wavelength. As a result of these two com-
3.1 Calibration of the CIMS instrument peting effects, there was an optimal irradiation wavelength
(~290 nm), which produced the largest amount of volatile
The linearity of CIMS response was verified using acetone, SOA photodegradation products. Figure 4 shows selected
one of the known SOA photodegradation products (Mang etmass spectra observed before and during the 290 nm irradi-
al., 2008). The reference sample flow was prepared by comation of SOA filters from low, intermediate, and high ozone
bining 2—100 sccm of pre-mixed 1.11 ppAC-acetone in i concentration experiments.
with 20 SLM of UHP N using calibrated mass flow con- In the absence of radiation, the observed mass spectrum
trollers. The resulting acetone mixing ratio ranged from 0 totypically contained only peaks at 55, 73, andnd% at-
6.5 ppb. A trace of dimethyl sulfide impurity was present in tributable to ion clusters (#0),H™, with n=2, 3, and 4, re-
the calibration mixture but it did not interfere with the ace- spectively. If the SOA filters were not sufficiently purged
tone peaks. Figure 3 shows a calibration plot for the sumwith dry nitrogen prior to their placement in the photoly-
of major ions derived from3C-acetone, specifically AcH sis cell, additional ions were often observed in the back-
AcH™-H,0 and AcH'-(H20),, and AcH'-(H20)s. (A peak  ground spectrum. In that case, purging continued until only
corresponding to AgH was also found in spectra. How- (H20),H™ ions remained. Irradiation of the filter resulted
ever, it was significant only at concentrations well in excessin the appearance of many additional peaks in the spectrum
of those used in Fig. 3.) The signal increases linearly forfrom photodegradation of SOA material. We explicitly ver-
acetone mixing ratio below 6.5 ppb. The detection limit for ified that the observed VOCs were produced photochemi-
acetone corresponds t80.010 ppb (mixing ratio at which cally, and not as a result of a radiative heating of the sam-
the observed signal is equal to 3 times the root mean squargle (irradiation increased the filter temperature by less than
deviation for the background noise). This value is typical for 2°C). Intentional heating of the sample+d00°C produced
proton-transfer CIMS instruments (Lindinger et al., 1998). a completely different pattern of peaks in the mass spectrum
In the presence of acetone or other ionizable VOCs in thg(Fig. 5) that was very similar to the CIMS mass spectra of
sample flow, the intensities of all protonated water clustervaporized limonene SOA particles reported by Hearn and
ions (H,O),HT decreased slightly. Within the uncertainty of Smith (2006).
the measurements, the decrease in the combingO){H~ The expected photodegradation products should contain
count was exactly balanced by the increase in the total prodenly C, H and O atoms. The CIMS instrument is the most
uct ion count. The slopes for the increase in the acetonesensitive to oxygenated species, i.e., alcohols, carbonyls,
ion signal and decrease in the water cluster signal in Fig. Iarboxylic acids, and organic peroxides. The mass spec-
are slightly different because of the dimethyl sulfide impu- tra in Fig. 4 contain families of peaks separated byml3
rity present in acetone; the sum of the dimethyl sulfide andsuggesting that each neutral product M produced several

3 Results

www.atmos-chem-phys.net/9/3851/2009/ Atmos. Chem. Phys., 9, 38652009
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0.0 — — ] i T ] tra were taken after 30 min of irradiation. The spectra are offset for
60 80 100 120 140 160 180 200 clarity.
m/z ratio

] ] ) ) The mass spectra of photodegradation products for SOA
Fig. 4. Representative CIMS spectra of limonene photodegradatlorbroduced at different ozone concentrations were somewhat

products observed after exposure of SOA samples to 290 nm raaifferent (Fig. 4). The high ozone concentration SOA had

diation for the specified periods of time. Background spectra were . L .
taken immediately before the exposure. Data are presented for SoRore unidentified peaks at highew/z values, and the ob-

prepared witf(a) 300 ppm @; (b) 1 ppm Gs; (c) 100 ppb G under ~ S€rved products were more oxygenated. For example, the
the conditions specified in Table 1. The spectra are offset for clarityP€aks attributable to G€(O)OH were enhanced relative
to CHsC(O)H peaks in the high concentration experiments.

The relative yield of the C3-carbonyl photoproduct was also
ions MH"-(H20), with a range ofs values. Dimeric ions enhanced at high £ Finally, the high concentration SOA
M,HT-(H20), were also detectable in the mass spectrum.Samples required less UV intensity to generate an observable
Most peaks below 12@/z could be assigned (Table 2) to Signal, presumably because of the larger amount of SOA ma-
CHzOH, HC(O)OH, CHC(O)H, CHC(O)OH and a C3- terial collected on the filters.
carbonyl (CHC(O)CHs or CHzCH,C(O)H). Peaks at higher
m/zvalues, e.g., 141, 143, 157, 169, and t9Zcould not
be assigned with certainty.

Atmos. Chem. Phys., 9, 3853865 2009 www.atmos-chem-phys.net/9/3851/2009/
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Table 2. Observedm/zvalues and proposed assignments of major peaks in CIMS spectra of limonene SOA photodegradation products.
n/o=not observed. Major unidentified peaks included 141, 143, 157, 169, amd/497he last three columns list relative abundances of
these products calculated under the assumption of equal CIMS sensitivity (mixing ratios of ozone used for SOA preparation are given in
parenthesis).

MHT. MH. MH™. MHT. MoHT. Yield Yield Yield
Photoproduct MH H,O (Ho0), (H20)3 (H20)y MoHT H,0 (0.1 ppm) (Lppm) (300 ppm)
CH30H n/o 51 69 87 105 n/o n/o 0.37-0.44 0.30-0.35 0.20-0.30
HC(O)OH 47 65 83 101 119 n/o n/o 0.024-0.067 0.09-0.13 0.36-0.7
CH3C(O)H 45 63 81 99 117 89 107 1 1 1
CH3C(O)OH 61 79 97 115 133 n/o n/o 0.027-0.05 0.20-0.45 2.2-3.8
CH3C(O)CHg* 59 77 95 113 131 117 135  0.40-051 0.52-0.67 0.41-0.51

* Could also be assigned to propanal,4tHi,C(O)H.
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Fig. 7. Time dependence of the combined product ion signal be-gig g comparison between the absorption spectrum (solid line)

tween. 50-40@n/z at several irradiation wavelengths. A sepgrate and action spectra (symbols) of limonene SOA. The action spectra
SOA filter was used for each wavelength. It took about 5-20 min forrepresent values dftr(m)%;?qahze (1) defined in Eq. (5), measured by

the signal to reach a steady state level after starting the irradiationy,e c\vs instrument after 50 min of irradiation. Different symbols
Constant background signal was subtracted to facilitate Compa”SO@orrespond to different initial ozone mixing ratios used in the SOA
of these time traces. synthesis.

3.3 Action spectra of SOA photodegradation products

_ + _
To investigate the wavelength dependence of the relative! IC = (Z (H20),H ) T constant @)
yields of SOA photodegradation products, mass spectra were " initial

recorded at different irradiation wavelengths for identical T total product ion current (PIC) was calculated by sum-

SOA samples. Figure 6 compares mass spectra observed gfing jon intensities from all detectable photodegradation

ter 30 min of irradigtion at six diff(.aren'F vyavelengths for a products, or equivalently, by subtracting the;®),H™ ion
1ppm ozone experiment. For all irradiation wavelengths Aintensities from the overall ion current.

similar distribution of the major product peaks was observed,

although the overall intensities changed. This implies that

there is no significant change in the photodegradation mechP!C = Z products= TIC — (Z (HZO)nH+) @)
anisms over the studied wavelength range. "

For each set of SOA filters, the experiments were con-we verified that both methods in Eq. (2) gave identical re-
ducted under conditions wherein the total ion current (TIC) sults within experimental uncertainties, although summing
was constant over the course of the measurements, and equge products resulted in higher signal-to-noise ratios for TIC
to the sum of all (HO),H™ ion intensities prior to irradia-  because of the low background ion signals in the absence of
tion: irradiation.
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Figure 7 shows a typical time dependence of PIC for SOA

samples irradiated at three selected wavelengths. The sig 1.0
nal increased from the baseline count to a higher value every
time the UV radiation was turned on. The observed photo- - 0.8
products did not appear instantaneously but instead reached 3
steady-state level on time scales of 5-20 min for samples pre- > 0.6 -
pared at different @concentrations. It took about the same g
time for PIC to drop back to the original level after the lights '*_a' 0.4 H
]
[

were turned off. This time was significantly longer than the
time required for molecules to travel through the CIMS inlet 0.2
lines (<0.4 s), and the residence time in the ionization region
(~1s). The rate with which the signal reached a steady-state 0.0 I T T T T

appeared to be limited by the desorption of the photodegra- 0 10 20 30 40 50
dation products from the SOA material into the gas phase. .
Indeed, it took considerably longer for SOA samples pre- Time (hours)

pared under high ozone concentration conditions to reach a
steady-state because they had more SOA material depositétly. 9. Dependence of the total photodegradation product yield at
on the filters. In actual atmospheric particles, the time scale310 nm, Yiota (310 nm), on the age of the limonene SOA sample.
for the release of the photoproducts should be considerablys the SOA material ages/volatilizes the relative product yield is
faster, especially for non-sticky molecules, where this time isreduced.
limited by the diffusion across the particle.

We constructed the action spectra by normalizing the ob-

. " ?Iosely mimic the absorption spectrum of the SOA sample,
served peak intensities by the wavelength-dependent flux O hich is also shown in the same plot
photons incident on the filter. '

Intensity: (1) 3.4 Effect of SOA evaporative loss on photodegradation

Vi) = Axpower ) xTIC 3

In the process of conducting these measurements, we no-
Intensity (1) is the observed CIMS signal due to a given ticed that measured values B Were slowly decreasing
product for the specified irradiation wavelength, anfh)  with time as the filters were stored in darkness under dry
is the wavelength-dependent relative yield of this product.nitrogen. One aging experiment was done to quantify the
The wavelength appearing in the denominator is necessaryate with which this reduction in photodegradation efficiency
to convert the measured radiation power (in watts) into thetook place. High concentration limonene SOA particles were
relative photon flux (photons per second). The total relativestored under Nflow (100 sccm) in darkness. At certain time
yield of photodegradation products was defined in a similarintervals, one of the filters was retrieved from the storage en-

way: vironment, and itYota Was measured at 310 nm. Figure 9
PIC(A) shows the resulting dependencergfi (310 nm) on storage
Yiotal(A) = (4)  time. The product signal decreased by 40% in about 50 h.

) xpower) xTIC This decrease was due to volatilization of organic mate-

The yields defined in Egs. (3) and (4) do not take into ac-rial from the filter as confirmed by explicit measurements
count the different sensitivities of the CIMS instrument to of mass loss in limonene SOA deposited on a quartz crys-
different VOCs. Therefore, in the absence of a more thor-tal microbalance. Freshly-prepared SOA samples emitted a
ough calibration, the values af cannot be used to directly number of low-molecular weight species at the beginning of
compare absolute yields of different photodegradation prodpurging. These compounds would not normally partition in
ucts. However, they are still useful in comparing the yieldsthe particle phase; they were reversibly adsorbed on the fil-
for the same product at different irradiation wavelengths.  ter because of the elevated concentration of organic reactants
To facilitate comparison of experiments done on differentin the chamber. After this initial loss of the most volatile
sets of SOA samples, the yields were further normalized tospecies, the volatilization mass loss slowed down to about
the respective yield measured at 270 nm, for example: 1% per hour (Fig. 9). In order to avoid photolysis of volatile
_ Yiotal(h) species, which is'not reprgsgntative of SOA photocher_nistry,
ypormalized;y = 22 (5)  but at the same time minimize the effect of slow volatiliza-
Yiotal(270 N tion, all measurements were done after one hour of -
; purg
Figure 8 shows the resulting action spectrum for the normaling and within 10 h of SOA generatior:(L0% volatilization
ized total product yield. The shape of the action spectrumioss).
appears to be remarkably insensitive to the initial ozone con-
centration. Furthermore, the photodegradation action spectra
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SOA measured as a function of the irradiation wavelength.

0.20 — Formic acid is also one of the major products detected by
% E 4 HCOOH action spectrum (CRDS) the CIMS instrument. Figure 10 demonstrates that the action
=015 - O HCOOH action spectrum (CIMS) spectra for the formic acid release independently obtained by
“é ' these two methods are in near perfect agreement.
w
o 0.10 & 4.2 Effect of reactant concentrations on the action
2 spectra
N
7; 0057 Although there are some differences between the distribu-
5 S é tions of volatile SOA photodegradation products (Table 2),
Z 0.00 | | | | a the wavelength dependence of the overall photodegradation

| |
260 280 300 320 340 360
Wavelength (nm)

rate appears to be remarkably insensitive to the concentra-
tions of ozone and limonene used in SOA preparation. Fig-
ure 8 demonstrates that the action spectra observed under the
conditions of high, intermediate, and low reactant concen-

Fig. 10. Comparison of HC(O)OH action spectra recorded with the yations are identical within the experimental uncertainties.
CIMS instrument and with the CRDS instrument for SOA prepared(rurthermore all action spectra have the same shape as the ab-
under high concentration conditions. Both spectra were normalize '

to 270 nm using Eq. (5). sorption ;pe_ctrum ofa freshly—prepargd !ir_nonene SOA ma-
terial, which is also known to have insignificant dependence
on the reactants’ concentrations (Mang et al., 2008).

To understand the origins of the low degree of sensitivity
of the photochemical properties of limonene SOA material
4.1 Comparison of the CIMS and CRDS techniques to the cqncentrat_ion_s of regctants, we have to con'_sider the

mechanism of oxidation of limonene by ozone. The first step
Walser et al. (2007) and Mang et al. (2008) previously N this process is concerted cycloaddition of ozone to the en-
studied photodegradation of limonene SOA prepared undeflocyclic double bond in limonene (Zhang et al., 2006; Don-
the conditions of ozone and limonene concentrations cor2hué et al., 2007; Johnson and Marston, 2008). This splits
responding to the “high” case in Table 1. They used anthe_llmon_ene’s cyclohex_ene ring and p_roducesf two h|_gh|3_/ re-
infrared cavity ring-down spectroscopy (CRDS) instrument ctive Criegee Intermediates (CI¥), which can isomerize into
to detect volatile products of the photodegradation. TheStable products, for example limononic acid or 7-hydroxy-
detection limit of the CRDS instrument is of the order of limononaldehyde, decompose by expelling OH or O-atom,
109 molec/cn? for molecules with reasonably strong rota- OF réact Wlt_h H-don_ors suc_h as alcohols or carboxylic aC|d_s to
tionally resolved bands in the mid-IR range (e.g.,4CBO, form organic peroxides (Fig. 11). Subsequent cross-reactions
CH,0, HC(O)OH, CQ). With the typical CRDS opera- b_e.twee.n aIkyIperoxy(RQ bypro.d_ucts of the CI* decompo_—
tional pressure of 100 Torr, this translates into 3 ppb eﬁeC_S|t|oq give rise a number of additional stable and free radical
tive detection limit for the mixing ratio. In contrast, the SPECIES:
estimated detection limit for the new CIMS instrument is
0.01 ppb (Fig. 3), which makes it possible to do experiments
with considerably smaller quantities of SOA material. This
work is the first report of photodegradation of limonene SOA ROz + R, ~ RO+RO+ 0,
prepared under more realistic atmospheric conditions (thekp, + HO, —» ROOH+ O,
“low” case in Table 1).

The CRDS and CIMS approaches provide complimentary Decomposition, isomerization, and H-abstraction reac-
information: CIMS works best for molecules with high pro- tions involving alkoxy radicals (RO) lead to a “product ex-
ton affinities, whereas CRDS works best for small moleculesplosion”, with hundreds of chemically distinct species con-
with narrow IR absorption features. Because of this selectiv-densing in the limonene SOA matrix (Walser et al., 2008). To
ity certain SOA photodegradation products can only be de-complicate the matters, the first generation products undergo
tected with one of these approaches. For example, Mandurther reactions after condensing in the particle phase (Kroll
et al. (2008) reported an action spectrum for the release oand Seinfeld, 2008).

CO resulting from Norrish type | splitting of carbonyls inthe  Detailed kinetic modeling of this chemistry is challenging,
limonene SOA material. As the CIMS instrument is rela- but we can get some insight into the mechanism from the
tively insensitive to CO, no direct comparison is possible in simplified kinetic model presented in Table 3. This model
this case. Walser et al. (2007) reported an action spectrurassumes that the majority of CI* species undergo OH-loss
for the release of formic acid during photolysis of limonene (~60%), with the resulting free radical being instantaneously

4 Discussion

RO, + RO, — alcohol+ carbonyl+ O,
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Table 3. Simplified kinetic mechanism of limonene ozonolysis. L=limonene. Product groups P1, P2, P3, and P4 refer to stable products
of CI* isomerization, R@+R0O, reactions, R@+HO, reactions, and reactions of Stabilized Criegee Intermediate (SCI) with H-donors,
respectively. Rate constant units ard-sind cn? molec 1 s~1 for unimolecular and bimolecular reactions, respectively. For reactions with
multiple product channels, the rate constants refer to the overall reaction. Rates and branching ratios are taken or estimated from Atkinson
and Arey (2003b), Johnson and Marston (2008), Leungsakul et al. (2005b), Finlayson-Pitts and Pitts (2000), and Sander et al. (2006).

Reaction Rate constant  Yield
la. Q3+ L — CI* (+O3) — RO, + OH (decomposition) 21016 0.6
1b. O3 + L — CI* — SCI (collisional stabilization) 210716 0.2
1c. O3 + L — CI* — P1 (isomerization) 210716 0.2
2a. RG + RO, — P2 + P2 + Q (stable products) 110713 0.5
2b. R, + RO, — RO + RO + G (alkoxy channel) 10713 0.5
3. RO— isomerization (+@) — RO 1x10°

4. RO+Q — P2+HO 8x10-15

5.OH + L, P1, P2, P3 or P4 (+ - RO 5x10-11

6. OH + O3 — HO, + Oy 7.3x10°14

7. HO, + RO, — P3 x10-11

8. SCI + P1, P2 or P3> P4 1x10-14

9. OH + HO, — H,0 + O, 1.1x1010

10. HO, + HOy — Hy05 + O 1.9x10712

11. HO, + O3 > OH+2 O, 1.9x10° 15

12. OH— wall loss 1x10°1

13. HOp, RO, or SCl— wall loss 5¢10~3

converted into an alkylperoxy species (Reaction 1a). A sig-
nificant fraction ¢20%) of CI* is collisionally stabilized
(Reaction 1b); the remaining~Q0%) CI* isomerizes into
first generation products grouped into category “P1” (Reac-
tion 1c). These branching ratios are consistent with the com-
monly assumed yields of OH and stabilized Criegee Inter-
mediate (SCI) in the ozonolysis of monoterpenes (Johnson
and Marston, 2008; Leungsakul et al., 2005a). Similar to the
approach of Leungsakul et al. (2005b) and Li et al. (2007),
all RO, species are lumped together in this model in order
P2, P3 to make it tractable. The chosen rate constant and branching
ratios for the RQ@ cross-reactions (2a and b) are appropri-
ate for large secondary RGpecies with additional oxygen
atoms in the chains attached to the -COO group (Finlayson-
Pitts and Pitts, 2000). The alcohols and carbonyls formed
by the RQ cross-reactions are grouped into product cate-

CI
OH-loss

+0,

Limonene
_

+01 o
~o
Criegee Intermediates
(carbonyl oxides)
XO:
. . OH-loss
_O

.
(¢} ©

7-hydroxy-
llmonondldehyde

”‘:y gory “P2". The RO species, which are also lumped together,
R ‘R are assumed to be capable of efficient isomerization by H-
pg O OH shift, with subsequent £attachment regenerating R(Re-
| action 3). More detailed examples of these isomerization re-
o

actions can be found in the paper by Walser et al. (2008).
Reaction (4) between RO and, @ffers a pathway to H®
and generates additional products in the P2 category. Addi-

Fig. 11. Schematic diagram of initial chemical processes in tional RO, species can be generated from Reaction (5) of

limonene ozonolysis. Important free radical species are shown i ]
red. Symbols inside the structures refer the abbreviations used :rpH with limonene or with any of the stable products oc
curring with near gas-kinetic rates. H@an also be pro-

text and in Table 3.
duced from Reaction (6) between OH and @lizkorodov
et al., 2000). Reaction (7) between Ré@nd HQ radicals

Alkom radical
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are known to be fast and they generally produce organic per-
oxides (Finlayson-Pitts and Pitts, 2000), which are lumped

together under “P3” category. Finally, the SCI species are as- 70 P
sumed to undergo a slow Reaction (8) with products P1-P3 —~ 60 1 ] ; Pé
forming alkoxyhydroperoxides (Fig. 11), which are lumped § 50 1 —
into product group “P4". Several termination (9, 10, 12, 13) —© | P;l
and propagation (11) reactions are also included in the mech- .2 4()
anism to prevent an unrealistic build-up of free radicals. Z‘

We can make approximate associations between the .~ 30 1
groups P1-P4 and actual chemical functional groups in the & 20
product molecules. P1-type products are likely to contain &2 M
either two carbonyls or one carbonyl and one carboxyl func- 10 JJ I_l ‘
tional group (see examples in Fig. 11). The first carbonyl 0

functional group comes from the initial splitting of the en- High Intermediate  Low

docyclic double bond, whereas the second functional group

results from the unimolecular isomerization of CI*. P2-type

products are likely to contain at least two carbonyls or onefi9- 12. Distribution of products P1-P4 resulting from kinetic
carbonyl and one hydroxyl functional groups because RO §|mulat|ons of mechfinlsm in Table 3 using the initial ozone and
cross reactions are known to result in an aIcohoI/carbonyIIImonene concentrations listed in Table 1.

pair (Finlayson-Pitts and Pitts, 2000). P3-type products

are expected to be dominated by organic peroxides ROOHpony| group should be the most important functional group
Alkoxyhydroperoxidic P4-type products have dimeric struc- with photochemical activity in the actinic region of the solar
tures RR;C(OOH)OR in a sense that they contain left- gpectrum. The fraction of oxygen sitting in the -OO- peroxy
overs of two limonene molecules; efficient formation of such groups should also be significant. As discussed by Mang et
dimers have been observed by Heaton et al. (2007) ang). (2008), the absorption spectrum of limonene SOA ma-
Tolocka et al. (2006) during early stages:epinene 0zonol-  terial in the vicinity of 300 nm can indeed be modeled as a

ysis. In addition to the -OO- peroxy group, both P3 and composition of overlapping— * bands of carbonyls and
P4 should contain carbonyl function groups from the initial ,_, * pands of peroxides.

splitting of the endocyclic double bond.

Kinetic simulations of this simplified mechanism with the 4.3 Effect of reactant concentrations on the
initial concentrations of ozone and limonene from Table 1 re- photodegradation products
sulted in the product distribution shown in Fig. 12. Despite
the fact that ozone and limonene concentrations change byhe distribution of gaseous products of limonene SOA pho-
2-3 orders of magnitude in our experiments, the final dis-todegradation does depend on the concentrations of reactants
tribution appears to be dominated by the P2 products fromused in the SOA synthesis (Table 2). The degree of oxidation
RO,+RO; reactions in all cases. In the high and interme- in the observed products appears to increase at higher ozone
diate cases, the yield of P2 products is close to the initialconcentrations. For example, @&(O)OH and CHC(O)H
yield of OH (and RQ) in the CI* decomposition. In the low represent the most easily detectable photoproducts under the
case, the loss of RQHO, and SCI by Reaction (13) starts “high” and “low” conditions, respectively. This behavior can
to compete with formation of products P2—P4, and the yieldbe linked to the chemistry of the less reactive exocyclic dou-
of direct CI* isomerization products P1 increases. Accord-ble bond in limonene. While it is likely to survive the ini-
ing to this model, only P1-type products should remain in thetial attack by ozone, it may still be oxidized by the excess
low concentration limit; all four types of products should be 0zone after the first generation products P1-P2 condense
present in the high concentration limit. in the aerosol phase (Ng et al., 2006). SOA prepared un-

We believe that our experimental conditions correspondder low concentration conditions still contains a number of
to the high concentration regime, wherein the majority of molecules with intact exocyclic double bounds (Leungsakul
products are generated via the RE@oss-reactions (2). This et al., 2005b; Walser et al., 2008). For example, peaks at
assumption is supported by: (i) the strikingly large number169m/z and 185n/zin the SOA thermal desorption mass
of peaks in the high-resolution limonene SOA mass specspectrum (Fig. 5) likely correspond to protonated limonon-
trum attributed to RO chemistry (Walser et al., 2008); (ii) aldehyde and limononic acid, respectively, both of which still
the insensitivity of the high-resolution SOA mass spectrumhave this double bond. As the ozone concentration increases,
to ozone concentration (Walser et al., 2008); (i) the lack the peaks at 169 and 1&5§zbecome smaller, whereas peaks
of dependence of the observed action spectra of limonenét 171 and 18%/zgrow in as a result of the following reac-
SOA material on the reactant concentrations. With the ex-ions:
pected order of product yields (RP1~P3~P4), the car-
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>C=CHy;+ 03 - >C=0+ CH,O0 (Am/z = +2) Clemitshaw et al., 1997; Talukdar et al., 1997; Zhu and Kel-
lis, 1997). The OH-initiated oxidation of terpenes will give
CH,O0 + RC(O)OH — HOOCH,OC(O)R a different distribution of SOA constituents, with a consider-

ably reduced fraction of peroxides amongst the final products

The latter reaction corresponds to scavenging of thecompared to the ozone-initiated case. However, carbonyl

Criegee intermediate GO by carboxylic acid groups products are expected to be just as important in photochem-
within the SOA matrix (Gomez et al., 2006). The increase inically produced SOA as in SOA derived from the ozone +
the oxygen content of SOA caused by these and other oxidaslefin chemistry. We conclude that photodegradation pro-
tive processes is expected to increase on average the oxygeesses taking place in our “idealized” limonene SOA ma-

content in the SOA photodegradation products. terial should be representative of realistic biogenic SOA as
long as carbonyl functional groups remain the dominant ab-

4.4 Atmospheric relevance sorbers in the actinic range of the tropospheric solar radia-
tion.
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